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1 Introduction

Food allergies represent a significant and increasingly prevalent health concern affecting 
the lives of over 220 million people worldwide1,2. Allergies are typically caused by proteins 
that are naturally present in many foods, but they can also be towards food additives (e.g., 
sulphites). These so-called food allergens are capable of eliciting an adverse immune 
response in sensitized individuals. While people can become or sensitized, to almost any 
food, the majority of food allergies are caused by 14 allergens: milk, eggs, peanuts, tree-
nuts, fish, shellfish, soy, wheat celery, mustard, sesame, sulphur dioxide/sulphites, lupine 
and mollusk (see Figure 1.1). Allergic symptoms can range from mild, such as rashes, 
itching, stomach pains and diarrhea, to severe including shortness of breath, loss of 
consciousness and even fatal anaphylaxis3. 

Figure 1.1. Icons of the 14 regulated allergens.

Under European Commission (EC) legislation (Directive 2003/89/EC), food products 
containing any of the 14 allergens must explicitly state so on the food packaging4. In 2014 a 
further amendment specified the requirement for allergen labeling of non-packaged foods 
containing the 14 legislated allergens. This regulatory framework safeguards individuals 
from exposure to known allergenic foods. However, it is the presence of undeclared 
allergens that have been inadvertently introduced into a food product that are the biggest 
risk for the allergic consumer; traces of allergens that occur due to cross-contamination are 
not regulated by the EU5.  To prevent allergen cross-contact, manufacturers must stick to 
strict clean-in-place (CIP) procedures, especially when allergen-containing and allergen-

The 14 Allergens
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free foods or foods containing different allergens are manufactured/processed in the same 
facility6. Even with dedicated sanitation procedures, trace amounts of allergenic proteins 
can still infiltrate other food products. To reduce the risk of unintentional exposure to 
allergens, food manufacturers can voluntarily incorporate precautionary allergen labeling 
(PAL) on pre-packaged food (e.g., ‘May Contain X’ labels)7; but this comes with its own risks 
such as, consistently changing ingredient formulations8, global labeling differences9, lack 
of agreed regulatory threshold levels10 and inconsistent terminology/readability11 of the 
label12. Even with regulatory frameworks, voluntary PAL statements, mandatory allergen 
declarations and CIP procedures, a rising number of international food-related recalls are 
due to mislabeling of food products containing undeclared allergens5,13. These allergens 
are infiltrating our global food supply-chain, putting the allergic community at constant 
risk.

In the past, most people trusted the food industry and governments to maintain food 
safety and to control for the presence of allergens, but with the increasing number of 
food-allergen related recalls, that perception is shifting. This growing consumer distrust is 
understandable, especially when government agencies responsible for public food safety 
(e.g., the FDA) announce temporary ingredient and food labeling alterations that leave 
allergic individuals inadequately protected8,12. Providing consumers with the analytical 
tools to test for trace allergens themselves could give them and additional layer of 
security and assurance that their food is safe to eat14. This would require the development 
of consumer-operable devices that can detect allergens in a safe and accessible way. 

For too long, industrial quality assurance/control procedures, labeling initiatives and 
governmental regulations have fell short of providing protection for food allergic 
individuals. As consumers become more aware of the potential risks of undeclared 
allergen presence, we are witnessing a paradigm shift in food allergen testing with the 
emergence of inexpensive, sensitive and portable citizen-science focused tests capable of 
on-the-go allergen detection, taking the analysis out of the lab and literally into the hands 
of allergic individuals. Portable analytical systems capable of executing simplified sample 
extraction, preparation, and multi-allergen detection, with minimal user-input will enable 
consumers to carry out their own allergen analysis15. The World Health Organization (WHO) 
outlined the necessary criteria for decentralized testing as being affordable, sensitive, 
specific, user-friendly, rapid, equipment-free and deliverable (ASSURED)16,17. Combining 
disposable, paper-based colorimetric tests, such as lateral flow immunoassays (LFIAs) 
that are already readable by the naked eye, with a digital device capable of recording 
photos or videos can empower consumers to perform their own food safety testing and 
automate data analysis15. Scientific developments that make on-site screening for trace 
allergens accessible, allowing for data storage, interpretation, connectivity and reporting, 
should reduce the number of food allergy related hospitalizations18. 
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At the same time, such devices will likely increase the percentage of allergen-based recalls, 
as consumers hold food manufacturers more accountable. Exploiting ubiquitous devices 
such as a smartphones or tablets as analytical detectors offers an attractive approach 
because of the global reach of these technologies19. Smartphones are well-positioned 
for on-site analytical chemistry because of their powerful central processing units (CPUs), 
advanced optical sensors (camera), embedded flash functions, global positioning systems 
(GPS), portability and their ability to connect to the internet through Bluetooth and WiFi 
for Cloud based data storage18-19. Further, smartphone sensors are already commercially 
available for food allergen detection18, but typically these rely on proprietary diagnostic 
kits/reagents19, ultimately negating one of the key benefits of smartphone-based 
detectors, affordability.   

For personalized food allergen testing to become accessible to all, some key requirements 
must be addressed such as assay affordability, speed, sensitivity, portability, simplicity - 
including sample preparation; and the ability to extract and detect multiple allergens from 
a single solid sample. The science and technology behind a device capable of integrating 
sample preparation, immunosensing and smartphone detection requires input from 
multiple disciplines as evident from Figure 1.2.

Figure 1.2. Schematic depiction of “from sample to smartphone”. Overview of the key themes of this 

thesis for the development of consumer operable immunodiagnostics for food allergen detection. 
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This introduction (Chapter 1) provides the necessary context, terminology and 
methodologies for this thesis, including an introduction to: sample preparation, 
immunosensing, smartphone detection and 3D-printing. More details about the current 
state-of-the-art for consumer-friendly food allergen detection can be found in the review 
presented in Chapter 2.

