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Resumo 

Garantir a segurança alimentar, incluindo a identificação e análise de múltiplos 

contaminantes biológicos e químicos, é uma prioridade para o bem-estar da população e 

um desafio considerável, tendo em conta o ritmo crescente em que bens alimentares são 

produzidos e comercializados a uma escala global. As micotoxinas em particular são 

metabolitos secundários de fungos, prevalentes em todo o mundo, podendo contaminar 

bens agrícolas não só no terreno, mas também durante o armazenamento e transporte. 

Estes contaminantes estão associados a efeitos nefastos para a saúde humana e animal, 

induzindo efeitos carcinogénicos, teratogénicos, hepatotóxicos, entre outros. Assim 

sendo, a sua presença numa grande variedade de bens alimentares direcionados a 

humanos e animais tem sido alvo de restritos limites legais impostos em particular pela 

União Europeia. A existência destes limites legais motiva uma exigência por parte das 

agências regulatórias e empresas de produção alimentar de um dispositivo detetor de 

micotoxinas rápido, portátil, simples, de baixo custo e adequado à finalidade.  

Esta tese reporta o desenvolvimento de vários módulos miniaturizados de um 

dispositivo portátil para deteção de micotoxinas incluindo (1) extração, preparação da 

amostra e pré-concentração do analito de interesse, (2) imunoensaio competitivo em 

microfluídica para deteção simultânea de vários analitos, (3) miniaturização de 

transdutores óticos para aquisição de sinal e (4) eletrónica portátil para endereçar os 

transdutores e providenciar uma resposta quantitativa. Como resultado, combinando os 

módulos 2 a 4, concentrações na ordem das ng/mL de três micotoxinas, nomeadamente 

ocratoxina A, aflatoxina B1 e deoxinivalenol, foram detetadas simultaneamente em 

aproximadamente 60 segundos numa variedade de alimentos sólidos e líquidos. Tal 

deteção foi efetuada depois de um processo simples de extração e tratamento da amostra 

baseado em sistemas aquosos de duas fases em menos de 20 min.  

Estas características contribuíram significativamente para o estado-da-arte e 

abriram caminho para o desenvolvimento de um dispositivo integrado de operação 

simples e potencialmente disruptivo, capaz de detetar rapidamente várias micotoxinas 

diretamente no terreno. 

 

Palavras-chave: Micotoxinas, microfluídica, integração, preparação da amostra, 

fotossensores 
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Abstract 

The assurance of food and feed safety, including the identification and effective 

screening of multiple biological and chemical hazards, is a societal priority and a major 

challenge, given the increasing pace at which food commodities are demanded, produced 

and traded across the globe. Mycotoxins in particular are globally widespread secondary 

fungal metabolites, which can contaminate crops either in the field or during storage and 

transport. These contaminants are associated with serious human and animal health 

impacts such as carcinogenic, teratogenic and hepatotoxic effects. Therefore, their 

presence in a wide range of foods and feeds has been subjected to increasingly strict 

regulations, particularly in the European Union. Such regulations motivate an increasing 

demand by regulatory agencies and food producers for a rapid, portable, simple, cost-

effective and fit-for-purpose device to detect mycotoxins.  

This thesis reports the development of several miniaturized modules of a portable 

point-of-need mycotoxin screening chip including (1) analyte extraction, sample 

preparation and pre-concentration, (2) microfluidic and multiplexed competitive 

immunodetection, (3) miniaturized optical transducers for signal acquisition and (4) 

portable electronics to address the transducers and provide a quantitative response. 

Ultimately, combining modules 2 to 4, ng/mL concentrations of three mycotoxins, 

namely ochratoxin A, aflatoxin B1 and deoxynivalenol, could be detected in multiple 

solid and liquid food matrices in approximately 60 seconds. The detection was performed 

after a previous simple aqueous two-phase extraction and pre-concentration procedure 

performed in less than 20 min.  

These achievements contributed significantly to the state-of-the-art and pave the 

way towards the development of a potentially disruptive integrated device, operated by 

non-specialists and allowing the rapid detection of mycotoxins directly on the field. 

 

Keywords: Mycotoxins; microfluidics; integration; sample preparation; photosensors 
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Motivation and outline of the thesis 

 The global population had an increase of more than 4-fold in the past 100 years 

and is expected to double in the next 100, surpassing 10 billion. One of the most 

fundamental requirements to sustain such rapidly increasing number of human lives is an 

adequate supply of water and food. However, such supply is only effective at assuring an 

acceptable degree of quality of life if appropriate food safety standards are adequately 

enforced. The fundamental nature of food to sustain human life is the main motivation to 

invest in research directed at improving food security and safety. Mycotoxins as harmful 

food and feed contaminants are a major modern challenge since there is an expanding 

need for increasing the throughput of food production, long distance trade and medium 

to long-term storage. In all sections of the food production train there is a significant risk 

of fungal and mycotoxin contamination, unless adequate screening methods are available 

for routine monitoring at every stage of the process.  

 This thesis aimed at improving the state-of-the-art methods for rapid screening of 

mycotoxins by combining the expertise in micro/nanotechnologies and microfluidics held 

by INESC Microsystems and Nanotechnologies (INESC MN) and the expertise in 

biomolecule purification and sample preparation held by the Institute of Bioengineering 

and Biosciences (IBB) at Instituto Superior Técnico (IST). This document is organized 

as follows. The first introductory chapter discusses mainly the fundamental principles 

of analytical assays performed in microfluidics, followed by an introduction to 

mycotoxins and the standard methods for their detection in food materials. A brief 

introduction followed by the state-of-the-art on the use of aqueous two-phase extraction 

is also included, as the method of choice to pre-process the sample prior to analysis, 

followed by a brief theoretical introduction to silicon photodetectors. The second chapter 

compiles the main methods employed for the microfabrication and operation of 

microfluidic devices. From the third to the seventh chapters, the development of sample 

preparation, immunodetection (including multiplexing strategies) and signal transduction 

modules are discussed. From the eight to the tenth chapters, several improvements to 

the assay related to assay speed and minimization of the number of steps are reported, 

achieved by coupling nanoporous microbeads with the microfluidic device. Finally, the 

last chapter wraps up the main achievements of the thesis and discusses further research 

projects towards (1) the achievement of full integration and sample-to-answer analysis 

and (2) integration of an analytical module to detect mycotoxigenic fungi. 
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Chapter 1  

Introduction 

This introductory chapter describes and discusses (1) the fundamental theoretical 

background supporting the experimental results compiled in this thesis, (2) the relevance 

of engineering fit-for-purpose biosensors to detect panels of mycotoxins in foods and 

feeds within the scope of food safety and (3) the potential of microtechnologies to pave 

the way towards fully integrated, simple to operate and portable analytical devices. A 

primary focus will be directed to microfluidic immunoassays in general, as the main 

analytical technique explored for mycotoxin detection. Furthermore, an emphasis is 

placed on the principles, applications and advances in aqueous two-phase extraction 

(ATPE) methods, since this liquid-liquid (L-L) separation methodology showed 

significant potential in sample preparation and pre-concentration for mycotoxin analysis 

in real samples including wines, beer, maize and other solid feed materials. A few of the 

subsequent sections are reproduced with appropriate adaptation from two review articles 

published during my doctoral studies [1, 2].  

 

 

1.1. Fundamental aspects of microfluidic immunoassays 

In the past couple of decades, there has been a dramatic development in 

microfluidic technologies applied to analytical assays by many research groups [3]. Such 

developments owe greatly to the advent of polydimethylsiloxane (PDMS) soft 

lithography [4], allowing the rapid and versatile prototyping of intricate device designs 

integrating actuators (e.g. microvalves [5]) and different signal transduction strategies 

(e.g. optical sensors [6]), controlled using portable electronic devices. Furthermore, 

developments in 3D-printing [7] and micromilling [8] technologies have also been 

extending microfluidics to other cost-effective materials such as cyclic olefin copolymer 

(COC) and polystyrene.  

In the simplest setup, microfluidic immunoassays involve a controlled flow of 

solution through a confined microchannel. The main critical variables and physical 

properties having an impact on immunoassay performance are highlighted in Figure 1.1. 

It is important to highlight that although the experimental setup discussed here focuses 
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on immunoassays in particular (i.e. using antibodies as molecular probes), the same 

principles are applicable to any probe molecule (e.g. aptamer, peptide, low molecular 

weight organic ligand, lectin) immobilized in a microchannel. 

 

Figure 1.1 – Schematics of a generic microfluidic immunoassay and critical variables. The target molecules 

with a concentration c0 flow through a confined microchannel with a cross-section area H × Wc (height × 

width) and a linear velocity U, dependent on the imposed flow rate (Q). The molecules are transported 

along the channel proportionally to Ut and move across the channel only by diffusion, according to (Dt)1/2, 

in which D is the diffusion coefficient of the target molecule and t is the time. These target molecules flow 

over a capture region on the surface of the channel with dimensions L × WS, containing a surface density 

bm of capturing molecules such as monoclonal antibodies. These molecules are then captured according to 

the dissociation constant Kd intrinsic of the antibody, defined as the ratio of the kinetic constants kon over 

koff. After molecular capture, the signal can be generated via a competitive (i) or non-competitive (e.g. 

sandwich) (ii) immunoassay, followed by signal generation (iii) based on, for example, photon (γs) or 

current generation (e-
s). Possible matrix interference effects may result in the absence of signal, while non-

specific interactions may result in non-specific signal (γns or e-
ns). Therefore, appropriate sample preparation 

and surface passivation procedures must be evaluated to minimize such effects. 

 In microfluidic assays, the liquid flow occurs mostly in a laminar regime (Re < 1), 

meaning that mass transport perpendicular to the flow direction is governed by diffusion 

alone according to the intrinsic diffusion coefficient (D) of the molecule under analysis. 

Therefore, in flow conditions providing residence times significantly below the time 

required for the molecules to reach the capture region by diffusion, these will be lost 

downstream [9]. On the other hand, to minimize assay times it is necessary to supply 

molecules at a sufficient rate towards the capture region to minimize any mass transport 

limitations. This ensures that the assay is limited only by the intrinsic reaction kinetics 

between the target molecule and the capture antibody, even if such molecular supply rate 

inevitably implies wasting the majority of target molecules downstream of the capture 
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region [10]. To achieve such conditions, the Peclet numbers relative to the channel (PeH, 

Equation 1.1) and sensor (PeS, Equation 1.2) must be >> 1, meaning that the target 

molecule depletion zone above the sensing region is relatively thin, thus maximizing the 

total flux of molecules (JD) towards the capture region [9]. The parameter JD, which 

assumes that every molecule that comes in contact with the capture region is effectively 

captured, can be estimated using Equation 1.3, where δ is the thickness of the depletion 

zone [9]. On the other hand, it should be noted that higher flow rates imply wasting high 

amounts of reagents, which are limited in real conditions. In this context, a third regime, 

additional to mass-limited and reaction-limited conditions, designated as “reagent-

limited” was defined by Parsa and co-workers [11], highlighting the need to optimize the 

flow rate in order to balance analyte capture rate and total reagent volumes required.  

𝑃𝑒𝐻 =
𝐻2 𝐷⁄

𝐻2𝑊𝑐 𝑄⁄
~

𝑄

𝐷𝑊𝑐
                                              (1.1) 

𝑃𝑒𝑆 = 6 (
𝐿

𝐻
)

2

𝑃𝑒𝐻                                                  (1.2) 

𝐽𝐷~
𝐷𝑐0

𝛿
𝑊𝑆𝐿                                                            (1.3) 

Focusing on the capture region, since the capture molecule is thermodynamically 

limited by an intrinsic dissociation constant (Kd), i.e. the ratio between the dissociation 

(koff) and association (kon) rates, not every target molecule that reaches the capture surface 

is effectively captured, neither remains captured indefinitely. Considering assay 

conditions which are limited only by the chemical reaction (cs ≈ c0, with cs being the 

concentration of targets at the sensor surface), the capture rate of targets can be assumed 

to follow first order Langmuir kinetics, according to Equation 1.4. Integrating  

Equation 1.4 between t = 0 and t, Equation 1.5 is obtained, from which the fraction of 

antibodies occupied in equilibrium (𝑡 → ∞) is obtained according to Equation 1.6 [9].  

𝜕𝑏

𝜕𝑡
= 𝑘𝑜𝑛𝑐0(𝑏𝑚 − 𝑏) − 𝑘𝑜𝑓𝑓𝑏                               (1.4) 

𝑏(𝑡)
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𝐾𝑑
⁄

(1 − 𝑒−(𝑘𝑜𝑛𝑐0+𝑘𝑜𝑓𝑓)𝑡)                     (1.5) 
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=

𝑐0
𝐾𝑑

⁄

1+
𝑐0

𝐾𝑑
⁄

                                                         (1.6) 

The latter equation highlights that while concentrated target solutions (c0 >> Kd) 

result in all antibodies being occupied in equilibrium (beq ≈ bm), very dilute solutions  

(c0 << Kd) result in only a small fraction of antibodies actually capturing the target 

molecule. This often-overlooked property of immunosensors results in a critical 
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limitation, significantly affecting miniaturized sensors in particular, as is highlighted by 

Equation 1.7, with c* being the critical concentration. The parameter c* quantifies the 

target concentration in solution resulting in only one target binding to the sensing region 

of area A, in equilibrium [9]. Therefore, at concentrations lower than c* the molecular 

binding events will be singular and discontinuous over time. From this equation it is clear 

that to improve the assay sensitivity one can either (1) increase the affinity of the target 

molecule to the target analyte, (2) increase the surface density of antibodies or (3) increase 

the available surface area per unit volume, resulting in a higher number of probes aligned 

with the plane of the capture region. The latter strategy implies that the generated signal 

can still be effectively captured, despite the out-of-plane conformation of the capture 

region. 

𝑐∗ =
𝐾𝑑

𝑏𝑚𝐴
                                                                 (1.7) 

 

As is highlighted in Figure 1.1, relying only on optimizing the mass transport and 

reaction kinetics may not be sufficient to achieve a target assay performance. Another 

critical parameter is the magnitude of signal generated per captured molecule. Such signal 

can either be generated by the molecular binding per se (label-free) or by an appropriate 

label. Thus, the possibility of quantifying the fraction of signal generated per captured 

molecule is of utmost importance to select the appropriate signal transduction method and 

adequately optimize a compromise between sensitivity and complexity/cost-effectiveness 

for a particular application. Several examples of improving the signal-to-noise ratio 

generated per molecule to achieve a target sensitivity have been reported for optical  

[12, 13] and electrochemical [14, 15] signal transduction for example. A thorough 

compilation of these strategies has been recently reviewed elsewhere [16]. Differently, 

resorting to a competitive approach (Figure 1.1-i), i.e. maximum measured signal 

obtained in the absence of target molecule, requires a different optimization approach 

compared with “sandwich” assays (Figure 1.1-ii). In this case the (1) stability of the 

signal acquisition and (2) concentration of antibody in solution relative to the target 

molecule, as modelled by Fu and co-workers [17], are major optimization factors to 

effectively induce and accurately measure a downshift in the binding kinetics. 

Finally, the minimization of non-specific signal or matrix interference is equally 

critical and is perhaps the most challenging parameter when dealing with the detection of 

a target analyte in any complex sample comprising a mixture of hundreds of different 
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compounds. On one hand the non-specific signal implies an increase in the noise 

background, which limits the potential minimum detectable limits achievable with a given 

microfluidic immunoassay architecture [12]. Thus, the careful selection of adequate 

surface passivation strategies is necessary, although often significantly challenging [18]. 

On the other hand, matrix interference may simultaneously increase the noise background 

through the unwanted recognition of contaminant molecules and/or the decrease in the 

specific signal by the blocking of antibody binding sites, changes in molecular 

conformation or hindered effective diffusion of target molecules to the capture region due 

to increased viscosity [19]. Therefore, the often overlooked optimization and integration 

of effective and rugged sample preparation procedures is of capital importance to bring 

out the full potential of the developed biosensor [20]. Furthermore, to facilitate the sample 

preparation procedure without limiting rapid analysis times in the order of a few minutes 

[21, 22], the integration of the sample preparation procedure in-line with the assay should 

be considered whenever possible [23-25]. 

 

1.2. Recent advances and trends in the development of microfluidic 

immunoassays  

Recent developments in microfluidic immunoassays in general, applied either 

within the scope of food safety or other highly relevant fields such as biomedical and 

environmental monitoring applications, can be categorized in six main modules, namely 

(1) the type of sensing surface where the probe, i.e. antibody or antigen, is immobilized; 

(2) the way in which the liquid is driven through the device; (3) the degree of process 

integration in a single microfluidic device; (4) the number of analytes that are 

simultaneously tested; (5) the way in which a measurable signal, correlated with the 

analyte concentration, is generated and; (6) the liquid manipulation as a continuous flow 

(analog) or in discrete micro droplets (digital). Each of these categories, schematized in 

Figure 1.2, are subsequently explored and coupled with relevant examples recently 

published in the literature. 

 Concerning the sensing surface, it can be either planar, such as the surface of a 

microchannel [26] or a non-porous bead (static as is the case of trapped polystyrene beads 

[27] and dynamic as is the case of magnetically actuated superparamagnetic beads [28]), 

or tridimensional, comprising for example a porous bead matrix [18, 29] (e.g. cross-linked 

agarose or controlled pore glass), a nano/micropatterned surface [30] or a porous 
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membrane [31] (e.g. electrospun fibers). Planar surfaces are well spatially defined, tend 

to facilitate the mass transport to the sensing area and are, in general, significantly simpler 

to model in terms of balancing mass transport and reaction kinetics, as discussed in 

Section 1.1. On the other hand, despite possible mass transport limitations in highly cross-

linked nanoporous matrices, which can hinder the effective usage of the full probe surface 

coverage [32], this strategy intrinsically provides a dramatically increased surface to 

volume ratio, typically resulting in higher signal to noise ratio assuming an effective 

surface passivation [18]. Furthermore, by tuning the pore size it is possible to balance 

analyte diffusion and available surface area to maximize the molecular capture rate and 

overall signal output [29]. With the exception of devices relying on the mechanical 

actuation of micro particles through discrete liquid compartments to perform the 

immunochemical reaction [28], the way in which the solution is driven relative to the 

sensing surface is a critical design consideration. The liquid flow is typically driven using 

(1) a positive or negative pressure source [21] (e.g. syringe pump, pressure flow controller 

or peristaltic pump), (2) hydrophilic surfaces providing capillary-driven flow [33, 34] or 

(3) centrifugal force [35, 36]. While a pressure-driven flow allows a high and precise 

degree of fluidic control towards the development of minimally user-operated 

microfluidic immunoassays, comparable performances were already achieved with 

minimally instrumented capillary-flow based devices and standard optical disc drive-

based centrifugal platforms. Notable examples are the development of automated 

sequential flow-injectors and versatile capillary pumps [37, 38] to control flow rate in the 

case of capillary-driven flow and fully integrated fluidic actuating components such as 

in-plane valves, meters and mixers relying only on sequential rotation frequency shifts 

[35]. Differently from microfluidic immunoassays based on a continuous liquid flow  

(i.e. analog), there have been considerable advances in digital microfluidics in recent 

years, based on manipulating discrete microdroplets. This manipulation, applied to 

microfluidic immunoassays, is typically performed using droplet generators [39] or 

electrowetting-on-dielectric (EWOD) platforms [40], the latter showing significant 

potential for automation, process integration and portability [41]. 

 Depending on the application, either single or multiple target analytes may need 

to be detected simultaneously. For the simultaneous immunodetection of several target 

molecules, two main strategies have been reported, namely the (1) spatial confinement of 

detection regions, comprising an array of different antibodies or antigens [42] or  

(2) discriminating the immunodetection based on the specific label/ barcode alone [43]. 
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While the early typically resorts to bi-directional micromosaic patterning [26], the latter 

is typically based on immobilizing specific molecules on barcoded microparticles using 

fluorophores [44], chromophores [43] or other optically active materials such as photonic 

crystals [45]. The specific target analyte is then detected using either a labeled detector 

molecule, covalently bound to an enzyme, fluorophore or optically active nanoparticle 

such as gold nanoparticles or quantum dots, or resorting to a label-free signal transduction 

[46]. In the scope of microfluidic immunoassays, the latter has most often been reported 

based on impedance or surface plasmon resonance (SPR) sensors. Both label-based and 

label-free modes of signal transduction integrated in microfluidic immunoassays are 

further explored in the next section.  

 Finally, there have been increasing efforts to integrate multiple process modules 

in the same device towards sample-to-answer operation, namely (1) extraction and/or 

sample preparation, including cell lysis and target analyte pre-concentration/ 

amplification (2) immunodetection and (3) optical/ electrochemical/ electrical signal 

acquisition using integrated sensors. This integration aims at facilitating device operation 

by non-specialized personnel, improving times of analysis, minimizing reagent 

consumption, increasing reproducibility and, ultimately, allowing true portability. The 

integration of signal transducers is explored in the subsequent sections. 

 

Figure 1.2 – Summary of the main strategies currently employed in the development of microfluidic 

immunosensors. The (1) blue (dark) and (2) yellow (light) stars refer to the (1) free target molecule in 

solution or (2) to the same molecules after immunoaffinity-based capture. 

1.2.1. Optical to electrical signal transduction 

Optical to electrical signal transducers integrated in microfluidics allow non-

contact operation upon an efficient optical coupling, particularly in the case of 

miniaturized light sensors with sizes comparable to those of the microchannels [47]. The 

non-contact operation implies that no direct physical contact between the immunosensing 
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surface and the sensor is required. This characteristic allows the design of disposable 

fluidic devices while reusing the sensor indefinitely without cross-experiment 

contamination. Optical sensors coupled to microfluidic immunoassays have been mostly 

reported for the detection of (1) light absorbance [48], (2) fluorescence [49] or  

(3) chemiluminescence [50], using enzymatic or fluorophore labels. Recently reported 

devices resorting to each of these modes of detection are summarized in Figure 1.3. 

Figure 1.3-A schematizes an automated and multiplexed microfluidic device reported by 

Hu and co-workers [50], coupled with a portable and customized instrument for 

chemiluminescence signal acquisition. The instrument contains a peristaltic pump to 

drive the solutions through the microchannels, actuators for the mechanical valves 

integrated in the microfluidic device and a CCD camera coupled to a reflector and lens to 

collimate and focus the emitted light. According to the schematics in Figure 1.3-B, Novo 

and co-workers [34] reported a different strategy aiming at tackling the same integration 

challenge. Instead of using a CCD camera to acquire the chemiluminescence signal, the 

prototype equipment integrates a thin-film photodiode array to acquire the signal from a 

disposable capillary microfluidic chip. The capillary chip was engineered with a 

sequential capillary pump to allow an automated operation after inserting the samples in 

the respective inlets. Figure 1.3-C schematizes a microparticle-based lab-on-disk device 

developed by Zhao and co-workers [35] containing pre-stored reagents, providing a fully 

automated immunoassay in a single step. In this case, the signal is provided by an HRP-

streptavidin conjugate, which converts the TMB substrate into a colored product. The 

absorbance of the product was measured outside of the LabDisk player platform for a 

direct comparison with standard microtiter plates but, in principle, a spectrophotometric 

cell could be easily integrated. Finally, integrated fluorescence measurements, 

schematized in Figure 1.3-D, were also reported by Pinto and co-workers [51] by 

coupling a fluorescent label with a large Stokes shift and a photodiode covered by an 

integrated absorption filter. By aligning a device containing agarose nanoporous beads 

with the sensors and performing the excitation with a standard 405 nm laser diode, 

continuous fluorescence measurements were achieved. This setup allows the 

development of ultra-rapid sub-minute immunoassays based on analyte binding kinetics 

[49]. 
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Figure 1.3 – Microfluidic immunosensors coupled with optical transducers. A- Disposable microfluidic 

chip with integrated valves to perform an array of immunoassays coupled to a portable instrument to for 

performing (1) valve actuation, (2) liquid handling and (3) optical signal acquisition. Adapted from ref. 

[50]. B- Disposable capillary-based microfluidic chip to perform multiple immunoassays after performing 

the microspotting of the antibodies in the microchannels.  The chemiluminescence signals are acquired by 

thin-film a-Si:H photodiodes integrated in a fully portable prototype addressed by a laptop computer. 

Adapted from ref. [34]. C- Lab-on-disk device using anti-target functionalized microparticles and 

integrating stored reagents in a dried form. All liquid handling steps are performed automatically by 

changing the rotation frequency. Adapted from ref. [35]. D- Microfluidic channel containing commercial 

agarose beads aligned on top of an a-Si:H photodiode with an integrated fluorescence filter (spectral 

properties plotted on the right). Adapted from ref. [51].  

1.2.2. Electrochemical signal transduction 

Microfluidic immunoassays coupled with electrochemical transducers are 

typically based on having antibodies or antigens directly immobilized on the surface of 

electrodes. However, there are also reports of microfluidic assays were the antibodies are 

immobilized upstream of the electrode [52]. Compared to optical sensors, electrochemical 

sensors are typically simpler to fabricate, requiring only a thin layer of conductive and 

stable material patterned on the surface of the device such as gold, platinum or carbon-
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based materials. Strategies have also been developed to increase the surface area of the 

electrodes, e.g. via nanopatterned features [53], following the same rationale as the 

nanoporous bead-based assays. Furthermore, the potentiostat instrumentation required to 

perform electrochemical measurements, typically based in DC amperometry, is relatively 

simple and cost-effective for integration in portable platforms [54]. On the other hand, 

differently from optical-based measurements, direct contact between the solution and 

electrodes is required, implying either the disposability [55, 56] or efficient regeneration 

of the electrodes [57]. The latter is a significant challenge and often limited to a few cycles 

to avoid compromising the assay performance [58]. Two recently reported examples of 

microfluidic immunoassays are schematized in Figure 1.4. Figure 1.4-A illustrates the 

assay developed by Oliveira and co-workers [59] comprising a pre-concentration step 

using magnetic particles conjugated to an anti-target antibody and HRP. The particles are 

then loaded into a disposable microfluidic immunoarray device (DµID) containing 

antibodies immobilized on screen printed carbon ink electrode arrays with a 

nanostructured surface (1.4 µm average roughness), which is intrinsic to graphite ink. The 

current is then continuously measured at 200 mV while flowing a mixture of 

hydroquinone substrate and hydrogen peroxide. A different electrochemical assay design 

was reported by Kling and co-workers [52] (Figure 1.4-B), based on immobilizing 

antibodies on the channel surface via capillary pumping spatially defined by hydrophobic 

regions, upstream of planar Pt electrodes. The antibodies in this case are not used to detect 

the target molecule directly, but rather to immobilize a DNA strand bound to a repressor 

protein labelled with biotin, working as the actual biosensor. Streptavidin labelled with 

glucose is then used as label and glucose as substrate. Using a strategy based on stop-

flow to accumulate hydrogen peroxide in the immobilization region, the authors achieve 

significant amperometric signals downstream in the Pt electrode, polarized to 450 mV 

against a reference Ag/AgCl on-chip reference electrode. 
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Figure 1.4 – Microfluidic immunosensors coupled with electrochemical transducers. A- Inexpensive 

polystyrene-based disposable microfluidic immunoarray device (DµID) comprising screen printed carbon 

ink electrodes. Prior to injection into the DµID the sample containing the target molecules was pre-

concentrated using magnetic particles functionalized with the secondary antibody and an enzymatic label. 

Adapted from ref. [59]. B- Cost effective polymeric multiplexed microfluidic device comprising integrated 

Pt electrodes to perform the immunodetection of multiple target molecules using glucose oxidase as label. 

The antibodies are immobilized in defined regions upstream of the electrodes using capillary flow and 

hydrophobic barriers. WE, RE and CE refer to working electrode, reference electrode and counter-

electrode, respectively. Adapted from ref. [52].  

1.2.3. Label-free transduction 

Label free detection integrated in microfluidic immunoassays has mostly been 

reported based on impedimetric or surface plasmon resonance measurements. The early 

requires a setup similar to that of electrochemical measurements, where the antibodies or 

antigens are typically immobilized on top or in close proximity to planar electrodes. The 

impedance measurements are then performed between the electrodes, at AC frequencies 

typically in the range of kHz to MHz and voltages below 1 V, allowing the electric field 

to propagate into the medium [60].  Different frequencies can first be tuned using 

electrochemical impedance spectroscopy (EIS) in order to identify the frequency regime 

providing the highest specific impedimetric signal, the latter allowing the continuous 

monitoring of the target analyte at a single frequency [60, 61]. Two examples of 
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microfluidic immunoassays coupled with impedance measurements for signal 

transduction are schematized in Figure 1.5, developed by Mok and co-workers [62] 

(Figure 1.5-A) and Nwankire and co-workers [63] (Figure 1.5-B). The device 

schematized in Figure 1.5-A [62] comprises a microchannel containing a capture region 

with immobilized anti-target antibodies (300 µm wide × 30 µm tall) and an 

electrochemical impedance sensor aligned with a 40 × 10 µm micropore. The detection 

is based on flowing magnetic microbeads functionalized with anti-target antibodies to 

perform a sandwich assay in the capture region, followed by elution and counting using 

the impedance sensor excited with a 700 kHz, 300 mV AC signal. The output digital 

signal is directly proportional to the target concentration in solution. The electrochemical 

lab-on-a-disk device schematized in Figure 1.5-B [63] allows integrated sample 

preparation using a ficoll gradient to effectively isolate the target cells from blood, 

followed by a single step immunoassay allowing the label-free impedimetric detection of 

the immobilized target cells. The impedimetric signal is measured by applying a  

117.2 Hz 50 mV AC signal between the working (immobilized anti-target antibodies) and 

counter-electrodes. Alternative to impedimetric measurements, label-free optical SPR 

measurements are currently the gold standard to extract thermodynamic information 

using high-precision, high-throughput commercial equipments such as Biacore from  

GE Healthcare [64]. There have been considerable efforts in simplifying and 

miniaturizing these towards cost-effective integration with microfluidic devices using 

SPR reflectivity measurements based on prism light coupling or gratings, SPR imaging 

(SPRi) or localized SPR (LSPR) [65]. As a remarkable example, the strategy reported by 

Guner and co-workers [66], schematized in Figure 1.5-C, comprises a portable platform 

attachable to a smartphone camera to perform SPRi of a disposable microchannel, 

integrating a light source, optics and microfluidic chip holder. In order to be disposable, 

the microfluidic device was sealed against a standard Blu-ray disk patterned with gold, in 

order to cost-effectively provide a grating with a pitch width of 320 nm and depth of  

20 nm for light coupling. The acquired images can then be analyzed in terms of 

reflectivity change (linearly correlated with the refractive index) to continuously monitor 

molecular capture on the gold surface. 
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Figure 1.5 – Microfluidic immunosensors coupled with label-free impedance-based or surface plasmon 

resonance (SPR)-based transducers. A- Microfluidic device comprising two gold electrodes to perform the 

digital counting of 2.8 µm magnetic beads functionalized with anti-target antibodies. Upstream of the 

micropore, the beads flow through a capture chamber also containing immobilized anti-target antibodies. 

Adapted from ref.  [62]. B- Fully automated lab-on-disk device for the label-free detection of cells directly 

from whole blood, integrating a density gradient-based centrifugation sample preparation/ pre-

concentration step. Anti-target cell antibodies are immobilized on the surface of gold working electrodes, 

measured against a counter electrode in an adjacent chamber without target cells. Adapted from ref. [63]. 

C- Miniaturized SPR imaging instrument coupled to a standard smartphone, allowing label-free 

measurements of an immunoassay performed on a disposable microfluidic device sealed against a gold 

patterned standard Blu-ray disk. The percent values relate the reflectivity change above the baseline after 

adsorbing BSA on the gold surface. Adapted from ref. [66]. 

 

1.3. Mycotoxins and point-of-need screening: Relevance, demand, 

challenges and opportunities 

1.3.1. Relevance and regulatory aspects of mycotoxin analysis 

Mycotoxins are prominent among fungal secondary metabolites with a negative 

impact on human and animal health. As many as 1,000 fungal compounds have been 

given this label, including aflatoxins (AF), trichothecenes, fumonisins (FB), ochratoxin 

A (OTA), and various indole-terpene tremorgenic compounds. These are major threats to 
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the health and life of humans and livestock, since the most relevant of these are found in 

food [67]. Their biosynthesis by the producing fungi can occur throughout the entire food 

chain, from the crops in the field to the end-product in storage, from the transportation of 

food commodities to the processing and storage of food and feed [68, 69]. The toxic 

effects of mycotoxins on humans and animals have been extensively studied for the last 

several decades and are summarized in Table 1.1. 

Table 1.1 – Summary of relevant chemical and toxicological data for the most prevalent mycotoxins. 

Mycotoxin 
Fungal species 

(examples) 
Effects 

Target organ and 

mechanism of toxicity 
Ref. 

Aflatoxins  

(B1, B2, G1, G2) 

Aspergillus flavus, A. 

parasiticus, A nomius 

Carcinogen, immune 

suppressor 

Liver; alteration of p53-target 

gene expression and 

mutations, necrosis 

Williams et al., 

2004 [70] 

IARC, 2002 

[71] 

Ochratoxin A 

Aspergilli section nigri, 

circumdati, flavi; 

Penicillium section 

viridicata 

Suspected carcinogen, 

nephrotoxic, hepatotoxic 

Kidney; inflammation of 

proximal tubule cells, altered 

cellular signaling. Liver; 

interleukin-6 decrease, 

superoxide dismutase (SOD) 

increase 

El Khoury et 

al., 2010 [72] 

Trichothecenes B 

(deoxynivalenol, 

nivalenol) 

Trichothecenes A 

(T-2, HT-2) 

Fusarium graminearum, 

F. culmorum,  

F. sporotrichioides,  

F. langsethiae 

Vomiting, feed refusal, 

anemia 

Alimentary and 

hematopoietic system; DNA 

damage and cell cycle arrest, 

alteration of cell membrane 

integrity and function 

Pestka, 2007 

[73] 

Sudakin, 2003 

[74] 

Zearalenone 

F. graminearum,  

F. oxysporum,  

F. culmorum 

Infertility, abortion 
Endocrine system; hormonal 

imbalances 

Zinedine et al., 

2007 [75] 

Fumonisins 
F. verticillioides,  

F. proliferatum 

Suspected carcinogen 

equine 

leucoencephalomalacia 

Central nervous system; 

ceramide synthase inhibitors, 

cytotoxic 

Soriano et al., 

2005 [76] 

Patulin Penicillium expansum 
Gastric ulcer, alteration 

of renal function.  

Gastrointestinal tract, kidney; 

DNA damage, proteotoxicity 

Puel et al., 2010 

[77] 

 

Regulations relating to mycotoxins have been established in many countries to 

protect the consumer from their harmful effects. As an example, in the EU, precise limits 

for the possible presence of some mycotoxins in food and feedstuff have been established 

[78-80] in accordance with the provisional maximum tolerable daily intake (PMTDI) as 

a guideline for preventing and controlling contamination (Table 1.2). Since Commission 

regulations and directives are binding legislative acts, they must be applied across the EU 

as well as the European Economic Area (EEA) including Iceland, Liechtenstein, and 

Norway. 
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Table 1.2 – Summary of the regulatory limit ranges in the EU for multiple toxins and foodstuffs. In 

particular, Regulation 165/2010 concerning aflatoxins [78], Regulation 1881/2006 concerning ochratoxin 

A [79], and Regulation 1126/2007  concerning deoxynivalenol [80]. 

Commodity Maximum limit (µg/kg) 

Aflatoxins (AF) B1 
B1/2 

G1/2 
M1 

Foods to be subjected to physical treatment before human consumption  5-12 10-15 - 

Foods for direct human consumption or use as an ingredient in foodstuffs 2.0 4.0 - 

Processed cereal-based and dietary foods for infants, babies and young children.  0.10 - 0.025 

Raw milk, heat-treated milk and milk for the manufacture of milk-based products.  - - 0.050 

Infant milk, follow-on milk. and follow-on formulae - - 0.025 

Ochratoxin A (OTA) 

Unprocessed cereals and derived products for direct human consumption 3.0-5.0 

Dried vine fruit (currants, raisins and sultanas), soluble (instant) coffee  10.0 

Wine and aromatized wine excluding liqueur wine with an alcoholic strength >15% vol. Grape juice, 

nectar intended for direct human consumption. 
2.0 

Piper spp., Myristica fragrans (nutmeg), Zingiber officinale (ginger), Curcuma longa (turmeric), 

Capsicum spp., liquorice root and extract. 
15.0-80 

Processed cereal-based foods, dietary and baby foods for infants 0.50 

Deoxynivalenol (DON) 

Unprocessed cereals, and milling fractions of maize (particle size ≤ 500 µm) not used for direct human 

consumption 

1250-1750 

Cereals and cereal products intended for direct human consumption 500-750 

Processed cereal-based foods and baby foods for infants and young children. 200 

 

The toxic effects of certain mycotoxins on many livestock animals including reduced growth and 

reproduction rates, hemorrhagic phenomena an death have also been documented [81]. These findings have 

led to the development of a regulation concerning the tolerable level of certain mycotoxins in feed ( 

Table 1.3), both to control environmental contamination and economic losses 

resulting from contamination of feed and products derived from livestock (e.g., meat and 

milk). Although current feed regulations cover only AF, limits have been recommended 

for other mycotoxins  

(Table 1.4), which are not binding but create policies that can result in regulation.  

 

Table 1.3 – Summary of the Regulation 574/2011 concerning aflatoxin B1 in animal feed [82]. 

Commodity 
Maximum limit 

(µg/kg) 

All feed materials. Compound feed for cattle, sheep, goats, pigs and poultry (except young and 

dairy animals) 
20 

Compound feed for dairy cattle, sheep, goats, calves, lambs, piglets and young poultry animal  5 

Compound feed for cattle (except dairy cattle, calves, sheep, goats), pigs and poultry (except young 

animals)  
20 
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Table 1.4 – Summary of recommended limit ranges in the EU for multiple toxins and animal feeds[83, 84]. 

Toxin Commodity 
Maximum Limit 

(ppm) 

OTA 
Feed materials 0.25 

Complete feeds 0.05 - 0.1 

FB1+FB2 
Feed materials 60 

Complete feeds 5 - 50 

DON 
Feed materials 8 - 12 

Complete feeds 0.9 - 5 

ZEN 
Feed materials 2 - 3 

Complete feeds 0.1 - 0.5 

 

Mycotoxin diffusion and distribution reflects the synthesis of these secondary 

toxic metabolites by different fungal species in various environments [85]. The most 

recent validated predictive models for mycotoxin contamination in climate-change hot 

spots such as the Mediterranean area [86-88], suggest that environmental conditions will 

promote the development of mycotoxin producing fungi [89-92] and therefore negatively 

affect agricultural production in those areas. The importance of crop contamination is 

thus crucial to assessing general contamination, because most mycotoxins come from the 

field, even if their content in crop-derived products can rise dramatically due to improper 

post-harvest management. The ability of mycotoxins to move through different levels of 

the food pyramid (carry-over) constitutes another aspect of the risk they represent. As an 

example, the carry-over of aflatoxin B1 (AFB1) excreted as aflatoxin M1 (AFM1) in 

cow’s milk is a well-known phenomenon. Furthermore, different studies indicate that 

mycotoxin contamination is often detectable in different organs of the livestock fed with 

contaminated feed or in their products [93, 94]. 

The globalization of agricultural trade without commensurate legislative 

harmonization demands the fostering of increased awareness of the presence of 

mycotoxins in the food chain. Aside from health risks, such contamination has important 

economic and trade implications [95, 96] including (1) reduced crop and livestock 

production, (2) contaminated food and feedstuffs disposal, (3) loss of human and animal 

life, and (4) increased costs associated with human and animal health care, analytical and 

regulatory efforts, and research investment. Given the breadth and diversity of the 

economic implications, the costs and impact of mycotoxin contamination on international 

trade are difficult to assess in a consistent, uniform way and impossible to determine 

accurately [96]. However, estimates indicate that total annual losses can be as high as  

2.5 billion USD in the United States of America and more than one billion in Europe, 

accounting for market, livestock and human health losses [95, 96]. To reduce the presence 
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and impact of mycotoxins requires an integrated understanding of crop biology, 

agronomy, fungal ecology, harvesting methods, storage conditions, food processing, and 

detoxification strategies. In this context, it is critical to highlight that any strategy must 

be based on reliable quantitative determination of mycotoxins in the relevant raw 

materials. 

1.3.2. Standard analytical methods for mycotoxin quantification 

The detection and quantification of potential mycotoxin contaminants of a bulk of 

a food commodity are crucial for determining whether that bulk is acceptable for human 

consumption. Mycotoxin concentration is usually estimated by testing small portions 

(samples) of a bulk lot; if the sample concentration does not accurately reflect the lot 

concentration, then the lot may be misclassified and there may be undesirable economic 

and/or health consequences [97]. The mycotoxin test consists of (1) sampling (milling 

and sub-sampling), (2) preparation (extraction and purification), and (3) analysis. 

Although each step may involve variation and uncertainty, sampling is the most critical 

[98] and an accurate and precise sampling design is mandatory for minimizing bulk-lot 

misclassification risk. 

Contaminated particles may not be distributed uniformly throughout the lot, due 

to, e.g., a local moisture leak or increased temperature due to environmental exposure. 

Thus, the sample should be a composite of many small portions taken from different 

locations throughout the lot. The FAO/WHO recommends that one portion of about  

200 g be taken for every 200 kg of product [99]. The collection of all portions taken 

should constitute the bulk sample. Studies on sampling in agricultural products, such as 

peanuts and shelled corn [100, 101] suggest that even if a very small percentage (0.1%) 

of the kernels in the lot are contaminated, the concentration on a single kernel may be 

extremely high. For shelled corn for example, it is estimated that in a lot with 

contamination of 20 ng/g, only six kernels out of 10,000 may actually be contaminated 

[102]. This accounts for large variation among replicated samples within the same lot and 

the difficulty of designing effective and efficient sampling plans. Although sampling 

variance trends for different commodities and mycotoxins must be described by specific 

equations, sampling variance generally increases with an increase in mycotoxin 

concentration and decreases with an increase in sample size. 

After sampling, sample preparation can be accomplished with different 

procedures depending on the food matrix and toxins considered. An extraction by solvent 
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mixtures is usually performed. The raw extract is then cleaned up using (1) solid phase 

extraction (SPE) columns (with stationary phase materials such as silica gel or activated 

charcoal) or (2) immunoaffinity columns (IAC) (with a stationary phase gel with 

immobilized antibodies specific to certain mycotoxins). In each case, the raw extract is 

placed at the top of the column, which is washed with the appropriate solvent (e.g., water 

or organic solvent), thereby allowing the separation of most interfering compounds. Thus, 

a purified extract is obtained, which can be further analyzed for a quantitative 

determination of a possibly present mycotoxin. The difficulty and complexity of sample 

preparation depends on the food or feed matrix considered, the chemical characteristics 

of the mycotoxin, its concentration in the sample, and the potential presence of different 

mycotoxins. After extraction and sample preparation, the analysis is typically performed 

resorting to chromatographic or immunochemical methods, as discussed below. 

Chromatography coupled with different detection principles has become a widely 

used reference method for unambiguously confirming samples determined to be positive 

after screening assays based on immunochemical methods, and for enabling exact 

quantification when needed. From the mid-90s onwards, atmospheric pressure chemical 

ionization (APCI) and electrospray ionization (ESI) LC/MS became available [103]. 

These allow a soft ionization and improved analytical performance due to their 

robustness, easy handling, high sensitivity, accuracy, and their compatibility with almost 

the whole range of compound polarities [104-106]. These methods have been largely used 

to determine mycotoxins in biological and environmental matrices and their sensitivity 

and selectivity have enabled considerable reduction in sample preparation or/and 

derivatization processes. In general, GC/MS and LC/MS are commonly accepted by 

authorities as highly reliable analyte confirmation tools in residue analysis in the course 

of regulatory and legal proceedings [107, 108]. 

However, these techniques have also several drawbacks that may significantly 

reduce quantification accuracy and precision: ionization efficiencies are not equal for all 

analytes and signal suppression/enhancement can be observed. Due to the complexity and 

diversity of food samples these matrix effects (ME) vary in different sample matrices. To 

control ME consequences, methods such as matrix-matched calibration or use of internal 

standard can be used. Besides, extensive validation efforts must be undertaken, such as 

calibration curves set up in the matrix together with an internal standard [109]. 

Furthermore, chromatography-based techniques also require lengthy sample pretreatment 

and execution times, expensive instruments and skilled technicians, resulting in high 
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determination costs. These methods therefore are of limited practicality for rapid on-site 

analysis by importers, traders, and food and feed companies. 

As an alternative to chromatography-based methods for the fast screening of 

mycotoxins, immunochemical methods can be used. The basis of any immunoassay is an 

antibody-antigen interaction (in this case, with mycotoxins). Regarding the production of 

antibodies, it is important to highlight that mycotoxins do not have their own 

immunogenicity due to their very small molecular weights. Consequently, it is necessary 

to bind them to a carrier molecule, usually a protein, such as bovine serum albumin (BSA) 

or ovalbumin before immunization to achieve immunogenicity [110], although the 

conjugation process can also be responsible for a decrease in assay selectivity [111]. The 

methods used for coupling the mycotoxins with a carrier are specific for each mycotoxin. 

For example, ochratoxins can be conjugated with the protein directly, without preliminary 

modification through the interaction of the ochratoxin carboxyl group with the protein 

amine group via EDC (1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide) [112]. 

Ochratoxins and DON can also be directly activated using CDI (carbonyldiimidazole) via 

carboxyl or hydroxyl groups for direct covalent coupling with amine groups in proteins 

[113]. On the other hand, AF do not have chemically active groups for the direct binding 

to the carrier protein and, therefore, require preliminary activation through the formation 

of a 3-(O-carboxymethyl) oxime reactive group for covalent binding to the protein [114]. 

If a conjugate of the enzyme-coupled mycotoxin is mixed with an extract 

containing free mycotoxin, and added to a well coated with specific antibodies, the 

enzyme-coupled mycotoxin will compete with the free mycotoxin present in the extract 

for antibodies binding sites (Figure 1.6-A). After removing any excess enzyme-coupled 

and free mycotoxin, the substrate of the enzyme is added and reacts with the enzyme-

coupled mycotoxin, whose concentration is inversely proportional to the concentration of 

the mycotoxin in the sample, such that the absence of color indicates analyte presence 

while coloration indicates a negative result. The same concept can be applied by having 

instead the antigen immobilized on the surface and labelled antibodies in the sample. In 

this case, the surface concentration of bound labelled antibodies is also inversely 

proportional to the free mycotoxin concentration in the sample. These are examples of 

competitive ELISA that are best suited for low molecular weight compounds such as 

mycotoxins, which typically cannot bind two antibodies simultaneously. 
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Figure 1.6 – Schematics of competitive immunoassay designs typically used in A- well plates or B- lateral 

flow devices. Bovine serum albumin (BSA) is given as an example of a typical protein scaffold used to 

immobilize the antigen. BSA alone at relatively high concentrations (i.e. above 1 mg/mL) is typically used 

for blocking purposes. The labels employed in standard immunoassays are typically enzymes such as 

horseradish peroxidase (HRP) or alkaline phosphatase, used to catalyze reactions generating a colored 

product. Alternatively, gold nanoparticles are also often used as colorimetric labels in lateral flow 

immunoassays. 

Similar to a well plate ELISA, lateral flow immunoassays (LFIA) are a method of 

analysis where a liquid sample containing the analyte is placed on an absorbing pad, 

moving via capillary action towards different zones of the pad (Figure 1.6-B). In the first 

zone, label-antibody conjugates are present and get hydrated by the flowing sample, 

subsequently moving to the test line, which contains pre-immobilized mycotoxin (the 

same to be detected) which is specifically recognized by the label-antibody conjugate. 

There is also a control line containing pre-immobilized secondary antibody having the 

ability to bind to the labeled antibody. If the target analyte in sample solution is absent, 

both the test and the control lines show signal, on the other hand, if the target analyte is 

present in the sample solution, it will compete with the immobilized antigen, reducing the 

signal intensity in the test line [115]. 

Based on the specific antigen–antibody reaction, traditional immunoassays, 

especially ELISA performed in a well plate and LFIA, are easy to perform and have been 

extensively used in the screening of different mycotoxins as commercial kits, as will be 

discussed ahead in Section 1.3.4. However, there are some disadvantages, such as the 

difficulty of automating the process, or low sensitivity and cross-reactivity. In recent 

years, many novel biosensors were developed based on antibody-mycotoxin interactions 
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[116], aiming at tackling drawbacks associated with traditional methods for performing 

these assays, including several improvements to conventional LFIAs (e.g. multiplexing 

capabilities, enhanced sensitivity and precise signal quantification), as will be discussed 

in detail in Section 1.3.5. 

1.3.3. Assay requirements and fit-for-purpose analytical performance 

This section briefly summarizes the fundamentals of standard procedures in 

analytical chemistry to evaluate if an assay is fit-for-purpose for a specific mycotoxin 

detection threshold. This is particularly important to subsequently discuss the tradeoffs 

between performance and other considerations such as simplicity of use and cost when 

developing a point-of-need analytical device. As an overview, Figure 1.7 schematically 

shows the main components of a mycotoxin measurement process and the subsequent 

interpretation of the response. For in-depth discussions of the analytical standards 

involved in quantitative and qualitative assays, the reader is referred to reviews by Lloyd 

Currie [117, 118]  and Macarthur and von Holst [119]. 

The measurement of mycotoxin content includes all the steps from sample 

preparation to signal transduction. It is fundamental in a chemical measurement for 

analytical purposes to have statistical control, meaning that its imprecision and bias are 

fixed at a particular measurement condition (i.e. a particular analyte in a particular 

matrix). Along these lines, after bringing the uncertainty to within acceptable bounds, it 

is also important to guarantee a high degree of ruggedness, so that the precision and 

accuracy of the method are relatively insensitive to minor changes in environment or 

procedure. While the statistical quality of the sampling process is critical to provide an 

accurate estimation of the safety of a batch of feed – as discussed in the previous section, 

this step is not taken in account when discussing the measurement process. Only the real 

analyte concentration “x” present in the tested sample is considered, regardless of its 

origin. The response is the output estimation of the analyte concentration “x̂”, related to 

the measured signal, typically via a linear response in which the slope is the sensitivity 

“A” and the intercept is the signal of the blank. This linear response is affected by the 

measurement error, including bias and random error. To calibrate the signal and 

characterize the response in terms of accuracy and precision, it is critical to include high 

quality standard reference materials in the measurement process. 
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Figure 1.7 – Schematics of the main components of a typical chemical measurement process aimed at 

mycotoxin detection, fundamentals on detection decision after the response and main features of 

quantitative [117] and qualitative [119] data interpretation. LC, LD and LQ refer to critical value, minimum 

detectable value and quantification limit, respectively. POD and pdf refer to probability of detection and 

probability density function, respectively. 

It is also essential to statistically define the detection decision to confidently 

determine if a certain sample is above or below a certain critical threshold (i.e. detection 

or non-detection). Before discussing the detection criteria, it is important to remind the 

reader that the null hypothesis (H0), i.e. non-detection, indicates that the analyte 

concentration falls below the detection limit of the system and does not suggest that the 

analyte is absent (zero concentration). A measurement of zero concentration is impossible 

to achieve [118]. In the case of mycotoxins, considering the presence of established 

regulatory limits, one can instead consider H0 equal to this target concentration, below 

which it can be considered that the mycotoxin concentration is acceptable. According to 

IUPAC recommendations [117], the detection capability of a measurement process 

should be defined by two values, the critical value (LC) and the minimum detectable value 

(LD). Both these values are defined based on the distribution and standard deviation (σ) 

of the blank, highlighting the importance of an accurate determination of these parameters 

to the evaluation of the analytical method. The definition of LC and LD is related with two 

types of error, type I or false positive and type II or false negative errors. Type I error 

means rejecting the null hypothesis when the analyte is not present above the critical 
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threshold and type II means accepting the null hypothesis when the analyte is present 

above the critical threshold. The probabilities associated with incurring type I or II errors 

are referred to as α and β, respectively, for which default values recommended by IUPAC 

are 0.05 (i.e. 5%) for each. Figure 1.7 illustrates α (red shaded region) and β (blue shaded 

region) for two hypothetic probability functions in the measurements of the blank and of 

a sample with a mycotoxin concentration at the minimum detectable value (LD). By 

assuming a set of conditions in this scenario, in particular (1) the standard deviations 

being homoscedastic, (2) known for the blank and (3) following a normal distribution, 

the LC and LD can be easily calculated according to the formulas shown in Figure 1.7. 

The determination of the measurement performance and establishment of a detection 

decision is then followed by the classification of the method as quantitative or qualitative. 

For a quantitative assay, the signal magnitude “y” is correlated with the concentration of 

mycotoxin via a calibration function to subsequently allow the determination of an 

unknown mycotoxin titer via an evaluation function. In this case, the limit of 

quantification (LQ) is generally accepted as 10σ and the estimates should typically have a 

relative standard deviation of 10% [117]. Regarding qualitative assays, the probability of 

detection (POD) is correlated with the mycotoxin concentration and the concentration of 

mycotoxin that generates 95% POD should be accurately determined [119]. This scenario 

is fit-for-purpose when it is sufficient to simply know if sample has an analyte 

concentration that is above or below a certain threshold (blank or a predefined limit). This 

is typically the case of quick point-of-need screening applications to determine whether 

it is necessary to send a sample for quantification using a reference method at a certified 

laboratory. 

1.3.4. Shortcomings of commercially available solutions for point-of-need mycotoxin 

analysis 

Due to its economic relevance and worldwide spread, several instrumentation 

companies have considered mycotoxin detection a very significant market. The current 

instruments on the market can be divided into two general types: the first kind addresses 

the needs of accredited laboratories while the second kind satisfies the requirements of 

private customers. The accredited laboratories include all governmental and public 

administration organizations, both at European and national/local level as well as private, 

specialized laboratories providing quality certificates. The aim of governmental and 

public organizations is to provide a network for food security safeguard, both through 
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controls on production and through research. These public entities have the following 

aims such as: (i) making certified checks, of proven accuracy, based on validated 

methodologies; (ii) certifying the validity of innovative methods of detection; and (iii) 

carrying out research on the methods of detection of mycotoxins, on the prevention of 

their spread and, finally, on methods of purification of toxins. Private laboratories provide 

instead mainly certified checks with a proven accuracy. 

As previously discussed, the most common analytical procedures used for 

mycotoxin analysis in accredited laboratories include high-performance liquid 

chromatography (HPLC), gas chromatography (GC) and mass spectrometry (MS). The 

main companies producing these equipments are Shimadzu, Cecil Instrumentation Ltd., 

Gilson Inc., JASCO, SCIEX, Thermo Fisher Scientific and Waters Corporation. All these 

instruments cost more than 10,000 € and trained personnel is needed to carry out the 

analysis. On the other hand, private customers include producers of agri-foods subjected 

to mycotoxin contamination. Within these users, it is important to distinguish between 

those who directly produce the goods subject to contamination from those who use them 

as intermediate product to make derivatives or other agri-food products. Private parties 

are generally motivated by the need to ensure and certify the quality of their products as 

well as regulatory constraints (e.g., the obligation to comply with the law for self-control 

of production). Due to its low cost, their preferred analysis method is the dipstick lateral-

flow assay based on a competitive immunoassay format (LFIA) as shown previously in 

Figure 1.6-B. Depending on the company and on the mycotoxin, the method features a 

water-based or a methanol-based extraction, which enable users to test for single or 

multiple mycotoxins from the same prepared sample. Furthermore, the LFIA is often 

coupled to an optical reader to convert the line densities into a quantitative result, 

displayed in ppb or ppm.  

Table 1.5 summarizes key features of the main commercially available point-of-

need compatible systems for detection and quantification of different mycotoxin. It is 

possible to see that all systems have similar performances, comply with the regulation 

limits and present analysis times in the 5-30 min range after sample preparation. However, 

most of the kits are available only for solid matrices and the extraction protocol is still 

quite laborious, and require steps such as grinding, centrifugation, filtering, weighting 

and pipetting. Furthermore, the extraction times are in general not specified. Concurrently 

with methods which rely on a reader for the quantification of the mycotoxin 

concentration, some companies have developed visible screening test able to provide a 
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yes/no response with respect to a threshold value. These systems are based on a 

competitive direct ELISA where samples are compared to a control or color chart.  

Table 1.5 – A sample of commercially available solutions for point-of-need mycotoxin analysis. 

Name of 

company 

(type) 

Analytical 

procedure 
Tested toxins Detection range 

Limit of 

detection 

Testing time 

(minutes) 
Ref. 

NEOGEN 

(Reveal Q+) 
LFIA 

Aflatoxin 

Ochratoxin 

T-2/HT-2 

Zearalenone 

2-300 ppb 

2-100 ppb 

5-3,000 ppb 

25-1,500 ppb 

2 ppb 5  [120] 

CHARM 

(Rosa Mycotoxin 

Strips) 

LFIA 

Aflatoxin 

DON/vomitoxin 

Fumonisin 

Ochratoxin in feed 

Ochratoxin in beverages 

T2/HT2 

Zearalenone 

Up to 150 ppb 

Up to 6 ppm 

Up to 6 ppm 

Up to 150 ppb 

Up to 5 ppb 

Up to 2,500 ppb 

Up to 1,500 ppb 

2 ppb 

0.1 ppm 

0.25 ppm 

2 ppb 

0.1 ppb 

10 ppb 

-------- 

2-10 [121] 

ROMER LABS 

AgraStrip/Quant 
LFIA 

Aflatoxin 

Zearalenone 

Ochratoxin 

T-2/HT-2 

DON 

Fumonisin 

4-40 ppb 

25-1,000 ppb 

2-40 ppb 

37-500 ppb 

250-5,000 ppb 

250-5,000 ppb 

3 ppb 

20 ppb 

1.9 ppb 

29 ppb 

200 ppb 

200 ppb 

15 [122] 

NEOGEN 

Veratox 
ELISA 

Aflatoxin 

Zearalenone 

Ochratoxin 

T-2/HT-2 

DON 

Fumonisin 

5-50 ppb 

25-500 ppb 

2-25 ppb 

26-250 ppb 

0.5-5 ppm 

1-6 ppm 

2.5 ppb 

5 ppb 

1 ppb 

25 ppb 

0.1 ppm 

0.2 ppm 

10-20 [123] 

 

1.3.5. State-of-the-art toolbox towards an integrated point-of need device 

In this section, the recent advances towards detection of mycotoxins at the point-

of-need are reviewed by looking at emerging trends and the individual tools being 

developed for mycotoxin assay development. Along these lines, Figure 1.8 shows a 

conceptual summary of a general toolbox for developing a mycotoxin-sensing assay 

based on recent developments and trends reported in the literature. Overall, the 

development of a mycotoxin sensing assay can be divided into five major components: 

1) sample interface and overall assay architecture; 2) engineering of the sensing surface 

and 3) molecular recognition; 4) extraction and sample preparation; and 5) signal 

generation and transduction. As highlighted in Figure 1.8, only the sample interface and 

signal transduction modules are fundamental to fabricate a mycotoxin sensor. However, 

to adequately enable a point-of-need and fit-for-purpose approach, the integration of the 
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other three modules in the assay is often critical towards versatility, sensitivity, specificity 

and ease-of-use, as will be discussed ahead in this section. Each of the individual assay 

components shown in Figure 1.8 are discussed below together with specific examples, 

as compiled in Table 1.6, and evaluated for potential integration in effective  

point-of-need mycotoxin detection strategies. 

 

 

Figure 1.8 – Schematic summary of the main components and recent trends on mycotoxin analytical assay 

development. Dashed arrows indicate an optional sequence of assay elements, while continuous arrows 

indicate the fundamental elements to build a functional mycotoxin analytical assay. λex, λem, λin, λtr and λcl 

refer to excitation light, emission light, incident light, transmitted light and chemiluminescent light, 

respectively. SUA refers to sample under analysis. 
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Table 1.6 – Summary of mycotoxin measurement processes published between 2013 and 2017. Key qualifiers were listed for each assay, in accordance with the schematics in 

Figure 1.8. *(1) indicates that the immobilized molecule is the molecular probe itself. S and [M] refer to the output signal of the assay and mycotoxin concentration, respectively. 

Assay 

Architecture 

Solid-phase 

material 
Molecular probe 

Immobilized 

molecule* 

Immobilization 

chemistry 
Output signal 

δS 
_________________ 
δ[M] 

Signal acquisition 

Analytical 

performance 

(maximum 

sensitivity) 

Approx. 

assay 

time 

Assay 

steps 

Tested 

sample(s) 
Sample preparation Ref. 

mL-scale 

container 
None 

Aptamer conjugated 

to fluorescein 
None None 

Fluorescence (quenching 

mediated by graphene 

oxide) 

- Spectrofluorimeter 

Quantitative 

(ng/mL 

range) 

40 min 
Single-

step 
Rice seeds 

Extraction with 50% 

methanol 

Joo et al., 

2017[124]  

mL-scale 

container 
None 

Aptamer conjugated 

to fluorescein and 

hybridized with 

ssDNA-quencher 

None None 

Fluorescence (quenching 

mediated by quencher-

fluorescein proximity) 

+ Spectrofluorimeter 

Quantitative 

(ng/mL 

range) 

30 min 
Single-

step 
Rice cereal 

Extraction with 60% 

methanol and dilution 

(5x) 

Chen et al., 

2017[125] 

mL-scale 

container 
None 

Aptamer conjugated 

to quantum dots 

(QD) 

None None 

Fluorescence (quenching 

mediated by molibdenum 

dissulfide nanosheets) 

+ Spectrofluorimeter 

Quantitative 

(ng/mL 

range) 

40 min 
Single-

step 
Red wine Extraction with toluene 

 Lu et al., 

2017[126] 

mL-scale 

container 
None Aptamer None None 

Fluorescence (mediated by 

SYBR Gold binding before 

digestion with ExoI) 

+ Spectrofluorimeter 

Quantitative 

(ng/mL 

range) 

45 min 
Multi-

step 

Red wine 

and beer 
Dilution (100x) 

 Lv et al., 

2017[127] 

mL-scale 

container 
None Aptamer None None 

Colorimetric (modulated by 

aggregation of gold 

nanoparticles (AuNPs)) 

+ 
Smartphone camera 

(light transmission) 

Quantitative 

(ng/mL 

range) 

15 min 
Multi-

step 

Honey and 

milk 
Dilution (100x) 

Liu et al., 

2017[128]  

mL-scale 

container 
None 

Anti-toxin IgG Fab 

fragment 
None None 

Fluorescence  

(Label-free) 
- Spectrofluorimeter 

Quantitative 

(ng/mL 

range) 

20 min 
Single-

step 
Grains 

Extraction with 60% 

methanol and dilution 

(10x) 

Li et al., 

2013[129]  

mL-scale 

container 
None 

Molecular 

imprinted polymer 

(MIP)-QD 

conjugate 

None None 

Phosphorescence 

(quenching mediated by 

toxin binding) 

- Spectrofluorimeter 

Quantitative 

(µg/mL 

range) 

30 min 
Single-

step 
Apple juice 

Extraction with ethyl 

acetate, drying and 

resuspension in buffer 

Zhang et al., 

2017[130]  

mL-scale 

container 
None 

Luminescent metal-

organic framework 

(MOF) 

None None Fluorescence - Spectrofluorimeter 

Quantitative 

(µg/mL 

range) 

<1 min 
Single-

step 
Not tested Not applicable 

 Hu et al., 

2015[131] 

mL-scale 

container 
None None  None None 

Fluorescence (Intrinsic 

toxin fluorescence) 
+ 

CMOS sensor +  

LED light + 

microcontroller board 

Quantitative 

(ng/mL 

range) 

<1 min 
Single-

step 

Beer and 

wine 
IAC 

Hernández 

et al., 

2017[132]  

mL-scale 

container 
None None  None None 

Fluorescence (Intrinsic 

toxin fluorescence) 
+ Spectrofluorimeter 

Quantitative 

(ng/mL 

range) 

<1 min 
Single-

step 
Red wine 

Dilution (2x) with PEG 

1% and NaHCO3 5% + 

IAC 

Arduini et 

al., 

2016[133]  

Lateral flow 

assay 
Nitrocellulose 

Anti-toxin IgG 

conjugated to 

AuNPs or desert 

rose-AuNPs 

Toxin-BSA 

conjugates 
Physisorption Colorimetric - Visual interpretation 

Qualitative 

(ng/mL 

range) 

10 min 
Single-

step 
Maize flour 

Extraction with 50% 

methanol and dilution 

(2x) 

 Di Nardo et 

al., 

2017[134] 

Lateral flow 

assay 
Nitrocellulose 

Anti-toxin IgG 

conjugated to 

AuNPs or QDs 

Toxin-BSA 

conjugates 
Physisorption 

Colorimetric or 

Fluorescence 
- Visual interpretation 

Qualitative  

(ng/mL 

range) 

25 min 
Single-

step 
Wheat 

Extraction with 80% 

methanol and dilution 

(8x) 

Foubert et 

al., 

2017[135]  
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Lateral flow 

assay 
Nitrocellulose 

Anti-toxin IgG 

conjugated to QD 

beads 

Toxin-BSA 

conjugates 
Physisorption Fluorescence - Optical reader 

Quantitative 

(pg/mL 

range) 

15 min 
Single-

step 
Maize 

Extraction with 70% 

methanol and dilution 

(60x) 

 Ren et al., 

2014[13] 

Lateral flow 

assay 
Nitrocellulose Anti-toxin IgG 

Toxin-BSA 

conjugates 
Physisorption 

Chemiluminescence (anti-

rabbit-HRP mediated) 
- CCD scanner 

Quantitative 

(ng/mL 

range) 

24 min 
Multi-

step 
Maize 

Extraction with PBS 

buffer and heat 

inactivation at 100 °C 

Zangheri et 

al., 

2015[136]  

µL-scale 

flow cell 

Carboxylated 

magnetic beads 
Anti-toxin IgG (1) 

Covalent (EDC-NHS 

chemistry) 

Photoelectrochemical 

(Toxin-BSA-glucose 

oxidase conjugate 

mediated) 

+ 
3-electrode 

electrochemical cell 

Quantitative 

(ng/mL 

range) 

75 min 
Multi-

step 
Peanuts 

Extraction with 80% 

methanol and dilution 

(4x) 

Lin et al., 

2017[137]  

µL-scale 

flow cell 
Glass Anti-toxin IgG 

ovalbumin-

toxin 

conjugate 

Electrostatic (APTES 

silanization) 

Phase shift 

 (Label-free) 
+ 

Spectrometer coupled 

to an array of Mach-

Zehnder interferometers 

Quantitative 

(ng/mL 

range) 

120 min 
Multi-

step 
Beer Dilution (8x) 

 Pagkali et 

al., 

2017[138] 

µL-scale 

flow cell 

Gold with 

mercaptoundecanoic 

acid (MUDA) self-

assembled 

monolayer (SAM) 

Anti-toxin IgG (1) Affinity (protein A) 
Amperometric (toxin-HRP 

mediated) 
- 

Electrochemical 

analyzer 

Quantitative 

(ng/mL 

range) 

20 min 
Multi-

step 
Wheat 

Extraction with water and 

filtration (0.44 µm pore) 

Olcer et al., 

2014[57]  

µL-scale 

flow cell 

Gold with MUDA 

SAM 
Anti-toxin IgG (1) Affinity (protein A) 

Amperometric (toxin-HRP 

mediated) 
- 

Portable 

electrochemical 

analyzer 

Quantitative 

(ng/mL 

range) 

20 min 
Multi-

step 

Dry fig and 

wheat 

Extraction with 70% 

methanol, dilution (3x) 

and IAC 

Uludag et 

al., 

2016[139]  

µL-scale 

flow cell 
Gold 

Thiolated anti-toxin 

IgG 
(1) 

Covalent (Thiol-Au 

chemistry) 

Microcantilever 

mechanical deflection 
+ 

Laser and position 

sensitive detector 

Quantitative 

(ng/mL 

range) 

150 min 
Single-

step 
Peanuts 

Extraction with PBS 

buffer 

Zhou et al., 

2016[140]  

µL-scale 

flow cell 
Silica 

Aptamer conjugated 

to Cy5.5 
OTA 

Covalent (APTES and 

EDC-NHS chemistry) 
Fluorescence - 

Photodiode, band-pass 

filter and pulsed laser 

Quantitative 

(ng/mL 

range) 

2 min 
Single-

step 
Wheat Not disclosed 

Liu et al., 

2015[141]  

nl-scale 

microchannel 
PDMS 

Anti-toxin IgG 

conjugated to HRP 

Toxin-BSA 

conjugates 
Physisorption 

Chemiluminescence 

(Luminol mediated) 
- 

c-Si photodiode + 

microcontroller board 

Quantitative 

(ng/mL 

range) 

5 min 
Multi-

step 
Red wine 

PEG-salt aqueous two-

phase extraction 

 Soares et 

al., 

2016[21] 

nl-scale 

microchannel 
PDMS Anti-toxin IgG 

Toxin-BSA 

conjugates 
Physisorption 

Fluorescence (anti-mouse-

FITC mediated) 
- 

Fluorescence 

microscope 

Quantitative 

(ng/mL 

range) 

30 min 
Multi-

step 

Red and 

white wine 

Integrated PEG-salt 

aqueous two-phase 

extraction 

Soares et 

al., 

2014[24]  

nl-scale 

microchannel 

PDMS-

polycarbonate 
Anti-toxin IgG 

Toxin-BSA 

conjugates 
Physisorption 

Colorimetry (Silver 

staining and Streptavidin-

nanogold mediated) 

- Smartphone 

Quantitative 

(ng/mL 

range) 

60 min 
Multi-

step 

Corn 

samples 

Extraction with 70% 

methanol + 4% NaCl and 

dilution (2x) 

Li et al., 

2017[142] 

nl-scale 

microchannel 
Agarose Anti-toxin IgG (1) Affinity (protein A) 

Fluorescence (toxin-BSA-

Alexa 430 mediated) 
- 

a-Si:H photodiode 

coupled to an integrated 

a-SiC:H absorption 

filter 

Qualitative 

(ng/mL 

range)  

1 min 
Single-

step 
Not tested Not applicable 

Soares et 

al., 

2016[143]  

nl-scale 

microchannel 

Glass-PHEMA-

streptavidin 
Aptamer (1) 

Covalent (EDC-NHS 

chemistry) 

Chemiluminescence 

(aptamer-biotin and 

streptavidin-HRP 

mediated) 

+ 
Array of a-Si:H 

photosensors 

Quantitative 

(µg/mL 

range) 

40 min 
Multi-

step 
Beer 

Extraction with ethyl 

acetate, drying and 

resuspension in buffer 

Costantini 

et al., 

2016[144]  
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Immersion of 

electrode 

Carbon nanotube on 

electrodes-

Au/PtNPs 

Anti-toxin IgG (1) Affinity (protein A) 
Amperometric  

(Label-free) 
- 

Electrochemical 

workstation 

Quantitative 

(pg/mL 

range) 

20 min 
Single-

step 
Corn 

Extraction with 70% 

methanol and dilution 

(5x) 

Liu et al., 

2017[145]  

Immersion of 

electrode 

Gold coated with 

AuNPs 
Anti-toxin IgG 

Toxin-BSA 

conjugates 
Physisorption 

Impedimetric  

(Label-free)  
- 

Electrochemical 

workstation 

Quantitative 

(ng/mL 

range) 

50 min 
Single-

step 

Rice, corn 

and ground 

nuts 

Extraction with 80% 

methanol and dilution 

(5x) 

Chen et al., 

2015[146]  

Spotting on 

electrode 
Gold Aptamer 

Thiolated 

ssDNA 
Hybridization 

Amperometric (ssDNA-

carbon nanotubes and 

methylene blue) 

- Portable potentiostat 

Quantitative 

(ng/mL 

range) 

45 min 
Multi-

step 

Grape juice 

and rat 

serum 

None 

 Abnous et 

al., 

2017[147] 

Spotting on 

electrode 
Gold Aptamer 

Thiolated 

ssDNA 
Hybridization 

Amperometric (alkaline 

phosphatase-Streptavidin 

conjugate mediated) 

+ 
Electrochemical 

workstation 

Quantitative 

(pg/mL 

range) 

>180 min 
Multi-

step 
Corn 

Extraction with 80% 

methanol and dilution 

(5x) + IAC 

Qing et al., 

2017[148]  

Spotting on 

electrode 

Thionine film 

electrodeposited on 

printed electrodes 

plus nanoparticles 

Aptamer-NH2 (1) Electrostatic 
Impedimetric  

(Label-free)  
+ 

Potentiostat/ 

Galvanostat 

Quantitative 

(pg/mL 

range) 

90 min 
Single-

step 
White wine None 

 Rivas et al., 

2015[149] 

Spotting on 

electrode 

AuNPs 

electrodeposited on 

printed electrodes 

Aptamer-SH (1) 
Covalent (Thiol-Au 

chemistry) 

Impedimetric  

(Label-free)  
+ 

Electrochemical 

workstation 

Quantitative 

(ng/mL 

range) 

30 min 
Single-

step 
Corn 

Extraction with 80% 

methanol and dilution 

(ratio not disclosed) 

Ren et al., 

2017[150]  

Spotting on 

electrode 

Glassy carbon 

electrode (GCE) 

coated with chitosan 

Anti-toxin IgG 

conjugated to 

AuPtNPs 

toxin-BSA 

conjugates 

Glutaraldehyde cross-

linking 

Amperometric (p-

nitrophenol and NaBH4 

mediated) 

- 
Electrochemical 

workstation 

Quantitative 

(pg/mL 

range) 

60 min 
Multi-

step 
Red wine None or not disclosed 

Zhang et al., 

2017[151]  

Spotting on 

electrode 

GCE-rutile TiO2 

mesocrystals-

polydopamine 

Anti-toxin IgG (1) Adsorption 

Amperometric (Anti-toxin 

IgG-ordered mesoporous 

cobalt oxide mediated) 

- 
Electrochemical 

workstation 

Quantitative 

(pg/mL 

range) 

>60 min 
Multi-

step 
Peanuts 

Extraction with 80% 

methanol + 4% NaCl and 

dilution (2.5x) 

 Liu et al., 

2017[152] 

Spotting on 

chip 

Polyacrylamide-

ssDNA conjugate 
Aptamer (1) Hybridization 

Colorimetric (modulated by 

PtNPs and H202) 
+ Visual interpretation 

Quantitative 

(ng/mL 

range) 

90 min 
Multi-

step 
Beer IAC 

Ma et al, 

2016[153]  

Spotting on 

chip 
PDMS Anti-toxin IgG 

Toxin-BSA 

conjugates 
Physisorption 

Colorimetry (TMB blotting 

solution mediated) 
- Smartphone 

Quantitative 

(ng/mL 

range) 

10 min 
Multi-

step 

Corn-based 

feed 

PEG-salt aqueous two-

phase extraction 

Machado et 

al., 

2018[154] 

Spotting on 

glass 

Gold nanorods 

immobilized on 

thiol- SiO2 

Aptamer-SH (1) 
Covalent (Thiol-Au 

chemistry) 

Localized surface plasmon 

resonance (LSPR, Label-

free) 

+ Spectrophotometer 

Quantitative 

(ng/mL 

range) 

20 min 
Single-

step 
Corn 

Extraction with 30% 

methanol and 2% NaCl 

Park et al., 

2014[155]  

Spotting on 

glass 

Silica microspheres 

(photonic crystals) 

Anti-toxin IgG 

conjugated to FITC 

Toxin-BSA 

conjugates 

Covalent (GOPTES 

silanization)  
Fluorescence - 

Array scanner or 

fluorescence 

microscope 

Quantitative 

(pg/mL 

range) 

60 min 
Multi-

step 

Corn, 

wheat, 

peanut, rice 

and soybean 

Extraction with 

methanol, drying and 

resuspension in buffer 

Deng et al., 

2013[45]  

Spotting on 

glass 
GaAs waveguide None None None 

Infrared spectroscopy 

(Intrinsic mid IR-spectrum 

of toxins) 

+ 

Thermoelectrically 

cooled photoconductive 

mercury cadmium 

telluride detector 

Qualitative  

(ng/g range)  
2-3 min 

Single-

step 

Maize, 

wheat and 

peanuts 

Extraction with methanol 
Sieger et al., 

2017[156]  
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Sampling interface and overall architecture 

The majority of assay architectures being developed for mycotoxin detection in 

recent years (2013-2017) can be divided into eight main categories: (1) assays performed 

in mL-scale containers, such as a cuvette or a plastic well, typically requiring volumes 

above 100 µL; (2) lateral flow assays, comprising a porous hydrophilic material such as 

nitrocellulose, which pumps the sample under analysis (SUA) via capillary forces through 

discrete regions containing suspended and immobilized molecules; (3) µL-scale and  

(4) nL-scale flow cells comprising confined channels made of various materials with 

dimensions ranging from mm down to µm (in the latter case, designated as microfluidics), 

through which the liquids are flowed; electrochemical assays involving (5) the spotting 

of the SUA on an electrode  or (6) immersion of bulk or thin-film electrodes in the SUA; 

(7) spotting of the SUA on a surface such as a glass slide, followed by imaging using 

microscopy or a scanner and; (8) spotting of the sample on a standalone fluidic chip 

containing a channel network, without coupling an external pumping system. These 

different architectures are the major qualifier of the assay and define most of the required 

components for mycotoxin analysis. Therefore, the assay architecture was used to classify 

recently published detection strategies, listed in Table 1.6.   

 For point-of-need detection of mycotoxins, all of these assay architectures could, 

conceptually, be engineered to be portable and user friendly, however, most advances to 

this end have been achieved for the ubiquitous lateral-flow immunoassays [157]. This can 

be justified by the relative simplicity, versatility and ease of multiplexing [135, 136, 158, 

159] associated with these devices, coupled to the visual signal transduction [160], easily 

integrated in a standalone device. While still not being fully point-of-need compatible, 

several lateral flow assays for mycotoxin detection are already being commercialized.  

 Other assay architectures are also being successfully developed towards improved 

simplicity. For example, ultra-rapid and single-step assays using mL-scale containers 

have already been performed based on intrinsic mycotoxin fluorescence, measured by 

coupling integrated and portable imaging setups [132], although this method is limited to 

mycotoxins that exhibit auto-fluorescence. Assays using flow cells are also being 

improved by reducing the dimensions of the fluidic path down to a few tens to hundreds 

of µm [42, 142]. An increasing number of mycotoxin assays based on microfluidics have 

been reported in the literature, following the growing trend of microfluidics observed for 

biosensing applications in the biomedical arena [3, 161-163]. The pronounced scale down 

to the µm-range is particularly useful for 3 important reasons: (1) lower volumes of 
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solution required to make the analysis; (2) faster assays due to reduced diffusion times 

and possibility of using very high linear velocities, considerably minimizing mass transfer 

limitations [9]; and (3) possibility of integrating complex sequential multi-module fluidic 

networks in a very small foot print towards a sample-to-answer analysis [24, 46, 164, 

165]. Electrochemical assays are also being simplified by integrating the required 

potentiostat/ galvanostat electronics in compact devices [139, 147], similar to standard 

glucose meters. Finally, mycotoxin assays are also being developed requiring only a 

droplet of liquid, placed in a standalone fluidic chip, autonomously driven by capillarity 

[154] or a simple manual operation [153]. This is advantageous in particular to avoid the 

use of external liquid pumping mechanisms, while still taking advantage of versatile and 

precise fluidic manipulations [34].  

 

Surface engineering and molecular recognition 

To improve the selectivity and sensitivity of the assay, a specific mycotoxin 

recognition probe is immobilized on a solid surface. The more typically used solid phase 

materials and biomolecules to perform the specific recognition of mycotoxins (i.e. IgG 

antibodies and aptamers) are represented in Figure 1.8. However, it is important to 

highlight that other emerging non-biological recognition strategies are also being 

developed, as discussed ahead in this section. To achieve an adequate molecular surface 

density and a robust and reproducible probe immobilization, it is necessary to optimize 

the appropriate immobilization method depending on the material and the type of 

molecule being used as probe. The most typical surface materials being used for 

mycotoxin measurement processes are (1) nitrocellulose, the workhorse of lateral-flow-

immunoassays; (2) polydimethylsiloxane (PDMS), typically used for the fast-prototyping 

of microfluidic devices and easily coupled, together with other silicon oxides (i.e. glass), 

with versatile silane chemistries and; (3) gold thin-films, compatible with electrochemical 

assays and providing highly selective and versatile immobilizations via thiol (sulfhydryl) 

chemistry. On the other hand, the immobilization procedure can generally be performed 

reversibly or irreversibly by (1) physisorption, (2) electrostatic interactions or (3) covalent 

bonding, either directly or intermediated by a (4) specific affinity interaction. Recently, a 

very extensive and detailed review on the subject of surface functionalization was 

compiled by Dohyun Kim and Amy E. Herr [166]. 

 Using electrostatic interactions and physisorption, in particular as molecular 

immobilization procedures, are much simpler methods compared to the generation of 
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covalent bonds, since the modification/activation of the surface and/or the target molecule 

are typically not required [21]. However, this type of adsorption, used ubiquitously in 

standard well plate ELISAs to immobilize, for example, IgG and BSA-conjugated 

antigens, tends to be weaker and prone to dissociation as it is generally sensitive to 

changes in ionic force or pH in solution and also to the high shear stress observed in 

microchannels. Nevertheless, it has been reported that on some hydrophobic materials 

such as PDMS, polymeric materials such as nitrocellulose membranes and even glass, 

some proteins such as BSA are able to bind very strongly to the surface, even under harsh 

conditions of shear stress, viscosity and the presence of small titers of organic solvents 

[166]. Therefore, physisorption is a particularly relevant strategy in signal-off competitive 

assay designs where a mycotoxin-BSA conjugate is immobilized on the surface, and this 

is validated by the large number of publications using this approach spanning most assay 

architectures (Table 1.6). Nevertheless, an important caveat is that lateral diffusion of 

BSA on the surface should be taken into account when relatively long assay times and 

precise spatial resolution are required [167]. On the other hand, using physisorption to 

immobilize antibodies on a surface tends to be more cumbersome, particularly due to the 

lack of orientation and a reported tendency for adsorption via the Fab regions, responsible 

for antigen recognition, particularly on hydrophobic surfaces [168, 169]. The same 

applies to aptamers, for which an immobilization based on electrostatic and physisorption 

effects is typically inefficient due to changes in their functional tridimensional structure 

[170] and intrinsic high negative charge (low hydrophobicity), resulting in relatively poor 

adsorption to hydrophobic surfaces [171]. Overall, despite the relative complexity of 

covalent boding protocols, these tend to be preferred in integrated point-of-need devices 

due to enhanced stability over time, robustness to regeneration protocols, improved 

tridimensional conformation, decreased stereochemical hindrance and improved 

ruggedness. Furthermore, the wide variety of commercially available silane (i.e. APTES, 

GOPTES) and thiol conjugates (i.e. MUDA) to mediate the direct covalent coupling via 

i.e. EDC-NHS chemistry, or affinity mediated coupling (protein A, protein G, biotin-

streptavidin), greatly facilitates research and optimization of novel biosensing strategies. 

 Regarding the molecular recognition, it is important to highlight beforehand that 

some emerging single-step strategies are based on responsive materials working as 

standalone molecular recognition agents, combining the sensing surface with molecular 

recognition. Examples of this are molecular imprinted polymers conjugated with quantum 

dots, resulting in fluorescence quenching upon binding of a specific mycotoxin [130] and 
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photoluminescent metal organic frameworks (MOF) providing a similar effect [131]. 

However, more commonly, the molecular recognition is achieved using IgG antibodies 

or its fragments (i.e. scFv) [172] in competitive signal-off assays, or aptamers both in 

signal-off and innovative signal-on approaches, the latter highlighting the versatility of 

these molecules for developing novel biosensing strategies. Many examples of these are 

given in Table 1.6. These novel strategies, as schematically shown in Figure 1.8, include 

simple signal-off and signal-on single step quenching assays in mL-containers upon 

binding of the aptamer to the specific target. Alternatively, the binding event can also 

induce the release of a quenching molecule blocking the fluorescence of a fluorophore 

functionalized on the aptamer. As an extension to these simple and single-step modes of 

detection, the binding of the aptamer to the target has also been engineered to initiate 

complex chains of events aimed at amplifying the signal (e.g. rolling circle amplification 

and hybridization chain reactions), providing ultra-sensitive assays in order of pg/mL 

[148, 173, 174]. However, this arguably advantageous improvement in limit-of-detection 

comes at the cost of lengthier, higher complexity and multi-step assays, compromising 

their suitability for point-of-need applications. 

 

Extraction and sample preparation 

To perform an assay to detect mycotoxins in a real sample, sample preparation 

refers to the processing of solid or liquid samples after the appropriate sampling 

procedures in the field. The schematics in Figure 1.8 list the major sample preparation 

steps typically followed in the literature, starting either from liquid or solid samples.  

Considering liquid samples (e.g. wines and beer), the sample preparation 

procedure comprises either dilution and/or matrix neutralization, typically by adding a 

polymer with high affinity to interferents [19, 133, 160] or by flowing the sample through 

an immunoaffinity column [132, 139, 148] which selectively binds the mycotoxin, thus 

providing a simultaneous concentration and matrix neutralization effect after elution. In 

cases where the interferents are observed to reduce the performance of the 

immunoaffinity column, both these procedures can also be performed in series.  

In the case of solid samples (e.g. corn, wheat and spices), the first step is to 

effectively solubilize the mycotoxin dispersed in the solid matrix. Then, considering the 

typically limited selectivity of the extraction procedure against possible interferents 

and/or requirement of relatively high concentrations of organic solvents (i.e. methanol or 

acetonitrile in the case of highly hydrophobic mycotoxins such as AFB1), the extracted 
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sample often follows the same sample processing procedure as the liquid samples. There 

are however some emerging methodologies aiming at improving and simplifying the 

sample processing procedure focusing on (1) using alternative non-organic solvents to 

effectively and selectively solubilize the mycotoxins such as surfactant [175] or polymer 

additives [176], ionic liquids [177] or supramolecular complexes with selectivity to small 

molecules [178]; (2) using liquid-liquid separations to simultaneously extract and 

concentrate the target mycotoxin comprising either low concentrations of organic 

solvents (dispersive liquid-liquid microextraction, DLLME) [179] or fully organic 

solvent-free extractions using aqueous two-phase systems (ATPS) [19, 180]. 

 Overall, each sample preparation methodology provides a variable concentration 

of mycotoxins and interferents in the processed SUA, which needs to be tailored to the 

subsequent mycotoxin measurement process to provide a fit-for-purpose quantification. 

According to Table 1.6, the clear majority of sample processing procedures comprise the 

extraction of the mycotoxins from solid samples using an aqueous solution of methanol 

at concentrations ranging from 50-80%, followed by dilution to reduce the methanol 

concentration down to 10-20%, sometimes with the addition of 2-4% NaCl. This 

approach seems to be generally compatible with all assay architectures using either 

antibodies or aptamers as molecular recognition probes. Some noteworthy alternative 

approaches include (1) the extraction procedure being performed with water or a buffer 

solution for the analysis of AFB1 [140], FB [136] and DON [57], an approach also 

increasingly implemented in commercial lateral-flow devices for AFB1 and FB for 

example [181, 182]; (2) the extraction being performed with aqueous two-phase systems, 

providing a simultaneous concentration effect either in a mL-scale container for solid 

samples [180] or integrated in-line with a nl-scale microchannel for liquid samples [24]; 

and (3) the analytical method not requiring any sample preparation procedure in specific 

electrochemical assays dealing with liquid samples including grape juice [147], white 

wine [149] and red wine [151]. 

 In conclusion, to develop a point-of-need detection system, it is extremely 

important to always consider the fit-for-purpose sample preparation method for a certain 

required sensitivity, while guaranteeing the ruggedness of the entire methodology. 

Therefore, efforts must be invested in simplifying the sample preparation process in terms 

of handling, number of steps and total required time, optimally involving some degree of 

automation and minimizing the use of toxic and/or non-environmentally friendly reagents 

in the process.   
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Signal generation and transduction 

According to the schematics in Figure 1.8, the signal transduction mechanisms 

currently under investigation for integration in mycotoxin measurement processes follow 

the same trend as the biosensors community in general. These can be divided into two 

main categories, label-based and label-free. Within label-based systems, the signal 

transduction is mediated mostly by optically (fluorescence, colorimetry and 

chemiluminescence) and electrochemically active labels. In this case, the signal is 

transduced to an electrical signal often via photosensors in the case of optically active 

labels or an appropriate potentiostat/ galvanostat circuitry in the case of electrochemically 

active labels. Alternatively, colorimetric signals are also widely used to allow a simple 

visual interpretation of the signal in qualitative assays, particularly in lateral flow 

immunoassays. On the other hand, label free methods are mostly based on optical, 

electrical and mechanical shifts which are specific either to the presence of the target 

toxin in solution (e.g. intrinsic fluorescence) or induced upon the interaction of the target 

toxin with a specific surface and/or probe.  

From the reported sensitivities found in the literature, it is clear from Table 1.6 

that the majority of ultra-low limits of detection in the range of pg/mL are achieved using 

electrochemical methods, both label-based (amperometric) and label-free (impedimetric), 

utilizing either antibodies or aptamers as molecular probes. This implies that these high 

sensitivities arise from the transduction method itself rather than intrinsic chemical 

properties of the probe (i.e. dissociation constant) or the label. Exceptions to this are 

optical methods coupled to an amplification mechanism such as using quantum dot 

impregnated beads [183] or the enhancement of fluorescence or chemiluminescence by 

photonic crystals [184, 185], also providing detection limits down to the pg/mL range. 

These extremely low limits of detection, despite being orders of magnitude below current 

regulatory limits for mycotoxins in foods and feeds, not necessary for most point-of-need 

applications, can however be particularly useful in simplifying sample preparation by 

simply allowing the use of extreme dilutions.   

While most of the recent literature has been focused on the sensing mechanism 

itself (both label-based and label-free), there has been fewer reports on the simplification 

and integration of the electronics used to address the sensor. An exception to this are 

colorimetric lateral flow assays. Therefore, based on Table 1.6, one can observe that the 

signal acquisition is mostly performed using bulky lab equipment, although it is 

reasonable to assume that most if not all would be amenable to integration in a portable 
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platform, particularly in the case of optical and electrochemical signals. Nevertheless, 

some achievements can be highlighted in this context, in particular (1) the use of a 

smartphone camera to measure light transmittance in a mL-scale container [128];  

(2) integration of a CMOS sensor and an LED excitation source for fluorescence 

measurements in a mL-scale container, coupled to a microcontroller board for subsequent 

processing using the appropriate software[132]; (3) integrated optical readers and CCD 

scanners to measure quantitatively colorimetric, fluorescence and chemiluminescence 

signals in lateral flow assays [13, 136, 160]; (4) addressing of the sensing area with 

portable electrochemical analyzers [139, 147]; (5) integration of mm sized c-Si 

photodiodes for optical signal acquisition, coupled to a microcontroller board [21] and 

(6) acquisition of colorimetric signals using a standard smartphone camera either with 

[142] or without [154] a magnification setup for subsequent quantification. 

As with sample preparation, the signal transduction method and electronic 

apparatus must be rugged and fit-for-purpose to achieve the required sensitivities, while 

maximizing portability and simplicity and minimizing costs. Along these lines, it can be 

assumed that for label-based methods, signal-off strategies tend to facilitate these 

objectives since the maximum sensitivity is derived from variations in the maximum 

signal of high label concentrations, rather than having to detect very weak signals above 

a noise threshold. The latter is also the case for label-free methodologies, regardless of 

whether the sensing mechanism is based on signal-off or signal-on strategies, since the 

detection is based on a small positive or negative shift in an initial baseline. On the other 

hand, while still in its infancy for mycotoxin detection, highly sensitive and versatile 

impedimetric label free methods, in particular, are relatively simple in terms of required 

apparatus and amenable to integration in a portable measurement setup [186-188]. Thus, 

these have recently become very promising for portable biosensing in general [189], 

possibly leading the label-free arena in terms of technology readiness for point-of-need 

mycotoxin biosensing applications. 
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1.4. Aqueous two-phase systems: a simple and biocompatible approach 

to isolate target biomolecules 

1.4.1. A brief introduction to aqueous two-phase systems 

Aqueous two-phase extraction (ATPE) is a liquid-liquid (L-L) separation 

technique based on the formation of two immiscible water-rich phases above certain 

critical concentrations of two mutually incompatible solutes, henceforth referred to as 

aqueous two-phase system (ATPS). There are many different types of solutes that can 

generate ATPSs of which the most widely explored in the literature are polymer-salt 

systems, namely polyethylene glycol (PEG)-phosphate and polymer-polymer systems, 

such as PEG-dextran. The phase separation behavior of ATPSs can be described by a 

phase diagram, as schematized in Figure 1.9-A, comprising a binodal curve (B) and tie 

lines (T) with a specific tie line length value (TLL, with units of w/w). The accurate 

determination of this diagram and a fit-for-purpose determination of the tie-lines are of 

critical importance to investigate a particular system. The binodal curve defines the 

threshold below which the concentration of the solutes is not sufficient to form an ATPS, 

while the tie-lines connect pairs of points in the binodal curve representing the 

equilibrium compositions of the bottom and top phases of each system with the total 

compositions following the points in the line. This occurs because specific phase 

compositions are energetically or entropically more favorable than all the others and thus 

along the same tie-line only the volume ratio between these two immiscible phases 

changes [190]. The longer the tie-line, the more different the phase compositions are 

between each other in terms of physical (e.g. viscosity and surface tension) and chemical 

(e.g. hydrophobicity, ionic strength and overall charge) properties. It is also important to 

highlight that the phase diagram is also sensitive to other intrinsic and extrinsic factors 

such as the temperature, the pH, the molecular weights of the polymers used and the 

presence of additives in solution other than the ATPS forming solutes [191].  

Considering the general properties of ATPSs described above, these systems have 

been under investigation for more than three decades towards the selective partition of 

target biomolecules contained in complex mixtures. The strong interest in this type of  

L-L extraction arises from the large water content of each phase, in contrast to the 

generally bioincompatible water-organic L-L separations. This selective partition takes 

advantage of the wide range of parameters that can be manipulated in order to confer a 

selective affinity of the target molecule to one phase with the impurities partitioning to 
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the other phase [192]. The affinity to one of the phases is evaluated by the partition 

coefficient (K), calculated as the quotient between the concentration of the solute in the 

top and bottom phases. Since the preferential partition arises from chemical differences 

between the two phases, it can be generally assumed that the K values tend to become 

more extreme, meaning higher or lower, as the TLL of the system increases. These 

extreme TLLs may have the drawback of promoting precipitation, in conditions where 

the target molecule reaches a solubility limit in the target phase, resulting in a less 

pronounced K, meaning closer to 1. 

With regards to selectivity, much effort has been put into modelling and predicting 

the K values based either on the properties of each phase [193-196] or on the chemical 

properties of the target molecules themselves such as size, charge, molecular weight and 

concentration in solution [192, 197, 198]. In particular, Zaslasvsky et al. have described 

the partition of molecules using the Kamlet and Taft parameters of hydrogen bond acidity, 

basicity and dipolarity/polarizability [199]. However, in many cases, the optimization of 

these systems still relies on empirical optimization processes based on design of 

experiments [200] and/or high-throughput platforms [201, 202]. Upon optimization 

ATPE can confer a remarkable selectivity even for very similar peptides, small 

biomolecules and proteins, as recently reviewed by Zaslasvsky et al [203]. In addition to 

the potential of these systems for purification, a concentration effect is also noteworthy, 

as simulated in Figure 1.9-B, assuming no case-specific precipitation and/or phase 

saturation effects. Here it is shown that very pronounced concentration factors of two to 

three orders of magnitude can be achieved by reducing the volume of the phase to which 

the target analyte has more affinity. Regarding this property it is important to highlight 

that for a given K, it is only advantageous to increase the volume ratio until a certain 

point, above which the concentration factor reaches a plateau.  

Taking advantage both of its experimental simplicity and its high selectivity 

potential, the vast majority of the ATPS-related literature is currently directed towards 

separation performed at the micro-tube (>1 mL) scale and above, either in batch or, more 

recently, in continuous setups [204-207]. There has been however a relatively recent trend 

to combine these systems with microfluidic technologies. Indeed, studies of ATPSs at 

nanoliter-scale are further extending the range of applications of these systems by taking 

advantage of rapid diffusion times, increased degree of control of individual liquid 

streams and droplets and the integration of multi-dimensional separation modes. 
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Figure 1.9 – A- Schematics of a typical phase diagram for an ATPS composed of two phase forming 

compounds C1 and C2, comprising the binodal curve “B” which separates system compositions which form 

one single phase or two immiscible phases and tie-lines (XY). The abbreviations t and b refer to the top and 

bottom phases, respectively All points located on the tie line XY, including “Z”, have top and bottom phase 

compositions of X and Y, respectively. The point “Z”, since it is closer to Y, will provide a smaller top 

phase relative to the total volume of the system according to the mass balance described as Equation 1.8, 

where V is the volume and ρ is the density. The point “C” refers to the critical point. B- Theoretical 

simulation of the effect of K over the concentration factor of a biomolecule for increasing Vr values. It is 

assumed here that this biomolecule has affinity to the top phase. 

AY̅̅ ̅̅

AX̅̅ ̅̅
=

𝑉𝑡𝜌𝑡

𝑉𝑏𝜌𝑏
                                                               (1.8) 

1.4.2. Main applications and separation performance in batch mode 

Purification of biomolecules and particulates from cell fermentation broths 

The concept of using ATPSs to separate and purify biological compounds from 

cell fermentation broths has been under investigation for three decades since it was 

introduced by Albertsson [191]. With the combined purpose of simplifying the 

downstream processing after fermentation, there are three main approaches (A1 to A3) 

with an increasing degree of complexity to perform the aqueous-two-phase extraction 

(ATPE) of the target molecule: A1 - ATPE of the target product from pre-purified 

solutions or cell culture supernatants after centrifugation and/or filtration; A2 - ATPE of 

the target product from the raw broth containing suspended cells and other particulates; 

and A3 - continuous extraction of the target product by performing the fermentation 

directly on an ATPS, known as extractive fermentation. The first approach is the most 

widely reported since it provides a simpler and more general means of optimizing the 

partition behavior and selectivity of the system towards a certain compound of interest. 

However, considering the differences in densities between each phase and the adjustable 

liquid-liquid surface tensions obtained with different biphasic systems, some ATPSs have 
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shown great potential for the primary purification of fermentation broths, i.e., the ability 

to process a cell suspension directly without any prior processing. These systems are thus 

able to simultaneously remove cells and other particulates without resorting to 

centrifugation, which is a highly desired approach due to the high costs and low scalability 

of industrial centrifugation processes. Finally, if the ATPS is compatible with cell 

proliferation and biosynthesis, the potential of performing an extractive fermentation is 

also very attractive since this process would allow not only a combination of production 

with primary downstream processing, but also the reduction of both product inhibition 

and product degradation and the easy recycling of the cell rich phase for further 

bioconversions. A summary of relevant purification results obtained using approaches A1 

to A3, explored by several research groups, is presented in Table 1.7. 

Considering the target compounds alone, ATPE performed at mL-scale has been 

tested, with various levels of success, for the partition of virtually all types of biological 

molecules and particles including small organic compounds such as metabolites and 

antibiotics [19, 208], small (≈10 kDa) to large (≈150 kDa) size proteins, plasmids [209], 

large macromolecular complexes such as virus-like particles [210] and also animal cells 

[211]. The most explored types of system in recent years are the classic polymer-salt  

(P-S) and polymer-polymer (P-P), ionic-liquid containing systems (either used as phase 

forming components or adjuvants) (IL-X) and systems formed by responsive-polymer 

systems (RP). Table 1.7 highlights the versatility and potential selectivity of these ATPS 

systems. P-S systems, particularly PEG-salt, have been overall the most explored due to 

the large and adjustable hydrophilicity (type of salt and polymer), charge difference (type 

of salt, pH, TLL), salting in- or out properties (type of anion/cation) and size exclusion 

degree (molecular weight of polymer), which together with the addition of neutral salts 

allow the selective and pronounced partition of a wide range of molecules either to the 

bottom or to the top phase. On the other hand, this large number of variables also serves 

to highlight the challenge of empirically optimizing a given P-S system for a particular 

target, thus justifying a demand for good modelling and high-throughput screening 

approaches. Within the P-S class, the purification of monoclonal antibodies from Chinese 

hamster ovary (CHO) and hybridoma cell supernatants have revealed remarkable 

achievements with >70% HCP removal and >75% high-performance liquid 

chromatography (HPLC) purities being achieved with yields above 95% in a single step 

[212]. Moreover, further improvements of up to 99% protein recovery and 97% total 

impurities removal from a CHO cell supernatant could be achieved using a continuous 
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process performed in a countercurrent mixer-settler battery [205]. P-S systems also 

proved to be compatible with type 2 separations for the purification of antibiotics [213] 

and virus-like-particles [214] directly from feedstocks containing whole cells or cell 

debris, respectively, where the full separation of whole cells was achieved with 99.6% 

DNA depletion. These systems also proved to have a high potential towards selectivity 

as demonstrated using similar molecules such as a mixture of P. sapidus and T. versicolor 

laccases [215] and pDNA plus mRNA and tRNA [202]. Regarding P-P systems, the most 

frequently employed polymers are PEG and dextran, in which the latter can be replaced 

by less expensive polysaccharides without a significant loss in the intrinsic properties of 

the system [216, 217]. Unlike P-S systems, the driving forces for partition in P-P systems 

are much smaller, particularly for molecules with low molecular weights [192]. 

Therefore, to confer more extreme K and better selectivity, it is possible to modify the 

polymers with molecular tags [218] or replace dextran by a polyelectrolyte such as 

polyacrylate [219, 220], providing an increased electrostatic contrast between the 

immiscible phases. Using polyelectrolytes, it is already possible to provide a K of 9.15 

for a small molecule such as clavulanic acid, which partitions preferably to the less 

negatively charged top PEG-rich phase [221]. Despite the low selectivity of plain PEG-

dextran systems, Chien et al. demonstrated a type 3 application for these systems using a 

very high volume ratio in which the cells where contained in a small dextran-rich bottom 

phase while extracellular lipase was continuously collected in the PEG-rich top phase 

[222]. Another focus of intense research are ATPE methodologies based on ionic liquids 

(ILs), either used as phase forming compounds or adjuvants. Similarly to A-S, IL-X 

systems using ILs as phase forming compounds or adjuvants have been widely used to 

extract small molecules from complex matrices [223]. Besides the advantageous 

hydrotropic properties of this class of solvents [224], they have also shown a high 

selectivity potential [225, 226]. However, the use of these systems for the separation of 

proteins and other large biomolecules is scarcely reported due to problems of low stability 

and precipitation [227]. Finally, responsive polymers, used either alone [228] or as a 

phase forming compound together with other polymers [229] or salts [230], confer a 

unique property compared to other ATPSs, which is the inverse thermal solubility of the 

polymer. This phenomenon allows the separation of the responsive polymer from the 

solution into a highly polymer-enriched aqueous phase above a critical cloud temperature 

(Tc). Polymers such as ethylene oxide-propylene oxide co-polymers (EOPO) and those 

formed using N-isopropylacrylamide (NIPAM) have low Tc values in the range of  
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20-40 °C [231, 232] which are compatible with biotechnological applications. Like P-S 

systems, RP systems can also potentially provide good selectivity with purification 

factors >13 reported for CGTase and lipase either as type 2 or type 3 extraction and are 

easily amenable to polymer recycling [233]. Given the potential of these systems for 

primary clarification and extractive fermentation, several patents have been filed by  

GE Healthcare for applications of thermoresponsive polymers in the downstream 

processing of monoclonal antibodies (MAbs), viral particles and enzymes [234, 235]. 

Table 1.7 – Summary of response parameters for various types of ATPE aimed at the purification of a wide 

range of biomolecules. The acronyms P-S, P-P, IL-X and RP refer to systems composed of polymers and 

salts, two polymers, ILs and temperature-responsive polymers, respectively.  

System Additive Target 
Source 

matrix 
K 

Y 

(%) 
Purity Ref. 

P
-S

 

17.2% PEG 2000 

6% Phosphate pH 6 
None MAb 

CHO Cell 
culture 

supernatant 

(A1) 

0.009 95.5 
Purification 

factor of 3.3 
[236] 

10% PEG 6000, 

20% Phosphate  
pH 6 

None Retamycin 

S. olindensis 

broth 
(A2) 

8.2 91.3 

Full separation 

from whole 
cells 

[213] 

22.06% PEG 400, 

6.8% Phosphate  
pH 8.5 

7.5% 
NaCl 

Virus-like-
particles 

Crude Sf9 

cell lysate 
(A2) 

Affinity to 

top PEG-
rich phase 

102 

16.8% HPLC 

purity and 99.6 
DNA depletion 

[214] 

8% PEG 3350, 8% 
Citrate pH 6 

15% 

NaCl 5% 

NaCl for 
back 

extractio

n 

MAb 

Hybridoma 

cell culture 
supernatant 

(A1) 

>5 with 
15% NaCl 

and <0.2 

without 

NaCl 

99 

76% HPLC 

purity and an 
IgG/protein 

ratio of 0.96 

[212] 

17.7% PEG 818 
(avg.), 10.3% 

Phosphate pH 7.5 

None Plasmid DNA 

Mixture of 
pDNA from 

E.coli with 

mRNA and 
tRNA from 

yeast (A1) 

< 0.01 97.4 
13.6% RNA 

yield in bottom 

phase 

[202] 

P
-P

 

9.6% PEG 8000, 
1.0% Dextran  

500 kDa 

None 
Extracellular 

Lipase 

B. 

pseudomallei 

fermentation 
broth (A3) 

0.90 92.1 

Cells contained 

in the bottom 

dextran-rich 
phase 

[222] 

10% PEG 4000, 

20% sodium 

polyacrylate 8000 

6% 

Sodium 
sulphate 

pH 6.5 

Clavulanic 
acid 

S. 
clavuligerus 

culture 

supernatant 
(A1) 

9.15 55 

Contaminant 

proteins 
partition also to 

the top phase 

[221] 

IL
-X

 

15% PEG 1500, 

15% Phosphate at 

pH 7 

5% 

[C6mim]

Cl 

Lipase 

Bacillus sp. 

ITP-001 

supernatant 

(A1) 

0.15 77.6 
Purification 

factor of 103.5 
[226] 

53% PEG 2000,  

27% [C2mim]Cl pH 
6.15 

None 
1- Caffeine 

2- Nicotine 

Purified 

molecules 
(A1) 

1- 0.24 

2- 1.40 

100

% 

Maximum 

selectivity of 19 
[225] 

R
 

EOPO 3900, 

Phosphate at pH 7 
None CGTase 

B. cereus 
feedstock 

(A2) 

>10 87% 
Purification 

factor of 13.1 
[230] 

10% EOPO 3900 at 

pH 8.5 

Heating 
above 

50 ̊C 

Lipase 

Burkholderia 

cepacia 

fermentation 
broth (A3) 

23.3 99.3 

Purification 

factor of 14, 
100% cells in 

bottom EOPO-

rich phase 

[228] 
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Extraction, purification and concentration of compounds from complex matrices 

Besides the many successful applications of ATPE reported in the literature for 

the purification of biomolecules from fermentation broths within the downstream 

processing train, there has also been a considerable interest in using these systems to 

extract biomolecules from complex solid matrices. This process typically has two 

purposes: (1) to efficiently extract and perform a primary purification of natural 

bioproducts of commercial interest [237, 238] and (2) to perform a sample preparation 

and pre-concentration step in-line with an analytical technique [239-241]. It is relevant to 

highlight that such pre-concentration effects can be very pronounced using the principle 

of dispersive liquid-liquid microextraction (DLLME) [242]. This principle is based on 

the addition of a very small (i.e. 1 part per 100) volume of the immiscible phase to which 

the target analyte has affinity. This approach has been explored in several novel 

experimental setups, mainly using systems composed of water and organic solvents rather 

than ATPS, as recently reviewed by Leong et al. [179]. The systems that are most often 

employed for both types of applications (1) and (2) are A-S and IL-X since they provide 

considerable differences in the chemical properties of each phase namely the charge, the 

solubility and the polarity, thus providing extreme partition behaviors for small 

molecules. Furthermore, these systems also have low viscosity compared to P-S and P-P 

systems, making them more amenable to further processing and analysis.  

To extract natural products, a number of examples can be found in the literature, 

including: a serine protease from mangoes using an A-S system composed of 2-propanol 

and potassium phosphate, where a K of 64.5 and a purification factor of 11.6 were 

achieved [243]; the antioxidant lithospermic acid B from plant roots with a purity of 55% 

using a sulphate-ethanol system [244]; gallic acid from grape juice using a system 

composed of ethanol and potassium phosphate with 99.26% yield and 75% removal of 

sugars [245]; and flavonoids and stilbenes from pigeon pea leaves using an ethanol-

ammonium sulphate system [246]. IL-X systems have been used for the extraction of 

vanillin with very high K (> 98) using a system composed of potassium phosphite and 

[C4mim]Cl [247], or for separation of Cordyceps sinensis polysaccharides from proteins 

with high separation efficiencies [248]. 

For analytical applications of ATPE, IL-X systems have been the prevalent choice 

when coupled to HPLC and spectrophotometric types of analysis. In particular, these 

systems have been applied to extract, concentrate and enhance the analysis of parabens 

in water samples [241], quinine in human plasma [249] and testosterone/epitestosterone 
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in human urine [250]. Other analytical techniques such as immunoassays have also been 

reported to take advantage of ATPE in order to enhance sensitivity, in particular, using 

P-S systems to process wine and beer samples for the detection of the mycotoxins 

ochratoxin A and aflatoxin B1 [19]. As a different approach and going towards 

miniaturization, ATPE has also been used together with lateral-flow immunoassays for 

sample processing and concentration in order to enhance the detection of target molecules 

such as proteins and virus-like particles [251-253]. 

1.4.3. Aqueous two-phase extraction at the microscale 

In order to miniaturize the previously discussed L-L separation methodologies for 

applications within the field of microfluidics, it is important to highlight that at the 

microscale there are some physical phenomena that gain a larger magnitude, and others 

that become negligible [254]. One of the most interesting physical proprieties of 

microfluidics for ATPE in particular is the general absence of turbulence, and the 

establishment of a laminar flow regime [255]. The importance of this phenomenon results 

from the observation that without turbulence there is no convective mixing of the solution 

and molecular transport processes perpendicularly to the flow direction occur by diffusion 

only, according to Fick’s first law, Equation 1.9, where N is the solute flux, D is the 

diffusion coefficient, x is the distance of diffusion, ∆c is the molar concentration 

difference between two points in space at x distance from each other. The diffusion at the 

interface between phase 1 and 2 occurs according to Equation 1.10 where c1 is the molar 

concentration in the top phase, c2 is the molar concentration in the bottom phase and K is 

the partition coefficient of the solute in a ATPS [256]. It is important to highlight that in 

conformity with the designation used for the mL-scale, here the top and bottom phases 

refer only to less and more dense phases, respectively. 

𝑁 = 𝐷 (
∆𝑐

𝑥
)                                                 (1.9) 

𝑁 = 𝐷 (
𝑐1−𝑐2×𝐾

𝑥
)                                        (1.10) 

In Figure 1.10 the main differences between the critical parameters of ATPE 

performed in microchannels (Figure 1.10-A) or microtubes (Figure 1.10-B) are 

highlighted. In a mL-scale container of dimensions L×W×H, the partition of a compound 

between two immiscible phases 1 and 2 with volumes Vt and Vb, respectively, is very slow 

occurring via diffusion only, taking several hours to days to complete. This is due to the 

very small ratio of interfacial area to total volume of approximately 0.05 mm-1 for 1.5 mL 
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of total ATPS in a typical microtube, assuming that the interface is located above the 

conical region. Therefore, in order to speed up the partition of the molecule from one 

phase to the other, convective mixing is required [257], generated by mechanically 

agitating the solution in order to generate small droplets of one phase dispersed in the 

other phase, dramatically increasing the total interfacial area. While this process is fast, 

the separation of the droplets back to the initial position of each phase which occurs by 

gravity and flotation forces is typically very slow [257], and may be limited by the often 

low surface tension between the phases [258-260] and by the high viscosities of 

concentrated polymer solutions [257]. There have been successful attempts at decreasing 

this separation time to a few minutes without resorting to centrifugation by using wider 

(> L×W) and shorter (< H) containers [257]. It is also important to highlight that in the 

case of ATPE performed in a mL-scale container, the concentration effect is conferred by 

the volume ratio.  

When ATPE is performed in a microchannel, the phases partition exclusively 

through diffusion since the ratio of interfacial area to total volume is 10 mm-1 for a channel 

of 200×0.02×0.1 (L×H×W) mm dimensions, more than 2 orders of magnitude larger than 

that obtained for the microtube. In this case, besides the difference in channel dimensions, 

the critical parameters for separation are significantly different from the mL-scale. Firstly, 

since this is an intrinsically continuous process, meaning that each phase is continuously 

pumped parallel to each other through the channel (Figure 1.10-A), liquid flow velocities 

are the critical variables as opposed to phase volumes and total volume in the micro-tube 

case. In addition, the laminar flow characteristics of microfluidics allow for a multiphase 

formation and stabilization with more than 2 inlets (n > 2) which can potentially be useful 

for several applications. In addition, unlike the mL-scale, the interfacial effects are much 

more important at the microscale, such as a lower Bond (Bo) number, Equation 1.11, Δρ 

being the difference in densities, g the acceleration of gravity, L the characteristic length 

scale and σ the surface tension), which implies that gravity related effects are negligible, 

and adjustable Weber (We), Equation 1.12, with v being the linear velocity of the liquid) 

and Capillary (Ca), Equation 1.13, µ being the dynamic viscosity) numbers, so that 

inertial and viscous forces can be either significant or negligible. The manipulation of We 

and Ca is responsible for important phenomena such as droplet formation versus stable 

parallel flows [261] or for the preferential wetting of the surface by one of the phases, in 

conditions where the inertial forces are not sufficiently high to maintain a planar interface 
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(Figure 1.10-A). Thus, it is very important that the flow velocities and channel 

dimensions are optimized for a particular system to provide a stable flow-regime.  

𝐵𝑜 =
𝛥𝜌.𝑔.𝐿2

𝜎
                                                 (1.11) 

𝑊𝑒 =
𝜌.𝑣2.𝐿

𝜎
                                                  (1.12) 

𝐶𝑎 =
µ.𝑣

𝜎
                                                       (1.13) 

To provide further insights on the molecular partition behavior between two 

parallel co-flowing streams of liquid, the partition of molecules with increasing molecular 

weight from a salt-rich phase to a PEG-rich phase was simulated according to the 

procedure described and validated by Silva et al. [256] (Figure 1.10-C). The diffusion 

coefficients of 50 and 200 µm2.s-1 for the PEG and salt-rich phases, respectively, 

correspond approximately to those measured for an IgG molecule, with a MW of 

approximately 150 kDa. Briefly, the simulation is based on Fick's first law for the general 

mass transfer and a modification to Fick's first law for the mass transfer across interfaces, 

according to Equations 1.9 and 1.10, respectively. The simulation consists of a 2D 

matrix divided into cells, each representing a defined area of the microchannel with the 

desired degree of resolution, in which the previous equations are used to calculate the 

solute molar concentration at each point along the matrix. Given that at micrometer-scale 

the flow of liquid is generally well below the turbulent flow threshold and the mass 

transfer occurs only by diffusion regardless of the T-juncture angle and geometry, it can 

be observed that the lower the diffusion coefficient of the target compound, the longer it 

takes for 90% of the molecules to partition to the PEG-rich phase (higher t90). Thus, the 

length of the channel has to be designed accordingly to provide sufficient residence time 

at the required liquid velocities to complete the extraction. A second simulation was 

performed (Figure 1.10-D) to visualize the local concentration of molecules across the 

width of the microchannel at different positions along the length of the microchannel for 

a fixed diffusion coefficient. In this plot a concentration effect occurs in the PEG-rich 

phase, originating from the lower speed of this phase relative to the salt-rich phase. Thus, 

the flow rate ratio between each co-flowing phase in a continuous process is analogous 

to the volume ratio in batch conditions providing a concentration effect. It can also be 

noticed in Figure 1.10-D that the interface is not positioned in the center of the 

microchannel. This is due to the pressure difference (DPF) between the two phases as a 

function of the contact length and the flow velocity, together with the Laplace pressure 

(DPL), caused by the interfacial tension between two phases [262]. The balance between 
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these effects results in the interface stable at a certain position across the width of the 

microchannel. 

 

Figure 1.10 – Comparison between the critical parameters inherent to ATPE performed in a microfluidic 

channel (A) or in a mL-scale container such as a microtube (B) and simulation of the partition of molecules 

with increasing diffusion coefficients along (C) and across (D) a microfluidic channel. A- L- length of the 

microchannel; W- width of the microchannel; H- height of the microchannel; n- number of inlets converging 

into the main separation channel; v1 and v2- liquid velocities of each of the immiscible phases 1 and 2; AIF- 

total interfacial area between the phases, identified as a dotted line; γS1- surface tension between phase 1 

and the surface of the channel; γS2- surface tension between phase 2 and the surface of the channel; γ12- 

surface tension between phases 1 and 2. We and Ca refer the Weber and Capillary numbers. B- L×W- area 

of the container; H- height of the container; Vt- volume of the top immiscible phase; Vb- volume of the 

bottom immiscible phase; ρ1 and ρ2- densities of each phase 1 and 2; Dd- average diameter of the droplets 

of one immiscible phase within the bulk of the other; generated after convective mixing; Fb- buoyancy force 

and g- gravity force. C- Simulation of the partition of compounds with increasing diffusion coefficients 

from a salt-rich (S) to a PEG-rich (P) phase along a 20×100 (H×W) µm microchannel. The t90 values refer 

to the time it takes for 90% of the molecules to partition from the S to the P phases. D- Simulation of the 

partition of compounds with a diffusion coefficient of 50 and 200 µm-2s-1 for the P and S phases, 

respectively, across the microchannel width at increasing lengths of the channel (proportional to the 

residence time). The interface location is marked as a dotted line. The assumed values for flow velocities 

and widths of the channel occupied by each phase are based on experimental observations previously 

reported by Soares and Silva et al [24, 256].  

 

1.5. Thin-film silicon photodetectors for optical signal transduction in 

portable microfluidic devices 

Unlike metals, semiconductors such as crystalline and amorphous silicon are 

characterized by having an energy gap in their quantum energy levels, between the 
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valence band and the conduction band (Figure 1.11-A). This energy barrier 

fundamentally results in a reduced number of free electrons, thus reducing the 

conductivity when compared to metals, in which the valence and conduction bands are 

superimposed, given that in semiconductors there is a relatively lower number of 

electrons at the bottom of the conduction band (nE(E)) at a certain temperature  

(Figure 1.11-B). This number of electrons is given by the product between the Fermi-

Dirac probability function (f(E)) and the density of states in the CB (g(E)). On the other 

hand, the energy barrier of the band gap (Eg = Ec - Ev) can be overcome if the electrons 

are excited thermally or by photons with an energy hν larger than Eg. In the case of the 

semiconductor being intrinsic (undoped), meaning that there are no acceptor or donor 

impurities (dopants) present in the material that add additional electrons or holes, the 

Fermi level (EF) is located in the middle of the energy gap and the concentration of 

electrons in the conduction band is given by Equation 1.14 in which Nc is the effective 

density of states in the conduction band and me
* is the effective mass of the electron in 

the conduction band. From the number of electrons in the conduction band, the 

conductivity of the material is given by Equation 1.15, where n and p are the electron 

and hole concentrations and µe and µh are the mobilities of electrons and holes as area per 

volt per time [263]. Since the conductivity is dependent on the number of electrons in the 

conduction band, simply measuring the conductivity of the semiconductor at a certain 

applied voltage can be used as a means of detecting incident photons (photoconductor). 

 

Figure 1.11 – A- Band diagram for a crystalline semiconductor material, highlighting the conduction band 

(CB) and the valence band (VB), which are separated by the band gap (Eg), calculated as Ec-Ev. A photon 

with sufficient energy, meaning larger than Eg, can excite an electron (e-) into the CB, leaving a hole (h+) 

in the VB. B- Schematic representation of the Fermi-Dirac probability function (f(E)) at T>>0 K, describing 

the probability of occupancy of a state by electrons and holes (1- f(E)), the density of states in the CB (g(E)) 

per unit volume and the product of g(E) × f(E), representing the number of electrons per unit energy per 

unit volume (nE(E)). The fermi level (EF), related to the electrical work input or output of the system, is 

located at f(E) = ½, considering that at this energy level there are no states available for the electrons to 

occupy. 
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𝑛 = 𝑁𝑐𝑒
[− 

(𝐸𝑐−𝐸𝐹)

𝑘𝐵𝑇
]
 ,       𝑁𝑐 = 2 (

2𝜋𝑚𝑒
∗ 𝑘𝐵𝑇

ℎ2 )
3

2⁄
                 (1.14) 

𝜎𝑖 = 𝑒(𝑛µ𝑒 + 𝑝µℎ)                                                              (1.15) 

Many silicon devices such as transistors and photodiodes rely on a modification 

of the intrinsic Si material by the addition of impurities (doping) that change the electrical 

properties of the material, by selectively increasing the concentration of electrons in the 

conduction band (n-type) or holes in the valence band (p-type). This is achieved by adding 

electron donor atoms such as phosphorus (group V) or acceptor atoms such as boron 

(group III), resulting in the Fermi level shifting towards the conduction band or the 

valence band, respectively (Figure 1.12-A) and making, in general, the material relatively 

more conductive, depending mainly on the donor or acceptor concentration  

(Equation 1.16). Both the p and n-type material can then be used to create a p-n junction, 

which occurs at the metallurgical (M) junction between the two doped materials. At the 

junction, the electrons from the n-type will flow into the p-type and recombine with holes 

in the valence band, while the reciprocal occurs with holes in the p-type. This process is 

stopped by the opposite charge of the boron (B-) and phosphorus (P+) impurities in the 

solid lattice preventing further diffusion of electrons and holes. Overall, this results in a 

depletion region being formed at the interface between the p and n-doped regions. From 

the energy band in Figure 1.12-B it is possible to see that a built-in potential (eV0) is 

generated at the junction and any excited electron-hole pairs in this region will be drifted 

according to the electrical field [263]. 

𝜎𝑛/𝑝 = 𝑒𝑁𝑑/𝑎µ𝑒/ℎ                                                                (1.16) 

 

Figure 1.12 – A- Energy band diagrams for a n-doped and a p-doped semiconductor, using phosphate (P+) 

and boron (B-) atoms as donors and acceptors, respectively. B- Energy band diagram of a p-n junction. Vo 

refers to the built-in potential and M refers to the junction (metallurgical) between the two layers. 

To design a photosensor it is advantageous to include a relatively thick intrinsic 

layer in between the p-doped and n-doped layers, as shown in Figure 1.13. The reason 
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for this is that the p-n junction alone provides a too narrow depletion region, which 

hinders the efficient photodetection, considering that the absorption of light at any other 

section of the device does not contribute to the generated current since there is no 

electrical field to separate the electrons from the holes and drift them apart. By including 

a thick intrinsic layer, the field extends uniformly through its entire extension, providing 

a wider absorption region. In Figure 1.13-A the schematics of a thin-film p-i-n 

photodiode are shown, in which three design considerations can be highlighted. Firstly, 

the side walls of the p-i-n stack need to be adequately passivated with an insulator to 

eliminate surface defects, namely dangling bonds, and prevent short circuits between the 

top and bottom doped layers. Secondly, the top electrode needs to be both conductive and 

provide a high optical transmission to the target wavelength and thirdly, the p-i-n 

configuration, rather than n-i-p, has the advantage of generating electron-hole pairs closer 

to the p-type layer, facilitating the drift of holes, which in undoped silicon have a lower 

mobility than electrons, towards the respective electrode [263]. 

 

Figure 1.13 – A- Cross-section schematics of a thin-film p-i-n Si photodiode, addressed by a bottom 

electrode and a top transparent electrode. c-Si photodiodes can be optimized to absorb light across the 

visible spectrum, which generates electron-hole pairs and consequently a photocurrent between the n and 

p layers. Ip is the generated photocurrent upon light illumination. B- Energy band diagram for a p-i-n 

junction during the generation of electron-hole pairs. 

While Figure 1.13-B shows the behavior of the energy band diagram of the p-i-n 

photodiode when no voltage is applied on the electrodes, Figure 1.14-A and B show the 

behavior of the energy band diagram when under a forward bias or reverse bias 

conditions, applying a voltage V. Under reverse bias, the voltage across the junction adds 

to the applied voltage and the energy barrier in the intrinsic layer increases, not allowing 

current (positive) to flow from the n to the p layer. Nevertheless, electron-hole pairs can 

still be collected, generating a negative current. On the other hand, applying a forward 

bias, the energy levels become closer and electrons can flow freely across the intrinsic 

layer, generating a positive current. This can be clearly observed in a typical I-V curve in 
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the dark or under increasing light intensities (Figure 1.14-C), which generate a 

proportionally higher current (Figure 1.14-D). The application of an external field can be 

of particular relevance to improve the response time of the photosensor, which in this 

case is limited by the drift of electron-hole pairs across the intrinsic region. Nevertheless, 

it complicates the electronic addressing, compared to using the sensor and 0 V Bias. 

Regarding how sensitive the photodiode is to light, two critical parameters can be 

highlighted, (1) the external quantum efficiency (η), directly related to the responsivity 

(R), which are dependent on a certain wavelength and (2) the photoresponse at a fixed 

wavelength, meaning the output current at increasing photon fluxes. The first set of 

parameters are calculated using Equations 1.17 and 1.18, respectively, relating the 

number of free electron-hole pairs generated and collected per number of incident photons 

and the generated photocurrent per incident power, at a given wavelength [263]. 

𝜂 =  
𝐼𝑝 𝑒⁄

𝑃0 ℎ𝜈⁄
                                                                 (1.17) 

𝑅 =
𝐼𝑝

𝑃0
= 𝜂

𝑒𝜆

ℎ𝑐
                                                           (1.18) 

 

Figure 1.14 – A- Energy band diagram of a forward biased p-i-n Si photodiode. B- Energy band diagram 

of a reversed biased photodiode. C- Characteristic I-V curve for photodiodes in the dark and exposed to 

incremental intensities of light, generating a proportionally higher photocurrent. D- Characteristic measured 

photocurrent at 0 V bias under increasing incident optical power (W). 
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Finally, when discussing the integration of Si photodiodes in biosensors, these are 

often required in very small dimensions, ranging from tens of micrometers to few 

millimeters. Considering mm-size commercial c-Si photodiodes, these generate dark 

currents in the order of tens of pA. While these currents can be easily measured using a 

picoammeter, such complex and bulky equipment is surely not adequate for portability, 

simplicity and cost reduction demanded in the development of biosensors. Therefore, a 

common and relatively simple opamp-based amplifier circuit to measure the current 

output of a photodiode is the transimpedance amplifier, schematized in Figure 1.15. The 

n-doped layer of the photodiode is connected to the negative input of the opamp and both 

the positive input and p-doped layer are connected to the ground. The output current of 

the photodiode (Ip) is then converted into an output voltage (Vout), proportionally to the 

feedback resistance (Rf) in accordance with Equation 1.19. Therefore, by selecting a 

sufficiently large Rf and an appropriate opamp, very small currents in the order of pA can 

generate easily measurable voltages in the order of mV to V. It is also important to 

highlight that transimpedance amplifiers typically also require a feedback capacitance 

(Cf) to compensate and minimize oscillations in signal at high frequencies due to the 

internal capacitance of the photodiode, which is connected in parallel with the opamp 

inputs. 

𝑉𝑜𝑢𝑡 = 𝐼𝑝 × 𝑅𝑓                                                        (1.19) 

 

Figure 1.15 – General circuit schematics of a transimpedance amplifier, here used to amplify the current 

generated by a photodiode at 0 V bias. Rf and Cf refer to the feedback resistance and capacitance, 

respectively. 
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Chapter 2  

General Microfabrication and Microfluidic 

Device Handling Methodologies 

This chapter describes the general microfabrication methods optimized to 

fabricate PDMS microfluidic devices, namely (1) hard mask fabrication, (2) SU-8 mold 

fabrication, (3) mold-replication of PDMS and, (4) processing and sealing.  Experimental 

details on the handling of microfluidic devices, including optical signal acquisition using 

standard optical or fluorescence microscopy, are also provided. Furthermore, the 

microfabrication of thin-film a-Si:H photoconductors and photodiodes is also described. 

A few detailed descriptions are reproduced with appropriate adaptations from 

publications co-authored with PhD students Inês Pinto [18] and Denis Santos [42, 49]. 

 

 

2.1. Fabrication of microfluidic devices: a general overview 

In general, the fabrication of PDMS microfluidic devices was performed in three 

steps, namely (1) hard-mask fabrication, (2) SU-8 mold fabrication and (3) mold 

replication. These steps are schematically summarized in Figure 2.1. 

 

Figure 2.1 – Schematics of the microfabrication procedure used to obtain PDMS microfluidic devices. 

Photos on the right show an example of the intermediate stage after each main fabrication step. 
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2.2. Hard-mask fabrication 

The microchannel patterns in the aluminium masks were first designed using 

AutoCAD software (Autodesk Inc., Mill Valley, CA/USA). A glass substrate was cleaned 

by sequentially rinsing with acetone (LabChem Inc. Zelienople, PA/USA), deionized (DI) 

water, followed by immersion in an Alconox® detergent solution (Alconox Inc. White 

Plains, NY/USA) for 15 min at 65 °C, and a thorough rinse with DI water followed by 

drying with compressed air. The thorough rinsing with DI water after Alconox® is critical 

to remove any detergent residues before drying. Otherwise, these dried residues may 

compromise the adhesion of subsequent materials deposited on the surface. Subsequently, 

a 200 nm Aluminium (Al) layer was deposited using a Nordiko 7000 magnetron 

sputtering system (Nordiko Technical Services Ltd. Havant, Hampshire, UK). A positive 

photoresist layer of 1.5 μm (PFR 7790G, JSR, Sunnyvale, CA/USA) was spin-coated onto 

the deposited Al layer. The AutoCAD file was then converted and transferred to a 

Heidelberg DWLii direct write laser photolithography system (Heidelberg Instruments, 

Heidelberg, DE) using a 405 nm laser diode, used to transfer the pattern to the photoresist. 

The resist was then developed (TMA238WA, JSR, Sunnyvale, CA/USA) and later 

removed by wet etching using a standard aluminium etchant acid mixture (TechniEtch 

Al80 Aluminium etchant, Microchemicals, Ulm, DE). Finally, the remaining photoresist 

was stripped away with acetone, resulting in a patterned Al mask on the glass substrate. 

The previous microfabrication steps were all performed under class 100 clean-room 

conditions, except for the photolithography step, which was performed in class 10 

conditions.  

 

2.3. SU-8 mold fabrication 

The master molds were fabricated on Si substrates (University Wafer, South 

Boston, MA/USA) using SU-8 negative photoresist (2015 or 50 formulations, Microchem 

Corp, Newton, MA/USA) for a total height of 20 µm or 100 µm. Some molds were also 

fabricated using two superimposed SU-8 layers with 20 and 100 µm, deposited in this 

respective order. In all cases, a Si substrate was first cleaned by sequential rinsing with 

acetone, isopropanol (IPA, 99.9%, LabChem Inc. Zelienople, PA/USA) and DI water to 

remove any residues of photoresist (used during the dicing process) or other organic 

contaminants on the surface. Then, the substrate was immersed in an Alconox® detergent 

solution for 15 min at 65 °C, followed by a thorough rinse with DI water and drying with 
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compressed air. The substrate was then placed in a UVO cleaner (1444AX-220, Jelight 

Company, Inc. Irvine, CA/USA) for 15 min to remove any remaining organic 

contaminants. To fabricate the mold with a height of 20 µm, SU-8 2015 was spin-coated 

(Laurell Technologies Corp. North Wales, PA/USA) onto the clean silicon substrate for 

10 s at 500 rpm with an acceleration of 100 rpm/s, followed by 34 s at 1700 rpm with an 

acceleration of 300 rpm/s. After a 4 min pre-exposure bake at 95 °C using a hot plate 

(Digital hotplate, Stuart, Staffordshire, UK), the substrate was allowed to cool down for 

1 min and the hard mask with the design for the 20 μm channels was placed over the SU-

8 layer with the aluminium surface facing down, to prevent a loss in resolution due to 

light scattering effects. The stack was exposed to a 400 W UV light (UV Light 

Technology Limited, Birmingham, UK) with an energy per unit area of 178 mJ/cm2 and 

baked for 5 min at 95 °C followed by a cool down to room temperature for 2 min. The 

development of the non-exposed photoresist was achieved by immersion of the SU-8 in 

a propylene glycol monomethyl ether acetate (PGMEA) solution (> 99% v/v) for 2 min 

with manual orbital agitation. After the development, the substrate was rinsed with IPA 

and dried with compressed air. To fabricate the mold with a height of 100 µm, SU-8 50 

was spin-coated onto the clean silicon substrate for 10 s at 500 rpm with an acceleration 

of 100 rpm/s, followed by 30 s at 1000 rpm with an acceleration of 300 rpm/s. A pre-

exposure bake process was then performed by baking the substrate at 65 °C for 10 min, 

followed by a gradual ramping-up of the temperature to 95 °C, where it was baked for 30 

min and then allowed to cool for 1 min. The mask and substrate stack were then exposed 

to UV light for a total energy per unit area of 416 mJ/cm2. A post-exposure bake was 

performed at 65 °C for 1 min, followed by 10 min at 95 °C and 2 min of cooling down. 

The photoresist layer was developed in PGMEA for 10 min with manual orbital agitation 

(see Table 4), rinsed with IPA, and dried. Finally, in all cases, the mold was hard baked 

for 15 min at 150 °C and left to slowly cool down on top of the hot plate until the 

temperature dropped below 50 °C. The slow cooling process is critical to avoid cracking 

the hardened SU-8 due to rapid contraction. Molds comprising two layers with different 

heights were fabricated in the same way as described above by spincoating the thickest 

layer on top of the thinner layer. No washing or hard bake steps were performed between 

the two layers. The alignment between the second mask and the mold features on the first 

layer was performed manually with the aid of a stereomicroscope (AmScope, Irvine, 

CA/USA) with a total amplification of 20× to 40×. 
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2.4. PDMS mold-replication, punching of access holes and sealing 

The SU-8 mold was first taped to the bottom of a Petri dish, with the patterned 

surface facing up. To prepare the PDMS elastomer, a 10:1 weight ratio of PDMS to curing 

agent was mixed (Sylgard 184 poly(dimethyl)siloxane, Dow Corning, Midland, 

MI/USA), degassed for 30 min and poured into the Petri dish containing the mold to a 

total height of 0.5-1 cm. The liquid pre-polymer was then left to cure at 70 °C for 90 min 

in a convection oven (Oven loading model 100-800 (70 °C), Memmert, Schwabach, DE). 

The cured PDMS was then cut using a scalpel and peeled off from the mold using 

tweezers. Access holes were punched with blunt 20 or 18 ga needles (Instech 

Laboratories, Inc. Plymouth Meeting, PA/USA). Holes punched with 20 ga needles were 

used to fit 20 ga metallic adapters (purchased also from Instech Solomon), while holes 

punched with 18 ga needles were used to fit 0.1-20 µL or 1-200 µL pipette tips. After 

punching access holes, the PDMS devices were then sealed against PDMS membranes 

with different thicknesses controlled by a spincoating procedure or microscope glass 

slides (100 µm or 700 µm thick). 500 μm thick PDMS membranes were prepared by spin 

coating the PDMS pre-polymer on top of a silicon wafer at 250 rpm for 25 s and an 

acceleration of 100 rpm/s. This membrane was then baked as described above for the the 

PDMS devices and cut into pieces of appropriate size. In the case of the device being 

sealed against glass, the glass slide was previously cleaned as described in Section 2.2. 

The PDMS structures were sealed against the respective substrate by first oxidizing both 

sides using an oxygen plasma cleaner (800 mTorr oxygen pressure) at the medium power 

setting (11 W applied to the radiofrequency coil) for 60 s (Expanded oxygen plasma 

cleaner PDC-002-CE, Harrick Plasma, Ithaca, NY/USA). The substrate was placed in 

contact with the PDMS structure immediately after the plasma treatment. After sealing, 

the PDMS becomes relatively hydrophilic for a few hours due to the plasma treatment. 

To allow hydrophobic recovery and stabilization by diffusion of the unreacted siloxane 

oligomers to the surface, the PDMS structures were stored for at least 24 h before usage. 

 

2.5. Fabrication of a-Si:H photoconductors and p-i-n photodiodes 

The side view schematics and microscopy photos of the thin-film photoconductors 

and photodiodes fabricated at INESC MN are shown in Figure 2.2. The microfabrication 

of the photoconductors started with the deposition of aluminum by DC magnetron 

sputtering over a clean glass substrate (Corning® 1737) and its patterning into parallel 
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electrodes through photolithography and wet chemical etching using Gravure Aluminum 

Etchant. All photolithography steps are made using a direct-write photolithography 

system. The intrinsic 500 nm thick a-Si:H photoconductive layer was deposited by radio 

frequency Plasma-Enhanced Chemical Vapor Deposition (rf-PECVD), in a custom-built 

capacitively coupled radio-frequency reactor, at 100 mTorr deposition pressure, 250 ºC 

of deposition temperature and 13.56 MHz RF power. This deposition system has been 

described in detail elsewhere [264]. The a-Si:H islands were defined by photolithography 

followed by Reactive Ion Etching (RIE) (Lam Research Rainbow 4520, Lam Research 

Corporation, USA). A final transparent SiNx passivation layer was deposited by  

rf-PECVD and vias were opened by lift-off at the contact pads to allow wire-bonding. 

The photoconductor chip was then diced, die-bonded and wire-bonded to custom 

designed printed circuit boards. 

To fabricate the photodiodes, a 200 nm aluminum back contact was first deposited 

by magnetron sputtering and patterned using direct write optical lithography. The a-Si:H 

p-i-n junction, with a 10 nm thick layer of n+-a-Si:H, a 500 nm thick layer of undoped  

i-a-Si:H, and a 10 nm thick layer of p+-a-Si:H, was deposited by rf-PECVD at a deposition 

pressure of 100 mTorr and a deposition temperature of 250 ºC. Each layer was deposited 

through the decomposition of silane (SiH4), n-type dopant phosphine (PH3) or p-type 

dopant diborane (B2H6). Mesa junctions with 200 × 200 µm were defined by 

photolithography and etched by reactive ion etching using sulfur hexafluoride (SF6) and 

trifluoromethane (CHF3). Then, a 100 nm thick passivation layer of SiNx was deposited 

by rf-PECVD, at a deposition pressure of 100 mTorr and a deposition temperature of  

100 ºC, to achieve passivation of the lateral walls of the junction. To allow electric contact 

between the p+-a-Si:H layer and the indium tin oxide (ITO) transparent top contact layer, 

a via was opened by lift-off of the passivation layer. A 50 nm thick ITO layer was 

deposited by magnetron sputtering and defined by lift-off. To electrically connect the ITO 

top contact, 200 nm thick aluminum lines were deposited by magnetron sputtering and 

defined by lift-off. A second 200 nm thick SiNx passivation layer was deposited by  

rf-PECVD and vias were opened at the contact pads also by lift-off to allow wire bonding. 

In the case of the photodiodes used for fluorescence measurements, an extra 1.8 µm thick 

layer of a-SiC:H was deposited by rf-PECVD, at a deposition pressure of 100 mTorr and 

deposition temperature of 100 ºC, working as an integrated high-pass absorption filter. 
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Figure 2.2 - Schematics of the thin-film a-Si:H photodiodes and photoconductors fabricated at INESC MN. 

The images on the right are microscopy photos of the fabricated sensors. Dimensions W and L in this thesis 

range from 50 to 200 µm. This figure was adapted from ref. [47], co-authored with PhD student Denis 

Santos.  

 

2.6. Liquid handling and imaging of chemiluminescent and fluorometric 

signals using standard optical or fluorescence microscopy 

The liquids were flowed through the microchannels applying either a positive or 

negative pressure using a syringe pump. To exert a positive pressure, the syringe pump 

model was a NE-300 from New Era Pump Systems, Inc. (Farmingdale, NY/USA), while 

in the case of the negative pressure, NE-1200 (12-channel) or NE-4000 (2-channel) 

syringe pumps were used. In both cases, 1 mL syringes (Insulin syringe 1 mL U-100 

Luer-Lock, Codan, Lensahn, DE) were used, previously coupled with polyethylene 

capillary tubing (0.864 mm of inner diameter, BTPE-90, purchased from Instech 

Solomon) and filled with PBS buffer or double distilled water from a MilliQ purification 

system. In the case of positive pressure being used, the solution of interest was pulled into 

the capillary tubing, leaving an air spacer with a length of ~ 1 cm (~ 5.86 µL in volume) 

to allow a separation from the solution contained inside the syringe and capillary tubing. 

The small size of the air gap is critical to minimize the delay in syringe pump 

responsiveness due to gradual air compression, allowing the system to rapidly achieve 

the required equilibrium pressure to drive the liquid into the microchannels at the intended 

input flow rate defined on the pump. The interface between the capillary tubing and the 

microfluidic devices was established using a 20 ga metallic adapter (SC 20/15 stainless 

steel catheter coupler from Instech Solomon) with a total volume of approximately  

4.28 µL (15 mm long with an internal diameter of 0.603 mm). Since the holes in the 
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PDMS device were punched using also a 20 ga blunt needle, the elastomeric properties 

of the material were sufficient to provide an air tight sealing against the adapter. In the 

case of sequential flow steps being required, it was critical to assure that the liquid inside 

the adapter contacts the liquid inside the access hole of the PDMS device without leaving 

a small air gap in between, otherwise the flowing air bubble can potentially compromise 

the assay integrity. In the alternative case of using a negative pressure, the syringe pump 

was operated in a pulling motion coupled to the outlet hole of the device. A pipette tip 

(0.1-20 µL or 1-200 µL) was then used as a liquid reservoir at the inlet by first pipetting 

a certain volume of solution and then releasing the tip after insertion in the inlet hole. In 

this case it was often critical to first fill the entire fluidic channel network with liquid 

before exerting a negative pressure, to avoid preferential wetting and unequal flow 

velocity when multiple inlets were used. As previously described for the use of a positive 

pressure, in this case it was also critical to ensure fluidic contact inside the punched holes 

when replacing the pipette tips to avoid an irregular flow velocity and trapped air-bubbles. 

The imaging of the microfluidic devices (bright field and fluorescence 

microscopy) was performed using either a Leica DMLM fluorescence microscope (Leica 

Microsystems, Wetzlar, DE) equipped with a DFC300FX digital color camera and a  

100 W short arc mercury vapor lamp or an Olympus CKX41 inverted fluorescence 

microscope (Olympus, Shinjuku, Tokyo, JP) equipped with a XC30 CCD color camera 

and a 50 W short arc mercury vapor lamp. All chemiluminescence measurements were 

performed using the Leica microscope, while the fluorescence measurements were 

performed in both microscopes depending on the sensitivity requirements (i.e. 100 W 

excitation source from Leica provides a more intense fluorescence emission). Three filter 

cubes were available in each microscope, namely D, I3 and TX2 for the Leica and U, B 

and G for Olympus. The spectral characteristics of each filter are described as follows 

(BP stands for band pass and LP for long pass): D – Excitation: BP 355-425, Emission: 

LP 470; I3 – Excitation: BP 450-490, Emission: LP 515; TX2 – Excitation: BP 560/40, 

Emission: BP 645/75; U – Excitation: BP 360-370, Emission: LP 420; B – Excitation: BP 

460-490, Emission: LP 520; G – Excitation: BP 480-550, Emission: LP 590. All acquired 

images were quantified in terms of grayscale using the software ImageJ from the National 

Institute of Health (Bethesda, MD, USA). 
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Chapter 3  

Microfluidic Aqueous Two-Phase Systems for  

On-Chip Integration of Sample Preparation 

This chapter reports the development of an aqueous two-phase system (ATPS) 

based methodology for the simultaneous concentration of mycotoxins and neutralization 

of matrix interference. Polyethylene glycol (PEG)-phosphate salt ATPSs were used to 

enhance the detection sensitivity of ochratoxin A (OTA) and aflatoxin B1 (AFB1) in 

wines and beer by an indirect competitive enzyme-linked immunosorbent assay (ELISA) 

performed in a standard microtiter plate format. This methodology was further integrated 

in a microfluidic device to perform sample preparation in series with a microfluidic 

immunoassay. The microfluidic device was composed of two modules in series, the first 

performing an aqueous two-phase extraction (ATPE) for matrix neutralization and 

analyte pre-concentration, and the second a competitive fluorescence-linked 

immunosorbent assay (FLISA) for mycotoxin quantification. In this case, OTA was used 

as a model analyte spiked in red and white wines. Using this strategy, a limit of detection 

(LoD) of 0.26 ng/mL was obtained for red wine spiked with OTA, well below the 

regulatory limit for OTA in wines of 2 ng/mL set by the European Union. The contents 

of this chapter are summarized and reproduced with appropriate adaptations from two 

original research articles [19, 24], based on experimental results obtained during my MSc 

project [265] and beginning of the PhD project.  

 

 

3.1. Materials and experimental methods 

3.1.1. Chemicals and biologicals 

PEG with 2, 6 or 10 kDa average molecular weight (MW), NaH2PO4, K2HPO4, 

OTA, AFB1, phosphate buffered saline (PBS) tablets, methanol (99,9%), OTA-bovine 

serum albumin (BSA) conjugate, AFB1-BSA conjugate, Tween 20, 3,3’,5,5’-

tetramethylbenzidine (TMB) ready-to-use liquid substrate (super-slow) for ELISA, BSA 

and fluorescein isothiocyanate (FITC) conjugated goat polyclonal anti-mouse antibody 

(whole molecule) were purchased from Sigma Aldrich. Ultrapure water was obtained 

from a MilliQ purification system from Millipore (Billerica, MA, USA). OTA and AFB1 
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stock solutions were prepared with an equal concentration of 100 μg/mL in 25% (v/v) and 

50% (v/v) methanol in PBS respectively. The monoclonal anti-OTA IgG (3C5) and 

monoclonal anti-AFB1 IgG (AFA-1) were purchased from Abcam (Cambridge, UK). 

Horseradish peroxidase (HRP) conjugated polyclonal goat anti-mouse IgG (whole 

molecule) was purchased also from Abcam. Generic Portuguese red wine (11% v/v 

ethanol), white wine (11% v/v ethanol) and beer (5.2% v/v ethanol), were purchased from 

a local store. 

3.1.2. ATPS preparation to evaluate mycotoxin partition 

The ATPSs were prepared for a total of 1 g in 1.5 mL microtubes. Aqueous 

solutions of PEG 50% (w/w) (2, 6 or 10 kDa average MW) and NaH2PO4/K2HPO4 40% 

(w/w) (adjusted to a final pH of 6, 7 or 8 by changing the ratio of monosodic to dipotassic 

salts) were added depending on the conditions chosen and adjusted to the total mass of 

the system using ultrapure water. Then, each tube was agitated in a vortex for 10 to 15 s. 

Finally, to obtain clear separated phases the microtubes were centrifuged at 6,000 g for  

2 min. The analytical balance used was a Mettler Toledo (Columbus, OH, USA) XS205 

Dual Range. The statistical analysis of the results was performed using the computer 

software Statistica 7 from StatSoft (Tulsa, OK, USA). 

3.1.3. Quantification of mycotoxins in ATPS using a spectrofluorimeter 

Analyte quantification in both phases of 1 μg/mg analyte spiked ATPS was 

performed using a Varian (Palo Alto, CA, USA) Cary Eclipse plate reader 

spectrofluorimeter. All experiments were performed using a high voltage (800 V) setting 

for the photomultiplier tube and the excitation/ emission slits were set at 5 nm. The 

readings were averaged from 5 consecutive measurements with a 0.5 s interval in white 

polystyrene Corning® (Corning, NY, USA) 96 well plates. The excitation and emission 

wavelengths for OTA and AFB1 quantification were set at 333/ 446 nm and 370/ 439 nm 

respectively. A single point calibration of the fluorescence emission was performed by 

adding a known amount of analyte (2.5 µg/mL) to both top and bottom phases of a second 

ATPS prepared for each condition. This addition was performed after separating each 

phase to individual microtubes. A third ATPS was also prepared to subtract the 

background fluorescence value for each phase.   
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3.1.4. ATPS sample processing prior to immunodetection in microtiter plates 

Undiluted red wine, white wine and beer were first adjusted to pH 6 using 10 M 

NaOH before any further processing. Then NaH2PO4 / K2HPO4 were added at a mass 

ratio of 1.27 or 0.43 for a final pH of 6 or 7, respectively, and weighed together with wine 

or beer to the intended final mass concentration. This mixture was then agitated in a 

vortex for 20-30 s for complete salt dissolution. Then, 1,881 μL of this solution were 

transferred to individual 2 mL microtubes and spiked with 19 µL of an OTA or AFB1 

solutions prepared in PBS, at a concentration 100 times higher than the intended final 

concentration in wine. For the reference solutions, 19 µL of PBS were added instead of 

OTA or AFB1. A 50% (w/w) aqueous solution of the second phase forming component 

(PEG with 1, 8 or 20 kDa) was then added, 4-5 mg at a time, with intermittent agitations 

for 20-30 s in a vortex and 2 min of centrifugation at 6,000 g. This process was stopped 

when a collectable amount of top phase was obtained and was only performed the first 

time a new system was used, or a new top phase volume was required. The collected top 

phase was then diluted with a PBS solution containing anti-OTA or anti-AFB1 IgG, 

yielding the final IgG concentration of 50 or 100 ng/mL, respectively. Depending on the 

experiment, in cases where polyphenol precipitation occurred after the dilution step, the 

solution was centrifuged a second time under the above-mentioned conditions. This final 

solution was then used as SUA (sample under analysis) for the wellplate icELISA. 

3.1.5. Competitive ELISA for mycotoxin detection in microtiter plates 

MaxiSorp® flat-bottom 96 well microtiter plates from Nunc (Roskilde, Denmark) 

or Bio-one PS medium bind ELISA plates from Greiner (Kremsmünster, Austria) were 

used for the OTA and AFB1 experiments respectively. The shaker-incubator used was a 

StatFax 2200 incubator/shaker from Bio-Rad (Hercules, CA, USA) set at a shaking speed 

of 5. First, 100 μL of a 10 μg/mL solution of OTA-BSA in carbonate buffer (100 mM) at 

pH 9.2 or AFB1-BSA in PBS were added to each well. The plate was then incubated at 

37°C with shaking for 1 h. After this coating step, the solution was discarded. Then, each 

well was washed twice with 100 μL of PBS containing 0.1% (v/v) Tween 20 (PBST). In 

each washing step, the plate was agitated for 30 s and the liquid was discarded. After the 

second wash and removal of the liquid, 150 μL of a 0.5% (w/v) BSA solution prepared 

in PBS was added to the wells to block the uncoated areas on the polystyrene surface. 

This solution was incubated for 30 min at room temperature (RT) with shaking. After 

washing three times, 100 μL of the SUA, containing 50 ng/mL anti-OTA IgG or  
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100 ng/mL anti-AFB1 IgG, were added to the wells and incubated for 45 min at RT with 

shaking. Four washing steps with PBST followed the primary antibody step. The final 

step comprised the addition of 100 μL of a secondary antibody labeled with HRP, at a 

concentration of 100 ng/mL in PBST. The plate was incubated for 30 min with shaking 

at RT. Four final washing steps were performed also with PBST and the plate was tapped 

on blotting paper to ensure maximum removal of the remaining washing solution. Finally, 

100 μL of a commercial TMB solution, containing hydrogen peroxide, were added to the 

wells, followed by 1-5 min incubation at RT without shaking, depending on the time taken 

for color development. The reaction was stopped by adding 100 μL of 250 mM HCl 

solution. The plate was then inserted into the spectrophotometer within 5-10 min of 

stopping the reaction and the absorbance was measured at a wavelength of 450 nm. The 

absorbance value obtained for each SUA is normalized in respect to a reference solution 

with the same matrix and IgG composition but without OTA or AFB1 spiking. 

3.1.6. Microfluidic competitive FLISA  

The immunoassays were carried out in straight PDMS microchannels 9 mm long, 

20 µm tall and 200 µm wide. Two assays were carried simultaneously in 2 separate 

channels, one for the reference solution (0 ng/mL OTA) and the other for the OTA spiked 

solution. The immunoassay was carried out by first pumping a 50 μg/mL OTA-BSA 

solution prepared in PBS into the channel for 10 min at a flow rate of 0.2 μL/min followed 

by a washing step. All washing steps consisted of flowing pure PBS solution at 4 μL/min 

for 1.5 min. The solutions of the reference or the sample under analysis (SUA) (spiked 

with OTA at concentrations of 0.1-100 ng/mL), both containing 1.25-3.75 μg/mL anti-

OTA IgG, were pumped into each respective channel for 15 min at a flow rate of  

0.4 μL/min. After a second wash, a solution of 50 μg/mL anti-mouse IgG-FITC, prepared 

in PBS, flowed at 0.4 μL/min for 10 min, followed by a final washing step.  

3.1.7. Microfluidic aqueous two-phase extraction (ATPE) 

A microfluidic channel design comprising two 50 µm wide channels converging 

at an angle of 30° into a primary separation channel was used. For the OTA partition 

experiments, a system with a total composition of 14% PEG 8,000, 8% 

NaH2PO4/K2HPO4 (pH 7) was prepared in a microtube and each phase was separated. 

Then, 19 μl of the bottom salt-rich phase (SRP) were spiked with 1 μl of a 100 μg/mL 

OTA stock solution, yielding a concentration of 5 µg/mL OTA. Each of the spiked SRP 

and PEG-rich phase (PRP) were inserted into each inlet at a flow rate of 1 μL/min and 
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0.2 μL/min respectively. Alternatively, when PEG 20,000 was used, a solution of 12.5% 

NaH2PO4/K2HPO4 at pH 7 (SRP) or a solution containing 18.5% PEG 20,000 and 4.5% 

NaH2PO4/K2HPO4 at pH 7 (PRP) were spiked with OTA to a final concentration of  

2 μg/mL. In one experiment, the OTA spiked SRP was converged with the non-spiked 

PRP and in another, while maintaining the same flow rates and PEG/ Salt compositions, 

the OTA is spiked in the PRP instead. In both cases the OTA behavior was monitored 

under the Leica microscope using the D filter. The polyphenol (PP) partition experiments 

were performed by converging red wine containing 12.5% NaH2PO4/K2HPO4 (pH 7) and 

a PRP prepared by dissolving 18.5% PEG 20,000 and 4.5% NaH2PO4/K2HPO4 (pH 7) in 

ultrapure water, using multiple flow rate combinations for each of the solutions, ranging 

from 0.02 µL/min to 2 µL/min.  The behavior of the PPs was monitored using both bright 

field and fluorescence microscopy (D filter). 

 

3.2. Partition of OTA and AFB1 in PEG-phosphate salt systems 

To develop a clean-up and concentration strategy based on ATPS, the partition 

coefficient (K) of the target analytes was first analyzed. The molecular structure of both 

OTA and AFB1 is presented in Figure 3.1-A and B. A face centered central composite 

design of experiments (DoE) was used to evaluate three key variables for each analyte 

[244, 266-268], which are the pH, PEG MW and the tie-line length (TLL). Briefly, the 

TLL represents the variation in the composition of the top PEG-rich and bottom salt-rich 

phases and the larger the difference in the composition of the phases, the longer the TLL 

[269].  The TLL values were considered as approximate unitary values from 1 to 3, which 

correspond to equal and linearly increasing total PEG and salt concentrations which is a 

reasonable trend indication for the K values and avoids the time-consuming quantification 

of the PEG and salt mass fractions in each of the phases. The results are summarized in 

Figure 3.1-A and B.  

For the same set of factors and conditions tested, tenfold higher average values of 

K are obtained for OTA (K ≈ 267) than for AFB1 (K ≈ 22), while in both cases the average 

extraction yields are close to 100% in the top PEG rich phase. Several literature reports 

claim a good correlation between molecular partition to top phase in PEG-salt ATPS and 

increasing experimental/calculated octanol-water partition coefficient (logPOW) values 

[270-273], which arises from the intrinsic difference in hydrophobicity between the more 

hydrophilic salt-rich phase (water-like), and the more hydrophobic PEG-rich phase 
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(octanol-like). These reports and the higher K obtained for OTA correlate with the fact 

that OTA and AFB1 have calculated [274] logPOW values of 4.61 and 1.58, respectively. 

However, at the pH values tested, the major OTA microspecies have either a 

mononegative or dinegative charge, with the calculated [274] pH dependent logPOW 

ranging between 1 and 2, while AFB1 remains neutral. Thus, a significant difference in 

lipophilicity does not seem to exist between both molecules in the pH range tested. 

Alternatively, the difference in K values may possibly be related with the inherent positive 

electrochemical potential generated in the top phase of PEG-phosphate systems [192].  

To maintain electroneutrality at equilibrium, the system might favor the partition of 

negatively charged molecules to the top phase. Such hypothesis is supported by the results 

obtained by Bora and co-workers, regarding the partition of the cephalosporins 7-ADCA 

and cephalexin in multiple PEG-salt systems [275]. The overall electric charge of these 

molecules shifts with pH, in a given range of pH [274]. Accordingly, the partition 

gradually shifts from the more hydrophilic salt phase to the PEG phase, as observed here 

for the mono/dinegative OTA, in opposition to the neutral AFB1. 

OTA partition displays a very strong dependence on the TLL and a weaker, but 

significant (p < 0.05), dependence on the pH. A longer TLL as a promoter of more 

extreme K values has been previously reported [192, 270, 276]. The more pronounced 

difference in phase composition may enhance both the electrochemical and polarity 

gradients present at the interface, thus further emphasizing the entropic and enthalpic 

contributions for molecular partition [192]. The pH effect may be explained by the 

increasing concentration of the dinegative form of OTA in the pH range tested [274], in 

tune with the previously discussed hypothesis that the negative charge promotes the 

partition to the PEG rich phase. As for AFB1, the TLL factor weakly affects the K value, 

(Figure 3.1-B), while pH has no significant effect on partition, which is expected as 

AFB1 remains with a neutral charge in the tested pH range.  

Thus, our system is neither significantly sensitive to temperature, nor requires the 

use of additional molecules to enhance the K of the target analytes, unlike results 

previously reported involving the use of water-surfactant systems to concentrate proteins 

and virus to enhance detection in lateral flow immunoassays [253, 277]. Furthermore, the 

separation times are reduced from several hours to a few minutes. 
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Figure 3.1 - Molecular structure and K surface tendency charts of each OTA (A) and AFB1 (B) molecules 

in PEG-NaH2PO4/KH2PO4 ATPSs. The OTA phenol moiety labeled with an asterisk has a pKa of 7.1. 

The factors plotted in each tendency chart provide the most significant effect on the variable K. 

 

3.3. Optimization of ATPS composition to extract mycotoxins from wine  

Both analytes partition strongly to the top PEG rich phase, thus, an ATPS 

concentration strategy (Figure 3.2-A) was developed, based on the generation of systems 

with a small Vr. Under these conditions the colored compounds in wine and beer, which 

include a large fraction of the polyphenols [278], tend also to concentrate on the PEG rich 

phase, as can be visualized in Figure 3.2-B. However, a preferential affinity of the 

polyphenols to PEG [279], responsible for reducing the effect of interference on 

immunoassays has been reported [160, 280, 281]. Furthermore, since the competitive 

ELISA having the antigen immobilized as schematized in Figure 1.6-A requires both the 

target analyte and an analyte-specific antibody to be present in solution, the partition 

behavior and affinity of IgG must be assessed under different PEG concentrations, MW 

and salt concentrations. Depending on the PEG MW and TLL present in the system, the 

IgG molecules partition preferably to either of the phases or precipitate at the interface 

above a certain maximum TLL threshold, in accordance with previous results [282-284]. 

To minimize these effects, the antibody was added after phase separation together with 

the diluting solution to provide a reproducible mass of IgG in the PEG rich phase solution. 
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Figure 3.2 - Schematics of the ATPS mediated concentration strategy and main optimization parameters, 

highlighted in red. A- The grey arrow refers to phase separation after centrifugation. The cylinder on the 

right represents a well after previous adsorption of analyte-BSA conjugate. B- Photograph of a tube after 

addition of 55 mg of a PEG 20000 (50% w/w) solution to red wine in which 12.5% (w/w) of 

NaH2PO4/K2HPO4 were previously dissolved, for a final pH of 7. 

The highest detection interference for both analytes was observed for 

immunodetection in red wine, with a negligible signal to noise below 100 ng/mL of 

analyte and a very low absolute signal. This matrix was thus selected as a worst-case 

scenario and was used for further ATPS concentration optimization studies. The effect of 

salt mass concentration (MS), final pH (pHS), mass (MP) and MWP of PEG and the dilution 

of top PEG rich phase with IgG solution (DTP) on the LoD and half maximal inhibitory 

concentration (IC50) for OTA was assessed and the results are presented in Figure 3.3. 

The obtained LoD and IC50 values were determined using the logarithmic fit shown as 

Equation 3.1, with SR being the signal ratio obtained at a given analyte concentration 

[A].  

𝑆𝑅 = 𝑚 × ln([𝐴]) + 𝑏                                           (3.1) 

From Figure 3.3 it can be concluded that MS does not affect significantly neither 

the LoD nor the IC50 at concentrations up to 18% (w/w), but at higher concentrations of 

25%, the detection performance is severely impaired. On the other hand, the pHS has a 

statistically significant impact on the IC50 only, in the range of tested values. The decrease 

of MP, which defines the Vr of the system and therefore the extent of the concentration 
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effect, seems to have a positive impact on both the IC50 and LoD. Finally, the MWP, 

together with the DTP seem to have the greatest impact in both the LoD and IC50 values 

obtained. While the MWP provides a significant improvement in both variables at higher 

values, the DTP seems to have an optimum range between 0.1 and 0.4 parts PEG rich 

phase in 0.9 to 0.6 parts diluting solution. 

 

Figure 3.3 - Effect of salt/ PEG related parameters and top phase dilution on the icELISA LoD and IC50 

values obtained for OTA quantification. For the dilution effect plot, the values on the x-axis are calculated 

as the volume fraction of top phase per total volume of final solution. Red wine was used as SUA for all 

experiments. The asterisk code refers to a confidence level below 90% (o), between 90 and 99% (*) and 

above 99% (**), for the hypothesis of the average value of each sample group being independent. The 

symbols on the left (black) or right (blue) axis refer to the LoD and IC50 values respectively. 

The extent of PEG concentration in the PEG rich phase thus plays a key role in 

preventing a further increase in detection sensitivity. Furthermore, the results also 

strongly suggest that increasing PEG MWs provide different interactions with BSA 

and/or IgG proteins, resulting in dramatic differences in sensitivity. Reports in the 
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literature are contradictory on this topic. While some authors have concluded that volume 

exclusion effects predominate and that protein interaction with PEG is negligible [285], 

Wu and co-workers, reported that there is a significant interaction of BSA with PEG with 

increasing ratios of protein to PEG, with a non-linear dependence on the MW [286]. The 

results suggest a low point in polyphenol binding using PEG 8,000. Such non-linear 

dependence, regarding PEG-tannin binding, was also observed by Makkar and co-

workers [287]. While the generation of a smaller volume of PEG rich phase apparently 

provides lower IC50 values, the increase of the LoD is probably due to the practical 

limitation of collecting, without contamination with bottom salt rich phase, a larger 

fraction of the existent PEG rich phase. 

Using a set of conditions directed towards increased detection sensitivity, the 

icELISA results from raw matrices, PBS buffer and ATPS concentrated solutions were 

compared. The results for both OTA and AFB1 are presented in Figure 3.4. Regardless 

of the matrix used, the quantification performance was very similar for each MWP. PEG 

20,000 in particular, allowed for a very sensitive detection and a linear range spanning 

three orders of magnitude were achieved. PEG 8,000 prevented detection at the regulatory 

limits, yet the response is more accurate, with a higher slope, covering a smaller range of 

analyte concentrations. Furthermore, the analyte concentration effect using PEG 20,000 

was sufficient to provide a superior OTA detection sensitivity in red wine, when 

compared to PBS control conditions, but the same was not achieved for AFB1. Such 

difference can possibly be related to the lower K values inherent to AFB1 partition to the 

top PEG rich phase. Accordingly, and given the previously observed effect of the TLL 

on increasing the K values, MS values of 15% and 17.5% NaH2PO4/K2HPO4 were also 

tested (Figure 3.5). Unexpectedly, when using PEG 8,000, the obtained curves overlap 

regardless of the MS. Also, in conditions where PEG 20,000 is used, there is a loss of 

linearity in the log scale with increasing salt concentration, resulting in an increase of 

LoD from 0.035 ng/mL to 0.098 ng/mL and a decrease in IC50 from 1.02 ng/mL to  

0.67 ng/mL, from 12.5% MS to 15% MS. This may be either due to an increased PEG 

20,000 concentration in the PEG rich phase because of an increase in the TLL, or it may 

alternatively be related to a simultaneously increased concentration of polyphenols. In 

either case, these results are in accordance with the above-mentioned observation that an 

MS up to 18% does not have a significant impact in detection performance. 
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Figure 3.4 - Comparison of icELISA sensitivity using either raw red/white wines or beer matrices as SUA 

(top) or ATPS processed samples (bottom). The curve obtained in PBS buffer is represented in both 

conditions for direct visual comparison. The relative signal values are calculated as the ratio between the 

absorbance at a given analyte concentration and the average absorbance value of the blank (0 ng/mL 

analyte). All blank values are an average of four independent assays, while the remaining values are an 

average of two independent assays. 

 

Figure 3.5 - icELISA results for AFB1 spiked in red wine, processed with ATPS with increasing MS values. 

The remaining conditions are: pHS = 7; MP = 60 mg; MWP = 8 kDa; DTP = 0.2 (a) or pHS = 7; MP = 60;  

MWP = 20 kDa; DTP = 0.3 (b). The relative signal values are calculated as the ratio between the absorbance 

at a given analyte concentration and the average absorbance value of the blank (0 ng/mL analyte). All blank 

values are an average of four independent assays, while the remaining values were the average of two 

independent assays. 
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3.4. General concept of integrated extraction and immunodetection 

The design principle of the microfluidic structure for an integrated ATPE sample 

processing and detection system using an icFLISA is shown in Figure 3.6. First, red wine 

spiked with salt (henceforth referred to as SRW), containing a given amount of OTA, 

converges with a PEG-rich phase (PRP). Then, by providing a sufficient length (L), the 

partition of both OTA and polyphenols (PPs), the latter representing a major part of the 

colored/ auto-fluorescent compounds in wine, occurs from the salt-rich phase (SRP) to 

the PEG-rich phase (PRP) [274] (extraction module). An anti-OTA IgG solution is 

simultaneously inserted through a third inlet and converges with the PRP downstream. 

This solution is then directed towards the OTA-BSA conjugate coated section of the 

channel, where the icFLISA is performed (detection module). Since in these conditions 

both OTA and PP partition to the PRP and PPs are known to have a major, albeit possibly 

not exclusive, role in protein binding and interference, the reported PP-protein 

interactions [288, 289] and the effect of PEG on preventing immunoassay interference 

[160, 280, 281] were assessed using protein-FITC conjugate coated microchannels and 

fluorescence microscopy. Based on quenching effects only, the obtained results strongly 

suggest that while the PPs are capable of binding with both BSA and IgG, the presence 

of PEG in solution at typical ATPS PRP concentrations (≈20% (w/w)) drastically reduces 

these unspecific interactions.  

 

Figure 3.6 - Conceptual schematics of the integrated microfluidic ATPE strategy for matrix neutralization 

and OTA concentration in red wine samples. SRW refers to red wine spiked with salt and PRP to PEG-rich 

phase. 
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3.5. Optimization of the microfluidic FLISA 

The first step in the design of a PDMS microfluidic structure for integrated ATPE 

for sample processing was to develop and optimize an immunoassay module for OTA 

quantification, allowing the further evaluation of the ATPE performance. For this 

purpose, a fluorescence-based icFLISA was developed, using plain PBS as model matrix 

(Figure 3.7-A). The ratio between the average fluorescence of each of the independent 

samples under analysis (SUA) and the reference channel (Figure 3.7-B) is used to 

estimate the OTA concentration present in the target SUA. Since this is a competitive 

assay, the generated signal is inversely proportional to the OTA concentration in solution. 

 

Figure 3.7 - Schematics of the microchannel icFLISA protocol (A) and methodology (B) used for OTA 

quantification. (I) Adsorption of OTA-BSA conjugate molecules on the inner channel surfaces. (II) Flow 

of a reference or OTA spiked solution. (III) Flow of a solution containing FITC labeled secondary antibody. 

(IV) Fluorescence quantification under the microscope. All previous steps are performed under continuous 

liquid flow, from the inlets to the outlets as schematized in (B). 

To optimize the icFLISA, both the OTA-BSA concentration used to coat the 

channel surface, and the primary antibody (anti-OTA IgG) concentration added to the 

SUA were studied. For the study of the OTA-BSA concentration, conditions were 

optimized to allow saturation of the inner channel surfaces, ensuring that the surface 

coverage is reproducible between experiments, assuming that a multilayer is not formed. 

To select the appropriate concentration, an experiment was performed in which the  

OTA-BSA is inserted into the microchannels at increasing concentrations. The channels 

were then washed using PBS, prior to flowing the secondary antibody solution (anti-
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mouse FITC-labeled IgG). As no primary antibody is present, the appearance of 

fluorescence is related to a non-specific binding of the secondary antibody due to 

insufficient coating of the surface of the channel with OTA-BSA. The results are shown 

in Figure 3.8-A. To minimize the background signal and reagent consumption, a 

concentration of 50 µg/mL of OTA-BSA was selected. For the study of the anti-OTA IgG 

concentration in the SUA and reference solutions, increasing concentrations were tested. 

The obtained fluorescence ratios were then compared for the detection of 10 ng/mL of 

OTA spiked in PBS. The results are shown in Figure 3.8-B. It can be observed that as the 

concentration of anti-OTA IgG decreases, the fluorescence in the reference and SUA 

channels becomes increasingly similar. This observation may be due to the increasing 

proximity of both the reference and SUA channels to the lower fluorescence detection 

limit of the experimental setting used. On the other hand, if the concentration of anti-OTA 

increases above a threshold of 5 µg/mL, a plateau is reached for the fluorescence intensity 

in the reference channel, while the same was not observed for the SUA channel.  

Therefore, to avoid conditions in which a fluorescence intensity plateau is reached in the 

reference channel, while still obtaining a relatively good signal ratio, an anti-OTA IgG 

concentration of 3.75 µg/mL was selected for further experiments. 

The microfluidic icFLISA results obtained for increasing OTA concentrations in 

PBS using the previously optimized conditions are shown in Figure 3.8-C. After 

performing a logarithmic fit, a LoD of 0.15 ng/mL was obtained, which was calculated 

as the OTA concentration that provides a signal reduction that is 3 times the standard 

deviation of the average ratio between reference channels (3σ). It is important to highlight 

that the obtained LoD is more than one order of magnitude below the target regulatory 

limit for OTA in wines, which stands as a first validation of this immunoassay for OTA 

monitoring in food samples. 
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Figure 3.8 - Optimization of the OTA-BSA concentration used to coat the microchannels (A), optimization 

of anti-OTA IgG concentration added to the SUA (B), and quantification of OTA spiked in PBS, using the 

optimized conditions (C). For the last point in the plot (A), labeled with an asterisk (*), a solution of  

1 mg/mL BSA in PBS buffer was flowed before the secondary antibody, after performing the adsorption 

step using 100 μg/mL of OTA-BSA solution to achieve a maximum in blocking efficiency. In (B), the 

fluorescence values for the reference and 10 ng/mL OTA are relative to the highest measured fluorescence 

intensity (reference channel when using 5 µg/mL anti-OTA IgG). The signal ratio was calculated by 

dividing the absolute fluorescence in the SUA channel by the fluorescence in the reference channel. In (C), 

the icFLISA assays were performed using concentrations of OTA-BSA and anti-OTA IgG of 50 μg/mL 

and 3.75 μg/mL, respectively. The signal ratios were calculated as in (B). All points are an average of three 

independent experiments, except for 0.1 ng/mL and 100 ng/mL OTA, which are an average of two 

independent experiments. The error bars relate to the standard deviation (±SD) for each set of 

measurements. The shaded area refers to the non-specific background fluorescence value when the anti-

OTA antibody is not present in solution. 

 

3.6. Optimization of the microfluidic ATPE module 

The partition of OTA and the PP molecules was studied prior to the integration of 

the ATPE with the microfluidic icFLISA. Both OTA and PPs are naturally fluorescent 

under UV light, therefore using an UV filter coupled to the fluorescence microscope 

allows the imaging of their concentration across the channel in real time. The design 

shown in Figure 3.9-A was used in all subsequent experiments. 
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Figure 3.9 - General channel design used for the microfluidic ATPE experiments (A), bright field and 

fluorescence microscopy images of PP (B) and OTA (C and D) at increasing L along the separation channel. 

B- the PP partition was monitored using UV excitation or bright field microscopy. The PRP (18.5% PEG 

and 4.5% NaH2PO4/K2HPO4 (pH 7) was flowed at 0.25 μL/min, while the SRW (red wine with  

12.5% NaH2PO4/K2HPO4 (pH 7) was flowed at 1 μL/min. The right and the bottom sides of all images 

correspond to the secondary PRP side. C- Fluorescence images of the OTA partition. The blue color was 

enhanced for improved visualization purposes. PEG 8,000 was used in this experiment, with the SRP and 

PRP being prepared by mixing a total of 14% PEG, 8% NaH2PO4/K2HPO4 (pH 6) in a microtube. D- QR 

and initial solution effects on OTA fluorescence intensity measured at L=9 cm in each of the primary PRP 

and SRP. The PRP and SRP are aqueous solutions containing 18.5% PEG 20,000 / 4.5% NaH2PO4/K2HPO4 

(pH 7) and 12.5% NaH2PO4/K2HPO4 (pH 7) respectively. In images (1)-(4), the secondary and primary 

PRPs are on the left and right sides of the SRP, respectively. 

3.6.1. Optimization of polyphenol extraction 

The design used for the microfluidic ATPE requires the salt-rich phase (SRP) and 

PEG-rich phase (PRP) to each flow into channels already at near-equilibrium 

concentrations for both phase forming components. Therefore, for a concentration of 

12.5% NaH2PO4/K2HPO4 (pH 7) in the SRP, the equilibrium PRP composition is 

approximately 18.5% PEG 20,000 and 4.5% NaH2PO4/K2HPO4 (pH 7), according to 

published binodal curves measured under similar conditions [190]. PEG 20,000 was used 

for all further experiments unless stated otherwise.  
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Under these conditions, it was observed that as the SRP, initially containing the 

interfering PPs, and the PRP were converged, two PRPs are formed at each side of the 

SRP. As expected, one flows on the side at which the PRP was inserted in the channel 

(henceforth referred to as primary PRP) and the other on the opposite side of the channel 

(henceforth referred to as secondary PRP). The formation of this secondary PRP, although 

unexpected, is highly advantageous as the PP molecules are concentrated in the secondary 

PRP and can be easily disposed of, thus removing them from the solutions of interest 

(Figure 3.9-B at L=12 cm) as will be discussed next. Nevertheless, even if this secondary 

phase had not formed, the matrix clean up effect still occurred as previously demonstrated 

by batch studies at lab scale [274]. 

Another phenomenon, observed in Figure 3.9-B at L=0 cm and L=1 cm, was the 

precipitation of PPs at the SRW-PRP interface possibility due to PRP saturation. These 

precipitates were not re-dissolved by the SRP, accumulating in the SRP insertion side of 

the channel, but were easily dissolved by the PRP, flowing as a highly rich PP solution in 

the secondary PRP that was being simultaneously formed at L=0. It should be noted that 

this secondary PRP was also formed without adding wine to the SRP, thus its formation 

is not related with the precipitation of the PPs. Curiously, this secondary PRP was not 

observed when PEG 8,000 was used under the same flow rate conditions. The formation 

of this secondary phase is possibly due to the PRP-PDMS interface having a more 

favorable molecular interaction than the SRP-PDMS, considering the observed contact 

angles of approximately 105.7° and 113.5°, respectively. Therefore, the hypothesis is that 

the PRP crosses the SRP as a thin liquid film, in contact with the bottom and top surfaces 

of the channel. This is strongly supported by (1) the gradual increase in width of this 

secondary PRP with increasing L; (2) a very fast PP and OTA mass transfer from the 

SRW to the secondary PRP, justified by the increased contact area between the phases 

and (3) the gradual re-distribution of both PP and OTA molecules between the primary 

and secondary PRPs along the separation channel. Furthermore, in accordance to the 

contact angle hypothesis described above, it was also observed that when BSA was 

adsorbed on the channel surface, rendering it more hydrophilic than the native PDMS 

surface, the opposite effect was observed as the SRP crosses the PRP through the top and 

bottom sides of the channel, forming a secondary SRP. Interestingly, with an L up to  

12 cm, the PP concentration in the primary and secondary PRP did not achieve an equal 

value, as shown in Figure 3.9-B, possibly due to the relatively high molecular weight and 

low diffusion coefficient of some PPs. This property presents an advantage when 
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collecting the primary PRP for further detection, since it is strongly depleted of PPs in 

comparison to the secondary PRP, particularly at a shorter L. Furthermore, by varying the 

flow rates of the SRW (QS) and PRP (QP), it could be concluded that to obtain a stable 

and collectable primary PRP, the flow rate ratio QR (QS/QP) is limited to a value in the 

range of 5-10 (QS= 1μL/min), as at larger QR the PRP crosses the SRP almost completely 

to the opposite side of the separation channel, forming a relatively slow flowing and 

unstable secondary PRP, very concentrated in PPs.  

3.6.2. Optimization of OTA extraction 

It is shown in Figure 3.9-C that the partition of OTA from the SRP to the PRP is 

a very fast process with the SRP reaching an equilibrium OTA concentration at L=2.5 

cm, which at the flow rates used for the SRP corresponds to a residence time of 3 s. A 

similar observation was also made when using PEG 20,000, despite the formation of a 

primary and secondary PRPs. This fast diffusion is due to the small molecular size of 

OTA, resulting in a high diffusion coefficient. In contrast, in the case an antibody, which 

has nearly 400 times the MW of OTA, it was reported by Silva and co-workers that at 

least 16 cm of channel is required for full partition under similar conditions [256]. It is 

important to highlight that PEG 8,000 was used for this experiment instead of PEG 20,000 

(which does not have a significant effect in the partition behavior of OTA as previously 

observed [274]) since the formation of a secondary PRP would promote a quasi-

instantaneous mass transfer in the beginning of the channel, obscuring the visualization 

of its inherent partition kinetics.  

A pronounced concentration effect of OTA in the PRP could also be observed, as 

the fluorescence intensity obtained in the PRP after equilibrium is increased by nearly a 

factor of 3 in comparison to the initial concentration in the SRP. To evaluate whether this 

effect was dependent on the flow rates used, the QR was varied between 5 (QS and QP set 

to 1 and 0.2 µL/min respectively) and 100 (QS and QP set to 2 and 0.02 µL/min 

respectively), with OTA spiked initially in either the PRP or the SRP. The results are 

shown in Figure 3.9-D. When OTA was initially spiked in the SRP, the OTA 

concentration in the PRP at L=9 cm increased linearly with QR (R2= 0.995). On the other 

hand, when OTA was initially spiked in the PRP, the OTA concentration in the PRP, at 

L=9 cm, decreased with an increase in QR. Due to the strong partition of OTA to the PRP 

[274] no OTA could be measured in the SRP at L=9 cm in any of the previous conditions. 



 

79 

These previous observations can possibly be explained by introducing an extra factor 

defined according to Equation 3.2. 

𝛾 =  
𝑣𝑃

𝑣𝑆
                                                      (3.2) 

vP and vS correspond to the velocities (independent of the channel cross-section 

area) of the PRP and SRP phases, respectively. Considering an extreme condition of  

γ << 1 and OTA spiked initially in the SRP phase with a concentration of β, this value 

will tend to be kept at a value of β in the SRP at a given L. On the other hand, the 

concentration of OTA in the PRP will tend to βKOTA, with KOTA being the partition 

coefficient for OTA, defined according to Equation 3.3. 

𝐾𝑂𝑇𝐴 =
[𝑂𝑇𝐴]𝑡

[𝑂𝑇𝐴]𝑏
                                             (3.3) 

[OTA]t and [OTA]b are the equilibrium concentrations of OTA in the top or 

bottom phases, when the system is prepared in batch conditions [269]. In a different 

situation in which the OTA is initially spiked in the PRP, the high speed of the SRP will 

tend to continuously dilute the PRP to maintain the equilibrium driven by KOTA. 

Therefore, both concentrations will tend to 0. However, it is important to highlight that 

such extreme conditions are not feasible for testing, as there is a limited range of flows 

for which the interface stability can be maintained along the separation channel. For 

example, while it is possible to reach very high QR values for a PEG-salt system, as shown 

in this chapter, QR values lower than 1 do not provide a stable interface along the 

separation channel [290].   

From both the PP and OTA microfluidic ATPE experiments it is possible to 

conclude that there is an optimum QR value that simultaneously guarantees the formation 

of a stable primary PRP and maximizes the OTA concentration in the PRP. Considering 

both constraints, a QR of 5 (QP = 0.2 µL/min, QS = 1 µL/min) was selected for the 

experiments presented in the following section. 

 

3.7. Integration of ATPE in series with the optimized FLISA for 

simultaneous sample preparation and detection 

Figure 3.10 shows the microchannel design consisting of the integration of the 

two previously optimized modules, for integrated extraction, concentration and detection 

of OTA. This structure comprises 5 key elements. First, the SRP and PRP are brought 

together in region I. Then, after molecular partition along the 2.72 cm long separation 



80 

channel, sufficient for full OTA partition to the PRP as previously discussed in  

Section 3.6.2, a fraction of the primary PRP is collected through a 40 µm wide channel 

(region II). The collected PRP is then converged with a solution containing primary 

antibody in region III. Downstream, after passing through a micromixing region of 90 º 

turns, 1/3 of the channel (on the side of the insertion of the primary antibody solution) is 

diverged (region IV) towards the icFLISA channel (IC), shown in region V, where the 

OTA-BSA conjugate was previously adsorbed. As a technical note, it can be noticed on 

Figure 3.10 that in both regions II and IV, the waste (bottom) channels extend far 

downstream, instead of having an outlet hole close to the bifurcation. This has the purpose 

of increasing the amount of flow resistance in the waste channel, allowing the liquid to 

flow into the collection channels.  

 

Figure 3.10 - Schematics of the PDMS structure optimized to perform an integrated microfluidic ATPE 

step followed by an icFLISA. L stands for length, W for width and H for height. The height is constant for 

the entire channel network. 

Highlights on the main experimental steps to control the liquid flow in the 

microfluidic channel network are shown in Figure 3.11. Overall, this comprises A- OTA-

BSA adsorption exclusively on the detection channel (o), B- stabilization of the biphasic 

interface along the separation channel and convergence of the SRP with the anti-OTA 

IgG solution, C- flow of the anti-OTA IgG spiked SRP solution into the detection channel 

and finally D- flow of a solution containing FITC conjugated secondary antibody. 
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Figure 3.11 - Schematics of the main microfluidic control steps used to perform the integrated ATPE-

icFLISA assay. A- Adsorption of OTA-BSA on the IC, followed by a washing step. B- Stabilization of both 

the biphasic interface and the flow of anti-OTA IgG solution through the center inlet. C- flow of OTA 

concentrated SUA through the IC. D- washing and subsequent flow of a secondary antibody solution. 

Bright field images of the microfluidic structure during red wine processing are 

shown in Figure 3.12. Two of the structures shown in Figure 3.10 were integrated in a 

single PDMS chip to allow easy comparison of the results obtained for each pair of either 

OTA spiked or non-spiked reference red wine solutions. The integrated microfluidic 

ATPE-FLISA is performed by flowing the OTA spiked SRW, the reference SRW and the 

PRP into inlets 1, 2 and 3 respectively. One important condition to consider is that SRW 

flows first in the microchannel and only then PRP is initiated in parallel with the already 

existing flow of SRW. Initiating either a concurrent flow, with both SRW and PRP being 

introduced at the same time, or flowing the PRP first, would cause the PRP to meet the 

SRP channel, inducing precipitation, which accumulates gradually, eventually disturbing 

the flow and interface position. Simultaneously with the PRP and SRW, the anti-OTA 

IgG solution is introduced into inlets 4 (Figure 3.12). The contact between the anti-OTA 

IgG solution and the PRP can be easily seen due to differences in light refraction. 

Therefore, the blue region in Figure 3.12 is an adequate control point to assess both 

interface position and anti-OTA IgG solution insertion stability, before allowing the 

liquid to flow into the ICs. 
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Figure 3.12 - Microscopy images and results obtained for the processing of a non-spiked reference and 

OTA spiked (10 ng/mL) SRW (12.5% NaH2PO4/K2HPO4, pH 7) samples. The PRP has a composition of 

18.5% PEG and 4.5% NaH2PO4/K2HPO4, pH 7). “A” corresponds to the microfluidic portion responsible 

for the extraction of OTA, while “B” corresponds to the module responsible of performing icFLISA. The 

structure is composed of 2 independent channel networks with one being directed for the reference and the 

other for the OTA spiked SUA. The O-shaped structure (to the left of outlets 5) near the ICs labels the 

reference channel. The same applies to the arrow-like structures. (1) OTA spiked SRW inlet. (2) Reference 

SRW inlet. (3) PRP inlet. (4) anti-OTA IgG solution inlet. (5) IC outlets/ inlets (assay step dependent). (6) 

IC inlets/ outlets (assay step dependent). (7) anti-OTA IgG depleted solution outlet. (8) SRP and secondary 

PRP outlet.  

The results obtained for the quantification of OTA spiked in red wine using the 

ATPE strategy are shown in Figure 3.13. It can be observed that the results are very 

similar to those obtained when performing the detection in plain PBS buffer and far 

superior to those obtained using raw red wine without integrated processing, in which an 

OTA concentration of 100 ng/mL is indistinguishable from the reference. The absolute 

signal intensities obtained for the reference channel using red wine are only slightly lower 

(19-23 AU) than those obtained when using PBS buffer (25-30 AU). Finally, to test the 

matrix-to-matrix robustness of the proposed method, white wine was analyzed using the 

same conditions. It is possible to observe that the slope of the obtained curve is 

comparable to the one obtained for red wine. This result supports the robustness of this 

technique to cope with wine matrixes of different compositions. Interestingly, no PP 

precipitates could be observed in the microchannel walls during white wine processing, 

possibly due to their considerably lower concentration [291]. Furthermore, the formation 

of a secondary PRP was not observed in this case, possibly due to a more comparable 
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affinity to the PDMS walls between the salt-spiked white wine and the PRP. Nevertheless, 

this further supports the claim that while the formation of the secondary PRP may be 

advantageous in reducing PP concentration in the primary PRP for red wine processing, 

the absence of its formation was not observed to significantly reduce OTA detection 

sensitivity for white wine. 

 

Figure 3.13 - icFLISA quantification of OTA spiked in red wine using a microfluidic integrated ATPE. 

For red wine (RW), the relative signal values with 0.1, 1 and 100 ng/mL OTA were obtained in duplicate, 

while the values for 0 and 10 ng/mL OTA were obtained in triplicate. For white wine (WW) the relative 

signal values are single experiments, except for the reference (0 ng/mL OTA), which was measured in 

triplicate. Error bars relate to ±SD for each set of measurements. The measurements obtained for OTA 

spiked in raw red wine and PBS buffer are plotted for comparison. 

 

3.8. Chapter conclusions 

This work demonstrated the successful use of polymer-salt ATPS to enhance 

analyte detection sensitivity in immunoassays, allowing a simultaneous concentration and 

neutralization of matrix interference. Using a model icELISA to quantify two 

environmentally relevant mycotoxins in complex wine and beer matrices, the results were 

improved at least by one order of magnitude in comparison to the detection in raw 

matrices, providing either comparable or better results than those obtained using PBS 

control conditions. The MWP had a significant impact on the detection curve. This 

allowed for either a more sensitive but less accurate quantification, which spans a large 

analyte concentration range (MWP =20 kDa) or a less sensitive, but more accurate 

quantification which can be directed towards “yes-no” types of response (MWP =8 kDa). 

The developed method proved to be robust in providing a high and similar sensitivity 

regardless of the analyte being spiked in PBS or polyphenol-rich wine. 
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Furthermore, an integrated microfluidic system comprising two modules was 

demonstrated to perform complex matrix clean-up and OTA concentration based on an 

ATPE, followed by the detection and quantification of OTA via icFLISA, respectively. 

This strategy allowed the quantification of OTA spiked in raw red wine with a LoD of 

0.26 ng/mL and a linear range (in the log scale) spanning three orders of magnitude, from 

0.1 to 100 ng/mL, using a microchannel icFLISA. In addition, this sensitivity was 

observed for different matrices making this system generalizable to a generic sample 

preparation and sensing platform. 

 While the model immunoassay used in this work required the use of a microscope 

for signal quantification, integrated optical detection of fluorescence can be achieved 

through on-chip fluorescence photodetectors [292]. Furthermore, by using a different 

molecule for signal generation such as HRP, similar sensitivities are expected. This would 

allow, by using luminol for chemiluminescence generation, the use of a similar strategy 

developed by Novo and co-workers [293], comprising the addition of integrated 

photodiodes for signal acquisition. Therefore, by including electronic addressing, 

integrated transduction of the molecular recognition event and designing automatic 

fluidic handling mechanisms, this same method for integrated sample processing and 

detection could provide a full sample-to-answer approach. Hence, to fully exploit the 

potential of this strategy, the automation of the process to minimize user input to perform 

the assay is required which is on-going research. Furthermore, it is expected that the 

strategy proposed can be extended to other relevant toxins, such as AFB1, and other food 

matrices, such as coffee, extracts of cereal based products, and extracts of chili pepper 

[280, 294, 295], which have also been observed to suffer from significant immunoassay 

matrix interference.  
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Chapter 4  

Aqueous Two-Phase Systems for the 

Simultaneous Extraction and Concentration of 

Mycotoxins in Solid Samples 

This chapter reports the extension of the ATPE-based sample preparation to solid 

samples of interest, which are significantly more common in the scope of food and feed 

safety than liquid samples according to Table 1.2, Table 1.3 and Table 1.4. To achieve 

rapid mycotoxin detection, several biosensing strategies have been published, many 

reaching assay times of the order of a few minutes. However, the majority of these rely 

on sample preparation methods based on volatile organic solvents, often comprising 

complex multi-step procedures and do not provide any clean-up and/or concentration 

effects. Here, a novel sample preparation methodology based on a green, non-toxic and 

inexpensive polyethylene glycol-sodium citrate aqueous two-phase system is reported, 

providing single-step extraction and concentration of three target mycotoxins within 20 

min: aflatoxin B1 (AFB1), ochratoxin A (OTA) and deoxynivalenol (DON). With point-

of-need applications in mind, the extraction procedure was optimized and validated using 

a rapid multi-toxin microfluidic competitive immunoassay. The assay was successfully 

tested with spiked complex solid matrices including corn, soy, chickpea and sunflower-

based feeds and limits of detection of 4.6 ng.g-1 ± 15.8%, 24.1 ng.g-1 ± 8.1% and  

129.7 ng.g-1 ± 53.1% (±CV) were obtained in corn for AFB1, OTA and DON, 

respectively.  The contents of this chapter are reproduced with appropriate adaptations 

from one original research article [180]. 

 

 

4.1. Materials and experimental methods 

4.1.1. Chemicals and biologicals 

Polyethylene glycol (PEG) with molecular masses of 3.5 kDa, 8 kDa and 20 kDa, 

sodium phosphate monobasic, potassium phosphate dibasic, sodium citrate tribasic 

dehydrate, sodium bicarbonate, phosphate buffered saline (PBS) tablets (137 mM NaCl, 

2.7 mM KCl, 10 mM phosphate, pH 7), 1,1′-Carbonyldiimidazole (CDI), acetone (99%), 
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anhydrous ethanol, methanol and acetonitrile, bovine serum albumin (BSA), ochratoxin 

A (OTA), aflatoxin B1 (AFB1), deoxynivalenol (DON), OTA-BSA conjugates and 

AFB1-BSA conjugates were purchased from Sigma-Aldrich. DON-BSA conjugates were 

prepared in-house using CDI chemistry as described elsewhere [42]. The stock solutions 

of mycotoxins were prepared as follows: OTA was dissolved in 33% methanol in water 

(100 µg.mL-1), AFB1 was dissolved in anhydrous ethanol (200 µg.mL-1) and DON was 

dissolved in anhydrous methanol (1 mg.mL-1). Affinity purified anti-OTA rabbit 

polyclonal antibodies conjugated with horse radish peroxidase (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 labeling kit, 

purchased also from Abcam, and performing the procedure provided by the supplier. 

Luminol was purchased as a SuperSignal™ West Femto Maximum Sensitivity Substrate, 

supplied by Thermo Fisher Scientific. All solutions were prepared using ultrapure water 

obtained from a MilliQ system from EMD Millipore. All feeds under study were kindly 

supplied by EWOS® Innovation (Dirdal, Norway) within the scope of the project 

DEMOTOX (FP7-SME-2013- 604752). 

4.1.2. Spectrofluorometric and spectrophotometric quantification of AFB1, OTA 

and DON in the top phase of PEG-phosphate and PEG-citrate ATPSs 

Each ATPS was prepared in duplicate by mixing 1.2 mL of the respective salt 

solution with a certain volume of PEG (50%), ranging from 55 to 100 µL according to 

Table 4.1, to generate a top PEG-rich phase with approximately 80 µL. Then, the 

mycotoxins were spiked in one of the ATPS duplicates, henceforth referred to as “sample 

tube” for a final concentration of 1 µg.mL-1 for OTA and AFB1 and 10 µg.mL-1 for DON. 

In the other ATPS duplicate, henceforth referred to as “calibration tube” the same volume 

of solution without mycotoxins was added. Both tubes for each condition were then 

vigorously mixed in a vortex mixer for 30 s and subsequently centrifuged at 2000 g for  

1 min to separate the phases. The concentrations of AFB1 and OTA were measured 

through their intrinsic fluorescence (λex = 369 nm; λem = 439 nm for AFB1 and λex = 333 

nm; λem = 446 nm for OTA) using a Varian Cary Eclipse plate reader spectrofluorimeter 

(800 V, 5 nm slits) and DON was measured by spectrophotometry (λ = 230 nm) in a 

SpectraMax Plus 384 Microplate Reader from Molecular Devices. To perform the 
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measurement of the mycotoxin concentration in the top phase of each system, 20 µL of 

each top phase from the sample tubes were mixed with 80 µL of water and added to a 

well and compared in terms of fluorescence/absorbance with two other wells containing 

(1) 20 µL of the top phase of the calibration tube plus 80 µL of water (blank, used to 

subtract the background) and (2) the same composition as the blank plus 2 µg.mL-1 AFB1 

or OTA and 20 µg.mL-1 of DON (single point calibration).  

Table 4.1 - Summary of the results obtained for the partition of AFB1, OTA and DON in PEG-phosphate 

and PEG-citrate aqueous two-phase systems (ATPS). The final top phase volume for all systems was 

approximately 80 µL. The initial concentration of each mycotoxin in 1.2 mL of salt was 1 µg.mL-1 for 

AFB1 and OTA and 10 µg.mL-1 for DON. The estimated partition coefficients were calculated according 

to Equation 4.1, where [M] and m(M)T refer to the concentration and total mass of each mycotoxin, V to 

the volume and the subscripts ATPS and TP to the total system or top phase, respectively. The extraction 

yield is calculated as the ratio of m(M)TP relative to m(M)T. 

System Composition 

Mycotoxin concentration in  

the top phase (µg.mL-1) 

Estimated partition  

coeficient (K) 
Extraction yield (%) 

AFB1 OTA DON AFB1 OTA DON AFB1 OTA DON 

100 µL PEG 3 350  

(50% w/w) + 1.2 mL 

NaH2PO4/K2HPO4  
(13.75% w/w) 

3.5 ± 0.5 3.0 ± 0.2 16.0 ± 0.1 4.6 ± 0.7 3.7 ± 0.2 1.83 ± 0.01 23 ± 3 19.7 ± 1.1 10.7 ± 0.1 

100 µL PEG 3 350  

(50% w/w) + 1.2 mL 

NaH2PO4/K2HPO4  
(15% w/w) 

5.7 ± 0.6 6.1 ± 0.2 17.3 ± 0.1 9.3 ± 1.0 10.4 ± 0.4 1.99 ± 0.02 38 ± 4 40.5 ± 1.6 11.5 ± 0.1 

55 µL PEG 8 000  

(50% w/w) + 1.2 mL 

NaH2PO4/K2HPO4  
(12.5% w/w) 

5.2 ± 0.7 4.1 ± 0.2 14.8 ± 0.3 7.8 ± 1.1 5.6 ± 0.3 1.61 ± 0.04 35 ± 5 27.5 ± 1.5 9.9 ± 0.2 

65 µL PEG 8 000  

(50% w/w) + 1.2 mL 

NaH2PO4/K2HPO4  
(13.75% w/w) 

7.9 ± 0.7 4.3 ± 0.2 16.9 ± 0.3 16.3 ± 1.4 5.9 ± 0.2 1.88 ± 0.03 52 ± 4 28.5 ± 1.1 11.2 ± 0.2 

75 µL PEG 8 000  
(50% w/w) + 1.2 mL 

NaH2PO4/K2HPO4  
(15% w/w) 

9.8 ± 1.0 5.0 ± 0.2 22.7 ± 1.2 28.1 ± 2.8 7.5 ± 0.3 2.66 ± 0.14 65 ± 7 33.4 ± 1.2 15.1 ± 0.8 

60 µL PEG 20 000  
(50% w/w) + 1.2 mL 

NaH2PO4/K2HPO4  

(12.5% w/w) 

5.3 ± 0.3 4.0 ± 0.2 14.8 ± 0.3 8.0 ± 0.5 5.5 ± 0.2 1.62 ± 0.03 35 ± 2 27.0 ± 1.1 9.9 ± 0.2 

70 µL PEG 20 000  
(50% w/w) + 1.2 mL 

NaH2PO4/K2HPO4  

(13.75% w/w) 

4.8 ± 0.4 4.2 ± 0.1 15.9 ± 0.4 7.0 ± 0.6 5.7 ± 0.2 1.77 ± 0.04 32 ± 3 27.9 ± 0.8 10.6 ± 0.2 

80 µL PEG 20 000  
(50% w/w) + 1.2 mL 

NaH2PO4/K2HPO4  

(15% w/w) 

6.6 ± 0.5 4.6 ± 0.2 17.2 ± 0.2 11.7 ± 1.0 6.6 ± 0.3 1.94 ± 0.02 44 ± 4 30.4 ± 1.3 11.4 ± 0.1 

75 µL PEG 8 000  

(50% w/w) + 1.2 mL 

trisodium citrate 

 (15% w/w) 

4.4 ± 0.6 3.1 ± 0.2 15.2 ± 3.2 6.1 ± 0.8 3.8 ± 0.2 1.69 ± 0.35 29 ± 4 20.4 ± 1.1 10.2 ± 2.1 

 

𝑲𝒑 =
[𝑴]𝑻𝑷

𝒎(𝑴)𝑻−[𝑴]𝑻𝑷×𝑽𝑻𝑷
𝑽𝑨𝑻𝑷𝑺−𝑽𝑻𝑷

                                             (4.1) 
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4.1.3. Sample processing using aqueous two-phase extraction 

All feeds under study were manually ground to a fine powder using a marble 

mortar and pestle and stored at 4 °C until further processing. First, 400 ± 1 mg of feed 

were weighed in a 2 mL microtube using an analytical balance and spiked with either (1) 

1 µL mycotoxin solution prepared in absolute ethanol to the intended final concentration 

in µg.g-1 of feed or (2) 1 µL absolute ethanol in the case of the feed used as reference. 

After adding 1 µL of solution to the bulk of the feed, the sample was vigorously mixed 

with a vortex mixer and left open to the air at RT for 5 min, sufficient for ethanol to fully 

dry. This spiking method was validated to provide comparable results as those for a 

naturally contaminated sample, as discussed ahead in Section 4.9. The extraction solution 

comprising 1200 µL salt solution (phosphate or citrate, 12.5-15% w/w) plus 55-100 µL 

of PEG solution (50% w/w with a MW of 3.35 kDa-20 kDa) according to Table 4.1, was 

subsequently added to the feed and immediately subjected to a continuous vigorous 

mixing for 3 min at 2400 rpm in a vortex mixer. After the extraction, the tube was then 

centrifuged at 2000 g in a compact Labnet (Edison, NJ, USA) Spectrafuge™ mini-

centrifuge for 15 min. After phase separation, if the feed under analysis had a low density, 

resulting in the accumulation of solid debris at the interface, 50 µL of top phase were 

collected to a second 1.5 mL microtube and centrifuged again for 5 min to prevent the co-

recovery of solid debris or bottom salt-rich phase. Finally, 2 µL of top phase were 

collected to perform the subsequent immunoassay. 

4.1.4. Microfluidic immunoassays 

The microfluidic immunoassays were performed by sequentially pulling solutions 

from the outlets. The first step of the assay is the adsorption of the mycotoxin-BSA 

conjugates on the microchannel surface by flowing solutions prepared in PBS with a 

concentration of 50 µg.mL-1 for 5 min at a flow rate of 0.5 µL.min-1. To make the assay 

toxin-specific, each microchannel was coated with a single type of mycotoxin-BSA-

conjugate. Then, the microchannels were blocked by flowing a solution of 4% (w/v) BSA 

in PBS for 5 min at 0.5 µL.min-1 and subsequently washed with PBS at a flow rate of  

5 µL.min-1 for 1 min. The 2 µL of top phase collected from the extraction procedure were 

diluted with an anti-mycotoxin IgG-HRP solution prepared in PBS for a total dilution of 

10-20x, containing a final concentration of 5 µg.mL-1, 2.5 µg.mL-1 and 5 µg.mL-1 of 

antibody-HRP conjugate for AFB1, OTA and DON detection respectively. This sample-

under analysis (SUA) was flowed through the microchannel at 0.5 µL.min-1 for 5 min.  
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4.2. Aqueous two-phase extraction coupled to a microfluidic 

immunoassay for detecting mycotoxins in feeds 

The general concept of a single-step aqueous-two-phase extraction to 

simultaneously extract and pre-concentrate mycotoxins from a ground dried sample is 

schematically illustrated in Figure 4.1-A to Figure 4.1-F. To simplify the procedure, a 

biphasic extraction solution with a certain composition of two incompatible solutes, in 

this case a polymer (PEG) and a salt, is pre-prepared (A2), homogenized (B2), and added 

to a certain mass of target feed (B1). The extraction solution is prepared to form a small 

volume of top phase relative to the bottom phase (>10 times smaller). The top PEG-rich 

phase is the solution in which the target mycotoxins are concentrated in. Then, the mixture 

is agitated vigorously for a short time (C) and subsequently settled, and phase separated 

via a relatively weak centrifugation force of 2000 g. In the case of mycotoxins, their small 

molecular weights typically require a competitive immunoassay, and therefore the top 

phase is subsequently collected (E) and diluted with a solution containing a peroxidase 

labeled anti-mycotoxin antibody (F). The rapid and point-of-need compatible 

microfluidic competitive immunoassay, previously developed and optimized by Soares, 

Ramadas and co-workers [21], is described in Figure 4.1-G and Figure 4.1-H. To 

generate a signal, a continuous flow of luminol plus hydrogen peroxide solution through 

the channel produces a stable plateau of chemiluminescence, which is inversely 

proportional to the concentration of target mycotoxin present in the SUA. In order to 

always have a calibrated signal for all experiments, the measurements were performed 

relative to a reference feed sample, certified by HPLC-MS to contain very low 

concentrations (<< 1 ng.g-1) of the target mycotoxins OTA, AFB1 and DON. An example 

of how the quantification procedure is performed in terms of absolute chemiluminescence 

and relative signal is shown in Figure 4.2. 
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Figure 4.1 - Schematics of the ATPS-based procedure used to extract and concentrate target mycotoxins 

from a dried feed material and subsequent immunodetection using a miniaturized flow-based immunoassay. 

A1- sampling of a certain mass of ground target feed. A2- ATPS-based extraction solution composed of a 

top PEG-rich and a bottom salt-rich immiscible phase. B2- Homogenization of the extraction solution. B1- 

addition of the homogenized extraction solution to the feed sample. C- Vigorous mixing of the feed plus 

extraction solution. D- Phase separation via gravity settling or centrifugation. E- Separation of a certain 

volume of mycotoxin-enriched top PEG-rich phase and, F- subsequent dilution with a solution containing 

an HRP-labeled anti-mycotoxin antibody. G- The immunoassay is performed by flowing a sequence of 

solutions through a 200 × 20 µm (W x H) PDMS microchannel inserted in the device at the inlet using a 

standard 2-200 µL pipette tip. The liquid flow is driven by applying a negative pressure at the outlet using 

a syringe pump. H- The competitive immunoassay is performed by first adsorbing mycotoxin-BSA 

conjugates (1), performing a blocking step with BSA (2), flowing the sample-under analysis (SUA) 

containing the labeled anti-mycotoxin antibodies (3) and, finally, flowing luminol plus hydrogen peroxide 

solution to generate a chemiluminescence signal. 

 

4.3. Concentration of AFB1, OTA and DON in PEG-phosphate ATPSs 

The first step to validate the concept of ATPS for sample preparation and pre-

concentration prior to mycotoxin analysis is to assess the equilibrium concentration of 

each toxin (molecular structures at neutral pH are shown in Figure 4.3-A) in the top phase 

after partition and phase separation. This was achieved by fluorescence (AFB1 and OTA) 

and absorbance (DON) measurements performed in several PEG-phosphate salt systems 

comprising increasing PEG molecular weights and tie-line lengths (TLL), which can be 

changed by increasing the salt concentration at a fixed top-phase volume. Systems 

composed of PEG-phosphate at a pH of 7 were initially selected to optimize the extraction  
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Figure 4.2 - Quantification of absolute chemiluminescence signals and relative signals using the software 

ImageJ, developed at the national institutes of health, USA. The output value in arbitrary units (AU) refers 

to the average gray scale in the selected region. All signals for all conditions are shown after first subtracting 

the respective background in the region outside the channel, with a selection area of the same size as that 

used for the channel (highlighted in the left panel). All images were acquired at half-length of the 200 µm 

wide microchannel (≈2.5 mm). 

since these were previously observed to provide very pronounced partition coefficients 

(K) for OTA and AFB1 [19] and are compatible with a subsequent immunodetection step. 

The results obtained for the concentration factors (concentration of mycotoxin in the top 

phase relative to the total concentration of toxin present in the system) for systems with 

PEG MWs ranging from 3.35 to 20 kDa and salt concentrations ranging from 12.5 to 15% 

are shown in Figure 4.3-B. The results show that the PEG-phosphate systems could 

provide maximum concentration factors of 10.4 ± 1.04 (± standard deviation, σ), 6.59 ± 

0.26 (±σ) and 2.41 ± 0.13 (±σ) for AFB1, OTA and DON, respectively. For each PEG 

MW, the concentration factors (and K) tend to increase with an increase in TLL, a well-

known and expected behavior [192, 270] which is due to the generation of more extreme 

differences in charge and hydrophobicity between the two phases. The difference in 

affinities of the toxins towards the PEG-rich phase was expected since the more 

hydrophobic molecules tend to have a more pronounced partition to the more 

hydrophobic top phase. According to previous reports by several groups [271, 273, 296], 

this difference in polarity and respective partition behavior in ATPS can be evaluated by 

the calculated octanol-water distribution coefficient (logD) at pH 7 for each molecule, 

which is 1.58, 1.21 and -0.97 for AFB1, OTA and DON, respectively [274]. It can thus 

be observed that the trend in logD matches the measured trend in concentration factors as 

well as that of the maximum calculated partition coefficients, where maximum logK 
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values of 1.44 ± 0.04 (±σ), 1.02 ± 0.02 (±σ) and 0.43 ± 0.02 (±σ) were obtained for AFB1, 

OTA and DON, respectively (all calculated K values are listed in Table 4.1). It is 

important to further highlight that although these results accurately match the polarity of 

the molecules, in previous reports by our group [19] it was observed, using the same 

methodology, that OTA had a significantly higher partition (≈ 10-fold) to the top phase 

relative to AFB1. This difference can be related to the dramatically lower volume ratios 

(Vr) used in these previous studies, resulting in a pronounced increase in OTA 

concentration in the top phase, thus limiting the equilibrium concentrations for more 

extreme K values due to solubility constraints. Similar effects from extreme Vr values on 

the K have been previously reported in the literature for proteins [297], plasmid DNA 

[298] and small organic molecules [299]. Overall, based on the results in Figure 4.3-B, 

the PEG-phosphate system composed of 15% salt and PEG with a molecular weight of  

8 kDa showed the most promising results for the simultaneous processing of all three 

target mycotoxins to maximize the concentration factor. 

 

Figure 4.3 - A- Molecular structures of the major (≥90%) microspecies of the tested target mycotoxins at 

a pH of 7. B- Results obtained for the concentration factor of each mycotoxin in the top phase of multiple 

PEG-phosphate systems at increasing PEG molecular weights (3.35 – 20 kDa) and salt concentrations (12.5 

– 15 % w/w), relative to the theoretical concentration in the total ATPS volume. The acronyms TP, BP and 

ATPS refer to the top phase, bottom phase and total ATPS, respectively. The error bars refer to the standard 

deviation (±σ) from 5 repeated spectrofluorometric measurements in the case of AFB1 and OTA and 2 

repeated spectrophotometric measurements in the case of DON. Other parameters calculated for each toxin 

(top phase concentrations, estimated K and extraction yields) are listed in Table 4.1 for all tested systems. 
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4.4. Optimization of the tie-line length (TLL) and PEG molecular weight 

for enhancing extraction and immunodetection 

After determining the concentration factors for each target mycotoxin in the top 

phase in the previous section, it was necessary to re-test each of the conditions in  

Figure 4.3-B to assess their ability to effectively extract the mycotoxins from a dried 

solid feed and minimize the simultaneous enrichment in potential interfering molecules 

during the subsequent immunodetection step. The optimization procedure was performed 

by spiking a mixture containing a known amount of each mycotoxin into a corn-based 

feed, performing the extraction procedure and subsequently analyzing the individual 

absolute chemiluminescence signals obtained for a 15× diluted top-phase as SUA, relative 

to a reference feed processed using the same conditions. The concentrations of each toxin 

used for the optimization procedure were 20, 50 and 500 ng.g-1 for AFB1, OTA and DON, 

respectively, concentrations which are within or below the regulatory and recommended 

maximum limits for each toxin in the EU. The feasibility of analyzing a specific toxin in 

contaminated feed containing all three toxins was validated before-hand by performing 

cross-reactivity tests (Figure 4.4). The results obtained in terms of (1) the absolute 

chemiluminescence emission for each SUA and respective reference and (2) the 

calculated relative signal is shown in Figure 4.5 for (A) AFB1, (B) OTA and (C) DON. 

Based on these results, two major conclusions can be drawn: (1) lower molecular weights 

of PEG have a high impact in reducing the measured absolute signals, possibly due to 

interference with the binding of antibodies in accordance with previous results by our 

group [19, 24] and (2) for AFB1 and OTA, higher concentrations of salt tend to decrease 

the obtained signal ratios, resulting in an increased sensitivity, thus correlating well with 

the previously measured concentration factors. Taking in account that the extraction 

procedure should ideally be a general method to extract all three mycotoxins, the single 

condition that provides the higher sensitivities for all three toxins is an ATPS composed 

of 1.2 mL 15% (w/w) phosphate salt and 75 µL PEG 8000 50% (w/w) added to 400 mg 

target feed. To further confirm that this condition could effectively detect the target 

concentrations of mycotoxins with signal ratios below the 3σ threshold, the extraction 

and immunodetection procedure was carried out in triplicate and the results are shown in 

Figure 4.5-D for the detection of 20 ng.g-1 AFB1, 50 ng.g-1 OTA and 500 ng.g-1 DON in 

corn. 
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Figure 4.4 - Absolute chemiluminescence signals for reference (0 ng.mL-1 target mycotoxin) or 

contaminated (1 ng.mL-1 AFB1, 10 ng.mL-1 OTA or 10 ng.mL-1 DON) samples prepared in PBS buffer. 

(S) indicates the presence of only the target mycotoxin in the PBS solution in the contaminated sample. 

(M) indicates the presence of 100 ng.mL-1 of both nonspecific mycotoxins in solution. The results highlight 

that no significant antibody cross-reactivity could be observed by comparing conditions (S) and (M). 

 

 

Figure 4.5 - Optimization of the PEG MW and salt concentration in respect to the relative 

chemiluminescence signals obtained between the reference samples and AFB1 (A), OTA (B) and DON (C) 

spiked corn samples. The shaded area represents the typical 3σ threshold associated with this type of 

microfluidic immunoassays as previously reported [21]. D – Results for the optimum condition for 

maximizing the relative signal for all toxins (PEG 8,000 and 15% salt). The error bars in (A), (B) and (C) 

refer to ±σ of 3 regions measured along the channel in single experiments, while in (D) the error bars refer 

to ±σ of the signals measured in triplicate. 
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4.5. Optimization of the dilution factor for minimizing matrix 

interference 

After optimizing the ATPS composition to allow simultaneous detection of 

relevant toxin concentrations, the extraction procedure was further optimized to achieve 

a balance between minimizing matrix interference through dilution, arising from co-

concentrated molecules in the top-phase and the ATPS forming components themselves, 

and the loss of sensitivity due to excessive dilution. This was done by testing different 

dilution ratios for the top phase in the PBS buffer solution containing the target antibodies, 

considering that low dilutions are limited by matrix interference and high dilutions are 

limited by low target mycotoxin concentrations. 

Thus, it was expected that a low relative signal (high sensitivity) valley would 

occur in between these extreme conditions, where at the low dilution end, low sensitivity 

and repeatability can be expected and at the high dilution end, signal ratios falling within 

±σ of the reference may occur. A minimum dilution of 5× was selected in order to (1) 

significantly minimize the viscosity of the top phase and (2) take into consideration that 

lower levels of dilution were previously shown to result in strong matrix interference in 

the case of wines [19].  The results obtained for each toxin after extraction, performing 

top phase dilutions ranging from 5× to 20×, are shown in Figure 4.6. Based on the results 

it is possible to conclude that the high sensitivity valley for the dilution ratio is achieved 

simultaneously for all toxins at a value of 10× dilution. Finally, to estimate the extraction 

efficiency of the dried mycotoxins from the solid feeds, the experiment was repeated 

using the optimum conditions by spiking the toxins directly in the extraction solution 

(Figure 4.7). The results showed that no statistically significant difference (p > 0.05) 

could be observed, which leads to the conclusion that when tailored to this immunoassay, 

the extraction efficiency (defined as the ratio between the mass of mycotoxins extracted 

from the feed and the mass of mycotoxins spiked in the feed) can be assumed to be 

virtually ~100%, whereas the effective extraction in the top phase is still limited by the 

intrinsic extraction yields listed in Table 4.1. 
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Figure 4.6 - Optimization of the top phase dilution ratio in respect to the relative chemiluminescence signals 

obtained between the reference samples and AFB1 (A), OTA (B) and DON (C) spiked corn samples. The 

error bars refer to ±σ of the signals, measured in duplicate. 

 

 

Figure 4.7 - Relative chemiluminescence signals measured in duplicate after spiking 20 ng.g-1 AFB1,  

50 ng.g-1 OTA and 500 ng.g-1 DON in corn either before (dry spiking) or after (wet spiking) performing the 

PEG-phosphate ATPS extraction procedure. The dry spiking procedure was performed in the same way as 

described in Section 4.1.3, while the wet spiking procedure was performed by adding 1 µL of each 

mycotoxin solution prepared in ethanol directly to the ATPS system, instead of performing the addition to 

the feed and allowing the solution to dry. The average results obtained for each of the conditions were not 

statistically different with (p > 0.1 for the average signals between the two conditions being equal). The 

error bars in the plot indicate ±SD. 
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4.6. Benchmarking of ATPS-based extraction for sample processing and 

microfluidic immunodetection  

In order to compare the performance of the optimized ATPS-based method with 

standard organic solvent- or water-based extraction methods, the same sample processing 

and immunodetection procedure was replicated using the following solutions: (1) a 

solution of methanol and water at a ratio of 80:20 [300]; (2) a solution of acetonitrile and 

water at a ratio of 80:20 [301] and (3) a solution of 1% PEG 8,000 and 5% sodium 

bicarbonate in water [302]. The extraction procedure was carried in the exact same way 

as described in Section 4.1.3, considering that no extra PEG solution was added to  

1.2 mL of extraction solution. The results obtained for reference and contaminated  

(20 ng.g-1 AFB1, 50 ng.g-1 OTA and 500 ng.g-1 DON) corn-based feeds using each of the 

extraction solutions are shown in Figure 4.8. It can be observed that while some 

extraction solutions tested were comparable to ATPS for particular toxins, despite the 

absence of a concentration effect, as is the case of solutions (1) and (2) for AFB1 and 

solution (3) for DON, none of these solutions showed a general compatibility with the 

simultaneous analysis of all 3 toxins. In particular, the better performance of organic 

solvent-based solutions relative to ATPS for the analysis of AFB1 can be justified by the 

dramatically higher solubility of this toxin in organic solvents compared to water [303], 

considering its relatively high hydrophobicity as discussed in Section 4.3, thus favoring 

the effective desorption of the toxin from the feed material. The better performance of the 

aqueous solution (3) for extracting DON relative to ATPS may be simultaneously related 

with its relatively higher hydrophilicity (Section 4.3), and a relatively higher solute 

concentration in the tested ATPSs, which can limit the solubility of DON. On the other 

hand, the analysis of OTA using organic solvent-based solutions for extraction greatly 

reduced the measured absolute chemiluminescence signals, possibly due to matrix 

interference as previously observed by Novo and co-workers [293], while the analysis of 

AFB1 and OTA using the water based solution (3) resulted in insufficient sensitivity due 

to the absence of a simultaneous concentration effect.  
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Figure 4.8 - Evaluation of standard extraction solutions for extraction and immunodetection of AFB1 (A), 

OTA (B) and DON (C), spiked in corn samples. The horizontal dashed lines indicate the average 

chemiluminescence value obtained for the optimized conditions using a PEG-phosphate ATPS. The error 

bars refer to ±σ of the signals, measured in duplicate. 

 

4.7. Mycotoxin calibration curves using the optimized PEG-phosphate 

ATPS 

The optimized PEG-phosphate based ATPS extraction methodology was 

subsequently evaluated for the maximum sensitivity it provides (limit-of-detection, LoD) 

when coupled to the microfluidic competitive immunoassay. This was evaluated by 

analyzing increasing concentrations of each toxin spiked in corn, adjusting a logarithmic 

regression and then computing the mycotoxin concentration which generates a relative 

signal equal to 3 times the standard deviation (σ) of the reference signals, measured in 

triplicate. The results for each calibration curve are plotted in Figure 4.9 as the 

chemiluminescence signals relative to the reference sample (CLR). The results show that 

the obtained LoDs are below the required minimum mycotoxin concentrations for the 

whole range of the EC regulatory limits for AFB1 and recommendations for OTA and 

DON. Assuming the concentration factors from Figure 4.3-B, the LoDs shown in  

Figure 4.9 result in effective average concentrations of 1.1, 3.6 and 7.0 ng.mL-1 in the 

10-fold diluted top phase for AFB1, OTA and DON, respectively. From this observation 
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and considering the previously reported LoDs for each mycotoxin spiked in buffer 

solutions of ≈ 0.1, 0.3 and 1 ng.mL-1 for AFB1, DON and OTA, respectively [42], three 

major conclusions can be drawn. The first conclusion is that there is a pronounced loss in 

sensitivity due to matrix interference of ~ 4-fold for OTA, ~ 10-fold for AFB1 and  

~20-fold for DON. A second conclusion is that, despite the considerable matrix 

interference, the concentration effect provided by the ATPS-based extraction effectively 

improves (for OTA) or equals (for AFB1) the LoDs expected for buffer in the absence of 

the concentration effect which would have been theoretically 0.1 ng.mL-1 for AFB1 and 

0.7 ng.mL-1 for OTA. Finally, a third conclusion is that while the detection of DON shows 

the greatest decrease in sensitivity compared to the assays in buffer, the obtained 

sensitivity is still below the required limits. Overall, using the optimized extraction 

conditions, all the required limits for each of the three mycotoxins were met, providing a 

semi-quantitative sensing range approaching 2 orders of magnitude. The semi-

quantitative nature of this assay is justified by the limits-of-quantification (LoQ, typically 

defined by a 10σ threshold) being above a large fraction of the required target mycotoxin 

concentrations in feeds, calculated here as > 50 ng.g-1 for AFB1, > 200 ng.g-1 for OTA 

and 669 ng.g-1 ±41% (CV) for DON. 

 

Figure 4.9 - Calibration curves for increasing concentrations of AFB1, OTA and DON within relevant 

recommended limits for feeds in the EU. Each of the mycotoxin concentrations was spiked in corn and 

extracted using the previously optimized PEG-phosphate conditions (PEG 8,000, 15% salt and a top phase 

dilution of 10×). The relative signal values (CLR) are the percentage of absolute chemiluminescence signal 

obtained for a SUA relative to the average signal obtained for the references (0 ng.g-1). The horizontal 

dashed lines mark the 3σ threshold for each of the mycotoxins after analyzing each of the reference samples 

in triplicate. The LoD values refer to the limit-of-detection for each toxin, calculated as the concentration 

that results in a CLR equal to 3σ using the fitted logarithmic regression. The error of the LoD values is 

calculated as the coefficient of variation (CV). All error bars, except for the references, refer to ±σ of each 

analysis performed in duplicate.  
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4.8. Mycotoxin calibration curves using a biodegradable PEG-sodium 

citrate ATPS 

After optimizing a PEG-phosphate ATPS for the single-step extraction and 

subsequent immunodetection of the target mycotoxins, a study was made to prove that 

the methodology can be generalized to other ATPS systems by exploring how the 

extraction and concentration performance respond to a change in salt composition. In this 

study, citrate was tested as a greener alternative, since phosphate salts are a significant 

cause of nutrient pollution in effluents, resulting in the hypertrophication of bodies of 

water  [304, 305]. As an alternative to phosphate salts, organic, non-toxic and 

biodegradable trisodium citrate salt was selected for further studies for the following 

reasons: (1) there is a high similarity between phase diagrams when compared to those of 

sodium/potassium phosphate when combined with PEG 8,000 [306]; (2) while a pH of 7 

is not within the buffering range of citrate solutions, the pH of pure 15% w/w sodium 

citrate solutions was measured to be approximately within a physiological range  

(pH = 7.48 ± 0.01), being optimum for antibodies [307], (3) sodium citrate salt is 

relatively low cost, within the same range as phosphate salts; and (4) its production at 

large scale uses mostly fermentative processes [308], which are generally simpler, 

greener and more energy efficient relative to chemical synthesis. To evaluate this 

alternative ATPS composition, the first approach was to measure the concentration 

factors using the same methodology as discussed in Section 4.3. The measured values 

were 4.62±0.61× (±σ) for AFB1, 3.26±0.18× (±σ) for OTA and 1.62±0.34× (±σ) for 

DON, approximately half of those obtained for the PEG-phosphate systems, highlighting 

a less pronounced driving force for mycotoxin partition towards the top phase. This 

observation can be justified by the citrate anions being weaker kosmotropes relative to 

phosphate anions according to the Hoffmeister series [309], which implies a relatively 

lower solubility of hydrophobic molecules (i.e. mycotoxins) in phosphate salt solutions 

relative to citrate salt solutions, thus generating a stronger exclusion effect towards the 

more hydrophobic top phase in the former. This hypothesis is also supported by the most 

hydrophobic mycotoxin, AFB1, having the most pronounced drop in concentration factor, 

a 2.25-fold difference between 10.4±1.04× in the system with phosphate buffer and 

4.62±0.61× (±σ) in the system with the sodium citrate. Subsequently, the performance of 

the PEG-citrate systems was evaluated by extracting and detecting increasing 

concentrations of each mycotoxin using the same conditions optimized for the  
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PEG-phosphate systems, in an analogous way as previously reported for Figure 4.9. The 

relative signal results obtained for each mycotoxin are shown in Figure 4.10-A and the 

completed extraction procedure can be visualized in the photograph in Figure 4.10-B, 

together with bright field microscopy images of the absolute chemiluminescence signals 

acquired with the microscope. The average LoDs obtained with the PEG-citrate system 

were not significantly different (p > 0.1) from those previously obtained using  

PEG-phosphate, based on a Welch’s t-test for unequal variances with a two-tailed 

distribution. Considering this result, it is important to highlight that despite the lower 

concentration factors for each mycotoxin, the extraction using PEG-citrate achieved a 

similar performance relative to PEG-phosphate. This result indicates that while there is a 

lower concentration of mycotoxins in the top phase after extraction, any co-extracted 

hydrophobic interfering compounds in solution are also excluded from this phase, thus 

resulting in the same final effective immunoassay sensitivity. 

Finally, after determining the sensitivity of the PEG-citrate system, the method 

was applied to naturally contaminated corn samples. The results obtained after extracting 

and analyzing a corn sample naturally contaminated with 1.76 ng.g-1 AFB1, 8.63 ng.g-1 

OTA and 1,066 ng.g-1 DON (quantified by HPLC-MS in a certified laboratory), are 

shown as stars in Figure 4.10-A. The results show that the signals for AFB1 and OTA 

were below the detection limit, not providing significantly different chemiluminescence 

signals relative to the reference corn feed. On the other hand, the average relative signal 

of 53.2% ±5.3% obtained for DON indicated a concentration of 1,214 ng.g-1 calculated 

from the logarithmic fit, resulting in a recovery of 113%, meaning an overestimation of 

13% compared to the certified quantification.  

 

4.9. PEG-sodium citrate ATPS for processing multiple types of feed 

matrices 

Furthermore, to demonstrate that the optimized PEG-citrate ATPS-based 

extraction conditions are a robust, general and versatile sample processing methodology 

for subsequent immunodetection, the system was tested for 4 additional types of feeds, 

without further optimization for each type of feed: (1) a chickpea-based preparation; (2) 

a sunflower-based preparation; (3) a soy based preparation; and (4) complete salmon feed 

supplemented with astaxanthin. To allow comparison with previous results, the same 

mycotoxin concentrations of 20 ng.g-1 AFB1, 50 ng.g-1 OTA and 500 ng.g-1 DON were                 
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Figure 4.10 - A – Calibration curves for increasing concentrations of AFB1, OTA and DON within relevant 

recommended limits for feeds in the EU. Each of the mycotoxin concentrations was spiked in corn and 

extracted using a PEG-citrate system with the same conditions optimized for the PEG-phosphate system 

(PEG 8,000, 15% salt and a top phase dilution of 10×). The relative signal values (CLR) are the percentage 

of absolute chemiluminescence signal obtained for a SUA relative to the average signal obtained for the 

references (0 ng.g-1 mycotoxin). The horizontal dashed lines mark the 3σ threshold for each of the 

mycotoxins after analyzing the reference samples for each toxin in triplicate. The LoD values refer to the 

limit-of-detection for each toxin, calculated as the concentration that results in a CLR equal to 3σ using the 

fitted logarithmic regression. The error of the LoD values is calculated as the CV. All error bars, except for 

the references, refer to ±σ of each analysis performed in duplicate. The star shaped points refer to the 

analysis of a naturally contaminated corn sample using the same procedure, analyzed also in duplicate.  

B – Photograph of the PEG-citrate ATPS extraction procedure after phase separation (TP- top phase,  

BP- bottom phase) and microscopy bright field images of the obtained chemiluminescence signals for 

particular mycotoxin concentrations. The images were acquired in the dark with an exposure time of 20 s 

and contrast enhanced for visualization purposes. The scale bar indicates a size of 200 µm. 

 

spiked in each feed and analyzed relative to the references. The results are shown in 

Figure 4.11, together with photographs of the complete extraction procedure after 

centrifugation. The results highlight a pronounced variability in the measured absolute 

signals among feeds for all mycotoxins. This implies, as expected, that each feed induces 

a variable degree of matrix interference, hindering the binding of the anti-mycotoxin 

antibodies to the immobilized mycotoxin-BSA conjugates to a variable extent. This 

interference effect was observed to be particularly pronounced in the sunflower-based 

feed, which provided a very dark brown top phase, highlighting the high concentration of 

hydrophobic compounds such as polyphenols and oils. Nevertheless, despite the 

variability in assay interference, the average chemiluminescence values measured for the 

contaminated samples were below the 3σ threshold of the references, i.e., they were below 

the LoD for all feeds. This highlights the aspect that the optimized PEG-citrate ATPS 

extraction conditions are a versatile and fit-for-purpose sample processing methodology 
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for multiple dried complex matrices, even without tailoring the extraction conditions to 

each feed to normalize possible interferences. 

 

Figure 4.11 - Absolute and relative chemiluminescence measurements for the extraction and analysis of a 

(A) chickpea-based feed, (B) sunflower based feed, (C) soy-based feed and (D) complete salmon feed 

supplemented with astaxanthin under reference or contaminated (20 ng.g-1 AFB1, 50 ng.g-1 OTA and  

500 ng.g-1 DON) conditions. The extraction procedure was performed with the PEG-citrate ATPS using the 

previously optimized conditions (PEG 8,000, 15% salt and a top phase dilution of 10×). The inset 

photographs, with the interface highlighted as a dashed line, show the respective feed after extraction and 

subsequent centrifugation. All measurements were performed in duplicate and the error bars indicate ±σ. 

The horizontal dashed lines indicate the 3σ threshold for each set of reference measurements. 

 

4.10. Chapter conclusions 

A novel sample preparation methodology utilizing the concept of aqueous two-

phase separation to simultaneously extract and concentrate three target mycotoxins, 

AFB1, OTA and DON, from a variety of complex solid feed matrices within less than  

20 min was described. The ATPS was composed of PEG and sodium citrate, a protocol 

that is green, biodegradable, safe to handle and inexpensive. With the aim of developing 

an extraction method suitable for point-of-need applications, the methodology was 

coupled with a miniaturized multi-mycotoxin competitive immunoassay and was 

successfully optimized in terms of tie-line-length (15% sodium citrate and 75 µL PEG 



104 

8,000 50% w/w) and top PEG-rich phase dilution (10-fold) to achieve a fit-for-purpose 

sensitivity below the required regulatory and recommended limits in the EU. In 

conclusion, this procedure serves as a versatile approach to process samples on the field, 

coupled to point-of-need compatible immunosensors which can then be further integrated 

with photosensors [21] or multiplexing strategies [42], as previously reported by our 

group, towards a fully integrated analysis platform.  
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Chapter 5  

Rapid and Regenerable Microfluidic 

Immunoassay with Integrated Optical  

Signal Transduction  

 This chapter reports the optimization of the microfluidic immunoassay for OTA 

discussed in Chapter 3 to achieve (1) microchannel and immobilized antigen reusability 

and (2) ultrarapid analysis times. The optimized immunoassay was further integrated with 

a portable optical signal transduction platform. A novel ultra-rapid, sensitive (limit-of-

detection (LoD) < 0.5 ng/mL) and simple physisorption-based microfluidic competitive 

immunoassay for OTA detection was developed with integrated photosensing and 

optimized to provide quantitative results in less than 5 minutes.  Furthermore, a 

regeneration protocol was developed to effectively reuse the same PDMS microchannel 

and immobilized antigen molecules at least 8 times without a significant drop in 

sensitivity (LoD < 2 ng/mL). The optimized assay could also effectively detect OTA in 

red wine extracts at the regulatory limit (2 ng/mL). Thus, this biosensing device showed 

promise for further automation and reduction in assays times for a true point-of-need 

mycotoxin quantification tool. This work was developed within the scope of the European 

project DEMOTOX (FP7-SME-2013- 604752) in collaboration with Lumisense Lda. The 

experiments were performed at the facilities of INESC MN and laboratory of Lumisense 

Lda in Tec Labs (campus of the Faculty of Science from the University of Lisbon). At 

the end of the chapter, the final OTA biosensor prototype (main deliverable of 

DEMOTOX) co-developed with Lumisense Lda. is also presented and discussed.  The 

contents of this chapter are reproduced with appropriate adaptations from one original 

research article [21] co-authored (equal contribution) with Dr. Diogo Ramadas (at the 

time PhD student at Lumisense Lda). 
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5.1. Materials and experimental methods 

5.1.1. Chemicals and biologicals 

Anti-OTA-HRP affinity purified rabbit polyclonal antibodies were purchased 

from Immunechem (Burnaby, Canada) as a 250 µg/mL solution. OTA-bovine serum 

albumin (BSA), glycine, phosphate buffered saline, BSA, OTA from Petromyces 

albertensis, ≥98%, sodium phosphate monobasic, potassium phosphate dibasic and 

Polyethylene glycol with an average MW of 20 kDa were purchased from Sigma-Aldrich. 

Luminol and hydrogen peroxide, Super-Signal® West Femto Substrate Trial Kit 34094, 

were used as purchased from Thermo Scientific. Red wine for spiking with OTA was 

purchased from a local supermarket. 

5.1.2. Microfluidic immunoassay 

Prior to performing the immunoassays, Tygon® tubing with an internal diameter 

of 0.19 mm (VWR), coupled to an Ismatech (Wertheim, Germany) ism597d peristaltic 

pump was adapted to a 1-200 µL pipette tip and connected to the outlets of the 

microchannels. A pipette tip inserted at the inlets serves as a reservoir for the solutions 

that will flow inside the channel via the negative pressure created by the pump. To 

functionalize the channels with OTA-BSA molecules, an OTA-BSA solution was first 

flowed inside the channels. The best functionalization condition such as OTA-BSA 

concentration, flow rate and total time was optimized. Then, a solution of BSA at a 

concentration of 4% (w/v) is subsequently flowed at 3.11 µL/min for 5 min to ensure a 

full coverage of the PDMS surface, avoiding non-specific physisorption of the  

anti-OTA-HRP antibody. After functionalizing the channel, the sample under analysis 

(SUA) containing anti-OTA-HRP antibodies at a certain concentration is flowed into the 

channels at an optimized flow rate and total time. All optimization assays were performed 

simultaneously in the same PDMS structure for each condition, to ensure maximum 

comparability with a single experiment per condition. The luminol measurements were 

performed sequentially by aligning each channel with a photodiode as described below. 

5.1.3. Chemiluminescent signal acquisition 

To quantify the surface concentration of antibodies, each microchannel was first 

aligned with a Si photodiode (S6428-01, Hamamatsu Photonics, Tokyo, Japan) by sliding 

the structure through an in-house designed and 3D printed (Kossel home-built delta 

printer) polylactic acid (PLA) support. The Si photodiode was connected to an in-house 
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designed PCB connected through USB to a laptop and programmed in C with an 

Arduino™ interface. The luminol solution was flowed at 10 µL/min in the dark. The 

chemiluminescence reaction, catalyzed by the enzyme HRP covalently attached to the 

anti-OTA antibodies, produces light at an approximate maximum wavelength of 445 nm. 

The measurement of the current generated by the photodiode at 0 V bias in response to 

the CL emission is carried out by means of a very high gain current-to-voltage converter 

in which a 1 nA photodiode current generates a voltage of 1 V. A LMC6482 low power 

opamp (Texas Instruments) was used in a current to voltage converter with a low 

frequency compensation pole for stability. This circuit had an output swing of +/- 4.90 V 

giving a wide measuring range. Further signal amplification or attenuation is used 

depending on the light intensities to adapt the measuring range to the ADC used in the 

main processor. 

5.1.4. Red wine sample processing 

The red wine samples were processed according to the method optimized in 

Chapter 3. Briefly, 175 mg sodium phosphate monobasic, 75 mg potassium phosphate 

dibasic and 40 mg of polyethylene glycol with an average MW of 20 kDa were first 

weighed in a tube to a final concentration of 12.5% phosphate salt, 2% PEG and a pH of 

7 after the subsequent addition of 1,881 µL of raw red wine plus 19 µL of a PBS solution 

(for reference) or a solution of 200 ng/mL OTA prepared in PBS. Then, the solution was 

mixed vigorously for about 60 s and centrifuged at 2,000 g for 15 min in a Labnet 

Spectrafuge™ mini-centrifuge. A total of 10 µL of small top PEG-rich phase was 

subsequently collected and mixed with 23.3 µL of an anti-OTA-HRP solution to the final 

optimized concentration.  

 

5.2. Immunoassay design and photosensor integration 

The first step to develop a microfluidic immunoassay for OTA quantification is to 

select the appropriate architecture of the assay, meaning the type of immunoassay and 

selection of the appropriate surface chemistry. All the selected features intrinsic to the 

immunoassay are schematized in Figure 5.1. A direct competitive immunoassay, where 

the antigen is immobilized on the solid phase rather than the antibody, was selected. The 

chemical principle behind this assay is that higher concentrations of OTA in solution 

compete with the OTA immobilized on the walls for binding with the free anti-OTA-HRP 

in solution. Thus, the higher the concentration of OTA in solution, the lower the resulting 
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surface concentration of anti-OTA-HRP molecules. The rationale behind choosing the 

immobilization of the antigen as opposed  to antibodies is due to the lack of a precise 

spatial orientation during the immobilization of antibodies, which poses a well-known 

challenge [168, 169]. Besides, BSA molecules have a very high affinity to the 

hydrophobic PDMS channel surface, previously reported to provide a virtually 

irreversible interaction [310, 311]. In this case, since the aim is to integrate the assay in a 

point-of-need type of device, the speed of detection is a critical issue, thus, the primary 

antibody used is directly labeled with HRP, not requiring an extra secondary antibody to 

provide a signal, namely a chemiluminescence-based signal using a luminol substrate in 

this case. Assuming that the surface preparation steps, comprising the adsorption of  

OTA-BSA and blocking with BSA, are performed beforehand, the assay itself can be 

performed in a single step reaction, followed by detection with luminol. Furthermore, it 

would also be advantageous to regenerate the channel and perform multiple 

immunoassays using the same OTA-BSA molecules adsorbed on the surface. This was 

achieved using a glycine solution at a highly acidic pH (pH = 2), which can selectively 

disrupt the affinity-based antibody-antigen interactions without significantly 

compromising the adsorbed OTA-BSA based on the reproducibility of the absolute 

luminescence signal obtained by repeating the immunoassay after each regeneration 

cycle. This regeneration step will be further discussed ahead in this chapter. 

The use of a serpentine like microchannel design (200 x 100 µm, width x height), 

instead of a straight channel, serves a dual purpose. The first is that maintaining an aspect 

ratio closer to 1, in contrast to a wider microchannel (i.e. 1 mm) with the same height, 

ensures a more homogenous flow through the channel, without preferential wetting 

certain areas due to inhomogeneity in the corona treatment before sealing. The second 

purpose relates to the importance of having a microchannel wide enough to provide a 

reasonable margin of error when positioning the device relative to the signal acquisition 

apparatus, while simultaneous directing more photons towards the sensing area. 

Nevertheless, it was also taken in consideration that the channel could not be excessively 

long to avoid any possible molecular depletion along the channel, both during the assay 

and the luminol flow steps. 

The next step was to design and engineer a structure to allow a reproducible and 

simple alignment of the microchannels with the photodiode. The structure, as shown in 

Figure 5.2, was designed in a CAD software, 3D printed, and holes were drilled for 

wiring to the microcontroller board and placement of the photodiode. The photodiode has 
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a light sensing area of 2.4 × 2.8 (L × W) mm2, which provides a comfortable alignment 

margin with the 1 mm wide serpentine at half the total length and width of the channel. 

Although the serpentine channel is narrower than the total width of the photodiode 

(2.8 mm), the excess area of the photodiode (0.9 mm on each side) is still useful to collect 

the light that is isotropically emitted from the microchannel located 500 µm above the 

sensor. The measurements were performed with the structure contained inside a  

Faraday-cage-like closed metallic box to prevent electronic interference. An example of 

a typical measurement is shown in Figure 5.2, where the voltage signal rises after flowing 

luminol in both the reference and the 2 ng/mL microchannels and achieves a steady 

plateau for as long as fresh luminol solution is pumped at a constant flow rate through the 

channel. It can also be clearly seen that the photodiode signal plateau measured in the 

reference channel reaches a considerably higher level (approximately twice) of that 

obtained for the 2 ng/mL microchannel. This is due to the higher surface concentration of 

anti-OTA-HRP molecules bound to the adsorbed OTA-BSA molecules, which convert 

the luminol substrate to light emission at a higher rate. 

 

Figure 5.1 - Schematics of the microfluidic competitive immunoassay design used for OTA quantification. 

The serpentine channel structure has a total width of 1 mm and a length of 1 cm. The total length of the 

channel is 3.5 cm. The grey arrows represent the inlet and outlet for each of the solutions. I- Adsorption of 

OTA-BSA molecules in the surface of the microchannel. II- Blocking of the free space between the OTA-

BSA molecules with BSA. III- Flow of the sample-under-analysis (SUA) containing a target concentration 

of OTA and anti-OTA antibodies conjugated with HRP. IV- Flow of a luminol solution containing 

hydrogen peroxide. The density of emitted photons is inversely proportional to the concentration of OTA 

in the SUA. The regeneration step, performed using glycine buffer (pH=2) followed by a BSA 4% (w/v) 

solution, reverting the channel surface back to step II by selectively removing all the specifically 

immobilized anti-OTA antibodies. The images on the right were acquired under the microscope, in the 

dark, with an exposure of 10s and a gain of 10×. 
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Figure 5.2 - Schematics of the measurement setup used to acquire the photoluminescent signal emitted 

from the microchannel. The target microchannel is aligned with a photodiode by sliding a PDMS chip 

containing 13 channels through the 3D printed support with an embedded photodiode connected to a 

microcontroller board. The board is connected to a computer and programmed using an Arduino™ 

application to output the voltage measurements (refresh rate of 0.1 s). The results plotted on the left were 

measured by flowing luminol at 10 µL/min after performing two immunoassays using either a solution 

containing 0 ng/mL of OTA (reference) or 2 ng/mL OTA spiked in PBS buffer. These immunoassays were 

performed using the optimized conditions described ahead in this chapter. 

 

5.3. Systematic optimization of the immunoassay 

To optimize the immunoassay performance for rapid detection with the highest 

reagent economy, without compromising the sensitivity of the assay, each of the  

OTA-BSA adsorption and SUA incubation steps were systematically analyzed. For each 

of these steps the most critical variables are the molecular concentration, the incubation 

time (the time during which the solutions are continuously pumped through the 

microchannel) and the flow rate (how quickly the solution is replenished with new 

molecules). The optimization was performed in such way that both the assay time and 

reagent consumption were minimized, without compromising the achievement of a 

simultaneously low value for the ratio between the 10 ng/mL OTA and reference samples. 

A concentration of 10 ng/mL OTA was chosen to perform the optimization based on 

previous observations by our group that this value provides a significant drop in signal 

without saturating the competitive assay [10]. Furthermore, this ratio must be obtained 
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from voltage measurements appreciably above the noise threshold. For each condition, 

each reference and 10 ng/mL assays were performed simultaneously in two independent 

microchannels, and then the acquisition of the chemiluminescence signal in each 

microchannel was performed one at a time over the same photosensor.  

The optimization of the above-mentioned parameters for the OTA-BSA step are 

summarized in Figure 5.3. The initial conditions of flow rate and incubation time  

(3.11 µL/min and 5 min, respectively) to optimize the OTA-BSA concentration were 

chosen empirically to provide a good photocurrent signal above the noise threshold with 

reasonable economy of assay time and reagents. In Figure 5.3-A increasing 

concentrations of OTA-BSA in solution provide an increasing surface coverage, based 

on the chemiluminescence intensities obtained for the reference channel, in which a 

plateau is reached at about 50 µg/mL, suggesting a full surface coverage. The same 

behavior is observed for the 10 ng/mL OTA channel. This is the preferable working 

condition since the system becomes less sensitive to slight variations in surface coverage. 

Thus, based on this observation and the tendency observed for the signal ratios, reaching 

a minimum at the same value of 50 µg/mL, this condition was kept for further 

experiments. Interestingly, in Figure 5.3-B, it seems that in the range of 1-9 min 

incubation time, the obtained surface coverage is virtually constant, indicating that the 

physisorption of OTA-BSA molecules on the hydrophobic PDMS surface is a relatively 

fast process and equilibrium is reached in under 1 min. This observation is in agreement 

with the high affinity of BSA to PDMS surfaces as previously reported in the literature  

[24]. Thus, an incubation time of 1 min was fixed for further experiments to avoid 

incomplete coverage at shorter incubation times. Finally, the results obtained for 

increasing flow rates plotted in Figure 5.3-C, ranging from static conditions (0 µL/min) 

up to 20 µL/min, corresponding to a residence time of 2.1 s, show that a plateau in the 

reference signal, indicating full surface coverage, is reached in 1 min of incubation time 

using a flow rate of 10 µL/min. In summary, the optimal conditions, as highlighted in 

Figure 5.3 were a concentration of OTA-BSA of 50 µg/mL, 1 min of incubation time and 

a 10 µL/min flow rate. 
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Figure 5.3 - Optimization of the OTA-BSA concentration (A), total incubation time (B) used to immobilize 

the antigen (OTA-BSA) on the walls of the microchannel via physisorption (B) and flow rate of the solution 

through the microchannel (C). The relative signal values are calculated by dividing the absolute voltage 

obtained in the 10 ng/mL OTA channel by the absolute voltage obtained in the reference channel. The flow 

rate and incubation time in A were fixed at 3.11 µL/min and 5 min, respectively. The OTA-BSA 

concentration and flow rate in B were fixed at 50 µg/mL and 3.11 µL/min, respectively. The OTA-BSA 

concentration and incubation time in C were fixed at 50 µg/mL and 1 min, respectively. The final optimized 

conditions, highlighted in each plot with an empty star, were 50 µg/mL for the concentration, 10 µL/min 

for the flow rate and 1 min for the incubation time. 

A similar optimization procedure was followed for the anti-OTA-HRP antibody. 

This molecule is spiked in the SUA containing a certain target concentration of OTA and 

flowed through the microchannel after a blocking step using 4% (w/v) BSA. The overall 

optimization process is summarized in Figure 5.4. First, to optimize the concentration of 

antibody in the SUA, two different approaches of analyzing the data were selected, plotted 

in Figure 5.4-A and B respectively. The first approach was to test the effect of the 

antibody concentration on the detection sensitivity of OTA. This was achieved by 

measuring calibration curves using increasing antibody concentrations, each mixed with 

a sample of increasing OTA concentrations spiked in a PBS buffer solution ranging from 

0.5 to 100 ng/mL. These concentration range contains most regulatory limits for multiple 

foods and feeds according to the European Commission regulation 1881/2006. To 
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accurately evaluate the sensitivity of each condition, a threshold of 3 times the standard 

deviation of 12 independent reference measurements (using 2 µg/mL anti-OTA-HRP) 

was plotted to define the overall LoD of the measurements and the intrinsic variability of 

the assay. This implies that at each antibody concentration, the smallest detectable 

concentration of OTA is defined by the abscissa of the intersection point between the 3σ 

threshold and each of the curves. It can be observed in Figure 5.4-A that while the 

decreasing trend of the curves remains approximately constant, the LoD tends to decrease 

with a decrease in antibody concentration, reaching sensitivities below 0.1 ng/mL OTA 

with the lowest tested concentration of 0.5 µg/mL of anti-OTA-HRP. It can be noted that 

the trends for the 0.5 and 4 µg/mL seem slightly different from the remaining curves, 

however, this observation results solely from the intrinsic variability of the assay, here 

plotted from single experiments. The main observation that the sensitivity tends to 

decrease as the concentration of antibody increases is expected in a competitive assay and 

has previously been reported in the literature [24, 312] since for a fixed concentration of 

OTA, the higher the concentration of antibody in solution, the lower the molar fraction 

of anti-OTA-HRP occupied with free OTA in equilibrium, implying a simultaneously 

lower relative change in the reference signal. However, the concentration of antibody that 

provides the highest sensitivity is not necessarily the optimal condition, since a higher 

sensitivity simultaneously compromises the absolute voltage signals obtained. This can 

be observed in Figure 5.4-B. The signals for both the reference and the 10 ng/mL samples 

increase with an increase in antibody concentration, translating the same effect to the 

signal ratios. Therefore, to simultaneously provide sufficient sensitivity, meaning a 

significant difference between the contaminated and the reference samples, and linear 

range (around 3 orders of magnitude), a concentration of 2 µg/mL was selected. 

The incubation time and the flow rate were subsequently optimized within the 

same range as previously performed for OTA-BSA. Interestingly, in can be observed in 

Figure 5.4-C that the signals obtained for both the reference and 10 ng/mL channels have 

a clear linear dependence with the tested range of incubation times. Two conclusions can 

be drawn from this observation. First, a fine control of the incubation time for the primary 

antibody is critical for accuracy and reproducibility. Second, since a conservative margin 

from the noise threshold was given when selecting the optimal antibody concentration, it 

allowed a further reduction in assay time from 5 down to only 3 min. This also highlights 

the potential of having even faster analysis times with the same assay sensitivity by 

increasing the antibody concentration. However, due to practical constraints of 
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maintaining reproducible incubation times it was not reduced further. Finally, the 

optimized flow rate was fixed at 5 µL/min since, according to the observations plotted in 

Figure 5.4-D, while the signal from the contaminated sample does not change 

appreciably with an increase in flow rate, the signal from the reference reaches a 

maximum at 5 µL/min. The existence of this maximum value, similarly to what was 

observed for OTA-BSA, can be related with a maximum surface coverage. Differently, 

in this case, the maximum signal is a peak rather than a plateau and progressively 

decreases at higher flow rates possibly due to an increased erosion of the immobilized 

antibodies. This may be simultaneously due to a higher shear stress and the larger size of 

the OTA-BSA-antibody-HRP complexes as compared to OTA-BSA only. 

 

Figure 5.4 - Optimization of anti-OTA-HRP (a-OTA-HRP) concentration in the SUA (A and B), total 

incubation time (C) and flow rate of the solution through the microchannel (D).All the experiments were 

performed using the OTA-BSA conditions previously optimized in Figure 5.3. In A the intersection of the 

3σ threshold line with each of the curves defines the minimum OTA concentration that can provide a signal 

drop equal to three times the standard deviation of 12 reference measurements (performed with a 

concentration of 2 µg/mL only). Relative signals are calculated by dividing the absolute voltage obtained 

for a given OTA concentration by the absolute value obtained for the reference. The flow rate and 

incubation time in A and B were fixed at 3.11 µL/min and 5 min, respectively. The anti-OTA-HRP 

concentration and flow rate in C were fixed at 2 µg/mL and 3.11 µL/min, respectively. The anti-OTA-HRP 

concentration and incubation time in D were fixed at 2 µg/mL and 3 min, respectively. The final optimized 

conditions, highlighted in each plot with a non-filled star, were 2 µg/mL for the concentration, 5 µL/min 

for the flow rate and 3 min for the incubation time. 



 

115 

5.4. OTA calibration curve and assay regeneration 

After optimizing each of the major variables for the OTA-BSA immobilization 

and primary antibody incubation steps, a calibration curve for increasing concentrations 

of OTA (0.5-100 ng/mL) was measured using the optimal conditions. The results are 

shown in Figure 5.5-A. The inset plot shows the absolute voltage values obtained for 12 

independent reference measurements compared to the average value (526 mV), plotted 

as a straight line. The standard deviation (σ) of these measurements was used to calculate 

the LoD (concentration corresponding to a signal of 79%) here defined as 3σ and plotted 

as a straight dashed line. It can be observed that the entire curve is below the LoD 

threshold, thus, the optimized setup can detect at least 0.5 ng/mL OTA in solution, within 

the range required to meet the regulatory limits in most foods and feeds. The fitting of the 

curve was performed with a simple logarithmic fit according to Equation 3.1. 

 

Figure 5.5 - Calibration curves of relative voltage signals obtained for increasing OTA concentrations using 

the optimized conditions described in the inset table without (A) and with regeneration (B). (A) The inset 

plot shows the results obtained for all the 12 independently prepared references, relative to the average 

value plotted as a straight line. The value of the standard deviation for this average value multiplied by 3 

corresponds to the red dashed line in the main plot. The intersection of the red dashed line with the 

calibration curve corresponds to LoD, here < 0.5 ng/mL OTA according to the 3σ definition. (B) All the 

assays were performed in the same pair of channels, in which each pair of experiments was intercalated 

with a glycine buffer + BSA 4% regeneration step. As described in the inset schematics, each pair of 

experiments (reference and x ng/mL of OTA) were swapped after each measurement to confirm a complete 

and reproducible recovery of the signal for the references. The inset plot shows the results obtained for all 

the 8 independently prepared references, relative to the average value plotted as a straight line. The value 

of the standard deviation for this average value multiplied by 3 corresponds to the red dashed line in the 

main plot. The intersection of the red dashed line with the calibration curve corresponds to LoD, here 

between 1 and 2 ng/mL OTA according to the 3σ definition. 

After evaluating the performance of the assay performed in independent channels 

for each reference and target concentration of OTA, the same optimized immunoassay 

protocol was tested within the same pair of channels for 8 consecutive measurements. 
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The results are shown in Figure 5.5-B. For this, each experiment (reference channel plus 

a target concentration of OTA) was intercalated with a regeneration step. The 

regeneration protocol comprises a first step of removal of the affinity bound anti-OTA-

HRP antibodies by flowing a solution at a low pH (pH = 2), a standard condition known 

to break affinity interactions [307]. Then, a subsequent blocking step with BSA was 

performed to ensure that any BSA molecules removed from the surface during the 

previous stringent step are effectively replaced to prevent a subsequent increase in non-

specific binding. In total, this regeneration process takes less than 5 min. To ensure that 

the signal drop from the SUA channel was not due to a loss of OTA-BSA concentration 

on the surface, each of the 2 channels were swapped after each experiment as schematized 

in Figure 5.5-B, meaning, that the channel where the reference was performed in one 

experiment was used as a SUA channel in the subsequent experiment. From the 8 

references shown in the inset plot in Figure 5.5-B it can be concluded that the loss of 

OTA-BSA from the surface of the channel is negligible during the 8 subsequent assays. 

It can be observed that using the same channels the LoD was slightly increased in 

comparison to the previous case when new channels were always used, from 0.5 up to  

1-2 ng/mL. This increase comes from a higher variability in the reference measurements 

with a 3σ of 67%, as compared to the previous 79%, which may arise from conformational 

changes in the OTA-BSA layer adsorbed on the surface. This variability can be reduced 

in future work by performing a systematic optimization of the regeneration solution 

towards the specific targeting of the antibody-antigen interactions.  Nevertheless, the 

sensitivity obtained from this assay still covers most of the required regulatory spectrum 

with the increased advantage that the same OTA-BSA functionalized surface can be used 

for several consecutive measurements, reducing the overall cost per assay.  

 

5.5. Detection of OTA in red wine at the regulatory limits 

Finally, an experiment was performed to evaluate if the optimized assay can be 

used to quantify OTA at the regulatory limits (2 ng/mL) in red wine extracts. This matrix 

was selected since it provides pronounced matrix interference effects [19, 24, 293, 313] 

and requires a highly sensitive detection to cope with the particularly low regulatory 

limits, thus providing a worst case scenario. The full processing steps are described in 

detail in Section 5.1.4 and, in summary, comprises the artificial spiking of three raw red 

wine samples with 2 ng/mL OTA which were then subjected to an ATPS processing step. 
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Then, the diluted PEG-rich phase was used directly as the SUA for the analysis. The 

references were prepared in the same way using non-spiked red wine. The results from 

the voltage readings over time are shown in Figure 5.6 and the absolute values obtained 

from averaging the plateau (from 15 to 25 s) are shown in the inset plot. The 

measurements were performed in 6 independent channels without a regeneration step. 

The signal ratios obtained were 77, 67% and 79% for each of the first, second and third 

replicates respectively, averaging a signal reduction of 74.3±6.4%, just below the LoD 

threshold of 79%. Thus, it can be concluded that the optimized assay can effectively 

detect the presence of OTA in red wines at the regulatory limits within a total assay time 

of less than 25 min, including sample preparation. Table 5.1 aims at comparing the 

reported assay with others previously discussed in the introductory Chapter 1. Based on 

the collected data, it can be concluded that this assay serves as a potential tool towards 

point-of-need mycotoxin screening among the state-of-the-art, being simple to prepare, 

rapid, regenerable and portable, while still providing sufficient sensitivity. 

 

 

Figure 5.6 - Plot of voltage measurements (moving average values of 3 s) for three independent references 

and three wine samples spiked with 2 ng/mL OTA while flowing luminol through the microchannel at  

10 µL/min. Both references and spiked samples were prepared in raw red wine and subsequently processed 

according to the method developed by Soares and co-workers [19]. The inset plot shows the average 

absolute voltage obtained for the reference (labeled as “R”) and contaminated sample (labeled as “S”) in 

each of the three independent assays. The inter-assay variability in terms of oscillations observed during 

the plateau arise from electromagnetic interference. 
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Table 5.1 - Summary of recent OTA biosensing strategies published between 2014 and 2015. (1) 

Preparation time refers to the reported time required to prepare the sensing surface prior to the OTA 

biosensing step. (2) and (3) The portability and regenerability aspects refer only to what is reported by the 

authors, although it may be possible that all the methods can be engineered to have these characteristics. 

Assay 
Sensing 

surface 

Prep. time 
(1) 

Signal acquisition 
LoD 

(ng/mL) 

Assay 

time 

(min) 

Portable 
(2) 

Regenerable 
(3) 

Ref. 

This work PDMS < 10 min Photodiode < 1 5 Yes Yes - 

Xie et al Gold > 18 h Electrochemical cell ≈ 0.00012 > 60 No No [314] 

Yao et al 
Magnetic 

nanoparticle 
> 4 h Spectrofluorimeter ≈ 0.00013 80 No No [174] 

Yang et al Gold > 4h 
Electrochemical 

Analyzer 
≈ 0.0003 35 No No [315] 

Park et al Gold > 12 h 96-well plate reader ≈ 0.4 20 No Yes [155] 

Wang R. et al Silica > 24 h Photodiode ≈ 1.2 20 No Yes [316] 

Wang C. et al 
Magnetic 

beads 
> 2 h Spectrofluorimeter 0.0054 60 No No [317] 

Reveal Q+ 

(Neogen) 

Hydrophilic 

polymer 
n.s. AccuScan Pro Reader 2 (ppb) 9 Yes No - 

ROSA ® (Charm) 
Hydrophilic 

polymer 
n.s. 

Charm ROSA-M 

Reader 
< 2 (ppb) 10 Yes No - 

Ochra-V (Vicam) 
Hydrophilic 

polymer 
n.s. 

Vertu Lateral Flow 

Reader 
2.5 (ppb) 7 Yes No - 

 

5.6. Integration of the immunoassay in a portable biosensor prototype   

The immunoassay described in this chapter was further integrated in a prototype 

device co-developed with Lumisense Lda. within the context of the EU project 

DEMOTOX (FP7-SME-2013- 604752). The prototype box, illustrated in Figure 5.7, 

contained all the instrumentation required to perform the immunoassay, namely (1) a 

commercial c-Si photodiode, (2) a peristaltic pump to drive the liquid through the 

microchannels, (3) a microcontroller board to control the pump and acquire the current 

from the photodiode, pre-amplified by a 180 dB gain transimpedance circuit, (4) a 

Bluetooth® communication module and (5) a simple setup to align the PDMS device 

(schematized in Figure 5.8) above the photosensor, allowing continuous liquid flow with 

negligible light contamination. 

Overall, this device provided the same analytical performance obtained using the 

setup described in Figure 5.2, while requiring significantly fewer manual operations. The 

user is only required to add 3 solutions, namely the SUA, PBS buffer and luminol 

substrate, in sequence, as requested by the software in the laptop computer. Since the 

prototype was designed with a single pumping port coupled to the PDMS device, the full 

analysis takes approximately 10 min, since the reference and the sample must be 

quantified in sequence.  

Considering that the main objective of the DEMOTOX project was the detection 

of OTA in red wines and grape juice, the prototype was demonstrated to wine producers 

in Monção, Viana do Castelo, Portugal, to obtain feedback on the device performance for 
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routine screening of OTA contamination in grapes. The negative feedback given by the 

producers was extremely important to guide further developments, focusing on two major 

flaws, namely (1) 10 min for the time of analysis was not suitable for the fast-paced wine 

industry, particularly when raw materials are received from multiple vineyards and  

(2) the requirement of three steps to perform the analysis, with intervals of a few minutes, 

not only forces the user to be close to the equipment throughout the entire duration of the 

assay, but also hinders the parallelization of multiple analysis, often required to 

adequately screen a large lot of grapes. Potential solutions to these design flaws are 

addressed in this thesis, discussed below after Chapter 8. The subsequent Chapters 6 

and 7 address first the multiplexed analysis of multiple samples and mycotoxins and the 

simplification of the liquid flow mechanism and signal acquisition, which are also 

potential limitations of this prototype, depending on the target application. 

 

Figure 5.7 – Photographs of the integrated biosensor prototype co-developed in collaboration with 

Lumisense Lda. within the context of the EU project DEMOTOX (FP7-SME-2013- 604752). The body of 

the box was 3D printed with black PLA filament to minimize room and/or sunlight interference. The inside 

of the box was sprayed with a conductive ink to serve as a ground for the circuitry. The previously described 

amplification circuit and microcontroller board were contained inside the box and connected to the 

photodiode and a miniaturized peristaltic pump to drive the solutions through the PDMS devices. To allow 

true portability, the box used a standard 5 V power pack as power supply and integrated a Bluetooth® 

wireless module, allowing communication with a tablet computer. The disposable PDMS device to perform 

the immunoassay is described in Figure 5.8. The PDMS device fits into the pocket of the box and is 

automatically aligned with the c-Si photodiode and an access hole to the peristaltic pump. The sliding cover 

is coupled with a manual turn knob to press down the device, ensuring an air-tight seal against the pump 

access. The solutions are added through a hole in the sliding cover as instructed by a software in the tablet 

computer, which also controls the peristaltic pump. 
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Figure 5.8 – Schematics of the PDMS device coupled with the integrated prototype described in  

Figure 5.7. The top side of the device (pressing against the sliding cover) was tinted with black ink to 

prevent light contamination. The solution is added to the top well and is driven into the microchannels by 

the negative pressure exerted by the peristaltic pump. The microchannel PDMS layer and sealing layer are 

both optically transparent in the visible range, allowing the chemiluminescent light to reach the photodiode 

below. λCL refers to the emitted chemiluminescent light and ΔP to the difference in pressure (negative) 

generated by the peristaltic pump. 

 

5.7. Chapter conclusions 

This chapter described a novel OTA biosensing strategy based on a direct 

competitive chemiluminescent immunoassay performed in a microfluidic channel. By 

integrating a photosensing setup, ultrarapid measurements were provided below the 

regulatory limits for all regulated foods in the European union (< 0.5 ng/mL), in less than 

5 min. Furthermore, the assay could be easily regenerated for at least 8 times without a 

significant loss in sensitivity. The optimized immunoassay was also validated for the 

quantification of OTA at the regulatory limit of 2 ng/mL in spiked samples of red-wine 

previously subjected to an extraction process with a polyethylene glycol (PEG)-salt 

ATPS. These results highlight the potential of this type of assay to compete with the 

current state-of-the-art in point-of-need mycotoxin detection after subsequent 

improvements in assay automation, as is the case of the prototype device discussed in 

Section 5.6. Furthermore, the same design can be easily extended to other highly relevant 

mycotoxins such as aflatoxins, deoxynivalenol, fumonisins or zearalenone and also 

further improved using novel engineered biorecognition molecules such as nanobodies 

fused with enzymes [318], providing increased affinity, stability and resistance to matrix 

interference. 
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Chapter 6  

Immunoassay Multiplexing Coupled with a 

Microarray of Photoconductors  

Considering the common co-contamination of foods and feeds with multiple types 

of mycotoxins, often associated with synergistic toxic effects, this chapter reports the 

extension of the microfluidic immunoassay to multiplex the detection of three mycotoxins 

in three samples simultaneously. In this context, a novel, simple, negative pressure-driven 

device with manually operated magnetic valves was developed and the simultaneous 

immunodetection of these three mycotoxins was demonstrated via the laminar flow 

patterning of probes in an area of ≈ 0.12 mm2 and subsequent chemiluminescence 

generation via HRP-labelled antibodies. The three mycotoxins were detected in less than 

20 min at concentrations of 100 ng/mL for OTA and DON and 3 ng/mL for AFB1, spiked 

in a sample under analysis and simultaneously compared to a toxin-free reference and a 

standard contaminated with critical target concentrations. The on-chip optical detection 

was performed in a single acquisition step by integrating a microfabricated array of  

25 × 25 µm hydrogenated amorphous silicon (a-Si:H) photosensors below the 

microfluidic chip. The device presented in this chapter is also a simple and effective 

approach for point-of-need multiplexing of immunoassays in general. The contents of this 

chapter are reproduced with appropriate adaptations from one original research article 

[42] co-authored with Denis R. Santos, PhD student at INESC MN, who performed the 

photosensor fabrication, optimization  and characterization. 

 

 

6.1. Materials and experimental methods 

6.1.1. Preparation of PDMS devices with embedded NdFeB magnets 

The polydimethylsiloxane (PDMS) devices with embedded N48 Ni-plated NdFeB 

rod shaped magnets with 3 mm diameter and 6 mm height (Supermagnete, Gottmadingen, 

Germany), were fabricated as follows. First, PDMS pre-polymer was mixed at a ratio of 

1:10 curing agent to PDMS oligomers ratio, degassed and spin coated on top of the  

SU-8 mold for an average final thickness of 200 µm. The mold was then baked at 70 ̊ C 

in a convection oven for 30 min. After this baking step, the magnets were manually 
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aligned on top of the PDMS layer and fully immersed in a second thicker layer of uncured 

PDMS. The device was subsequently baked for an additional 75 min under the same 

conditions and peeled off from the mold. The remaining processing steps was performed 

as described in detail in Chapter 2. 

6.1.2. Operation of the multiplexed microfluidic device 

A schematic illustration of the structure of the device is shown in Figure 6.1 and 

the operation steps are described in detail and shown in Figure 6.2. The operation was 

performed as follows. Liquids were introduced in the microchannels via a 20 ga metal 

adapter coupled to polyethylene capillary tubing inserted into one of the two available 

outlet ports, identified with radial features (A). The polyethylene tubing was connected 

to a syringe pump and PBS buffer solution (PBS tablets from Sigma-Aldrich) was 

introduced in the microchannels at a flow rate of 43 µL/min by applying a positive 

pressure until liquid was observed to flow out of the device through every inlet port (B). 

Then, the pump was stopped and two NeFeB magnets were used to seal the channel 

perpendicular to the one being pumped by the syringe pump. Next, without removing the 

metal adapter from the outlet, pipette tips containing spacer solutions and capturers were 

inserted in the respective inlets and carefully released from the pipette. All the spacer 

solutions are prepared by dissolving polyethylene glycol (PEG) with an average MW of 

8 kDa (Sigma-Aldrich) at a concentration of 11% (w/w) in water. It is essential that during 

this step no air bubbles are trapped between the solutions and the buffer inside the device. 

After inserting the pipette tips, the following steps were performed: (C) PBS was inserted 

inside the device at 43 µL/min for 10 s by applying a positive pressure with the syringe 

pump; (D) after 10 s, the direction of pumping was reversed to pulling without stopping 

the syringe pump, while maintaining the flow rate at 43 µL/min for an additional 15 s; 

(E) finally, the flow rate was reduced to 3 µL/min. After 10 min of flowing the capturer 

streams, the pump was stopped, the metal adapter was removed, washed by purging out 

buffer solution, inserted back in the same outlet and PBS was flowed inside at 10 µL/min 

for 30 s to remove any weakly bound or dispersed capturer molecules (F). After the 

laminar flow-based patterning the capturer molecules, the magnets were removed and 

shifted by 90º and the metal adapter was inserted in the second outlet. Before the 

subsequent insertion of the pipette tips containing spacer and target solutions, PBS is 

flowed at 10 µL/min to assure the removal of any air bubbles trapped in the inlet holes or 

microchannel network (G). Afterwards, the pipette tips were inserted and steps (H) to (J) 
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were performed in the same way as previously described for (C) to (E), followed by  

5 min of flowing the target streams and washing with PBS for 1 min at 10 µL/min (K). 

Before and after flowing the target molecules, the region of interest (ROI) was rinsed with 

PBS at 10 µL/min for 1 min.  

 

Figure 6.1 - Schematics of the microfluidic structure used for multiplexing of immunoassays. Both 

intersecting channels are identical in terms of features and dimensions. The term “capturers” refers to the 

molecules intended to be immobilized on the microchannel surface. The term “target” refers to the 

molecules intended to be selectively captured by the capturers previously immobilized on the microchannel 

surface. The term “spacer” refers to a solution which serves the function of preventing cross diffusion 

between each of the different capturer and target streams. 

6.1.3. Operation of the multiplexed microfluidic device 

Detailed schematics of the operation of the device for multiplexed toxin 

immunoassays are described in detail in Figure 6.3. The device was operated using the 

conditions described in Section 6.1.2. with two additional steps: (1) flowing a 4% (w/v) 

BSA solution and (2) flowing luminol or 3,3,5,5-Tetramethylbenzidine (TMB) solutions 

containing hydrogen peroxide. The first step (1) was performed immediately after 

patterning the capturers (BSA-toxin conjugates) by flowing a solution of BSA 4% (w/v) 

prepared in PBS through the outlet at 5 µL/min for 30 s and 0.5 µL/min for 5 min. This 

step was followed by a PBS washing step at 10 µL/min for 30 s. The second step (2) was 

performed after washing the weakly bound targets (anti-toxin antibodies) by continuously 

flowing a luminol (SuperSignal® West Femto Maximum Sensitivity Substrate, Thermo-

Scientific) or TMB (ready to use 1-Step™ Ultra TMB-Blotting, Thermo-Scientific) 

solutions at 10 µL/min through the outlet by applying a constant positive pressure. OTA-

BSA, AFB1-BSA, BSA, ochratoxin A, aflatoxin B1 and deoxynivalenol were purchased 

from Sigma-Aldrich. Anti-OTA-HRP polyclonal antibodies were purchased from 
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Immunechem Pharmaceuticals (Burnaby, Canada). Anti-AFB1 mouse monoclonal 

antibodies (AFA-1) were purchased from Abcam (Cambridge, UK). Anti-DON mouse 

monoclonal antibodies were purchased from Biotez (Berlin, Germany). All solutions and 

reactions were prepared or carried out in ultrapure water obtained from a MilliQ water 

purification system (EMD Millipore, Billerica, MA, USA).  

 

 

Figure 6.2 - General operation schematics of the multiplexing device. The black arrows indicate the access 

points where a negative or positive pressure is applied and the direction of the liquid flow. The black, green 

and white circles indicate the inlets for the capturers, spacers and targets, respectively. 
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6.1.4. Preparation of DON-BSA, anti-AFB1 IgG-HRP and anti-DON IgG-HRP 

The DON-BSA conjugates were prepared using 1,1’-carbonyldiimidazole (CDI) 

chemistry with a protocol adapted from Maragos and McCormick [113]. Briefly, 5 mg of 

CDI (Sigma-Aldrich) were added to 1 mg of DON in an amber glass vial and subsequently 

dissolved in 100 µL of anhydrous HPLC grade acetone (Sigma-Aldrich) to activate the 

DON molecules with CDI. The mixture was then incubated for 30 min in the dark under 

constant stirring. Without ceasing the stirring motion, 1 mL of a 10 mg/mL BSA solution 

prepared in 100 mM sodium bicarbonate was quickly added to the reactive DON solution. 

The mixture was kept for 2 more hours in the dark under constant stirring. To remove the 

acetone and bicarbonate salts, the DON-BSA conjugate solution was washed 5 times with 

phosphate buffered saline (PBS) buffer at pH 7.4 in 10 kDa Amicon ultra 0.5 mL 

centrifugal devices (Merck Millipore) by centrifugation at 14,000 × g for 7 min. The 

solution was then diluted with PBS for a final concentration of 1 mg/mL. The anti-DON 

and anti-AFB1 IgG-HRP conjugates were prepared using an HRP conjugation Kit 

(ab102890) purchased from Abcam. Briefly, 10 µL of proprietary modifier agent were 

added to a 100 µL solution of antibody with a concentration of 1 mg/mL and the mixture 

was used to re-suspend the lyophilized HRP. After complete dissolution the mixture was 

left for 3 hours in the dark at room temperature and, subsequently, 10 µL of proprietary 

quencher solution was added. The conjugates were used without further purification.  

6.1.5. Measurements using the photoconductor array 

The addressing of the 9 photosensors during the chemiluminescence acquisition 

was performed using two multiplexer integrated circuits of 8 input channels to 1 output 

each (MAX 338, Maxim Integrated) located on a PCB which contains 2 coaxial BNC 

connectors to interface with a Keithley 237 picoammeter. Details of photosensor 

characterization can be seen in Figure 6.4. A Samtec edge card socket (part # MB1-120-

01-F-S-02-SL) soldered to the bottom of the PCB of the multiplexer is used to insert and 

connect the photosensor array PCB. An Arduino Uno Rev3 microcontroller is connected 

with pin connections to the multiplexer circuits for channel selection and for power and 

is programmed using the Arduino IDE via serial communication through USB 

connection. A Graphical User Interface (GUI) programmed with Python and PyQT4 is 

used to read General Protocol Interface Bus (GPIB) and process the data from the 

picoammeter. 
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Figure 6.3 - Detailed operation schematics for the multiplexed assays. The black arrows indicate the access 

points where a negative or positive pressure is applied and the direction of the liquid flow. The black, green 

and white circles indicate the inlets for the BSA-toxin conjugates, PEG 8,000 11% (w/w) solutions and 

anti-toxin antibodies plus SUA, respectively. After the step schematized in L, a solution of luminol or TMB 

is flowed along the same direction also at 10 µL/min, without opening the respective closed magnetic 

valves. 
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Figure 6.4 - The photosensors were characterized individually in the dark and using light from a tungsten-

halogen lamp (250W) coupled to a monochromator (Oriel Model 77250) for wavelength selection. The 

current–voltage (I–V) in the dark and the current-photon flux (I–Φ) photoresponse curves at 428 nm 

(wavelength corresponding to the immunoassay chemiluminescence emission) were measured using a 

picoammeter. The incident photon flux was determined using a calibrated silicon photodetector (S1226-

5BQ, Hamamatsu Photonics K. K.). The current signals generated by the photosensors array during the 

immunoassay were acquired with the picoammeter 237. A- Current density (J) of all 9 photoconductors as 

a function of the applied electric field (E). The J-E characteristics were measured at room temperature and 

in dark conditions. The photoconductor array exhibits a dark conductivity of σdark = 5.1 x 10−9 ± 5.0 x 10−10 

S.cm−1. B- The sensor photoresponse at chemiluminescence emission wavelength (λem = 428 nm) was also 

measured showing a linear photocurrent dependence with the incident photon flux Φ in the range of  

Φ ~ 6 x 1010 cm−2.s−1 to Φ ~ 6 x 1014 cm−2.s−1. 

 

6.2. Multiplexing concept and microchannel design 

The microfluidic structure is shown schematically in Figure 6.1. The short travel 

distances and laminar flow obtained under these flow conditions (Re < 1) allow the 

molecules to flow in parallel with no convection and negligible diffusion. To further 

reduce any possible cross contamination, a highly viscous spacer solution flows between 

each of the capturer and target molecule streams. By first flowing three streams 

containing BSA-toxin conjugates, acting as capturers, in one channel, and then flowing 

three streams containing anti-toxin-HRP antibodies, acting as targets, in the perpendicular 

channel, a matrix of 9 independent biosensing regions is obtained, allowing the 

simultaneous detection of three different analytes in three different samples. The region 

containing the biosensing areas will henceforth be referred to as region of interest (ROI).  

To flow the liquids individually in each direction, a magnetic valve system was integrated 

in the device, comprising permanent NdFeB magnets at a fixed 200 µm distance above 

the microchannels, each generating a magnetic field of 1.37-1.42 T. These valves are 

normally open and can be closed by placing a magnet with the opposite polarity facing 
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the embedded magnet. The force exerted between the magnets is sufficient to compress 

the PDMS and close the microchannel. When closed, this valve system can sustain 

pressures of up to at least 300 kPa, limited by delamination of the sealing membrane. 

After removing the magnet, the valve opens in less than 1 s. To further simplify the 

system, the flow of the liquids was controlled by applying negative pressure at the outlet 

with the inlets designed to allow the spacer solutions to flow simultaneously inside the 

channel before the flow of the capturers and targets, thus creating 3 discrete flow streams, 

separated by spacer streams, and preventing adsorption in the regions in-between the 

streams. This was done by increasing the distance of the capturer/target inlets from the 

main channel (≈ 5.5 mm) as compared to the spacer inlets (≈ 2.3 mm).  

 

6.3. Spatially resolved adsorption of BSA fluorescent conjugates 

To first evaluate the resolution of the physisorption-based molecular patterns of 

the multiplexing device previously discussed (shown and described in Figure 6.5-A), 

solutions of green fluorescent BSA-FITC conjugates and red fluorescent BSA-Alexa 555 

conjugates were used along the two perpendicular directions of the device. Figure 6.5-B 

shows the results, imaged using a fluorescence microscope. It was observed that the 

interface positions between each of the solutions, as shown in Figure 6.5-C, were very 

stable, with virtually no discernible flow oscillations for at least 10 min. The PEG based 

spacer solution thus provides (1) a stable flow of the solutions via the application of a 

negative pressure, (2) an inert medium for primary channel wetting preventing cross-

solution contamination from one capturer/target solution wetting the channel before the 

other, (3) improved contrast for monitoring of the process under the microscope due to 

refractive index differences between the spacer solution and capturer/target solutions and 

(4) minimal lateral diffusion between solutions of interest up to the ROI. Regarding point 

(4), it is relevant to highlight that assuming Brownian motion and a diffusion coefficient 

of 3.35 × 10-12 m2.s-1 for the BSA molecules [319] in the PEG solution used (η ≈ 10 

mPa.s), the molecules of BSA will only experience a lateral diffusion of around 1.8 µm 

before reaching the ROI, which represents approximately 0.5% of the total channel width. 

On the other hand, had pure water been used as the spacer solution, the expected lateral 

diffusion would have been 8.2 µm, comparable to the width of each stream, considering 

that diffusion occurs on both sides of the spacer. The fluorescence microscopy image in 
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Figure 6.5-C also highlights both the good patterning resolution and the nine points of 

intersection between each of the adsorbed BSA-conjugate streams. 

 

Figure 6.5 - A- Photographs and schematic operation of the microfluidic device. B- The interface of the 

spacer solutions is visible under the bright field microscope due to a higher refraction index of the highly 

concentrated PEG spacer solutions. C- Composite of the green and red channels of two images acquired 

under the fluorescence microscope using blue or green excitation lights, respectively. Both fluorescence 

images were acquired after flowing the BSA-fluorophore solutions and spacers in both directions, first from 

left to right, and washing the channel with PBS for 1 min. 

 

6.4. Simultaneous calibration and immunodetection of the mycotoxins 

OTA, AFB1 and DON 

After optimizing the operating conditions to provide nine discrete biosensing 

points, the multiplexing device was subsequently tested for the simultaneous detection of 

three different mycotoxins, OTA, AFB1 and DON, using the direct competitive 

immunoassay strategy described in Figure 6.6. With the purpose of blocking the channel 

surface after patterning the capturers, a solution of 4% (w/v) BSA was used, with the 

blocked region showing a decrease in non-specific signal of about one order of 

magnitude, compared to the non-blocked region as can be seen in Figure 6.7. After 

flowing the targets, a solution of luminol and hydrogen peroxide is flowed through the 

ROI to generate a stable plateau of chemiluminescence as described previously [21]. This 

signal is proportional to the surface density of antibody-HRP molecules on each spot and 

inversely proportional to the target toxin concentration. Prior to performing the 
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multiplexed detection of multiple mycotoxins, it was important to evaluate any cross-

reactivity between the antibodies and target mycotoxins. The results in Figure 6.6-A and 

B clearly show that, based on the optical microscopy images and the 3D intensity plots 

there is negligible cross-reactivity. In Figure 6.6-B, the use of an antibody mixture results 

in all 9 spots showing significant chemiluminescence intensity whereas when using the 

individual antibodies, as in Figure 6.6-A, only the region where the respective target 

toxin-BSA conjugate is patterned has a measurable signal, resulting in the observed 

diagonal spot profile. It is also important to highlight that this laminar-flow patterning-

based methodology can be further scaled-up to detect more analytes and samples in a 

single run.  

 

Figure 6.6 - Schematics of the direct competitive immunoassays and results of the cross-reactivity tests. I- 

Adsorption of toxin-BSA conjugates. II- Blocking with unconjugated BSA molecules. III- Flow of 

solutions-under-analysis (SUA) containing horseradish peroxidase (HRP) conjugated anti-toxin antibodies. 

IV- Flow of a luminol solution to generate light proportional to the surface concentration of HRP. A and B 

- Intensity profile, microscope image and schematics of the ROI of the experiment used to test cross 

reactivity of anti-toxin antibodies to non-specific toxins. The horizontal arrows in the schematics of the 

experiments refer to the capturers flowed long the x axis while the vertical arrows refer to the targets flowed 

along the y axis. Ab mixture refers to a solution containing all the three anti-toxin antibodies (a-AFB1-

HRP, a-OTA-HRP and a-DON-HRP). The microscopy images were contrast-enhanced for visualization 

purposes. 
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Prior to the multiplexed assays, calibration curves for each toxin were measured by 

performing the immunoassays in independent 20×200×5000 µm (H×W×L) straight 

PDMS microchannels in a singleplex mode based on the same methodology described in 

detail in Chapter 4. The results obtained for the assay calibrations in single channels are 

shown in Figure 6.8-A where it can be observed that limits of detection (LoD) of at least 

0.1, 0.3 and 1 ng/mL were obtained for AFB1, DON and OTA, respectively, according 

to the 3σ criterion. This result thus validates the architecture of the competitive assays 

and chemiluminescence based detection per se, prior to testing the detection in the 

multiplexing device, with the obtained sensitivities complying with most of the regulatory 

limits in foods and feeds for both OTA and AFB1 and all regulatory limits for DON (in 

European Commission regulation 1881/2006 and European Commission 

recommendation 2006/576/EC). The multiplexing tests were designed to include 

simultaneous measurements of both a reference and a standard along with the sample 

under analysis (SUA). The compositions of these solutions and each of the SUAs are 

described in Figure 6.8-B. The function of the reference solution is to establish the 

maximum signal obtained for each of the anti-toxin-HRP antibodies in the absence of the 

specific toxin, while the standard contains a target concentration (i.e. at a certain critical 

regulatory limit for a feed under analysis) of each toxin, for example, 3 ng/mL AFB1, 

100 ng/mL OTA and 100 ng/mL DON, which are values within the regulatory ranges and 

chosen as hypothetic critical concentrations for a certain target food or feed. Thus, by 

comparing the signal obtained for both the SUA and standard relative to the reference 

solution, it is possible to evaluate whether the SUA is contaminated or not with the target 

toxins under analysis. The contrast-enhanced bright field images of light emission from 

the ROI and the respective 3D intensity plots for each of the SUAs are shown in  

Figure 6.8-C. One can clearly see that the SUA signal drops to intensity levels 

comparable to those of the standard solution if the specific toxin is present, i.e., if only 

DON is present at the target level, only the signal from DON biosensing region will drop. 

Figure 6.8-D shows the absolute average chemiluminescence intensity of the reference, 

standard and sample under analysis (SUA). It can be observed that the signals obtained 

for non-contaminated and contaminated SUAs are within the SD (from 3 independent 

experiments) of the reference or standard spots, respectively. These results show that the 

multiplexed immunoassay can simultaneously detect DON, OTA and AFB1 spiked in a 

buffer solution, where contaminated solutions had average relative chemiluminescence 

signals of 62.6 ± 1.6%, 64.6 ± 4% and 66 ± 2.1% (average ± SD), while non-contaminated 
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solutions had signals of 92%, 98% and 105% for DON, OTA and AFB1, respectively, 

relative to the signal obtained for the respective references. However, it can be noted that 

compared to the singleplex assays in straight channels (Figure 6.8-A) there is a slight 

decrease in sensitivity since the ratio of contaminated to non-contaminated 

chemiluminescence values obtained in the multiplexing experiments is higher than those 

obtained in the single channels, for the same toxin concentrations. This relative decrease 

in sensitivity can be attributed to the higher concentrations of anti-toxin-HRP antibodies 

used in the multiplex chip to compensate for a decrease in absolute signals. This decrease 

in signal can possibly be due to (1) an increased erosion of surface adsorbed proteins, 

namely BSA-toxin conjugates by the concentrated PEG solution, due to the high affinity 

of hydrophobic PEG molecules to the methyl groups on the PDMS surface; or to (2) the 

formation of a thin PEG solution film in contact with the PDMS surface, which envelops 

the capturer or target streams, hindering the diffusion of molecules towards the surface. 

We have previously reported this phenomenon [24]. Nevertheless, the relative decrease 

in sensitivity can be easily counteracted by using antibodies with higher affinities to the 

target compound or by using more sensitive signal acquisition and/or signal amplification 

techniques, allowing the use of lower anti-toxin antibody concentrations. 

 

Figure 6.7 - Optical microscopy image (total magnification of 40×) acquired in the dark (10 s exposure, 

10× gain) while flowing a luminol plus hydrogen peroxide solution at 10 µL/min from right to left, relative 

to the image. The BSA blocking was performed prior to acquisition by flowing a solution of BSA 4% (w/v) 

at 0.5 µL/min for 5 min as schematized with the red magnet valves closed. 
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6.5. Simultaneous detection of OTA, AFB1 and DON using a 

multiplexed array of a-Si:H photoconductors 

After establishing the proof-of-concept of the multiplexed immunoassays using a 

chemiluminescence-based approach coupled to fluorescence microscopy, a 3 × 3 

photoconductor array was designed to allow integrated on-chip detection of the light 

generated by the 9 spots in the ROI (Figure 6.9-A, B, C). Each of the 9 sensors was 

addressed sequentially for 4 s at a sampling rate of 500 ms, resulting in an acquisition of 

8 data points per sensor passage. The data acquisition began in dark conditions and with 

the syringe pump stopped. This step is crucial to determine the dark current (id) of the 

sensors that constitute the signal baseline of the assay. The dark current measured during 

the experiments for all sensors was id = 5.47 x 10-13 ±4.30 x 10-14 A. The signals, which 

correspond to the photocurrent, iph, measured in the presence of chemiluminescence 

minus the dark current, id, depend on the quantity of HRP enzymes at each ROI spot and 

are of the order of hundreds of fA. After two full addressing iterations of the sensor array 

in the dark, the syringe pump is turned on while the current from each sensor is 

continuously acquired. The chemiluminescence emitted by the discrete spots in the ROI 

generated a photocurrent in the sensors (iph). Cross-talk generated by the 

chemiluminescent spot on sensors at a neighboring spot (minimum distance between 

adjacent photosensors is 100 µm) was assessed. For that purpose, reference 

immunoassays for only one toxin (DON), were used to optimize the uniform and discrete 

chemiluminescence signals generated in the ROI as can be seen in  

Figure 6.10. By selectively immobilizing HRP-labeled antibodies on only 3 spots, light 

cross-contamination between sensors was observed not to impair the detection of 

mycotoxins at the concentrations tested in the previously described (Section 6.4) standard 

sample. This is justified by the signals measured between sensors (Figure 6.10-C) having 

statistically significant differences above 95% certainty with p-values of 0.03 for a 

distance of at least 100 µm between the dark sensor and the sensor exactly below the 

chemiluminescence light source (top row against middle row) or 0.01 for a distance of at 

least 200 µm (top row against bottom row).   
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Figure 6.8 - A- Calibration curves for each target mycotoxin measured in singleplex mode, carried out in 

individual straight channels. Relative chemiluminescence values were calculated by the dividing the 

absolute chemiluminescence obtained by the SUA at a certain toxin concentration by the 

chemiluminescence signal obtained for the reference (0 ng/mL toxin). Each point was measured in triplicate 

and error bars correspond to ±SD. The limit of detection (LoD) threshold was calculated as the relative 

chemiluminescence value corresponding to 3 times the standard deviation of the reference measurement 

with the higher variability. B- Mycotoxin concentrations tested in the multiplexed assays. C- Microscope 

images and 3D intensity plots of the ROI for each of the samples 1, 2 and 3 according to the schematics 

presented on the top. D- Absolute chemiluminescence signals obtained for each spot from the 3 analyses. 

The error bars of the reference and standard samples refer to ±SD of the 3 experiments.  
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Figure 6.9 - A- Photoconductor array chip wire-bonded to a PCB. B- Optical microscopy image of the 9- 

sensor array designed to match the relative position of the 9 spots in the ROI. C- Photoconductor cross 

section schematics. D- Optical microscopy image of the 9 sensors array aligned with the microfluidic chip. 

The 9 blue spots in the ROI were obtained by flowing a blotting TMB solution. All spots correspond to a 

conjugate of anti-DON-HRP bound to adsorbed DON-BSA molecules (reference). Dotted white corners 

indicate microfluidic channel walls which are aligned with the “L shaped” alignment marks.  E- Top view 

of the interface PCB. F- Schematics of the multiplexing circuit setup. 

To measure the chemiluminescent signal generated by each spot, the microfluidic 

structure was aligned with the photoconductors using the corners of the ROI cross and 

the patterned “L”-shaped alignment marks (Figure 6.9-D). It is important to highlight 

that after measuring the light emission using the photosensors, a blotting solution of TMB 

flows to the ROI to produce a colorimetric reaction that allows a visual assessment of the 

position of the spots and to have an indication of the quality of the measurements. In 

analogy with the luminol solution, the intensity of the spot (i.e. the absorbance) is 

inversely proportional to the concentration of toxin. The multiplexing results obtained 

with the integrated photosensors are shown in Figure 6.11 for two different SUAs. It is 

possible to observe that the signals for SUA 1 are within the 3σ threshold of the reference 

signal.  On the other hand, for SUA 2, the spots corresponding to OTA and DON are 

significantly lower and within ±SD of the signal from the standard sample, highlighting 

the statistical significance in distinguishing contaminated solutions of all three toxins. 

These results are consistent with the results from optical microscopy presented in  
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Section 6.4 and validate the use of integrated photosensors as an effective way of 

acquiring data from multiplexed immunoassays in real time and with compatibility to 

point-of-need applications. 

 

Figure 6.10 - Microfluidic immunoassay signal currents of the 9 integrated photosensors for the detection 

of 9 discrete spots. All spots correspond to a molecular recognition event between adsorbed DON-BSA and 

anti-DON-HRP, in the absence of DON. The absence of a spot is generated by flowing a plain PBS solution 

instead of an anti-DON-HRP solution in the respective position. A and C- 3D intensity plot of the 9 ROI 

generated current by an immunoassay designed to produce chemiluminescence signal either in all 9 spots 

(A) or only the top row of spots (C). It can be seen (orange columns in C) that light cross-contamination 

exists for adjacent spots, with a p-value of 0.03, comparing the averages of the 3 red and orange columns, 

respectively (distance ≥ 100 µm). At greater distance (≥ 200 µm) this cross-contamination is negligible, 

with a p-value of 0.01, comparing the average of the 3 red and black columns, respectively. The p-values 

were calculated based on the average signal of each row of spots and a t-student distribution with 2 degrees 

of freedom. B and D- Microscope image of the integrated microfluidic chip with the photoconductor array 

after the flow of a TMB solution, highlighting the alignment between the spots and the respective 

photoconductors. 
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Figure 6.11 - Multiplexed chemiluminescence detection of mycotoxins with integrated calibration using 

the thin film amorphous photoconductors array. A- Mycotoxin concentrations tested in the multiplexed 

assays. B- Enhanced colorimetry images of both mycotoxins immunoassays using optical microscopy. The 

spots were obtained by flowing a blotting TMB commercial solution at 10 µL/min for 2 min after the 

chemiluminescence acquisition with the photosensors. C- 3D transmittance plots of the ROI from replicate 

experiments using the same samples after flowing TMB for each of the samples 1 and 2, according to the 

schematics presented on the left side. D- Average relative signals obtained using the integrated 

photoconductors for the standard and SUA solutions, calculated by dividing the absolute 

chemiluminescence signal obtained for the SUA and standard at a certain toxin concentration by the 

chemiluminescence signal obtained for the respective reference. The error bars from the standards are the 

average from two independent experiments. The 3σ threshold is obtained from the average of 9 reference 

spots for the same toxin. These results are detailed in Figure 6.10. 

 

6.6. Chapter conclusions 

A simple methodology for microfluidic multiplexed biosensing was demonstrated 

using a device comprising active permanent magnet valves coupled with a single negative 

pressure source. The valves allowed the selective patterning of three different capturers 

in one direction and the molecular recognition of three different targets solutions in a 

perpendicular direction, resulting in the generation of a nine-point matrix in an area of 

350 × 350 µm2. This device was successfully used to simultaneously detect three different 

mycotoxins, namely DON, OTA and AFB1 in three independent samples using a direct 

competitive immunoassay, where two of the samples were used as a reference and a 

standard, respectively. The detection of 100 ng/mL of OTA and DON and 3 ng/mL for 

AFB1 was demonstrated in under 20 min of total analysis time by acquiring the 
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chemiluminescence signal with an optical microscope. Comparable results were obtained 

by acquiring the signal using an array of 25 × 25 µm photodetectors aligned to the 

microfluidics, which demonstrates a relatively low-cost and integrated platform that is 

compatible with point-of-need applications. Additionally, the absence of contact between 

the biomolecular recognition site in the disposable microfluidic structure and the sensor 

makes the photosensor chip reusable. In conclusion, this device could potentially be the 

basis of a simple and scalable multiplexing module for point-of-need applications, easily 

amenable to integration either with appropriate and fit-for-purpose external sample 

preparation methodologies or with integrated sample preparation and/or sample pre-

concentration modules, as previously reported by our group using a similar assay 

architecture [21, 24], and to automation for further simplification of the operating 

procedure.  
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Chapter 7  

Capillary Microfluidic Immunoassays for 

Mycotoxin Detection Coupled with Smartphone 

Signal Acquisition  

This chapter discusses the integration of the multiplexed immunoassay reported 

in Chapter 6 in an autonomous capillary-driven microfluidic chip. 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 OTA, AFB1 and 

DON. The multiplexed assay was performed approximately within 10 minutes 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. The contents of this 

chapter are reproduced with appropriate adaptations from one original research article 

[154], co-authored with a MSc student (Jessica M. D. Machado) in biotechnology at 

Instituto Superior Técnico (University of Lisbon). I was responsible for the co-

supervision of the student in the lab, troubleshooting, planning of experiments and 

thorough revision of the published paper. 

 

 

7.1. Materials and experimental methods 

7.1.1. Chemicals and biologicals 

Polyethylene glycol (PEG) with a molecular mass of 8 kDa, phosphate buffered 

saline (PBS) tablets (137 mM NaCl, 2.7 mM KCl, 10 mM phosphate, pH 7),  
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1,1′-Carbonyldiimidazole (CDI), acetone (99%), anhydrous ethanol, anhydrous 

methanol, bovine serum albumin (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 [42]. 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 peroxidase (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.  

7.1.2. Capillary-driven immunoassay 

Each of the four chambers (1.5 × 1.5 mm W × L) 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. 5-10 min after reversible sealing 

the PDMS device to a hydrophilic glass slide (treated with an oxygen plasma according 

with Chapter 2), 4 μL of BSA 4% were flowed through the chambers 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 concentrations of the free toxins was introduced at the structure inlet. Finally, 

after exhausting the previous solution, 4-6 μL of TMB plus hydrogen peroxide were 

introduced at the inlet to generate a colorimetric signal in each of the chambers. Figure 

7.1 shows a schematic of the assay steps. This single inlet structure was used to perform 

all assays in this paper except for the analysis of a pre-processed corn sample. In this case, 
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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 7.2.1.  

 

Figure 7.1 - Schematic representation of the direct competitive ELISA (dcELISA), using a non-

contaminated sample (A) and a sample contaminated with a certain concentration of OTA, AFB1 and DON 

(B). The chamber highlighted in blue in the final step represents the light-absorbing precipitates 

accumulated in the chamber due to the enzymatic processing of the TMB, which is proportional to the 

surface concentration of anti-toxin-HRP molecules immobilized on the surface via affinity interactions with 

the adsorbed mycotoxin-BSA molecules. The top chamber contains an internal reference. 

7.1.3. 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 x 2448 pixels) in ambient 

artificial lighting. Pictures were taken manually at a focal distance of approximately  

30 cm. Subsequently, the photos were analyzed using ImageJ software. 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 Equation 7.1, 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 internal control containing spotted anti-mouse antibodies 

(Equation 7.2, in which RS is the relative signal, SSUA is the signal from the sample-

under-analysis and SREF is the signal from the reference spot). A visual representation of 

the quantification process is shown in Figure 7.2.                    
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𝑆 = 𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛                                                   (7.1) 

𝑅𝑆 =
𝑆𝑆𝑈𝐴

𝑆𝑅𝐸𝐹
                                                               (7.2) 

 

It is important to highlight that due to the relatively low resolution of the 

smartphone camera relative to microscopy equipment (Figure 7.3) at this specific 

amplification, any non-uniformities of the spots are averaged in the image, allowing for 

the approach of using the maximum pixel intensity in the spot. The effectiveness of the 

normalization process was further validated under different light conditions to infer about 

the sensitivity of the assay performance to significant differences in lighting, ranging 

from a poorly illuminated room to direct sunlight impinging on the device (Figure 7.4). 

 

 

Figure 7.2 - Selection of 600 pixel2 centered in the colorimetric spot and the analysis performed in ImageJ. 

The values on the y- and x-axis refer to the number of pixels. 

 

 

Figure 7.3 - Colorimetric signal acquired with an optical microscope after testing a non-contaminated 

sample (0 ng/mL OTA, AFB1 and DON), a single contaminated sample (100 ng/mL DON), a double 

contaminated sample (100 ng/mL OTA and DON) and a sample contaminated with all 3 toxins (100 ng/mL 

OTA, 1 ng/mL AFB1 and 100 ng/mL DON). 
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Figure 7.4 - Data acquired with smartphone camera using different lighting conditions (A) and respective 

quantification (B). The sample under analysis was spiked with 500 ng/mL of DON. Condition 1 refers to a 

room with an artificial light source only, condition 2 to a room illuminated by sunlight. Conditions 3 and 4 

were acquired outside under direct sunlight or under a shade, respectively. The results in B are the average 

of 3 replicates and error bars refer to ± SD. The relative signals are the signals from each toxin normalized 

to the reference. 

7.1.4. Sample preparation of corn samples 

The sample preparation of corn samples was performed as optimized in  

Chapter 4. Briefly, a total mass of 400 mg corn feed was spiked with 1 μL of a toxin 

mixture prepared in absolute ethanol (20 μg/mL OTA, 8 μg/mL AFB1 and 0.2 mg/mL 

DON) to obtain final concentrations of 50 ppb OTA, 20 ppb AFB1 and 500 ppb DON. 

The tube with the contaminated feed was vortexed and left open for 5 min to allow the 

ethanol to evaporate. Subsequently, 75 μL of PEG 8,000 50% (w/w) and 1.2 mL of 

phosphate 15% (w/w) (final pH of 7) were added to the spiked feed and a continuous 

vortex mixing (2,400 rpm) was performed for 3 min to extract the mycotoxins. To 

separate the immiscible phases and sediment any suspended feed debris, a centrifugation 

step was performed for 15 min at 2,000 g. Finally, 40 μL of supernatant were collected, 

submitted to a second centrifugation step for 5 min and 1 μl of clean supernatant was 

mixed with 14 μL of a solution containing α-toxin antibodies (α-OTA: 2.50 μg/mL, α-

AFB1: 5 μg/mL, α-DON: 5 μg/mL) and subsequently used as the SUA. 
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7.2. Multiplexed competitive immunoassay design 

The design of the simple dual-step competitive immunoassay used to detect 

multiple mycotoxins in solution is shown schematically in Figure 7.1. Considering the 

competitive nature of the assay, the antigens are immobilized on the PDMS by 

physisorption after manually spotting the BSA-mycotoxin conjugates prepared in PBS in 

each detection chamber. Then, if a certain concentration of a given toxin is present in 

solution, the free toxins compete with the toxins immobilized on the PDMS surface for 

occupancy of the specific α-mycotoxin IgG-HRP binding sites. Hence, a large 

concentration of a given free toxin will result in a low density of α-mycotoxin IgG-HRP 

captured by the BSA-mycotoxin conjugates immobilized on the surface. After flowing a 

TMB plus hydrogen peroxide blotting solution through the chambers, a colorimetric 

signal that is inversely proportional to the concentration of free toxins is generated. To 

have an internal standard in each assay, a fourth chamber with an immobilized anti-mouse 

Ab is used to capture the anti-toxin-HRP antibodies regardless of their affinity. This 

chamber, working as a negative control (maximum signal), provides a signal to normalize 

the variability in flow rate and total time of TMB flow through the chambers, thus 

allowing a reduction of the inter-assay variability due to small differences in flow rate 

and reaction time, derived from the TMB substrate conversion kinetics (Figure 7.5). 

Furthermore, to simplify the signal acquisition, the color intensity in each spot was 

quantified after acquiring a photograph using a mid-range smartphone camera at a fixed 

focal distance and room lighting conditions. The spots were subsequently analyzed using 

the software ImageJ as shown in Figure 7.2 and described in Section 7.1.3. 

 

Figure 7.5 - TMB conversion kinetics measured in an optical microscope over time as the mean intensity 

(gray scale) of the spot. 
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7.2.1. Microfluidic structure design: autonomous and sequential liquid delivery 

The microfluidic structure design (Figure 7.6) can be divided in three main 

sections according to their purpose: autonomous fluid delivery; reaction chamber; and 

capillary pumps for control of the liquid flow rate. In order to develop an autonomous 

and more user-friendly device, a sequential fluid insertion module (Figure 7.6-A), 

previously developed and described in detail [34, 37] was integrated in the microfluidic 

structure. This design allows the user to place all three solutions at the beginning of the 

assay while the sequence of liquid flow and specific flow time for a given liquid are 

controlled autonomously by the volume of solutions and architecture of the pump 

network, as will be discussed in the next section.  

 

Figure 7.6 - Detailed schematics of the capillary device, including the liquid insertion (A and C) and 

pumping (B, D and E) modules. (A1) Empty inlets open to air; (A2) first solution placed at the 1st inlet, 

(A3) the first solution flows to the common microchannel while the remaining second and third solutions 

are blocked by a positive pressure; (A4) when the first solution is finished, the second solution is allowed 

to flow into the common microchannel, since the small 40 µm channel from the 1st inlet is now open to the 

air; (A5) when the second solution is finished, the third solution flows to the common microchannel 

according to the same mechanism as in A4. Detailed dimensions of the final fast pump (B), sequential 

module (C) and fast pump (E). Top view of the structure of the capillary chip without the liquid insertion 

module (D) and the sequence of progression of the liquids along the device (1 to 6). 
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7.2.2. Microfluidic structure design: control of liquid velocity profile 

After the autonomous liquid delivery section, the remainder of the microfluidic 

chip (Figure 7.6-D) continues with the 4 reaction chambers for the internal control (α-

mouse IgG) and each of the OTA, AFB1 and DON–BSA conjugates (Figure 7.6-D, green 

dotted box). Downstream from the reaction chambers, two different types of channels 

were designed in series, referred to as slow pumps (Figure 7.6-D, black full and dotted 

boxes) and fast pumps (Figure 7.6-D, orange full and dotted boxes), based on the 

previous work by Novo and co-workers [34, 37]. The slow capillary pumps correspond 

to standard 300 µm wide rectangular channels. This type of capillary pump accumulates 

hydraulic resistance over time, resulting in a progressive decrease in flow rate through 

the detection chambers. Slow pumps thus provide relatively lower flow rates on average 

and are used in blocking and adsorption steps of the immunoassay, where case longer 

residence times are needed. The slow pump communicates with the fast pumps through 

50×50 μm2 passageways separated by 200 μm intervals (Figure 7.6-E, white box). These 

passageways provide a reduced total fluidic resistance by bypassing entire sections of the 

structure already wetted by the flowing solution. The fast capillary pump is formed by a 

300 μm wide channel comprising 50×75 μm2 passageways separated by 150 μm barriers. 

These passageways allow the liquid to bypass the channel walls as it proceeds around 

each turn, which dramatically reduces the accumulated hydraulic resistance along the 

microchannels [34]. In this way, the flow rates achieved with these pumps are higher and 

more stable over the total length of the pump, which is critical to rapidly and fully 

replacing the solutions inside the detection chambers in between each of the immunoassay 

steps and to achieve a stringent washing step. The final pump of the device (blue dotted 

line in Figure 2D and zoom-in in Figure 7.6-B), henceforth referred to as final fast pump, 

is based on a design by Delamarche and co-workers [320]. This capillary pump comprises 

a wide-open area supported by an array of square posts and can be considered an  

ultra-fast pump since it can provide higher flow rates (≈3 μL/min, approximately 3-fold 

higher than the flow rate reached with the fast pumps described above). In addition, this 

final pump can also accommodate a higher volume of TMB substrate solutions, which is 

critical to achieve rapid assays by providing a reaction-limited instead of a substrate-

limited regime when flowing the TMB substrate. The dimension of this pump was 

empirically optimized considering the flow rate obtained by [320] and the required time 

to provide an easily measurable maximum colorimetric signal for the reference assays. 

The overall liquid flow rate profile along the capillary chip is shown in Figure 7.7, 
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together with the conditions used for the immunoassay, namely the flow rates along the 

different capillary pumps and the volume of solution delivered in each step of the assay. 

The architecture and conditions tailored to the assay were based on previously optimized 

assays by Soares and co-workers [21, 42]. During the development of the immunoassay, 

the assays were performed using the microfluidic device without the sequential fluid 

insertion module, unless stated otherwise. In this case the solutions were manually 

pipetted to the device inlet sequentially after the previous solution was fully depleted. 

 

Figure 7.7 - Characteristic flow rate profile in the capillary device during the immunoassay and 

corresponding average residence times. The measurements shown here were performed without the 

sequential fluid insertion module.  

 

7.3. Evaluation of cross-reactivity 

Prior to evaluating the sensitivity of the assay in detecting each of the target 

mycotoxins, it is essential to validate the multiplexed assay in terms of cross-reactivity. 

The presence of non-specific mycotoxins in solution should not interfere with the binding 

of the specific antibodies with its target mycotoxin. The cross-reactivity was evaluated 

by analyzing SUAs spiked with one (single contamination) or two different mycotoxins 

(double contamination). By observing the results in the plots A and B in Figure 7.8 it can 

be concluded that the signal from each toxin is not significantly affected by the presence 

of the other two toxins, which is in agreement with previous reported findings by our 

group [42].  
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Figure 7.8 - Data acquired with smartphone camera from a sample contaminated with one (A) or two 

mycotoxins (B) and respective quantification (C and D, respectively). The results in C and D are the average 

of 3 replicates and error bars refer to ± SD. The relative signals are the signals from each toxin normalized 

to the reference. All photos (in A and B) were contrast-enhanced for visualization purposes. The stars 

represent the specific relative signal of the replicate displayed above the graphs.  

 

7.4. Calibration curves for OTA, AFB1 and DON 

After confirming the absence of cross-reactivity in this assay, calibration curves 

for each mycotoxin were measured using the capillary device by spiking a buffer solution 

with increasing concentrations of all mycotoxins under study, ranging from 0 ng/mL to 

100 ng/mL for OTA and DON and 0 ng/mL to 1 ng/mL for AFB1 (Figure 7.9).  For each 

toxin a regression curve was adjusted to the data and a logarithmic response was obtained 

for all toxins. Considering the fit-for-purpose semi-quantitative nature of the assay, the 

limits of detection (LoDs), calculated from a 3σ threshold for the variability of the 

reference assay (0 ng/mL mycotoxins), were within the ranges of < 40, 0.1-0.2 and  

< 10 ng/mL for OTA, AFB1 and DON, respectively. In accordance to previous reports 

using the same anti-toxin antibodies, the highest sensitivity was obtained for AFB1 

detection [19, 42], which is possibly due to a relatively higher affinity of the anti-AFB1 

antibody to the free AFB1 antigen relative to the immobilized BSA-AFB1 antigen, 

compared to the other antibodies for their respective toxins. On the other hand, comparing 

the performance of this assay with results obtained using a similar pressure driven flow 
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immunoassay [42] it is possible to observe a significant decrease in sensitivity. This 

decrease in sensitivity does not seem to be derived from a reduced response to the increase 

in toxin concentration (i.e. mass transport limitations), since the measured slopes are 

comparable in both cases, but instead to the intrinsically higher inter-assay variability in 

the capillary devices, resulting in relatively less precise assays (i.e., with higher standard 

deviations). However, despite the lower precision, possibly resulting from small 

differences in surface hydrophobicity between microfluidic structures, the obtained limits 

of detection for all mycotoxins comply with most regulatory and recommended limits for 

animal feeds (Table 1.3 and Table 1.4) and, for DON in particular, also with all limits 

imposed for human consumption (Table 1.2). Furthermore, the performance of the assay 

is well suited for a semi-quantitative analysis, in which the internal control dramatically 

reduces the inter-assay variability associated with variations in flow velocities and times 

during the TMB flowing step and with variable lighting conditions during signal 

acquisition. It can also be noted that, depending on the application, this assay can also be 

used as a qualitative tool by visually analyzing the spots relative to the respective internal 

reference, in analogy with lateral flow immunoassay devices currently being 

commercialized by companies such as Vicam. 

 

Figure 7.9 - Calibration curves obtained for OTA (black squares), AFB1 (red circles) and DON (blue 

triangles). The black, red and blue dashed lines represent the 3σ threshold from the average signal of 

reference samples measured in triplicate for each toxin. 
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7.5. Detection of mycotoxins in spiked corn feed samples 

Finally, one critical aspect of mycotoxin quantification in food safety applications 

is that the sample under analysis is very commonly a complex matrix, and when the 

analysis is transferred from a buffer to a real matrix this often results in a pronounced loss 

of sensitivity [19, 160, 321, 322]. In this case, a sample processing method comprising 

an aqueous-two-phase extraction composed of PEG and phosphate salts was used, as 

previously optimized [180]. To evaluate the compatibility of the capillary device with 

toxin quantification in complex matrices using the above-mentioned sample preparation 

strategy, corn-based samples used for fish feed production were spiked with all targets at 

relevant concentrations considering regulatory limits in animal feeds and subsequently 

analyzed. This analysis was performed with the sequential liquid insertion module and 

the flow pattern obtained in this case was similar to the one obtained without this structure 

(Figure 7.10). Two different conditions in which the sample was spiked simultaneously 

with two toxins (50 ppb of OTA and 20 ppb of AFB1) or three toxins (50 ppb of OTA, 

20 ppb of AFB1 and 500 ppb of DON) were evaluated. These concentrations spiked in 

the solid feed are estimated to result in approximately 4.4, 5.6 and 25.2 ng/mL AFB1, 

OTA and DON, respectively, in the sample under analysis tested in the device according 

with the results obtained in Chapters 3 and 4. The results of the analysis are shown in 

Figure 7.11. Interestingly, comparing the measured normalized relative signals to those 

obtained in Figure 7.9, while the results for AFB1 and DON were comparable to those 

measured in spiked buffer solutions, there was an apparent increase in sensitivity for 

OTA. This unexpected result can be justified by a pronounced decrease in absolute signal 

obtained for the reference and respective OTA spots, thus enhancing any small 

differences in intensity at the cost of a reduced linear range. On the other hand, 

considering that the absolute signal for DON was still comparable to the assays performed 

in buffer, it is reasonable to assume that the decrease in signal obtained for the other spots 

is due to specific matrix interferences rather than possible mass transport limitations 

arising from a higher solution viscosity. Nevertheless, despite the relatively low absolute 

intensity obtained for the OTA, AFB1 and REF spots, the signals obtained for the 

reference spots were still measurable and the normalized relative signals for the 

contaminated samples were well below the standard deviation of the signals obtained for 

the non-contaminated samples for all mycotoxins. 
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Figure 7.10 - Comparison of velocity profiles measured with the autonomous sequential structure or by 

inserting the solutions manually in a single common inlet (non-sequential structure). The differences in the 

magnitude of the flow rate arise from different hydrophilization degrees, being unrelated to the behavior of 

the sequential pump. 

 

Figure 7.11 - Photos (A) and respective quantification (B) for the analysis of a corn-based feed either  

i) non-contaminated; ii) spiked with 50 ppb of OTA and 20 ppb of AFB1 (sample 1); or iii) contaminated 

with 50 ppb of OTA, 20 ppb of AFB1 and 500 ppb of DON (sample 2). The error bars correspond to ± SD. 

The black, red and blue dashed lines represent the standard deviation from the average signal of reference 

samples measured in duplicate for each toxin. Analysis performed with sequential liquid insertion structure. 

All photos were contrast-enhanced for visualization purposes. The signals obtained for samples 1 and 2 

were normalized in respect to the signal obtained for the reference sample (i).  
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7.6. Chapter conclusions 

A microfluidic capillary chip with smartphone acquisition of colorimetric signal 

capable of performing a multiplexed semi-quantitative direct competitive ELISA in 

around 10 min was described. As a proof of concept, three important mycotoxins (OTA, 

AFB1 and DON) were detected in spiked buffer samples after optimizing the appropriate 

molecular recognition assay and microfluidic structure design, where detection limits of 

< 40, 0.1-0.2 and < 10 ng/mL were obtained for OTA, AFB1 and DON respectively. 

Furthermore, corn-based feed samples spiked with all three toxins were successfully 

analyzed after a simple sample preparation procedure comprising a single-step liquid-

liquid separation. Comparing this device to other recently reported strategies in the 

literature (Table 7.1), considering that all devices are sufficiently selective and able to 

reach, at least, the majority of relevant mycotoxin limits for a variety of foods, the 

following advantages can be highlighted: (1) the device is easily portable and the signal 

acquisition requires only a ubiquitous mid-range smartphone, (2) the internal control 

dramatically reduces inter-assay variability both in terms of lighting conditions and signal 

development time, (3) the full multiplexed analysis can be performed in less than 10 min, 

being among the fastest assays recently reported in the literature and (4) the sensing 

surface is relatively simple and rapid to prepare.   

Overall, this device is demonstrated to be compatible with point-of-need 

applications with a relatively low cost and simple operation, its application is extendable 

to other analytes and target samples and it does not require complex or expensive 

instrumentation to perform the colorimetric signal transduction, which can be either 

performed visually or resorting to a smartphone camera for a more precise semi-

quantitative analysis.  Further improvements to the assay should focus on enhanced 

simplicity of operation and robustness. It is desirable to reduce the number of user-

intervention steps such as pipetting, and, in this direction, it is possible to conceive the 

incorporation of enclosed loading regions at the inlets, such as blister-type structures, 

where the reagent solutions can be stored until the beginning of the experiments without 

evaporation or contamination, requiring only manual pressing for actuation. Furthermore, 

to allow a rapid and user-independent smartphone mediated quantification, the 

development of a software application to perform advanced spot analysis that can handle, 

for example, different lighting conditions and camera-to-device distances, is required. 
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Overall, these further developments hold great promise in the development of point-of-

need, user-friendly, rapid and low-cost means of biosensing. 

Table 7.1 - Summary of OTA, AFB1 and DON biosensing strategies published between 2015 and 2017. 

(1) Preparation time refers to the total time required to prepare the sensing surface prior to the handling of 

the sample under analysis. (2, 3) The portability and multiplexing characteristics are solely based on what 

is reported by the authors, although it may be possible that all the methods can be engineered to have these 

characteristics. NC, CM and CL refer to nitrocellulose, colorimetry and chemiluminescence, respectively. 

Assay Sensing 

surface 

Prep. 

time 

(min)(1) 

Signal Multiplexed 
(2) 

Assay 

 time 

(min) 

Portable 
(3) 

Required  

external  

equipment 

Internal  

control 

This  

work 

PDMS < 10 CM Yes 10  Yes Smartphone (optional) Yes 

Luan  
et al [323] 

n.a. n.a. CM No 10 No Spectrophotometer No 

Soares 

et al [21] 

PDMS < 10 CL No 5 Yes Syringe pump and 

c-Si photodiode  

No 

Luan  
et al [324] 

AuNPs >20 CM No 30 No Spectrophotometer No 

Zangheri  

et al [136] 

NC  ~125 CL Yes  30 Yes CCD scanner Yes 

Xiong  
et al [325] 

96-well 
plates 

> 600 CM No 150 No Spectrophotometer 
(optional) 

n.a. 

Kong  

et al [326] 

NC  ~270 CM Yes 20  Yes Handheld strip scan 

reader (optional) 

Yes 

Zhou  
et al [300] 

NC  ~120 CM No 15 Yes None Yes 
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Chapter 8  

Bead-Based Microfluidic Immunoassays to 

Improve Assay Speed and Sensitivity 

After developing and optimizing several microfluidic immunosensing strategies 

for mycotoxin detection (Chapters 3 to 7), it became clear that it would not be reasonable 

to decrease the assay time below 5 min and the total number of steps performed by the 

user below two (i.e. flowing the sample plus enzyme substrate for chemiluminescence 

and colorimetry and sample plus a wash step for fluorescence). Using a planar PDMS 

channel in reaction-limited conditions, a significant time is required to accumulate a 

measurable signal on the surface, particularly considering that in competitive assays the 

signal generating molecule (e.g. labeled antibody) should be used at low concentrations, 

comparable to those of the antigen in the range of ng/mL to low µg/mL. Such limitations 

are impeditive of an adequate implementation of these biosensors for point-of-need 

mycotoxin screening, particularly in fast-paced raw material/food trade operations. 

Therefore, aiming at achieving ultrarapid detection times and single-step biosensing 

towards simple and in-field mycotoxin detection, bead-based assays integrated in 

microfluidic channels were considered. This chapter reports the first approach to this 

concept, which was explored and applied in several sensing applications and coupled also 

with integrated thin-film photosensors. The contents are reproduced with appropriate 

adaptations from two original research articles [18, 327], co-authored with the  

PhD students Inês F. Pinto, Denis R. Santos and Catarina R. F. Caneira. I. F. Pinto 

introduced the concept of integrating microbeads in microchannels to screen 

chromatography ligands, Denis R. Santos developed and optimized the integrated optical 

sensors and C. R. F. Caneira focused on DNA biosensing applications. I focused on the 

quantitative analysis of molecular recognition and mycotoxin biosensing applications. 

 

 

8.1. Materials and experimental methods 

8.1.1. Packing of beads in microfluidic devices 

Commercially available beads were provided as a slurry in a storage buffer 

(ethanol 20%). The first step was to homogenize the bead stock using a pipette, ensuring 
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thorough mixing. Then, a certain volume of stock solution was added to a polyethylene 

glycol (PEG) 8000 20% (w/w) solution, to obtain a final solution with 1-2% (v/v) bead 

volume. The use of a viscous solution allowed the beads to remain suspended and 

homogeneously dispersed without significant settling, thus avoiding problems of 

clogging when flowing the beads inside the micro-columns. The beads were packed using 

a negative pressure and it was important that the syringe and capillary tubing always 

remained free of air gaps which could potentially hinder the rapid decrease in pressure. 

After the first liquid flowing step, it was critical to remove the metal adapter connected 

to the syringe pump before removing the pipette tip, otherwise, any accumulated negative 

pressure could quickly trap air bubbles at the interface between the liquid column in the 

inlet hole and the subsequent solution. Subsequently, the PEG solution was washed from 

the micro-columns using an appropriate buffer solution and the specific sequence of steps 

comprising the assay were performed.  

8.1.2. DNA hybridization assay 

The sequences of DNA oligonucleotides modified with biotin or Atto 430LS (λex 

= 433 nm, λem = 545 nm) were stored in 100 μL aliquots prepared in Tris-EDTA buffer. 

The sequences of 3’-biotin modified-probe and 3’-Atto 430LS-labeled-targets used were 

as follows: ssDNA probe, 5’-CAGGTCAAAAGGGTCCTTAGGGA-(Biotin- triethylene 

glycol (TEG))-3’; ssDNA complementary target, 5’-TCCCTAAGGACCCTTTTGAC 

CTG-(Atto 430LS)-3’ and ssDNA non-complementary target, 5’-CGTGTCG 

TTCACATCTGTCCGT-(Atto 430LS)-3’. All ssDNA molecules were purchased from 

Stab Vida (Caparica, Portugal). For each experiment two separated channels were tested 

simultaneously, one for the complementary target and another for the non-complementary 

target (control). The ssDNA probe solution consisted of a mixture of streptavidin  

(1.64 M) and ssDNA probe (6.56 M) at a molar ratio of 1:4, prepared and pre-incubated 

(10 min) before insertion into the microchannel. The ssDNA target solutions were diluted 

using filtered PBS. Sodium polyacrylate (PAA) 8,000 45% w/w. was diluted to a working 

solution of 5% w/w in PBS. Q-Sepharose Fast Flow beads were first packed in a 

microchannel. All subsequent washing steps were performed at a flow rate of 5 μL/min 

for 1 min. ssDNA probe solution was flowed through the packed beads at 1 μL/min for 

10 min, followed by a PBS washing step. Next, a solution of PAA 8000 (5% w/w), aimed 

at preventing non-specific interactions of the target DNA with the beads, was flowed 

inside the channel at 5 μL/min for 2 min and subsequently washed. The acquisition of 
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fluorescence images was done separately for the two channels where non-complementary 

or complementary ssDNA target Atto 430LS were flowed for 10 min at 1 μL/min, 

followed by image acquisition at t = 0 min and t = 10 min. 

8.1.3. AFB1 biosensing assay 

The commercial BSA-AFB1 conjugates (Sigma-Aldrich) at an initial 

concentration of 1 mg/mL and a total volume of 500 µL were first concentrated to about 

20 mg/mL using Amicon Ultra-0.5 centrifugal filter units with a MWCO of 10 kDa 

(Merck Millipore), centrifuged at 14000 g for 10 min, after a wash using 400 µL of 100 

mM sodium bicarbonate at pH 9.2, required to perform the subsequent conjugation 

reaction.  The BSA-AFB1 was then conjugated to the amine-reactive dye Alexa Fluor® 

(A430) NHS ester (Thermo Scientific) by mixing 24 µL of the concentrated solution with 

6 µL of reactive dye solution. The reaction was incubated in the dark with mild agitation 

for 1 h at room temperature. The final solution was washed with PBS in a series of 10 

diafiltration steps using Amicon Ultra-0.5 centrifugal filter units (MWCO of 10 kDa) to 

remove the non-conjugated free dye. The anti-AFB1 antibodies were first incubated in 

the presence of the Protein A beads at a concentration of 25 µg/mL for 15 min in PBS 

before packing. Before flowing the sample under analysis (SUA), the beads were rinsed 

with phosphate buffered saline (PBS) at 15 µL/min for 2 min. A continuous flow of the 

SUA solution containing either only 2 µg/mL AFB1-BSA-Alexa 430 (reference) or also 

0.1 ng/mL of free AFB1 (contaminated) was introduced in the microchannel at a flow 

rate of 15 µL/min.  

8.1.4. Free prostate specific antigen (f-PSA) biosensing assay 

The micro-column was packed with agarose beads functionalized with 

recombinant Protein A (MabSelect SuRe), purchased from GE Healthcare. A volume of 

10 L of anti-PSA IgG solution was obtained by diluting the stock of capture antibody in 

PBS to a final concentration of 100 g/mL. An initial flow rate of 5 L/min was set and 

after the liquid started to enter the channel (observed from the liquid meniscus moving 

on the pipette tip), the flow rate was reduced to 1 L/min, referred to henceforth as a ramp 

down to 1 µL/min. Unless stated otherwise, after each assay step the micro-column was 

washed with PBS at a flow rate of 5 L/min for approximately 3 min. To prevent non-

specific interactions between the biotin labeled detector antibody and free Protein A 

binding sites, the beads were blocked using a mixture of human immunoglobulins 
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(Gammanorm®, purchased from Octapharma) for 5 min at a concentration of 165 g/mL, 

ramping down the flow to 1 L/min, as previously described. Subsequently, 10 µL of a 

specific target concentration of PSA (0, 10 or 100 ng/mL), spiked either in buffer or in 

unprocessed human serum, was inserted after a ramp down to 1 µL/min. The same 

procedure was followed for the detector anti-PSA-biotin and streptavidin-HRP 

conjugates, both flowed at a concentration of 100 g/mL. Finally, to quantify the 

concentration of capture antibody bound to the beads, a 5 µL/min flow of luminol solution 

was introduced into the channel. 

8.1.5. Antibody labelling with Alexa 430 and HRP 

The immunoglobulin G (IgG) molecules were a mixture of human antibodies 

(Gammanorm®) at a concentration of 165 mg/mL. For the fluorescence measurements, 

the antibodies were labeled with a fluorophore using an Alexa Fluor 430 (A430) 

succinimidyl ester amine-reactive dye (Life Technologies). To perform the conjugation, 

the IgG was diluted to 5 mg/mL in 0.1 M sodium bicarbonate buffer and processed as 

described for BSA-AFB1 in Section 8.1.3. The degree of labeling (DOL) was calculated 

as 3.26 dyes/IgG molecule using a previously reported method [18]. For the 

chemiluminescence and colorimetric measurements, the conjugation was performed 

using a commercial horseradish peroxidase (HRP) conjugation kit (Abcam). The IgG was 

diluted to a concentration of 1 mg/mL in PBS and the conjugation was performed as 

instructed by the supplier. Briefly, 10 L of modifier reagent were added to 100 L of 

IgG solution. The mixture was subsequently incubated in the dark for three hours at room 

temperature. Finally, 10 L of quencher were added to the solution.  

8.1.6. Photodiode optical signal acquisition setup and instrumentation 

The die with the photodiode array was mounted and wirebonded on a PCB. The 

photodiodes were operated at 0 V and their current was measured using a Keithley 237 

picoammeter (Keithley Instruments, Inc., USA) connected to the PCB via low noise 

coaxial and triaxial connections. The measurements from the picoammeter were acquired 

through GPIB by a computer graphical user interface (GUI) programmed in Python and 

PyQT4 which reads, processes, stores and plots the data. For the fluorescence 

measurements, the microfluidic devices were first aligned with the photodiodes and the 

excitation laser beam λexc = 405 nm was focused on the end of the section of the 

microchannel containing the packed beads. The laser excitation light passed through a 1.0 
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neutral density (ND) filter before reaching the microfluidic device at a photon flux 

Φ(405nm) of 1.04×1016 cm-2.s-1. The IgG-A430 molecules were flowed inside the channel 

at 1 µL/min, by applying a positive pressure in the inlet of the channel. To measure 

chemiluminescence, after flowing 10 µL of IgG-HRP conjugate at 1 µL/min, the 

microchannels were aligned with the photodiodes and the dark current was acquired. 

Then, the luminol substrate solution was flowed inside the channel at 10 µL/min by 

applying a positive pressure for 2 min, while continuously acquiring the current. For the 

colorimetric measurements, TMB-hydrogen peroxide (H2O2) (Thermo-Scientific) 

substrate was subsequently flowed inside the channel at the same flow rate after focusing 

a 658 nm diode laser at the end of the section of the microchannel. The laser light was 

passed through a 4.0 ND filter to reduce the light intensity and avoid light flooding and 

photodiode saturation. The current was continuously monitored while the TMB solution 

was flowed inside the channel for 3 min. 

 

8.2. Microfluidic bead-based biosensing strategies to detect mycotoxins, 

proteins and oligonucleotides  

A typical rectangular microchannel, with 100 µm width and 20 µm height, has a 

surface-to-volume ratio of 105 m2/m3. In this scenario, the degree of interaction of the 

molecules in solution with the surface can be evaluated by the Péclet number (Pe, 

Equation 1.1). In this case, considering a flow rate of 0.5 µL/min (U of the order of  

10-3 m/s), the characteristic Péclet number is about 105 for a typical antibody (D of 

approximately 10-12 m2/s [12]). This means that the molecules at the center of the channel 

have a very limited interaction with the microchannel walls and any immobilized probe 

molecules on their surface. 

Therefore, in microchannels there is a compromise between a high rate of 

molecular capture and a high efficiency of capture. This implies that if one requires a 

rapid supply of molecules to the reactions occurring at the surface of the channel (high 

flow rates), a large fraction of molecules (>90%) will be lost [9].  On the other hand, the 

insertion of nanoporous microbeads in a microchannel leads to a pronounced 

enhancement of the surface-to-volume ratio by a factor of 50 (from 105 to 5×106 m2/m3 

[328] considering 4% cross-linked agarose beads), a subject that has been increasingly 

explored and validated in recent years [329]. The short analyte transport length, reduced 

to the distance between adjacent beads and average bead matrix pore sizes, results in a 
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simultaneous enhancement in both the rate and the efficiency of capture of analyte 

biomolecules [330, 331]. Furthermore, commercial microbeads are widely available with 

a variety of robust and dense surface functionalization, which are relatively simple to 

handle in microfluidic systems. Hence, a microbead-based microfluidic platform is a 

potential development in miniaturized biosensing and biotechnology assays. 

To explore the versatility of bead-based assays performed in microfluidic 

channels, the microfluidic device shown in Figure 8.1-A was fabricated, as a general 

approach to perform a multitude of bioassays schematized in Figure 8.1-B to D. These 

were aimed at detecting (1) ssDNA using a hybridization assay, (2) mycotoxins using a 

fluorescence-based competitive immunoassay or (3) protein disease biomarkers using a 

sandwich immunoassay transduced using chemiluminescence. The results obtained using 

each of the bioassays are compiled in Figure 8.2. 

8.2.1. Mycotoxin detection assay 

In accordance to previous results (Chapters 3 to 7) performing a competitive assay at the 

surface of a planar microfluidic channel [21], the results obtained for the toxin screening 

assay clearly showed that the binding kinetics of the AFB1-BSA-Alexa 430  conjugate to 

the anti-AFB1 antibody immobilized on the beads are highly dependent on the presence 

of free AFB1 in solution. This further highlights the high capture efficiency of the beads 

that rapidly generated a measurable signal while flowing a target compound (AFB1-BSA-

Alexa 430 conjugate) at a relatively low concentration of 1 µg/mL. This competitive 

effect thus serves as a powerful real-time AFB1 sensing strategy. It was observed that 

even a very low toxin concentration of 0.1 ng/mL significantly changes the effective 

binding kinetics by competition with the AFB1-BSA-Alexa 430 conjugate for occupancy 

of the protein A binding sites, thus resulting in a decrease in the measured fluorescence 

intensity by 24.9%  5.4%, after 3 min of flowing the fluorescent conjugate at 15 µL/min 

(Figure 8.2-A). This high sensitivity, considering a 4-order of magnitude difference in 

concentration between the conjugate and the competing free mycotoxin, can be justified 

by a higher affinity of the antibodies against the free toxin as compared to the conjugated 

version, which may have associated stereochemical hindrance effects. The achieved 

sensitivity is, thus, below or equals previous recent reports by our group using multi-step 

immunoassays [21, 42]. Furthermore, considering the binding kinetic profiles obtained 

and shown in duplicate in the inset to Figure 8.2-A, the assay is highly reproducible and 

can potentially be performed in even shorter times to detect toxins at higher 
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concentrations. Overall, this assay architecture showed great promise for the development 

of ultrarapid and single-step mycotoxin immunosensors and will be further explored in 

the subsequent Chapters 9 and 10. 

 

Figure 8.1 - Schematics of the microchannel designed for trapping beads (A) and individual steps/ timeline 

of different assays resorting to beads inside a microchannel, namely for (B) toxin detection; (C) ssDNA 

hybridization and; (D) free prostate specific antigen (f-PSA) detection. In (A) he beads are inserted in a tall 

channel (H1) by applying a negative pressure at the outlet and remain blocked by a shallower channel (H2). 

H1/W1 and H2/W2 correspond to the heights/widths of the tall and shallow channel, respectively. L is the 

length of the larger channel, where a packed bed is created at the interface region. In all assays, after each 

step, a wash was performed using a PBS solution at 5 L/min. 
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Figure 8.2 - Summary of novel bead-based screening and biosensing strategies using the previously 

discussed bead-trapping structure, highlighting the versatility of this design for (A) biosensing of 

mycotoxins, (B) ssDNA and (C) clinically relevant protein biomarkers directly in undiluted serum. 

8.2.2. DNA hybridization assay 

In this assay four concentrations of ssDNA target were tested (10, 20, 50, and  

100 nM). The results presented in Figure 8.2-B show that for the ssDNA complementary 

target (cDNA) it is possible to detect concentrations of 20, 50 and 100 nM of target 

ssDNA above the nonspecific signal background. In all the four target concentrations, the 

data also indicates that the ssDNA non-complementary target (ncDNA) always falls 

below the nonspecific signal background, indicating the high selectivity of the assay. 

Performing a non-linear fit to the data, the LoD was found to be 11.4 nM ±1.1 nM  

(10-8 M). A similar system was previously reported with a LoD of 10-10 M [332], in 

which beads covalently functionalized with streptavidin were used for immobilizing 

ssDNA. On the other hand, the system described here is based on an electrostatic 
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interaction between streptavidin (negatively charged) and the bead surface (positively 

charged). This approach, while less specific, is more versatile and inexpensive since it 

allows for a simpler and easier regeneration of the beads (using for example a solution 

with high salt concentration). Thus, the same micro-column can be reused to immobilize 

and detect different ssDNA targets. In this context, further work is being conducted to 

decrease the LoD and improve sensitivity, to reach clinically relevant concentrations in 

the pM range. 

8.2.3. f-PSA detection assay 

Also using protein A functionalized beads, PSA was captured and detected in 

spiked buffer solutions or undiluted human serum. In this case, since a secondary detector 

antibody is also included in the assay protocol, the unoccupied Protein A binding sites of 

the beads were blocked with a mixture of human IgG at a high concentration of  

165 mg/mL. The results clearly show that there is still a considerable amount of non-

specific signal in the absence of target f-PSA, even with the current blocking strategy, 

despite a significant specific signal obtained for both 100 and 10 ng/mL PSA, already 

within the clinically relevant range (4-10 ng/mL [333]), for both buffer and serum 

conditions (Figure 8.2-C). It is also worth noting that the chemiluminescence intensities 

in undiluted serum were very similar to those obtained in pure buffer (after subtraction of 

non-specific signal), which suggests that this detection strategy is highly resistant to 

matrix interference. Considering that the maximum CVs obtained for the buffer and 

serum experiments were 2.16% and 9.23%, respectively, the 3σ values for each of the  

10 ng/mL PSA samples is above zero after calculating the difference between the PSA 

concentration under analysis and the negative control. Therefore, the limit of detection of 

this experiment is at least 10 ng/mL PSA. Overall, this was the first report of f-PSA 

detection in undiluted human serum sample by our group, within the clinically relevant 

range.  

 

8.3. Integration of p-i-n a-Si:H photodiodes in bead-based microfluidics 

to transduce fluorescence, chemiluminescence and colorimetry 

The optical-to-electrical signal transduction of molecular capture events under 

different chemical-to-optical modes of transduction (fluorescence, chemiluminescence, 

colorimetry) was performed by integration of p-i-n amorphous silicon (a-Si:H) thin film 
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photodiodes with the microfluidic device. Figure 8.3-A shows the schematics of the 

measurement setup after aligning the section of the microchannel with the packed beads 

on top of the photodiode. For the fluorescence measurements (Figure 8.3-A (i)), the 

photodiode was fabricated with an integrated a-SiC:H layer (1.8 m thick) deposited on 

top of the SiNx passivation layer, which works as a long pass absorption filter to cut the 

excitation light (λex, laser = 405 nm) while allowing the peak of the emission of the Alexa 

430 fluorophore (λem, Alexa = 539 nm) reach the photodiode through the Indium Tin Oxide 

(ITO) transparent contact. The detailed spectral characteristics of the filter are reported 

elsewhere [327]. The fluorescence generates a current in the photodiode that is 

proportional to the fluorescence intensity being emitted by the immobilized IgG-Alexa 

430 conjugates on the beads, if the signal is above the photodiode background (or dark) 

signal. The chemiluminescence measurements were performed using photodiodes 

without the absorption filter (Figure 8.3-A (ii)). The photodiodes were aligned below the 

section of the microchannel where the beads are packed. The reaction of IgG-HRP 

conjugates immobilized on the beads with a luminol substrate solution flowing through 

the microchannel produces light at 428 nm that generates a current in the photodiodes that 

is proportional to the number of IgG-HRP conjugates present on the beads. The 

colorimetry experiments were performed by measuring the transmission of a red laser  

(λin = 650 nm) through the packed beads (Figure 8.3-A (iii)) where the IgG-HRP 

conjugates were previously immobilized while a solution of TMB is flowing inside the 

channel. The HRP catalyzes the oxidation of the TMB substrate to form a dark-blue 

precipitate, which accumulates inside the channel over time and absorbs the laser light. 

Thus, the transmission of light measured by the photodiode will be inversely proportional 

to the concentration IgG-HRP conjugates on the beads.   

The results in Figure 8.3-A to C are representative of the response of the p-i-n 

photodiodes at 0 V bias as a function of the assay time for the different stages of operation 

involved in the detection of fluorescence, chemiluminescence and colorimetry. In the 

fluorescence measurements (Figure 8.3-A), the dark current of the photodiode is initially 

measured and allowed to stabilize. The background signal is obtained by measuring the 

transmission of the excitation laser (ex, laser = 405 nm) through the microchannel 

containing only the packed beads. This signal (after subtracting the dark current) 

corresponds to excitation light that gets through the a-SiC:H filter and constitutes the 

baseline for the calculation of the fluorescence signal (FL signal) in the biological assay. 

IgG-Alexa 430 solutions at different concentrations were then flowed into the 
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microchannel for 10 min, after which the excitation laser was turned on and the resultant 

photodiode response due to fluorescence was measured. The signal due to fluorescence 

is obtained by taking the difference between the photodiode response under excitation 

light before and after IgG-Alexa 430 immobilization. In this case, a wash step using PBS 

buffer was not required prior to acquiring the fluorescence signal since it was observed 

that both the free and non-specifically bound IgG-Alexa 430 molecules in the channel 

contribute less than 1% of the total measured signal [327]. The chemiluminescence signal 

acquisition (Figure 8.3-B) using the photodiodes is simpler than the fluorescence assay, 

as in this case the IgG-HRP conjugates were previously immobilized on the protein A 

beads and the sharp increase in current above the dark current, when flowing a luminol 

solution, corresponds directly to the chemiluminescence signal. The measurements of the 

colorimetry assay (Figure 8.3-C) are based on measuring the transmission of light from 

a red laser (in = 658 nm) through the beads packed in the microchannel while flowing a 

solution of TMB through the channel. The photodiode response under laser illumination 

before starting the flow of TMB corresponds to a 100% transmittance value. As light-

absorbing precipitates are produced and accumulate inside the channel upon the flow of 

the TMB solution, the transmission of the laser begins to decrease resulting in the 

decrease of the photodiode response. The colorimetric signal results from the 

measurement of transmission through the accumulated precipitates generated by the 

oxidation of TMB over a total time of 3 min and was calculated by taking the decrease in 

current from the maximum value obtained in conditions considered as 100% 

transmittance. For the chemiluminescence and colorimetry measurements, it was 

observed that the flow of luminol and TMB substrate solutions during 60 and 180 s, 

respectively, does not significantly remove (~10% decrease in signal) the affinity 

captured IgG molecules [327]. This decrease in signal was deemed non-significant since 

(1) in the case of chemiluminescence, the signal was measured as the initial increase in 

current above the dark level in the first few seconds after starting the flow of luminol and, 

(2) in the case of colorimetry, the signal was integrated over  

180 s and thus a decrease of 10% in measured signal over this period should result from 

the loss of significantly less than 10% of the IgG molecules. 

Overall, after an in-depth quantitative analysis recently published by our group, 

all signal transduction methodologies previously explored in Chapters 3 to 7 proved 

compatible with integrated photosensing in bead-based microfluidics. In particular, 

chemiluminescence provided the highest relative sensitivity (approx. 80-fold more 
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photons generated per captured target molecule) compared to colorimetry and 

fluorescence measurements using Alexa 430. On the other hand, fluorescence 

measurements require only a single step to perform, since the specific signal at bead-level 

can be monitored above the background of flowing molecules, having significant 

potential for assay simplification. Therefore, the use of fluorescence is preferable for 

applications which do not require the analysis at the lowest target concentrations (e.g. 

below 0.1-1 µg/mL for a probe-target interaction with a KD of ~1.8×10-7 M) as is the case 

of the competitive immunoassays for mycotoxin detection explored in this thesis. 

 

Figure 8.3 – A- Structural schematics of the thin-film photodiodes with and without an integrated excitation 

a-SiC:H filter and respective optical measurement setup after aligning the bead microchannel above the 

sensor. (i), (ii) and (iii) refer to measurements of FL, CL and CM, respectively. (iv) shows a microscopy 

photo of the microchannel without packed beads aligned with a linear array of 200 × 200 µm (L×W) a-Si:H 

photodiodes. B to D - Photodiode current measurements at 0 V bias for each of the optical detection modes. 

(B) Fluorescence measurement of 30 µg/mL IgG-Alexa 430 immobilized on protein A beads. The current 

value measured before the immobilization of the IgG corresponds to the background excitation light leaked 

through the a-SiC:H filter. 1 µg/mL IgG-HRP measured by (C) chemiluminescence (by flowing luminol) 

or (D) colorimetry (by flowing TMB). 
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8.4. Chapter conclusions 

The concept of integrating highly optimized commercial microbeads in 

microchannels to provide (1) increased surface areas, (2) improved capture efficiencies, 

(3) reproducible surface chemistry, (4) high signal to-background ratios without a 

washing step and (5) faster binding kinetics relative to planar microchannels, proved 

potentially disruptive towards the development of a portable microfluidic immunosensor. 

Focusing on the bead-based mycotoxin immunoassay reported in this chapter  

(Section 8.2.1), highly promising results were obtained for the rapid detection of AFB1. 

Measuring the fluorescence intensity at bead level over time, proportional to the surface 

concentration of AFB1-BSA-Alexa 430 conjugate, allowed the detection of AFB1 

concentrations as low as 0.1 ng/mL in less than 3 min. The measurement of the 

fluorescence derived from the Alexa 430 fluorophore on bead-based microfluidics was 

further confirmed to be compatible with the integration of p-i-n thin film a-Si:H 

photodiodes, coupled with an a-SiC:H absorption filter. 

The following Chapters 9 and 10 report (1) the development of a capillary-driven 

bead-based immunoassay to detect DON and a model mycotoxin and (2) an improved 

multiplexing strategy to detect 3 mycotoxins simultaneously in a single step. Both these 

assays are significant improvements over the assays discussed in Chapter 6 and 7, 

providing a simpler operation and dramatically reduced assay times. 
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Chapter 9  

Capillary Bead-Based Microfluidic Immunoassay 

for Ultrarapid Mycotoxin Detection 

After introducing the strategy of integrating nanoporous commercial microbeads 

in microfluidic channels, this concept was combined with a capillary driven flow to 

improve the assay previously discussed in Chapter 7. For microfluidic devices to achieve 

a practical point-of-need application, it is necessary to circumvent the often-excessive 

system complexity required, such as external pumps and multi-step operation to provide 

a rapid and simple, while still robust and fit-for-purpose device. This chapter reports a 

simple capillary-based microfluidic device with integrated microbeads and a no-wash, 

single-step mode of operation that achieves a sub-minute detection of analytes using a 

fluorescent competitive immunoassay. Minimum detectable limits of 1.7 ng/mL were 

obtained for mycotoxin detection within 70 s assay time, using 4.5 µL of sample. 

Furthermore, an internal control was also included in the microfluidic device to provide 

additional robustness and result validation. The contents of this chapter are reproduced 

with appropriate adaptations from one original research article [334], co-authored with a 

MSc student (Roberta Epifania) in Biomedical Engineering at University of Rome “La 

Sapienza” in Rome, Italy, who developed her research project at the research facilities of 

INESC MN. I was responsible for the co-supervision of the student in the lab, 

troubleshooting, planning of experiments and thorough revision of the published paper. 

 

 

9.1. Materials and experimental methods 

9.1.1. Preparation of antibody functionalized beads 

To immobilize anti-BSA and anti-deoxynivalenol (DON) IgG molecules on the 

beads via coupling to protein G, the commercial protein G-coated agarose beads were 

incubated for 15 min in solutions with (1) anti-BSA IgG at a concentration of 50 µg/mL 

in a total volume of 23 µL or (2) anti-DON IgG at a concentration of 26 µg/mL in a total 

volume of 15 µL. The stock solution of beads was composed of ~70% (v/v) bead slurry 

in PBS, from which 3 µL were pipetted to the previous final volumes.  To prevent the 

cross-binding of free antibodies between the two chambers after spotting of the beads, a 
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pre-washing step was required. Thus, 200 µL of PBS were added to both bead solutions, 

which were mixed and centrifuged to allow the beads to sediment to remove the excess 

liquid. This step was repeated three times to ensure sufficient dilution of any free 

antibodies. Protein G-coated 4% cross-linked agarose beads with an average diameter of 

90 µm were purchased from GE Healthcare Life Sciences as Protein G Sepharose 4 Fast 

Flow. Anti-DON IgG mouse monoclonal antibodies were acquired from Biotez (Berlin, 

Germany) and anti-BSA IgG rabbit polyclonal antibodies were acquired from Thermo 

Fisher Scientific.  

9.1.2. Capillary-driven competitive immunoassay for DON detection 

To confine the beads within the respective microfluidic chambers, 0.1 µL of 

protein G beads previously incubated with anti-BSA IgG were manually pipetted on the 

PDMS surface of the control chamber area; the same volume of protein G beads incubated 

with anti-DON IgG was pipetted on the test chamber area. This manual pipetting step was 

observed to provide sufficiently reproducible and compact bead distributions in the 

respective chambers. Then, the PDMS structure was reversibly sealed against a glass 

substrate previously treated with a plasma cleaner (800 mTorr oxygen, 1 min at medium 

intensity; Harrick Plasma Expanded Plasma Cleaner, NY, USA). The same strategy was 

used with the single chamber structure by inserting beads with one given type antibody 

functionalization in the microfluidic chamber. After sealing the structure against the 

glass, the device was ready to be used by inserting the sample from the inlet. The sample 

insertion was performed 10 min after the plasma treatment, as previously optimized for 

providing a capillary-driven flow rate  of ~ 1 µL/min [154]. Depending on the experiment 

to be performed, the sample manually pipetted into the inlet at a total volume of 4.5 µL 

was composed of (1) increasing concentrations of DON-BSA-Alexa 430 in the case of 

the calibration curves or (2) a fixed concentration of 10 µg/mL of DON-BSA-Alexa 430 

mixed with different concentrations of free DON toxin for the competitive assay. All 

bead-packed devices were single-use, being discarded after each experiment. PBS tablets, 

carbonyldiimidazole (CDI), bovine serum albumin (BSA) and deoxynivalenol (DON) 

were purchased from Sigma-Aldrich. The DON-BSA-Alexa 430 conjugates were 

prepared by first conjugating BSA with DON using CDI chemistry according to the 

method described in Chapter 6 and subsequently conjugating a succinimidyl ester-

activated Alexa Fluor 430 dye, purchased from Thermo Fisher Scientific. The 

conjugation of a toxin-BSA conjugate with Alexa 430, followed by a diafiltration in 
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Amicon Ultra-4 centrifugal units, 10 kDa cutoff (EMD Millipore) for removal of non-

conjugated dye was previously described in Chapter 8. 

 

9.2. Capillary device design and operation 

The design of the bead-based capillary device is shown schematically in  

Figure 9.1. Considering that the beads have an average size of 90 µm, the channel height 

of the device was designed to be 100 µm. The device has two main modules: the chambers 

where the beads are packed and the capillary pump for driving the liquid flow. Two 

different versions of the structure were used, which differ only in the number and 

dimensions of chambers in parallel relative to the direction of the liquid flow. The single 

chamber structure has one 3,250 × 660 µm2 chamber, while the double chamber structure 

has two 1,587 × 660 µm2 compartments, physically separated by a 75 µm wide continuous 

barrier. The dimensions of the chambers were designed to match the size of a 2-200 µL 

pipette tip to allow for a manual bead insertion. The single chamber structure was used 

for optimization studies, by packing beads with one type of antibody functionalization for 

each assay and flowing solutions with increasing concentrations of the conjugates. The 

double chamber structure was designed to simultaneously pack beads with the two types 

of antibody functionalization to have an internal control in the assay. The internal control 

chamber and test chamber will be henceforth referred to as CC and TC, respectively. In 

both structures, the chambers are delineated by 150×75 µm2 pillars spaced by 50 µm gaps 

allowing the sample to flow into the bead chamber and subsequently follow into the 

capillary pump. To allow the liquid to wet the extremes of the chambers without trapping 

air bubbles, two air outlets were included in the device design. The microchannels leading 

to the air outlets have a cross-section of 40 µm × 100 µm (W×H) to fully prevent the 

liquid from flowing through this narrow passage. According to the literature [34, 37], this 

effect originates from the observation that the capillary-driven flow is promoted only by 

the plasma cleaner treated glass surface (contact angle (γ) ≈ 0° [154]), while the untreated 

hydrophobic PDMS surfaces prevent the liquid flow (γ > 100° [335]). Therefore, the 

minimization of the glass to PDMS surface ratio is here used as a strategy to provide an 

air-selective barrier.  

The capillary pump used to drive the liquid flow through the bead chambers is 

made up of two segments: the first one is a 22 mm long, 300 µm wide continuous channel. 

Here, the fluid accumulates hydraulic resistance allowing an effective wetting of the 
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entire capillary chamber. This segment is followed by a 115 mm long “fast pump”, where 

the channel walls are composed of 150×50 µm pillars spaced by 75 µm gaps. This design, 

as described in detail elsewhere [34], allows the liquid front to move along the main 

channels while it shortens the path through the gaps at each successive turn, allowing a 

relatively stable flow rate over time, without a significant accumulation of hydraulic 

resistance as previously demonstrated [154]. The stability and magnitude of the flow rate 

in this case is of critical importance to minimize the duration of the assay by avoiding 

mass transport limitations. Nevertheless, by including an internal control chamber in the 

device it is possible to normalize any flow rate variations, which affect both chambers 

simultaneously, by measuring the relative fluorescence. It is also important to highlight 

that in order to ensure a stable and reproducible capillary-driven flow rate from device to 

device in practical applications, these should be stored in vacuum packaging to prevent 

adsorption of organic contaminants [336]. However, for this work, the stability of contact 

angle between devices was assured only by flowing the SUA at a fixed, constant time 

after performing the plasma treatment. 

 

Figure 9.1 - 3D schematic visualization and microscopy photos of the capillary bead-based device showing 

its two main elements: the chamber where the beads are packed and the capillary pump. Two different 

versions of the structure were used in this paper, comprising either a single chamber or double chambers 

arranged in parallel. In the first structure, beads with only one type of antibody functionalization were 

packed to optimize the assay. In the latter, beads with two different types of antibody functionalization were 

packed simultaneously on each side of a continuous wall to spatially discriminate the control signal in one 

chamber (right, control chamber, CC) and the test signal in the other chamber (left, test chamber, TC). The 

air outlets prevent the trapping of bubbles at the edges of the entrance and exit of the chambers, which 

would impair the homogeneity of the signal. For both devices, the sample flowed via a capillary pump, 

designed to provide a specific and constant flow rate over time. A photograph of the device containing the 

double chamber is shown in the bottom right corner, sealed against a glass slide. 
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9.3. Optimization of a competitive immunoassay for deoxynivalenol 

(DON) quantification and an anti-BSA internal control 

To perform a competitive mycotoxin immunoassay where the internal control and 

the test signal are simultaneously measured, calibration curves of DON-BSA-Alexa 430 

captured on beads incubated with either anti-DON IgG or anti-BSA IgG are first required. 

Solutions with four different concentrations of DON-BSA-Alexa 430 (10 µg/mL,  

20 µg/mL, 40 µg/mL and 80 µg/mL) were flowed through the structure after packing the 

beads. The fluorescence emission was measured as an average of three independent 

measurements under the same experimental conditions and normalized relative to the 

background signal before flowing the solutions. In Figure 9.2-A and B the calibration 

curves for the capture of the conjugate by the anti-BSA IgG and anti-DON IgG molecules 

immobilized on the beads are shown, highlighting a linear correlation in the tested range 

of concentrations. The microscopy images included on each plot were acquired when the 

DON-BSA-Alexa 430 solution reached the outlet. It is possible to observe that at a 

concentration of 10 µg/mL the fluorescence signal measured on each type of 

functionalized beads (16.3±4.1 AU (±SD) for anti-BSA and 14.4±1.7 AU (±SD) for anti-

DON) is not significantly different. Therefore, this concentration of DON-BSA-Alexa 

430 was selected for further experiments to perform a competitive immunoassay for DON 

detection, considering that the signal generated on the anti-DON beads in the absence of 

free DON in solution is comparable to the anti-BSA control. According to the competitive 

immunoassay presented in previous work [143], the presence of free DON in solution, 

mixed with the DON-BSA-Alexa 430 conjugates, induces a decrease in the fluorescence 

emission measured on the beads with anti-DON IgG in a concentration dependent 

manner. As shown in Figure 9.2-C, the higher the concentration of free DON in solution, 

the lower the signal measured on the beads. This competitive assay provided a minimum 

detectable concentration (LD) of 1.7 ng/mL DON, calculated as the concentration of DON 

that provides a signal decrease equal to 3.29 times the standard deviation of the blank 

measurements, using the adjusted logarithmic regression (y = -2.16 ln(x) + 25.2,  

R2 = 0.97). This value is considerably below all regulatory and recommended limits for 

DON in food and feed enforced in the European Union [79, 84] where the strictest 

concentration limit is set at 20 ng/g in cereal and maize-based products for consumption 

by young children. Furthermore, this value is comparable to the minimum detection limits 

achieved using commercial lateral-flow devices while achieving significantly shorter 
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times of analysis [1] owing to the shorter diffusion distances provided by the nanoporous 

beads and a rapid/stable linear liquid velocity provided by the precise and reproducible 

mold replication process. This excess in minimum detectable limit potentially allows a 

significant degree of sample dilution after extraction and sample preparation using 

previously developed and validated methodologies [180], in order to minimize matrix 

interference effects and background non-specific fluorescence while monitoring the 

DON-BSA-Alexa 430 conjugate being captured on the beads. To evaluate the binding 

kinetics of the optimized concentration of DON-BSA-Alexa 430 conjugates to each of 

the beads, the fluorescence intensity was measured over time in 10 s intervals. In Figure 

9.2-D it is possible to observe that the liquid takes about 70 s to reach the end of the 

capillary pump. Furthermore, the final absolute fluorescence intensity is achieved 

between 40 and 50 s of flowing the sample, highlighting potential to achieve detection in 

sub-minute assay times in conditions where the signal is continuously monitored. 

 

9.4. Ultrarapid detection of DON using the double-chamber device 

After the previous optimization, it was possible to use the double chamber 

structure shown in Figure 9.1 to design a standalone assay to detect DON contamination. 

The bar chart in Figure 9.3 shows the quantification of the fluorescence emission of the 

DON competitive immunoassay as an average of two independent experiments at 

increasing concentrations of free DON. The microscopy images in Figure 9.3 show the 

wall interface in each condition. It is possible to observe that the signal of the control 

chamber (above the wall in each image) remains the same despite the presence of the free 

toxin in solution, while the signal measured in the test chamber (below the wall in each 

image) decreases significantly below that of the control chamber. Therefore, the 

competitive immunoassay performed in the double chamber structure provides a response 

in a single step considering the background (≈16.6 ± 1.8 AU) normalized fluorescence 

ratio between the TC and CC, varying from 88%±8% (±SD) at 0 ng/mL DON down to 

59%±5% (±SD) and 22%±1% (±SD) for 10 and 100 ng/mL DON spiked in solution, 

respectively. Nevertheless, comparing the absolute values with those measured in  

Figure 9.2, a slight decrease in sensitivity can be noticed, possibly from cross-chamber 

light contamination, hindering the decrease in signal of the test chamber due to the high 

signal in the control chamber.  Furthermore, the relatively high variability in the 

measurements is mostly derived from the image analysis considering (1) the variable 
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dispersion in bead packing and (2) non-uniform molecular distribution within each bead 

due to diffusion limitations. The use of smaller and more monodisperse beads, as well as 

a better control of pore size are expected to reduce variability. 

 

Figure 9.2 - Calibration curves measured after flowing a solution with increasing concentrations of DON-

BSA-Alexa 430 and measuring the average fluorescence of the protein G beads incubated with (A) anti-

BSA IgG at a concentration of 50 µg/mL or (B) anti-DON IgG at a concentration of 26 µg/mL. The point 

at a concentration of zero corresponds to the fluorescence emission of the beads before flowing the solution 

(background fluorescence intensity, ~16.6 ± 1.8 AU). This value was subtracted from all points in the plots 

(A) and (B). (C) Calibration curve for the DON competitive immunoassay at increasing concentrations of 

free DON in solution, mixed with a fixed concentration of 10 µg/mL DON-BSA-Alexa 430. In the plots 

(A) to (C) the fluorescence intensities for each concentration were measured as three independent 

experiments (±SD) using three disposable microfluidic devices. (D) Background normalized fluorescence 

emission over time measured in a chamber packed with beads specific for DON (black squares) or to BSA 

(red circles) while flowing a solution containing 10 µg/mL of DON-BSA-Alexa 430. The single chamber 

device has been used to perform all these experiments. Error bars refer to ±SD of three independent 

experiments. In (C), images were contrast enhanced for visualization purposes. 
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Figure 9.3 - Fluorescence emission of the DON competitive immunoassay measured in the double chamber 

structure with an internal maximum signal control. Increasing concentrations of free DON were mixed with 

a fixed concentration of 10 µg/mL DON-BSA-Alexa 430 and flowed through the device. The protein G 

beads incubated with anti-BSA IgG are packed in the control chamber (CC) while the beads incubated with 

anti-DON are packed in the test chamber (TC). The bar chart shows the quantification of the average 

fluorescence signal for both chambers. Error bars refer to ±SD of two independent experiments measured 

using two disposable microfluidic devices. Images were contrast enhanced for visualization purposes. 

 

9.5. Chapter conclusions 

This chapter demonstrates a proof-of-concept for a novel no-wash and ultrarapid 

bead-based capillary assay performed in a microfluidic device. The simple mode of 

operation was combined with detection limits comparable to those achieved using state 

of the art lateral flow assays, particularly for a competitive immunoassay, detecting as 

low as 1.7 ng/mL of the mycotoxin DON in 60 s assay time. These features were further 

enhanced by the addition of an internal control to provide a robust response from the 

single-step competitive assay. These results highlight this device as a potentially 

multiplexable and general approach to perform rapid analyses of multiple analytes at the 

point-of-need, using minimal sample volumes. However, to realize a fully portable 

device, it will be necessary to integrate fluorescent detection with the microfluidic device, 

which can be achieved, for example, by integrating thin-film photodetectors aligned 

below the bead chambers, as previously demonstrated for the continuous monitoring of 

on-bead fluorescence in the presence of a complex matrix [51]. Furthermore, it is also 

critical to optimize and automate the packaging of the beads in microfluidic device for 

increased robustness and repeatability. 



 

177 

Chapter 10  

Multiplexed Microfluidic Immunoassay 

Addressed by a Photodetector Array for Point-of-

Need and Sub-Minute Detection of Mycotoxins 

This chapter reports a dramatic improvement over the multiplexed device 

discussed in Chapter 6 by integrating discrete bead chambers against different 

mycotoxins, integrated in series relative to the sample flow. To achieve ultrarapid 

detection of mycotoxins, namely aflatoxin B1, ochratoxin A and deoxynivalenol, at the 

point-of-need, a novel multiplexed bead-based microfluidic competitive immunosensor, 

coupled with an array of a-Si:H thin-film photodiodes for integrated fluorescence signal 

acquisition, was developed. Simultaneously measuring the initial binding rate for each 

analyte of the sample under analysis against an internal reference, this device provided 

limits of detection below 1 ng/mL for all mycotoxins in a single-step assay and within  

1 minute after mixing the sample under analysis with a fluorescent conjugate. The 

compatibility of the device with the analysis of mycotoxins spiked in corn samples was 

further demonstrated after performing a sample preparation procedure based on aqueous 

two-phase extraction. The short times of analysis and sensitivities in the low ng/mL range 

make these devices potentially competitive with the lateral flow devices that are currently 

the standard for this application. Furthermore, this device architecture can be easily 

expanded to other analytes in food safety, biomedical and other applications. The contents 

of this chapter are reproduced with appropriate adaptations from one original research 

article [49] co-authored with Denis R. Santos and Inês F. Pinto, PhD students at INESC 

MN. D. R. Santos performed the (1) photosensor fabrication, optimization and 

characterization and (2) optimized the integrated circuit and software used for signal 

acquisition after a proof-of-concept version I prepared within the scope of a course on 

sensors and instrumentation (Appendix A). I. F. Pinto conceptualized the bead-based 

microfluidic device for multiplexed analytics and participated in discussions and 

troubleshooting.  
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10.1. Materials and experimental methods 

10.1.1. Functionalization and packing of beads in microchannels  

To functionalize the agarose beads with antibodies against each of the target 

mycotoxins, commercial protein G conjugated beads were first incubated in  

anti-mycotoxin IgG solutions for 15 min in PBS buffer using a rotator mixer (20 

revolutions per min) to avoid settling. For the incubation, 3 µL of a bead solution in PBS 

(~ 50% v/v bead resin) were transferred to 12 µL anti-AFB1, 12 µL anti-DON or 0.5 µL 

anti-OTA IgG solutions, prepared also in PBS to a final IgG concentration of 50 µg/mL, 

except for the anti-OTA IgG where the final concentration was 41.7 µg/mL. To pack the 

beads in the single microchannels, 110 µL of a solution of 1 mg/mL BSA in PBS was 

added to each set of beads. Then, after suspending the beads in solution, 40 µL of each 

bead solution were pipetted and the pipette tip subsequently released after being fitted to 

the inlet hole of the microchannels. Afterwards, a syringe pump was immediately used to 

exert a negative pressure at the outlet of the microchannel at a flow rate of 15 µL/min. 

The microchannels with the packed beads were stored at 4 °C until further use.  

10.1.2. Immunoassay optimization in individual bead microchannels 

To facilitate the optimization of the immunoassay, single channels coupled with 

fluorescence microscopy for signal acquisition were first used. The bead microchannel 

devices used for optimizing the immunoassay were the same as previously discussed in 

Chapter 8. To perform the immunoassays, a PBS solution containing a certain 

concentration of spiked mycotoxin plus mycotoxin-bovine serum albumin (BSA)-Alexa 

430 conjugates (prepared as described in detail in Chapter 8), at concentrations of  

8 µg/mL AFB1-BSA-Alexa 430, 8 µg/mL DON-BSA-Alexa 430 or 10 µg/mL OTA-

BSA-Alexa 430, was flowed through the microchannels at 17.5 µL/min, by applying a 

negative pressure at the outlet using a syringe pump. The signal acquisition was 

performed by acquiring images of the beads on a fluorescence microscope (Leica DMLM 

equipped with a DFC300FX camera and a 100 W short arc mercury lamp as excitation 

light source, coupled to a I3 filter cube) in 15 s intervals (1 s exposure) starting from the 

moment the pump was turned ON. The quantification of the signal after acquiring the 

images was performed using the grey scale of the entire bead, processed using the 

software ImageJ (National Institutes of Health, MD, USA). The protein G functionalized 

beads (Protein G Sepharose 4 Fast Flow) were purchased from GE Healthcare. The anti-
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AFB1 IgG (AFA-1 mouse monoclonal) was purchased from Abcam, anti-DON IgG 

(mouse monoclonal) was purchased from Biotez (Berlin, Germany) and anti-OTA IgG 

(rabbit polyclonal) was purchased from Immunechem (Burnaby, British Columbia, 

Canada). 

10.1.3. Multiplexed immunoassays 

The multiplexed immunoassays were performed using the microfluidic structure 

shown schematically in Figure 10.1-A. Each set of protein-G beads for each of the four 

chambers was first incubated with the respective anti-mycotoxin or anti-BSA IgG 

solutions. The incubation was performed exactly as described in Section 10.1.1 for the 

anti-mycotoxin IgG molecules and, for the anti-BSA IgG, 3 µL of beads were added to 

19 µL of anti-BSA IgG at a concentration of 50 µg/mL. After 15 min of incubating each 

of the 4 sets of beads, 110 µL of polyethylene glycol (PEG) 20% (w/w) in PBS were 

added to each solution. To insert the beads in each of the 4 chambers, the microfluidic 

structure was first filled with PBS buffer and pipette tips containing 40 µL of each bead 

solution were inserted in the respective chamber inlets, followed by the application of a 

negative pressure at 10 µL/min. Subsequently, each bead chamber was sealed using  

20 ga metal plugs. To minimize non-specific interactions with the microchannel PDMS 

surface and with the agarose beads, a solution of 1% purified casein (w/v) was flowed via 

the sample under analysis (SUA) inlet (Figure 10.1-A) at 17.5 µL/min for 1 min, after 

first washing the channel and beads by flowing plain PBS buffer at 17.5 µL/min for  

2 min. The SUA spiked with a certain concentration of each mycotoxin plus 4 µg/mL 

AFB1-BSA-Alexa 430, 6 µg/mL DON-BSA-Alexa 430 and 10 µg/mL OTA-BSA-Alexa 

430 was then flowed through the device at 17.5 µL/min according to Figure 10.1-A. Anti-

BSA IgG (rabbit polyclonal) and casein (1% w/v) blocking solution were purchased from 

Thermo-Fisher Scientific and PEG (MW = 8,000 g/mol) was purchased from Sigma-

Aldrich. 

10.1.4. Instrumentation, signal acquisition and processing  

The acquisition and analog processing of the current signals generated by the 

photodiodes was performed using a transimpedance amplifier (TIA) circuit. A stable  

2.5 V output generated by a low-noise and very low-drift precision voltage reference 

(ADR4525, Analog Devices, Norwood, Massachusetts, US) coupled to an operational 

amplifier in voltage follower configuration, is used as a virtual ground (VGND). The 

operational amplifier used in the TIA was a LMC6482 CMOS dual rail-to-rail operational 
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amplifier from Texas Instruments. The TIA amplification stage is set by a 1 GΩ resistor 

(for a 180 dB gain), in parallel with a 100 pF ceramic capacitor for stabilization of the 

circuit. Further amplification of the TIA voltage output is performed using a voltage 

difference amplifier and resistors of 1 kΩ and 100 kΩ were selected to achieve a gain of 

40 dB (for a total of 220 dB) and therefore reach a voltage magnitude quantifiable by the 

Teensy 3.2 microcontroller ADC (PJRC, Sherwood, Oregon, US) set to 14-bit resolution. 

The amplification circuit and the Teensy 3.2 microcontroller were mounted on a circuit 

board which connects to the photodiode PCB through a 5-wire shielded cable. The circuit 

board includes a Bluetooth HC-05 module that can be used for wireless communication 

when the board is powered by an external power supply or battery for true portability. A 

MATLAB graphical user interface (GUI) script was developed to communicate, through 

USB or Bluetooth, with the microcontroller during the measurements to receive, store 

and plot the data in real time. To illuminate all sensors and chambers simultaneously and 

homogeneously, a 405 nm diode laser was focused with a beam diameter of 

approximately 2 mm. The laser was first attenuated by a neutral density (ND) 1.0 filter in 

order to reduce the illumination photon flux to exc ~1.0×1016 cm-2.s-1, providing a 

compromise between high fluorescence emission and minimal photobleaching effects 

through the duration of the assay. 

 

10.2. Design of the microbead-based microfluidic device for 

immunoassay multiplexing with an internal reference 

The main goals of this work were to (1) design and develop a multiplexed 

microfluidic immunoassay for detecting mycotoxins at the relevant regulatory limits and 

(2) minimize the required number of steps and assay time relative to the state-of-the art 

on biosensors for mycotoxin detection (Table 1.6). Previously reported microfluidic 

approaches for mycotoxin detection are mostly based on competitive immunoassays 

performed on the inner surfaces of a microchannel, utilizing fluorophores [24] or enzymes 

[21] to generate an optical signal. In general, the competitive immunoassay is based on 

first immobilizing the (1) mycotoxin antigen (free or bound to a protein carrier such as 

BSA) or an anti-mycotoxin antibody (probe) on the microchannel walls and then (2) 

flowing the sample containing free toxin (target) plus a labelled target complementary to 

the probe, which may be an antibody or the target toxin. The specific signal from the 

label, which is inversely proportional to the concentration of free toxin in the sample, can 
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thus be used to correlate the titers of free toxin, having as a control a blank sample that 

provides the maximum signal. This signal intensity for both the blank and contaminated 

samples increases over time while labelled target molecules are being captured by the 

probes according to Equation 1.4, which assumes Langmuir kinetics. Here, the presence 

of free toxin reduces the concentration of effective probes (bm), thus reducing the rate 

δb/δt for the labelled molecule. The signal acquisition is thus typically performed after a 

certain amount of time after washing the sensing area to minimize non-specific 

interactions. This amount of time can be either (i) a constant time to provide a sufficient 

and measurable signal for the blank, resulting in a transient, i.e. time dependent, probe 

concentration (shorter assay, b(t), Equation 1.5) or (ii) a sufficient amount of time to 

reach an equilibrium probe concentration, providing a relatively more stable signal 

(longer assay, beq Equation 1.6). 

 Based on the previous discussion, the continuous measurement of the rate δb/δt 

would provide the fastest method to perform the competitive immunoassay.  To employ 

such strategy, the rate must be measured while the sample is under flow, requiring a 

single-step methodology. To achieve this, commercial pre-functionalized microbeads 

were integrated in the microfluidic device to provide (1) shorter diffusion distances, (2) 

increased surface to volume ratios and (3) higher probe surface densities and reproducible 

surface chemistries [18]. These properties, combined with the use of fluorescence as the 

signal transduction mode, allow δb/δt to be measured continuously on the beads.  

The developed bead-based microfluidic structure is shown schematically in 

Figure 10.1-A. Each of the first three chambers, in series with the liquid flow direction, 

contains antibodies against the 3 different toxins, namely OTA, AFB1 and DON, 

immobilized on commercial protein-G functionalized agarose beads. The competitive 

immunoassay, which is summarized in Figure 10.1-B, is based on mycotoxin-BSA-

Alexa 430 (TBA) conjugates spiked in the sample-under-analysis (SUA) which compete 

for binding to the anti-mycotoxin antibodies. Therefore, the higher the specific mycotoxin 

concentration in solution, the lower the increases in fluorescence signal over time in each 

bead chamber. The fourth chamber contains anti-BSA antibodies and works as an internal 

negative control, providing the maximum signal level. This internal control is required to 

normalize and validate the assay in terms of liquid flow velocity and overall antibody 

stability. 
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Figure 10.1 - A- Schematics of the bead-based multiplexed microfluidic device with an internal reference 

for immunodetection of OTA, AFB1 and DON. The bottom left diagram illustrating the top view of the 

device describes the two steps for (1) bead packing and (2) subsequent flow of the sample-under-analysis 

(SUA). B- Schematics of the competitive fluorescence immunoassay.   

 

10.3. Development and optimization of a competitive immunoassay for 

sub-minute mycotoxin quantification in model solutions 

Before testing the performance of the multiplexed assay using 4 chambers in 

series, each mycotoxin immunoassay was tested individually in single chambers using a 

simplified microchannel design as previously introduced in Chapter 8. An optimization 

procedure for the anti-mycotoxin IgG concentration used for bead functionalization and 

concentration of TBA conjugates spiked in the SUA (Figure 10.2) was first performed 

for DON detection. This optimization procedure was performed for a single toxin since it 

was previously observed that for the antibodies being used, comparable signal intensities 

are generated at equal assay conditions [42]. It was concluded that in the tested range of 

concentrations similar sensitivities were obtained, thus, the concentrations reported in 

Section 10.1.2. were chosen to provide a signal significantly above the background for 

the blank (0 ng/mL DON). The time-dependence of the relative fluorescence signals 

measured on the beads, at increasing mycotoxin concentrations, are shown in Figure 

10.3. In Figure 10.3-A, B and C it can be observed that an increase in mycotoxin 

concentration significantly reduces the rate increase of fluorescence over time, which is 

directly proportional to δ[TBA]/δt, where [TBA] is the surface concentration of TBA 

conjugates on the beads. These kinetic profiles for each mycotoxin can then be used to 
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calculate calibration curves of the initial TBA binding rate (δ[TBA]/δt), measured in the 

first 60 s of the assay (left of the vertical dashed line) in the presence of increasing 

mycotoxin concentrations, as shown in Figure 10.3-D. Based on the curves, minimum 

detectable limits (LD) below 1 ng/mL were obtained for all mycotoxins, calculated as the 

concentration of mycotoxin necessary to reduce the initial TBA binding rate below 3.29 

times the standard deviation of the blank measurements (black stars in Figure 10.3-A, B 

and C, 0 ng/mL mycotoxin). These results are comparable to those previously obtained 

using 5-30 fold lengthier and multi-step microfluidic assays using chemiluminescence or 

fluorescence [21, 24, 42], while potentially providing adequate sensitivities to meet the 

wide majority of current EU regulatory and recommended limits for AFB1, DON and 

OTA in foods [79] and feeds [82, 84]. Furthermore, by continuously computing 

δ[TBA]/δt, the detection times can be reduced below the 60 s threshold, where 

fluorescence signals can be measured significantly above the noise threshold.  

 

Figure 10.2 - A- Optimization of anti-DON concentration to functionalize the agarose protein-G beads.  

B- Optimization of the concentration of DON-BSA-Alexa 430 spiked in the SUA solution. C- Time-lapse 

of the packed beads measured under the fluorescence microscope while flowing the SUA at 17.5 µL/min 

in the presence or absence of 10 ng/mL of DON. The raw microscopy photos shown were acquired every  

15 s using an exposure time of 1 s. 
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Figure 10.3 - Binding kinetics of each of the TBA conjugates to the respective anti-mycotoxin IgG 

molecules i.e. (A) AFB1, (B) OTA and (C) DON, immobilized on the beads in the presence or absence of 

free mycotoxins in solution. The kinetics were measured in reference conditions (0 ng/mL of free toxins) 

as 6 independent experiments and 2 independent experiments for each of the increasing free toxin 

concentrations. The relative fluorescence intensity values are calculated relative to the maximum absolute 

fluorescence measured in the absence of free toxins. The fluorescence intensities were measured under the 

fluorescence microscope in 15 s intervals. D- Calibration curves of increasing free mycotoxin 

concentrations measured as the initial TBA binding rate in the first 60 s (non-shaded region in plots A, B 

and C). The TBA binding rate values are calculated as the maximum 3-point linear slope from regressions 

between 0-30 s, 15-45 s and 30-60 s. These experiments were performed using single microchannels as 

described in detail in Chapter 8. 

 

10.4. Simultaneous detection of AFB1, OTA and DON using the 

multiplexed device 

After optimizing anti-mycotoxin immobilization and TBA concentration for the 

immunoassay for each mycotoxin, the multiplexed immunoassay using 4 bead chambers 

in series was tested. It was previously shown that the antibodies used in this assay had 

negligible cross-reactivity effects for the toxins being tested [42]. The implementation of 

a standalone and single-step multiplexed assay requires an internal control to normalize 

the fluorescence signal measured in each anti-mycotoxin chamber. The use of an  

anti-BSA chamber as internal control provides a fluorescence signal that is independent 
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of the concentration of free mycotoxins in solution, but dependent on all other assay 

parameters such as flow rate, matrix interference or any photobleaching effects. 

Therefore, it allows the normalization of the slope measured on the anti-mycotoxin 

chambers for comparison between independent experiments.  

However, in contrast to the single microfluidic column experiments in  

Section 10.3, the use of an anti-BSA internal control required two additional conditions: 

(1) the blocking agent used for bead packing and stabilization prior to flowing the SUA 

cannot be based on a concentrated BSA solution, which would result on the blocking of 

the specific binding sites of the anti-BSA antibodies and; (2) the fluorescence intensity 

measured over time in the internal control chamber should be comparable to the anti-

mycotoxin chambers (which should also have comparable fluorescence intensities 

between them). The first condition was achieved using purified casein molecules instead 

of BSA for the blocking, proving equally effective within the tested experimental 

conditions in terms of minimizing signal background, which was below the intrinsic 

fluorescence of the flowing TBA solution in both cases. However, in this case, the 

packing procedure was performed in a concentrated PEG solution as discussed in 

Chapter 8, prior to the blocking procedure by flowing a casein solution, since the rapid 

settling times would often induce clogging at the entrance of the microfluidic channels. 

Regarding the second condition, the signal provided by the anti-BSA control chamber 

was first tested at increasing anti-BSA concentrations (Figure 10.4) while flowing a TBA 

mixture containing the previously optimized concentrations. Then, by performing 

reference multiplexed immunoassays, using the previously optimized TBA 

concentrations in Section 10.3 for the singleplex assays, (1) the concentrations of each 

conjugate were adjusted to provide fluorescence signals which are between 70-130% of 

the signal obtained for the internal reference chamber and (2) the total concentration of 

BSA-Alexa 430 in the TBA pool was minimized to reduce the fluorescence background 

from the solution. The optimized concentrations of each conjugate to spike in the SUA 

were 4 µg/mL, 6 µg/mL and 10 µg/mL for AFB1-, DON- and OTA-BSA-Alexa 430, 

respectively. It is important to highlight that this optimization is specific to a given set of 

anti-mycotoxin antibodies, which may vary significantly in their intrinsic dissociation 

constants (Kd) for the respective target mycotoxins. Using the optimized packing, 

blocking and TBA concentrations, the microscopy image of the bead-packed device and 

fluorescence microscopy images of a blank and contaminated samples are shown in 

Figure 10.5-A. 
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Figure 10.4 - Optimization of anti-BSA concentration used to functionalize the agarose protein-G beads. 

The curves were measured while flowing a blank SUA (0 ng/mL mycotoxins) containing 8 µg/mL AFB1-

BSA-Alexa 430, 8 µg/mL DON-BSA-Alexa 430 and 10 µg/mL OTA-BSA Alexa 430. 

 After the initial optimization procedure, the results of the multiplexed assay 

obtained at increasing concentrations of free mycotoxins are shown in Figure 10.5-B to 

D. Initial concentrations of 10, 1 and 3 ng/mL for DON, AFB1 and OTA, respectively 

(Figure 10.5-C), were tested since these are simultaneously relevant within the current 

regulatory limits and provide a significant decrease in TBA binding rate of 49%±5% (±σ), 

71%±4% (±σ) and 50%±4% (±σ) for DON, AFB1 and OTA relative to the non-

contaminated assay (Figure 10.5-B), respectively, which is in accordance with the results 

shown in Figure 10.3-D.  It is also possible to observe that an increase in free mycotoxin 

concentration clearly reduces the TBA binding kinetics relative to the anti-BSA internal 

control. This decrease is also clearly measurable in the first 60 s of flowing the SUA (left 

of the vertical dashed line). To normalize the response of the device at each anti-

mycotoxin chamber relative to the anti-BSA internal control, the calculated slope of the 

fluorescence signal (proportional to the initial TBA binding rate) for each anti-mycotoxin 

chamber was divided by the slope measured for the control chamber in the same time 

interval. Thus, the maximum value of the slope ratio (i.e. normalized kinetics) measured 

in the first 60 s is calculated as the assay response, which is inversely proportional to the 

mycotoxin concentration in solution. Figure 10.5-E shows the results for the average 

normalized kinetics of two independent assays at increasing mycotoxin concentrations. It 

is possible to observe that at the lowest mycotoxin concentrations tested, the response of 

the device falls already within the detection capability of the assay (response < 3.29 σ of 

the blank). Furthermore, the response provided in a single step assay using the internal 

control is not significantly different from the ratio of the initial TBA binding rates 

obtained using the calibration curves shown in Figure 10.3-D, relative to the respective 

blank assays (0 ng/mL mycotoxin). 
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Figure 10.5 - A- Bright field microscopy image of the multiplexing device with the anti-mycotoxins and 

anti-BSA microbeads packed in the respective chambers. On the right, the fluorescence microscopy photos 

were acquired after flowing either a non-contaminated sample under analysis (SUA) containing only the 

TBA mixture or the same solution spiked (contaminated) with 1 ng/mL AFB1, 10 ng/mL DON and 3 ng/mL 

OTA. These images were contrast-enhanced for visualization purposes. B-D- Binding kinetics as relative 

fluorescence over time measured in the chambers for each respective mycotoxin and internal control (anti-

BSA) for increasing concentrations of mycotoxins in solution. Each four chambers of each device were 

measured as two independent experiments for each mycotoxin concentrations. The relative fluorescence 

values were calculated in relation to the signal of the reference chamber in each device after 120 s.  

E- Average normalized kinetics from two independent experiments for increasing concentrations of each 

mycotoxin. The values of the normalized kinetics were calculated as the rate of increase in absolute 

fluorescence for each anti-toxin chamber relative the same rate measured for the respective reference 

chamber in the first 60 s of the assay. The rates of increase for each chamber were computed as the 

maximum 3-point linear slope between 0-30 s, 15-45 s and 30-60 s. The horizontal dashed lines represent 

the device response value equal to 3.29 times the standard deviation (σ) of the blank (0 ng/mL mycotoxin). 
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10.5. Point-of-need compatible fluorescence signal acquisition with an 

integrated photodiode array 

The integrated fluorescence signal acquisition setup developed to address each of 

the bead chambers is shown in Figure 10.6-A. An array of four 200×200 µm a-Si:H 

photodiodes was designed and fabricated so that each sensor was centered under each 

respective bead chamber. Prior to further experiments, I-V curves in the dark, 

photoresponse (I-) and external quantum efficiency (EQE) in the visible spectrum 

(Figure 10.7) of each of the photosensors in the array was measured. To minimize and 

enhance the reproducibility of the distance between the microfluidic bead chambers and 

the sensor (i.e. rigid sealing surface providing a constant distance between the chamber 

and the sensor), the 500 µm thick PDMS membrane used to seal the devices when 

measuring using the fluorescence microscope was replaced by a 100 µm thick glass slide. 

The sealed device was then aligned directly on top of the sensor die. 

The acquisition and analog processing of the current generated by the 

photodiodes, which is linearly proportional to the photon flux, is usually achieved in 

compact instruments using current-to-voltage converters such as transimpedance 

amplifier (TIA) circuits. Microscale thin-film photodiodes designed for integrated 

detection in microfluidic environments, such as the ones shown here, typically generate 

low currents which require high gain transimpedance amplification. For stability and 

linearity this amplification was developed in a two-level amplification configuration 

where most of the current-to-voltage gain is achieved in the first stage, according to the 

schematics in Figure 10.6-B. Therefore, the current of the photodiode was first converted 

into voltage by a low input bias current (iBIAS) high gain TIA (180 dB) followed by a 

differential amplifier (40 dB), providing a total gain of 1011 V/A (220 dB), i.e. an input 

current of 1 pA is amplified to a 100 mV voltage at the TIA output. The photocurrents 

generated by the fluorescence emission impinging on the photodiode array, in the pA 

range, are quasi-stationary and can, therefore, be represented as DC signals. For that 

reason and to maximize the signal-to-noise ratio, the photodiodes were operated at zero 

voltage bias. Moreover, in portable devices a stable virtual ground, provided by a voltage 

reference circuit with an output of 2.5 V (Figure 10.6-B), must be used as reference for 

all the circuitry as no earth grounding is available. Furthermore, towards improved 

portability, a Bluetooth transmission module was integrated in the circuit allowing the 

acquired signals to be wirelessly transmitted in real-time to a personal computing device. 
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An example of the raw data measured and processed in real time using MATLAB is 

shown in Figure 10.8.  

 

Figure 10.6 - A- Schematics of the thin-film a-Si:H photodiode array for performing a continuous 

fluorescence signal transduction. The inset image on the left shows the laser focal point (Ø ≈ 2 mm) 

illuminating all 4 photodiodes simultaneously, highlighted by the white arrows. The ITO top contact 

connects all photodiodes to a common voltage reference (2.5 V). The microscopy photo on the right shows 

the microfluidic device aligned directly on top of the photodiode array. The side view schematics are not 

to scale. B- Schematics of the transimpedance amplification circuit used to address the current generated 

by the photodiodes (Ip) at 0 V bias. The voltage output was acquired by a microcontroller board with a  

14-bit analog to digital converter (ADC) and the raw signals, transmitted wirelessly via Bluetooth, were 

acquired and plotted in real time (0.4 s acquisition rate) using a MATLAB program. 

The results obtained using the integrated photodiode array and TIA circuit are 

shown in Figure 10.9. The measured photocurrent in each chamber is amplified and 

converted to a voltage as described above and continuously plotted in the GUI (Figure 

10.8). After 30 s of measurement, the slope values were continuously calculated as a 

linear regression of the previous 75 points. These slope values can be used to calculate 

the response parameter (R), calculated as the ratio of the maximum slope of the respective 

mycotoxin chamber, divided by the maximum slope of the reference chamber. According 

to the results of Sections 10.3 and 10.4 it is expected that R decreases as the concentration 

of respective mycotoxin increases. Firstly, it was important to evaluate (i) the 

reproducibility of the internal control measurements; (ii) the possibility of signal cross-
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contamination between sensors, i.e. if the signal emitted from one chamber induces a 

significant increase in current in the sensors aligned with adjacent chambers, and (iii) the 

minimum signal measured in each chamber arising from non-specific TBA interactions. 

These points were evaluated by a measurement where all 4 chambers contain anti-BSA 

IgG, i.e. the internal control (Figure 10.9-A) and a measurement where only a single 

chamber contains immobilized anti-BSA antibodies, while the others contain the protein 

A conjugated agarose beads alone (Figure 10.9-B). From these two measurements it was 

possible to conclude that (i) the measurements of multiple (n = 4) reference chambers are 

reproducible, providing maximum slopes having a coefficient of variation (CV) of 16%; 

(ii) it was observed that there is no significant cross-contamination of fluorescence signal 

to the nearest sensor, considering that in Figure 10.9-B sensors 2 (closest) and 4 (furthest) 

did not provide significantly different slopes (1.07 ± 0.09 mV.s-1 and 0.90 ± 0.09 mV.s-1, 

respectively); and (iii) considering the existence of a residual non-specific signal in the  

 

Figure 10.7 - Photosensor characterization plots for each sensor in the array. The photosensors 1 to 4 

correspond to those used to measure the anti-AFB1, anti-OTA, anti-DON and anti-BSA chambers, 

respectively. A- I-V curves measured in dark conditions; B- Photoresponse (I-) at 540 nm and;  

C- Average external quantum efficiency measured for the 4 sensors (±SD).   
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absence of specific antibodies bound to the protein A beads, it is expected that the 

minimum R does not fall below 25 ± 7% for the optimized TBA concentrations. 

After the previous analysis, the device and signal transduction platform were 

tested for the detection of relevant concentrations of mycotoxins, namely 1, 3 and  

10 ng/mL of AFB1, OTA and DON, respectively. The results of the measurement of non-

contaminated and contaminated samples, i.e. PBS buffer artificially spiked with 

mycotoxins, are shown in Figure 10.9-C and D. The results agree with the previous 

measurements using a fluorescence microscope (Section 10.4), showing that a decrease 

in TBA capture rate in the presence of free mycotoxins could be detected in less than  

1 min total assay time using the integrated photodiodes. The R values measured for the 

contaminated sample were below the LD for all mycotoxins, considering a threshold of 

3.29σ relative to the measurements performed with a non-contaminated sample. 

 

Figure 10.8 - Example of the raw voltage measurements acquired in real-time (2.5 points per second) for 

each photosensor and respective 30 s linear slopes, plotted after the first 30 s. The figure corresponds to a 

screenshot of the data as acquired and processed using the MATLAB program. The results in the figure 

were acquired by flowing a non-contaminated sample (syringe pump turned-on at t = 10 s) in a device with 

anti-BSA antibodies immobilized in all chambers (same assay as plotted in Figure 10.9-A). 
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Figure 10.9 - A- Validation of the device performance in terms of photoresponse uniformity and assay 

reproducibility. The 4 bead chambers were prepared under the same conditions, all having anti-BSA IgG 

immobilized on protein G. B- Assessment of cross-signal contamination between photodiodes in the same 

array and signal from non-specific adsorption. Only the chamber 1, aligned with sensor 1 had anti-BSA 

immobilized on protein G, while chambers 2-4, aligned with the respective sensors 2-4 contained beads 

with protein G only. C- Measurement of a reference sample without spiked mycotoxins. D- Measurement 

of a contaminated sample spiked with 1 ng/mL AFB1, 3 ng/mL OTA and 10 ng/mL DON. For the 

measurements shown in C and D, sensors 1-4 where aligned with the anti-AFB1, anti-DON, anti-OTA and 

anti-BSA (control) chambers respectively. All plotted voltage values are the raw data acquired in real time 

(2.5 Hz acquisition rate) and normalized to the respective background voltage induced by the excitation 

light, typically ranging between 0.1-0.2 V. The slope measurements were calculated also in real-time after 

the first 30 s, corresponding to the slope of the linear regression of the previous 75 data points (30 s). The 

inset R values (±SD, n = 2) for each mycotoxin were calculated as the percent ratio of the maximum slope 

of the respective mycotoxin chamber, divided by the slope of the reference chamber. 

 

10.6. Multiplexed detection of mycotoxins in corn extracts as a model 

food matrix 

To establish a proof-of-concept regarding the compatibility of the developed 

device with the analysis of mycotoxins in complex matrices as is the case of food and 

feed samples, the multiplexed detection of AFB1, OTA and DON was applied to corn 

samples as a model complex matrix. The PEG-citrate salt-based extraction system 
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optimized in Chapter 4 was used to perform the off-chip extraction of the mycotoxins 

from artificially spiked corn samples, at concentrations of 20 ng/g AFB1, 50 ng/g OTA 

and 500 ng/g DON. These values are within relevant target regulatory and recommended 

concentration ranges for mycotoxins in animal feeds (Table 1.3 and Table 1.4). In this 

case, to perform the immunoassay, 4 µL of the top PEG-rich phase were collected and 

mixed with 36 µL of TBA conjugate solution in PBS to the final concentrations described 

in Section 10.1.3. The results obtained for the analysis of a reference (non-contaminated) 

and contaminated corn extracts are shown in Figure 10.10. Unlike the measurements 

performed in buffer solutions, both the control and anti-mycotoxin chambers were 

observed to provide comparable binding kinetics during the first 50 s of the assay for the 

reference and contaminated samples. However, after this time, the binding kinetics of the 

contaminated sample showed a significantly deviation from the control. This can be 

clearly observed in Figure 10.10-A and B by comparing the slope values measured over 

time normalized to the internal control, which are significantly lower for the contaminated 

sample in the shaded region. Therefore, despite the 20 s delay in the total assay time, by 

calculating the response parameter R between 60 and 80 s, the obtained results for the 

reference sample are comparable to those reported in Figure 10.9-C for the analysis 

performed in PBS buffer. Furthermore, the R values of the contaminated sample, 

computed in the same time interval, were below the LD (3.29 σ threshold) for all 

mycotoxins at the tested concentrations. These results demonstrate the feasibility of using 

the developed integrated device to detect mycotoxins in complex food matrices after 

coupling an appropriate extraction methodology tailored to the target matrix. 

 The observed measurement of two different kinetic profiles when testing the corn 

samples was further explored using fluorescence microscopy. Interestingly, it could be 

observed that using the mercury lamp of the microscope as excitation source, a significant 

non-specific signal could be measured when flowing a reference corn-extract through 

protein G conjugated beads (without mycotoxin specific antibodies), which was 

comparable with the signal obtained in the presence of mycotoxin specific antibodies 

(Figure 10.11). This observation implies that intrinsically fluorescent organic 

contaminants in corn, as is the case of polyphenols, are contributing to the overall 

fluorescence emission by non-specific adsorption to the beads. On the other hand, using 

the 405 nm laser as excitation source, a two-fold increase in specific signal was obtained 

(Figure 10.11). Thus, exciting the fluorophore using the narrow wavelength of the laser, 

closer to the absorption maximum of Alexa 430, provided superior selectivity compared 
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to a broad excitation band ranging between 450 and 490 nm of the fluorescence 

microscope. Overall, these observations highlight the importance of tailoring appropriate 

fluorophores and excitation sources to a specific target SUA, to minimize non-specific 

signal background. 

 

Figure 10.10 - Multiplexed detection of mycotoxins spiked in corn. A- Reference corn sample without 

mycotoxins (<< 1 ng/g). B- Corn sample spiked with 20 ng/g AFB1, 50 ng/g OTA and 500 ng/g DON. The 

plotted relative signal values are the raw voltage data acquired in real time, relative to the highest voltage 

signal measured for the control chamber during 80 s of measurement (2.5 Hz acquisition rate), calculated 

after normalization to the respective background voltage induced by the excitation light. The slope 

measurements at each time point (relative slope) were calculated as the ratio of the slope of the linear 

regression of the previous 75 data points (30 s) for a specific mycotoxin chamber, relative to the slope 

calculated for the control chamber. The inset R values (±SD, n = 2, two independent measurements of the 

same corn extract) for each mycotoxin were calculated as the percent ratio of the maximum slope (V.s-1) of 

the respective mycotoxin chamber, divided by the slope (V.s-1) of the reference chamber, between 60 and 

80 s assay time (shaded area in inset plots). 

 

Figure 10.11 - Fluorescence microscopy photos of the reference (R) and test (T) chambers of the 

multiplexing device, after flowing a non-contaminated corn extract spiked with the optimized TBA mixture. 

The device was imaged having either anti-DON immobilized on the test chamber (left) or plain protein G 

beads (right). The light excitation source used to measure the fluorescence emission was either the 100 W 

Hg vapor lamp of the Leica DMLM microscope coupled with a blue excitation filter (450-490 nm band 

pass, model I3) or the 405 nm laser. The percentage values were calculated as the fluorescence signal of 

the T chamber relative to the R chamber in each case. All images were contrast enhanced for visualization 

purposes. 
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10.7. Chapter conclusions 

The development of a simple and ultrafast bead-based microfluidic competitive 

immunoassay for mycotoxin screening was discussed. This system offers a multiplexed 

operation and point-of-need fluorescence signal transduction. By performing the analysis 

in PBS buffer solutions, minimum detectable limits below 1 ng/mL were achieved for 

AFB1, OTA and DON in less than 60 s total assay time using a fluorescence microscope 

for continuous signal acquisition. This time of analysis is among the fastest reported in 

recent literature for immunosensors and aptasensors (Table 1.6), requiring only a single 

step after adding the mycotoxin conjugate to the sample. After extending the assay to a 

multiplexed setup and integrating an appropriate internal reference, a comparable 

performance was achieved, allowing the sub-minute simultaneous detection of 1 ng/mL 

AFB1, 3 ng/mL OTA and 10 ng/mL DON, thus showing promise to achieve the strictest 

regulatory limits currently enforced in European Union. A comparable performance could 

be achieved with a system integrating an array of a-Si:H photodiodes aligned ~100 µm 

below each of the mycotoxin-specific bead chambers and addressing the photosensors 

with a simple transimpedance amplification circuit coupled with a microcontroller board, 

successfully extending the assay for point-of-need applications. Finally, the application 

of the developed device to a multiplexed analysis of mycotoxins spiked in corn was 

demonstrated, highlighting the need for adequate extraction procedures and selection of 

fluorophores to minimize matrix interference. Both considerations are critical to allow 

the extension of the assay to other food and feed matrices. 

 Furthermore, since the developed device provides a versatile operation and rapid 

detection times, other highly relevant fields relying significantly on immunoassays could 

greatly benefit from such features for point-of-care applications, such as the screening of 

environmental contaminants or monitoring disease biomarkers. 
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Chapter 11  

Conclusions and Outlook 

 This chapter provides a global overview of the achievements reported in this thesis 

focusing on (1) improvements to the state-of-the-art on rapid mycotoxin screening and 

main novelty factors contributed to the current literature, (2) proposing further research 

directions towards the commercial implementation of a fully portable and sample-to-

answer analytical device and (3) the extension of the analytical methodology to the pre-

emptive detection of mycotoxigenic fungi in foods and feeds. 

 

 

11.1. Novelty and main improvements to the state-of-the-art 

Considering the highly interdisciplinary challenge of optimizing a fully integrated 

and portable microfluidic biosensor for mycotoxin detection, the work developed in this 

thesis focused on developing discrete modules of the device. In general, these modules 

comprised (1) sample preparation and pre-concentration for liquid and solid samples, (2) 

miniaturized multiplexed immunoassay, (3) integrated thin-film photosensors to 

transduce the optical signal into an electrical signal and (4) coupling appropriate 

miniaturized electronics to address the photodetectors.  

11.1.1. Module 1 - sample preparation and pre-concentration 

Regarding the development of the first module, the main breakthroughs were the 

(1) novel application of aqueous two-phase extraction to perform a simultaneous 

extraction, matrix neutralization and analyte preconcentration coupled to immunoassays 

and (2) the first report of a liquid-liquid separation process integrated in-line with an 

immunoassay in a single microfluidic device. In both configurations, minimum detection 

limits as low as those achieved in plain buffer conditions were achieved for wine samples. 

On the other hand, the method also proved compatible with dramatically different solid 

matrices without a significant signal suppression or enhancement. These developments 

highlight the potential of aqueous two-phase separation to serve as a general single-step 

sample preparation procedure within and beyond the scope of mycotoxin 

immunodetection. A relevant example of applications beyond the scope of mycotoxin 
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detection lies within the biomedical field, considering that ATPE has already been 

explored for the isolation of several biomolecules such as oligonucleotides and 

immunoglobulins, as discussed in Section 1.4.2. These, differently from food safety 

applications, where most relevant samples are in a solid state, would also benefit greatly 

from an integrated microfluidic sample preparation, since target samples are typically raw 

blood, plasma or serum. Considering the emerging body of research focusing on 

alternative two-phase forming components beyond standard polymer-polymer and 

polymer-salt systems, combined with the development of high-throughput screening and 

robotic tools to optimize ATPE [201, 202, 337], it is thus expected that upon an 

appropriate optimization, this approach may serve as a new and potentially disruptive tool 

within the context of sample preparation.   

11.1.2. Module 2 - miniaturized multiplexed immunoassay 

Regarding the second module, the immunoassay developed in collaboration with 

Lumisense Lda. within the scope of the EU project DEMOTOX (FP7-SME-2013-

604752), achieved detection times of 5 min and comprising three detection steps, being 

among the fastest and simplest mycotoxin immunoassays. This immunoassay was further 

combined with a fully integrated prototype biosensor to provide a response in 

approximately 10 min after six manual steps performed by the user (three steps for the 

reference and SUA tested in sequence). The same immunoassay architecture was further 

multiplexed to detect three different mycotoxins, while simultaneously integrating an 

internal control to provide a semi-quantitative response in a single analysis. This 

multiplexing procedure was performed using either (1) an innovative micromosaic-based 

immunoassay using permanent magnet valves to actuate the liquid flow, allowing the 

simultaneous imaging of at least nine discrete immunoassay reactions or (2) an 

autonomous capillary-driven flow device comprising four individual chambers in series 

with the liquid flow. In both cases, the minimum detection limits achieved were 

compatible with those currently enforced by EU regulations for most foods and feeds. All 

these developments in miniaturized sensing strategies contributed significantly to the 

simplification, speed of analysis and throughput using competitive immunoassays in 

general. The integrated biosensor prototype co-developed with Lumisense Lda. and the 

autonomous capillary-driven device combined with a smartphone-based signal 

acquisition already demonstrated possible routes towards commercial microfluidic-based 

immunosensors, upon appropriate optimization of (1) reagent stability, (2) surface 



 

199 

stability, (3) cost-effectiveness of materials and (4) analytical performance according to 

appropriate ISO guidelines. 

Despite the relative success and relevance of the previous assays compared to the 

state-of-the-art, there is an increasing demand by food producers to further decrease 

detection times and assay simplicity, allowing a rapid screening of raw materials with 

minimal operating time and user intervention. These requirements were not achievable 

using the immunoassay architecture employed in Chapters 3 to 7. Thus, such demand 

motivated the further improvement of the microfluidic immunoassay by integrating 

nanoporous beads, allowing the development of sub-minute and single-step multiplexed 

immunoassays, among the fastest and simplest reported in the literature. This degree of 

assay simplicity, short detection times, scalable design to n target mycotoxins, coupled to 

a small footprint, paves the way for a direct competition with currently standard lateral-

flow assays and state-of-the-art microfluidic immunoassays. Furthermore, this technical 

innovation described here for mycotoxin detection (Chapters 9 and 10), has been also 

demonstrating significant promise in the development of highly sensitive and rapid assays 

to detect DNA and protein biomarkers within the biomedical arena [18, 327].  

11.1.3. Module 3 – integrated photosensing 

 Regarding the third module, several photodetection setups and designs were used 

to acquire chemiluminescent or fluorescent signals generated by each of the developed 

microfluidic immunoassays. These included the integration of mm-scale commercial  

c-Si p-n photodiodes and arrays of in-house fabricated p-i-n a-Si:H photoconductors and 

photodiodes with dimensions ranging from 50 to 200 µm. The latter proved highly 

promising for miniaturization, providing an excellent optical coupling with the 

microchannels by direct alignment of the sealed device on top of the photosensor array. 

These a-Si:H based thin-film sensors have been previously combined with several model 

analytical and biological systems at INESC MN [34, 338-342]. However, their integration 

in analytical devices aiming at achieving strict regulatory concentrations in the short 

amount of time demanded for mycotoxin detection was the main novelty factor. 

Comparing all setups explored in this thesis, the integration of photodiodes for 

fluorescence detection can be highlighted since they allow a continuous signal monitoring 

without the need of flowing secondary reagents after the SUA for signal development, as 

is the case of enzymatic substrates. On the other hand, the requirement for fluorophores 
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with an adequate Stokes shift and an excitation light source may limit its range of 

applications.  

Alternatively, an approach based on detecting colorimetric signals using a 

smartphone camera was also addressed, coupled with the capillary-driven device. This 

approach, particularly when coupled with an autonomous liquid flow mechanism and on-

chip stored reagents to minimize handling complexity, can be particularly promising to 

reduce the cost of analysis, which is particularly relevant for mycotoxin screening 

applications. 

11.1.4. Module 4 – miniaturized electronics to address the sensors 

Finally, regarding the fourth module, the ultimate goal was to develop cost 

effective and portable electronics coupled to a personal computing device to address the 

photodetectors. This objective was accomplished in collaboration with Lumisense Lda. 

(as reported in Chapter 5 using a commercial photosensor) during the development of 

the fully integrated prototype and also in collaboration with PhD student Denis Santos at 

INESC MN for the integrated array of photodiodes (as reported in Chapter 10).  

 

11.2. Future research towards a fully integrated and portable mycotoxin 

screening device 

This section discusses future research directions to achieve the full integration of 

the developed modules towards a sample-to-answer device to rapidly screen mycotoxin 

contamination on the field.  

To develop a portable analytical device to screen mycotoxins directly on the field, 

it is important to consider that most target samples are in a solid state and that the 

mycotoxin contamination is not homogeneously distributed in the bulk of sample. As 

such, integrated microfluidic processing and pre-concentration strategies as those 

developed in Chapter 3 are only compatible with a shortlisted number of sample groups, 

as is the case of alcoholic beverages and fruit juices.  Therefore, any screening device 

aiming at rapidly quantifying mycotoxins on multiple small solid samples, also requires 

an integrated means of collecting a certain mass of sample, performing a grinding 

procedure and efficiently dose the grinded sample for subsequent mixture with the 

extraction solution. This extra module (henceforth referred as “module zero”) is thus 

required upstream of the sample extraction and preparation. Such developments were not 
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addressed in this thesis, since they fall outside the academic research scope within the 

topic of biotechnology and biosciences. Nevertheless, having the appropriate 

collaborations with mechanical engineering experts or industrial partners, such 

developments are critical to conceive a fully functional prototype.  

Regarding the remaining modules one to four, it became clear that the ATPS-

based strategy was highly promising to combine mycotoxin extraction, matrix 

neutralization and pre-concentration, despite being currently the limiting step in terms of 

assay speed (~ 20 min), which is common to all state-of-the-art sample preparation 

methods. On the other hand, the analytical assay based on multiple bead-chambers in 

series, as discussed in Chapter 10, provides the simplest and fastest means of 

quantitatively detecting multiple mycotoxins simultaneously. Therefore, based on the 

results obtained in this thesis, the best performing integrated device would comprise the 

abovementioned “module zero” proceeded by the following modules: (1) ATPS-based 

extraction integrated with a µL-mL scale mixer and/or grinder plus miniaturized 

centrifugation (e.g. lab-on-disk based) and micromixing, to efficiently isolate the 

mycotoxin-rich phase and add the immunoassay reactants; (2) Direct the isolated and 

diluted PEG-rich phase into a microbead-based device to perform the fluorescence-based 

competitive immunoassay (via capillary-, pressure- or centrifugation-driven flow), (3) 

Acquire the fluorescence signal in real-time using miniaturized photodetectors aligned 

beneath the packed beads (a laser or LED can be used as excitation light sources) and (4) 

address the sensors with a simple transimpedance amplification circuit coupled to a 

microcontroller board with wireless signal transmission capabilities. From an industrial 

and commercial perspective, it is important to highlight that while each of the separate 

modules was previously shown to potentially meet the detection performance with 

minimal risk of failure, the full integration of all modules is a high-risk challenge that 

would still require at least 2-3 years of dedicated research and development. Therefore, a 

second round of an EU funded project as was the case of DEMOTOX (FP7-SME-2013-

604752) from 2013 to 2015, would be a potentially fruitful opportunity to gather 

industrial partners and funding to further translate the acquired knowledge in the past 3 

years into an improved prototype and towards a commercial device. 
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11.3. Extension of the analytical device for the pre-emptive detection of 

mycotoxigenic fungi in foods and feeds 

An emerging complementary approach to the direct screening of mycotoxins at 

the point-of-need is the pre-emptive detection of mycotoxigenic fungi infecting crops on 

the field [343]. This would allow the mitigation of losses due to misclassification of 

samples contaminated with mycotoxigenic fungi as safe, by inadvertedly disregarding the 

potential for mycotoxin production during transport and storage. Examples of 

mycotoxigenic fungi commonly found in foods are the AFB1 producers Aspergillus 

flavus and A. parasiticus; the OTA producers A. carbonarius, A. ochraceus, A. niger and 

Penicillium verrucosum and; the DON producer Fusarium graminearum [343]. In this 

context, there are several barriers to overcome in order to develop a point-on-need device 

to screen mycotoxigenic fungi as is subsequently discussed. 

11.3.1. Standard procedures to identify fungal contaminations 

To identify the presence of mycotoxigenic fungi in a sample based on their 

taxonomy, there are in general two major approaches which are based either on (1) 

morphology of the colony using suitable growth media (e.g. color, size, texture and 

tridimensional features) and microscopic features of the organism (e.g. shape of conidia, 

conidiophore or spores, presence of metulae and phialides, cell size and branching of 

hyphae), or (2) molecular methods based on detecting the presence of specific gene 

sequences or profiling the transcriptome [343, 344]. On the other hand, having 

mycotoxigenic fungi as target microorganisms in the context of food safety, the second 

approach may not be focused on the characterization of the fungus taxonomy but instead 

on the presence of genes involved in mycotoxin synthesis [344]. Nevertheless, it is clear 

that to develop a point-of-need screening tool, the approach based on fungal inoculation 

is unsuitable, considering its labor-intensive and time-consuming operation, environment 

dependency, unfeasible standardization and significant expertise required to perform an 

adequate visual inspection and identification based on morphology alone [344]. 

Focusing on DNA-based molecular methods, there are several major challenges 

that must be overcome to adequately predict the mycotoxin contamination potential of a 

given sample. In brief, these are (1) the misidentification of the fungal species using single 

gene sequences alone (e.g. structural conserved genes), since closely related species 

within the same genera may produce a different array of mycotoxins or no mycotoxins at 
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all; (2) the fungi being correctly identified but having the mycotoxin biosynthesis genes 

silenced due to epigenetic factors and thus not producing mycotoxins and; (3) the number 

of quantified sequences not being correlated directly to the number of spores/conidia due 

to each having a variable number of nuclei and some genes (i.e. mitochondrial) having 

multiple number of copies in each cell [344, 345]. These challenges have been approached 

by several research groups as will be subsequently discussed.  

11.3.2. Strategies to identify mycotoxigenic fungi in food and feed samples 

To find fit-for-purpose gene sequences to unambiguously identify the genus and 

species of a particular fungi, there has been a focus on (1) the ribosomal gene family (i.e. 

18S, 5.8S, 28S, ITS1, ITS2 and intergenic spacer), allowing also a higher sensitivity 

considering their multi-copy feature; (2) the calmodulin coding gene; (3) the α and β-

tubulin coding genes and; (4) genes coding for elongation factors such as TEF1-α or TEF2 

[344]. In particular, for the Fusarium genus, the internal transcribed spacer (ITS) region 

does not allow a full taxonomic discrimination, allowing discrimination between similar 

species while the TEF1-α gene seems to be the most discriminating gene available [344]. 

On the other hand, for Aspergillus fungi, the ITS region was used successfully to 

discriminate mycotoxigenic species present in soil samples with high sensitivity [346]. 

Several authors have also successfully targeted key genes (among at least 25 structural 

genes) from the aflatoxin biosynthesis pathway to discriminate mycotoxigenic fungi in 

artificially inoculated grains [344]. In the same context, Yang and co-workers reported 

the use of multiplexed PCR to detect three aflatoxin biosynthesis genes and ITS as an 

internal control [347], where two important conclusions were achieved namely: (1) some 

non-mycotoxigenic fungi lacked only some of the three tested genes, highlighting the 

importance of multiplexing for a correct identification and (2) non-aflatoxigenic A. flavus 

fungi were found, meaning that analysis based on taxonomy alone is clearly insufficient. 

Furthermore, as reported by Degola and co-workers [348], within the same A. flavus 

species containing the same aflatoxin biosynthesis genetic profile differed significantly 

in the speed of synthesis, which may result in under or over-estimations of aflatoxin 

contamination risk under environmental conditions. The same approach based on 

mycotoxin biosynthesis genes have also been successfully applied for DON and OTA 

producers [344], despite the biosynthetic pathway of OTA still not being clearly 

elucidated [344]. Based on the previous discussion, it becomes clear that the multiplexing 

of multiple gene sequences is critical for an unambiguous evaluation of the 
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mycotoxigenic potential. As examples, Godet and Munaut reported a multi-step strategy 

focusing simultaneously on aflatoxigenic genes, ITS genes and digestion protocols in 

order to identify specific A. flavus strains [349]. On the other hand, the multiplexing 

protocols can be instead directed to obtaining information only about the mycotoxin-risk 

instead of the exact species [344]. Alternatively, specifically designed protocols have 

been used to discriminate the presence of the most important mycotoxigenic species 

within the genera Aspergillus, Fusarium and Penicillium in agricultural commodities, 

using a single set of primers and 4 different Taqman probes [350]. More recently, 

Sadhasivam and co-workers used several primers to develop a rapid protocol for 

identification of multiple mycotoxigenic fungi in wheat grains, combined with 

subsequent mycotoxin profiling to validate a correlation between the presence of 

mycotoxigenic fungi and mycotoxin contamination [351]. 

11.3.3. Research directions to integrate a mycotoxigenic fungi identification module 

in a portable analytical device 

Considering that the key target molecule for fungal identification is the genomic 

DNA, the miniaturized analytical platform should contain a (1) DNA extraction module, 

(2) a DNA amplification module and (3) a DNA detection module. The DNA extraction 

module should be optimized to ideally comprise only the mixing of a lysis solution with 

the sample potentially containing the target fungus, followed by sedimentation or 

centrifugation if required. On the other hand, the amplification module should ideally be 

based on an isothermal DNA amplification technique such as nucleic acid sequence-based 

amplification (NASBA), strand displacement amplification (SDA), loop-mediated 

isothermal amplification (LAMP) and rolling circle amplification (RCA). These 

procedures contrast with standard polymerase chain reaction PCR which, although highly 

efficient at amplifying specific and individual genes, has the practical inconvenience of 

requiring precise and successive heating and cooling cycles, significantly increasing the 

cost and complexity of integrated devices. Finally, regarding the DNA detection module, 

it is expected that a DNA hybridization technology resorting to bead-based microfluidics 

[18] can easily and effectively be integrated with a significant part of the multiplexing 

[49] and photosensor integration technologies [327] discussed in this thesis. Overall, the 

development of an integrated and portable device to monitor the contamination of foods 

and feeds with mycotoxigenic fungi would be extremely challenging, particularly 

considering the cost effectiveness and assay speed required for this type of application. 
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On the other hand, such application has not only a significant disruptive potential in the 

food safety landscape, but miniaturized DNA detection technologies in general have also 

a rapidly growing relevance and demand for critical biomedical applications as is the case 

of disease diagnostics and monitoring of antibiotic resistant bacterial strains. Therefore, 

this broad range of relevant applications relying on the same fundamental detection 

principles, contributes greatly to the mitigation of the risk involved in this project. 
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Appendix A 

This appendix describes the preliminary methodology and instrumentation 

developed to perform the photoluminescence signal acquisition of a miniaturized 

immunoassay, aimed at detecting the mycotoxin deoxynivalenol (DON) in spiked buffer 

samples as a model system. These developments were performed within the scope of a 

course on sensors and instrumentation lectured by Prof. Agostinho Cláudio da Rosa and 

Prof. Luís Joaquim Pina da Fonseca at Instituto Superior Técnico, Lisbon. The light 

acquisition was performed using a commercial 2.4 by 2.4 mm c-Si photodiode covered 

with an a-SiC:H filter, the latter deposited on a 700 µm thick glass slide. The photodiode 

was addressed using a prototype transimpedance amplifier circuit mounted on a 

breadboard. The circuit design was based on that developed in collaboration with 

Lumisense Lda. as discussed in Chapter 5. The voltage signal acquisition was performed 

using a commercial Arduino Mega microcontroller board and the data processing was 

performed in real time using a MATLAB program. The proof of concept for the signal 

acquisition was performed for a DON immunoassay performed in a single bead 

microcolumn according to Chapter 10. 

 

Circuit components and assembly 

All components used to prototype the transimpedance circuit according to Figure 

A 1-A were purchased from RS components including the 1 GΩ resistor, 100 pF 

capacitor, 330 nF capacitor and LMC6482 CMOS high precision opamp. The c-Si 

photodiode (S1226-5BQ), operated at 0 V bias was purchased from Hamamatsu 

Photonics. The opamp and highly resistive negative feedback loop provide a total gain of 

180 dB, meaning that a current output of 1 nA from the photodiode results in a voltage of 

1 V between the output of the opamp and the ground. The opamp was powered by the  

5 V pin of the microcontroller board, resulting in an output swing between 0 and 

approximately 5 V. An extra capacitor of 100 pF was added in the feedback loop to 

minimize oscillations and ringing by overcompensating the internal capacitance of the 

photodiode (160 pF). The higher capacitance 330 nF ceramic capacitors and decoupling 

capacitors aim at further minimizing high frequency noise in the power supply of the 

opamp circuit. The assembly of the breadboard, Arduino board and photosensor is shown 

in Figure A 1-B and C. The voltage output from the opamp is acquired by the 10-bit ADC 
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(resolution of ≈ 5 mV) of the Arduino board and further processed continuously, at 0.1 s 

intervals, using a MATLAB program. The program outputs the voltage measurement over 

time and respective 30 s linear slope (V/s) of the previous 300 readings. 

 

 

Figure A 1 - A- Schematics of the transimpedance amplification circuit used to address the c-Si photodiode, 

covered by the absorption filter. The LMC6482 opamp with a 1 GΩ feedback resistor (Rf) provides a gain 

of 180 dB on the input current generated by the photodiode (IP), meaning that a 10 pA current generates an 

output of 10 mV (Vout). The voltage signal over time is acquired with an Arduino board with a 10-bit ADC, 

meaning that the resolution is 4 mV considering an output swing of + 5 V. The acquired voltage signals 

sent through the serial port with an interval of 0.1 s are continuously processed using a MATLAB program. 

B and C- photographs of the transimpedance circuit prototype connected to the Arduino board and 

addressing the photodiode mounted on an optical table and aligned with a focused 405 nm laser beam 

(diameter ≈ 1 mm). 

 

Arduino IDE and MATLAB programs 

The programs written to acquire the voltage input at the A1 pin on the Arduino 

board (open source integrated development environment (IDE)) and in MATLAB to 

process the data are transcribed below with relevant comments in each line of code. 

______________________________________________________________________ 

void setup() { 

 // initialize serial communication at 9600 bits per second: 

  Serial.begin(9600); 

} 



 

235 

void loop() { 

// read the input on analog pin A1: 

  int sensorValue = analogRead(A1); 

  // convert the analog reading (ranging from 0 to 1023) to a voltage 

(raging from 0 to 5V): 

  float voltage = sensorValue * (5.0 / 1023.0); 

  // print out the value you read through the serial port: 

  Serial.println(voltage); 

  // wait 0.1 s before repeating the loop section, meaning that the 

voltage readings will be performed at 0.1 s intervals 

  delay(100); 

  } 

 

clc % clear any previously plotted data 

clear all % clear all stored objects in workspace and reset all 

assumptions 

  

rt = 0.1; % set sampling rate of arduino in seconds 

m = 3; % set total measurement time in minutes 

s = m*60*(1/rt); % parameter to define the size and spacing of the x-

axis vector 

  

s1=serial('COM3'); % select COM port for the USB connection to the 

arduino board 

set(s1, 'DataBits' , 8 , 'StopBits' , 1 , 'terminator' , 'LF' 

,'BaudRate' ,9600,'Parity' , 'none');  

% set MATLAB to receive binary information from the serial port with 

one 

% stop bit and a baudrate of 9600 to match the information sent by the 

% arduino board 

fopen(s1); %open file where the binary voltage readings are being 

written on 

x=linspace(1,s,s); %create a vector of "s" linearly spaced points 

between 1 and "s", which is the size of the x axis 

set(gcf,'CurrentCharacter','@'); % set a dummy character, in this case 

"@" 

  

for i=1:length(x) % loop function to plot the voltage readings  

    k=get(gcf,'CurrentCharacter'); % attribute current character as 

the variable "k" 

    clf; % clear information in the current plot 

    y1(i)=fscanf(s1,'%f'); % in each loop, add to the vector "y1" the 

voltage value written in file "s1" 

    yyaxis left; % position the first y axis on the left of the plot 

    plot((x(1:i))/(1/rt),y1); % make the plot of each voltage value vs 

time in seconds 

    xlabel('Time (s)'); % label for the x-axis of the plot 

    ylabel('Voltage (V)'); %label for the left axis of the plot 

    if i>=301 % after acquiring 300 voltage values, perform the loop 

function to calculate the linear slope 

        ym=polyfit((x(i-300:i))/(1/rt),y1(i-300:i),1); % in each loop, 

calculate the linear slope of the last 300 voltage reads  



236 

        y2(i)=ym(1); % attribute to the variable "y2" only the slope 

of the vector "ym", which contains the m and the b 

        yyaxis right; % position the second y axis on the right of the 

plot 

        plot((x(1:i))/10,y2); % make the plot of each slope value vs 

time in seconds 

        ylabel('Slope(V/s)'); % label for the right axis of the plot 

    end 

    drawnow; % draw the plot on the screen at the end of each loop, 

meaning each time a voltage is read 

    % below is the function used to abort the real-time voltage 

ploting if necessary 

    if k~='@' % in each loop check if the dummy character is still "@" 

        set(gcf,'CurrentCharacter','@'); % if it is not "@", set it 

back to "@" 

        if k=='q'; % if the character is equal to "q", meaning "quit", 

execute the function below 

            clf; % clear all data from the plot 

            fclose(s1); % close the serial port communication 

            return; % return control to keyboard 

        end 

    end 

end 

clf; % after acquiring all voltage readings for "m" minutes, clear 

data and make a final voltage and slope plot 

yyaxis left; 

plot(x/10,y1); 

xlabel('Time (s)'); 

ylabel('Voltage (V)'); 

yyaxis right; 

plot(x/10,y2); 

ylabel('Slope(V/s)'); 

fclose(s1); % close the serial port communication 

___________________________________________________________ 

 

Photodiode characterization using the transimpedance circuit  

The photodiode measurements were first tested by impinging the laser light 

directly on the sensor through the absorption filter to assess the response measured in 

terms of voltage against the intensity of light. The intensity of light in this case was 

adjusted by placing different neutral density (ND) filters in front of the laser beam, 

ranging from 1% (ND 2.0) to 100% (no ND filter) transmittance. The raw data that was 

continuously acquired using the MATLAB program while changing the ND filters can be 

seen in Figure A 2-A. The plateau of voltage using each filter was subsequently plotted 

against the relative light intensity of the laser and a linear relation was obtained as 

expected (Figure A 2- B). 
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Figure A 2 - A- Continuous measurement of voltage over time while impinging the laser light on top of 

the photodiode through the a-SiC:H absorption filter. The initial and final voltage plateaus correspond to 

the measurement performed in the dark with the laser turned OFF. Different ND filters were placed in front 

of the laser light, providing a light transmission ranging from 1 to 100% (0.01 to 1 AU). For this 

measurement, the slope was calculated as the linear voltage slope of the last 10 points (1 s). B- Average 

voltage reading at increasing light intensities impinging on the photodiode through the absorption filter. 

 

On-line fluorescence sensing and signal processing 

Having in account the relatively low photoluminescence emitted from the 700 µm 

wide microchannel and the relatively large size of the commercial photodiode (2.4 x 2.4 

mm), it was necessary to minimize all possible electromagnetic sources of interference 

and maximize the specific signal. Therefore, the transimpedance circuit and Arduino 

board were enclosed inside a grounded metal box to serve as a Faraday cage as shown in 

Figure A 3. The measurements were then performed in the dark while impinging the laser 

on the beads, previously aligned with the center of the photodiode. The raw voltage data 

acquired over time in Arduino and processed using the MATLAB program for the 

reference (0 ng/mL DON) and contaminated (100 ng/mL DON) samples are shown in 

Figure A 4. The data acquisition was started 2 s before turning on the laser and about 5 s 

before turning on the syringe pump, to first average the baseline (30 data points) provided 

by the excitation light. Comparing the reference and DON contaminated samples, the 

voltage values above the laser baseline at the end of 180 s were 0.040 V and 0.016 V, 

respectively, equating a DON-specific signal drop of ≈59%.  
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Figure A 3 - Experimental setup used to perform the fluorescence measurements of the competitive 

immunoassay. To minimize electromagnetic noise, the breadboard with the mounted circuit and Arduino 

were placed inside a grounded metal box. The photodiode was mounted through a hole in the box to leave 

only the photodiode exposed. The convex lens and mirror are used for the focusing and alignment of the 

laser light used for excitation. The a-SiC:H filter deposited on glass is placed in between the PDMS 

structure and the photodiode. The packed beads are first aligned with the photodiode and the box is then 

aligned with the laser beam, having a focal diameter of approximately 1 mm. 

 

 

Figure A 4 - Fluorescence measurements performed using the photodiode addressed by the transimpedance 

amplification circuit. The voltage values and respective 30 s linear slopes were continuously acquired using 

the MATLAB program described above. The laser light passing through a ND 1.5 filter was turned ON 2 s 

after starting the signal acquisition. The baseline of the impinging laser light is highlighted as black and red 

horizontal lines for the reference (0 ng/mL DON) and contaminated (100 ng/mL DON) samples 

respectively. The square and round dots are the raw data and the continuous and dashed lines are the 

respective moving averages of 50 points (5 s) aimed at minimizing the periodic oscillations during the 

measurement. The fluorescence microscopy images on the right correspond to the structures measured 

using the photodiode, after 180 s of flowing the SUA containing 10 µg/mL DON-BSA-Alexa 430 at  

15 µL/min.  
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and channel fabrication), (4) Tutorial and demonstrations of microfluidic immunoassays 
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- DEMOTOX Project - (FP7-SME-2013-604752) (March 2014 to June 2015) – 

Participated actively in the development, optimization and client demonstrations (wine 

producers in Minho, north of Portugal) of a prototype immunoassay-based sensing 

platform (Myconix Bio) for the point-of-need detection of ochratoxin A in beverages and 

solid foods and feeds. This was achieved in collaboration with the Portuguese SME 

Lumisense Lda. I participated also in the final project meeting, held at the Sapienza 

University in Rome, Italy, on June 23rd, 2015. 

 

 

6. Honors and Awards 

(January, 2018) Travel grant to deliver an oral presentation at the 31st IEEE International 

Conference on Micro Electro Mechanical Systems (MEMS 2018), held in Belfast, 

Northern Ireland, from the 21st to the 25th of January, 2018. 

(October, 2017) Winner of the 2017 Life Science Award of Merck for Food and 

Beverage Safety awarded by Merck KGaA. International awards competition to 

recognize postgraduate students from universities in the U.S., Canada and Europe who 

demonstrate outstanding achievement, skill and commitment to excellence in the life 

science field through innovative, cutting-edge research. The winning project was chosen 

among 4 finalists after an oral presentation in Burlington, MA, USA, based on level of 

innovation, impact on the industry, scientific rigor and communication. Presentation title: 

“Single-step and sub-minute point-of-need device for the screening of mycotoxins in 

foods and feeds”. 

(February 2015) Academic Merit Prize in 2011/2012 awarded by Instituto Superior 

Técnico, University of Lisbon. Prize awarded to the top-5 students of all MSc courses in 

2011/2012. 

(September, 2014) Individual PhD Student Fellowship Grant awarded by Fundação para 

a Ciência e Tecnologia (FCT) (September 2014). PhD Fellowship awarded to the top 14% 

(18/128) of candidates in the field of Biotechnology and Bioengineering. The evaluation 
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was based on (1) academic merit of the candidate; (2) impact, feasibility and novelty of 

the project and; (3) merit of the supervisors and institutions hosting the candidate. 

(September, 2011) Academic Merit Scholarship in 2010/2011 awarded by the Faculty of 

Science of the University of Lisbon (September 2011). Prize awarded to all students with 

an average grade above 16 out of 20 in the respective academic year. 

(September 2010) Academic Merit Scholarship in 2009/2010 awarded by the Faculty of 

Science of the University of Lisbon (September 2010). Prize awarded to all students with 

an average grade above 16 out of 20 in the respective academic year. 

(September 2009) Prize for the Best 1st Year Students in 2008/2009 awarded by the 

Faculty of Science of the University of Lisbon (September 2009). Prize awarded to all 

first year undergraduate students with an average grade above 16 out of 20 in the 

respective academic year. 

 

 

 

 