2 Sample Preparation

Before a food product can be tested for the presence of allergens, it is necessary to separate 
allergenic proteins from their food matrices into a testable liquid. In the case of a solid food 
sample, allergen extraction is typically carried out in the laboratory, first requiring the sample 
to be homogenized to a fine powder and incubated in a liquid buffer for an extended period 
of time, before filtering the resulting extract through a series of low-protein binding syringe 
filters. The ideal sample preparation protocol should enable extraction recovery of 100% of 
the target compound, but for food allergens the situation is more complicated because the 
extractability of these proteins can be altered by food processing techniques20. 

Usually, the recovery afforded by a given extraction is compared and benchmarked against 
other extraction methods using standardized certified reference materials. However, while 
several food allergen reference materials have been developed to-date, these do not yet 
allow certification according to international standards (ISO) requirements21.

Lengthy and complicated sample preparation is a paradox compared with the relative 
speed and simplicity characteristic of many on-site allergen screening assays and 
cannot be considered consumer-friendly22. One portable allergen test (iTube) requires 
food samples to first be ground and incubated for 10 min in extraction buffer (50-60ºC) 
followed by a further 10 min incubation with assay reagents (conjugate, substrate and 
stop solution) before the sample is ready for testing23. Longer extraction times and multi-
step sample preparation might be appropriate for some allergen analyses, but not when 
the intention is for rapid, on-site screening. Even the fastest allergen tests have extractions 
of over 3 min and require multiple sample handling steps, increasing the safety risk for 
consumers when involving irritating or harmful reagents and the risk of human error24,25.  

Even after allergens have been extracted from their matrix, concentrated samples still 
require dilution with assay running buffer (RB) into the appropriate dynamic working range 
to prevent adverse high concentration dependent effects. Sample dilution is particularly 
important when considering optical detection with paper-based immunoassays 
(discussed further section 2.1), because concentrated samples can lead to false negative 
results due to the “hook-effect”26. Further, it is unrealistic to expect allergic individuals to 
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have the equipment or technical skill to carry out multi-step sample handling procedures, 
making sample preparation a pivotal bottleneck when considering consumer-operable 
allergen testing18. Micro-paper analytical devices (µPADs) or lab-on-a-chip devices that 
integrate safe, multi-step sample handling and automated dilution in a single handheld 
device present an interesting option for portable sample preparation27. 

While it is widely acknowledged that simplified sample preparation is a dire necessity 
for on-site food safety testing, currently there is only one commercial allergen sensor 
capable of achieving this28. The gluten and peanut sensors from Nima Labs accomplish 
integrated sample preparation through disposable capsules that allow for the grinding, 
mixing and solid-liquid extraction of either gluten or peanut proteins within minutes29. 
Still, this cutting-edge extraction technology only allows for the extraction of a single 
analyte (e.g., gluten or peanut) with separate sensors being required for each analyte, 
and the $5 disposable capsules come at a significant cost. To make consumer allergen 
analysis accessible to all a combined, inexpensive, miniaturized extraction device capable 
of handling sample homogenization, multi-allergen extraction and dilution is needed. 

The emergence of affordable 3D-printing platforms (discussed in section 4) has reformed the 
rapid prototyping of disposable devices for integrated sample handling and miniaturized 
analytical chemistry30,31; but until now, these devices have focused on membrane separation, 
solid-phase extraction and liquid-liquid extraction24,32-35, leaving samples requiring solid-
liquid extraction, such as foods, still requiring extensive sample pre-treatment. 

2.1 Immunosensing 
Immunosensors or immunoassays are affinity-based analytical assays that rely on 
the interaction between an antibody and a specific antigen36. Immunoassays can be 
singleplex and only detect a single antigen or can be multiplex and use a number of 
different antibodies or a polyspecific antibody to detect several antigens. Many people 
suffer from more than one food allergy, with even unrelated allergens experiencing cross-
reactivity towards other structurally similar but distinct allergens37. The high prevalence 
of co-allergies means that is necessary to develop multiplex immunosensors capable of 
simultaneously detecting different allergens from a single sample, saving the consumer 
time and money compared with performing multiple singleplex tests. Still, there are 
only a handful of simplified immunosensors capable of multiplex allergen detection38-40. 
For further detail, readers should refer to the comprehensive review on multiplex 
immunosensors recently provided by Anfossi41. 

This section introduces some of the fundamental terms and concepts for immunosensing 
including immunoreagent selection and characterization by surface plasmon resonance (SPR), 
key immunoassay formats, screening assay validation, smartphone detection and 3D-printing.
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2.1.1 Immunoreagents
Antibodies or immunoglobulins (Ig) are Y shaped proteins comprised of two heavy (H) and 
two light (L) chains and a variable binding site (paratope) which dictates which specific 
epitope on the antigen that particular antibody can interact with42 (see Figure 1.3A). As 
antibodies are produced by the immune system to counteract the presence of foreign 
compounds (antigens) in the blood, they are only formed against targets big enough to 
elicit an immune response, such as food allergens43. Because of their ability to specifically 
target and bind with proteins, antibodies have been widely used as biorecognition 
elements in a range of detection immunoassays. 

Monoclonal antibodies (mAbs) are produced from fusing the the antibody producing 
cells from mice exposed to the target antigen with an immortal cancer cell (hybridoma). 
Because the hybridoma is specialized for antibody secretion and can be directed 
with pre-determined specificity towards a particular target antigen; it allows for the 
continuous production of identical clones, making mAbs excellent choices for commercial 
immunodiagnostics44-45. The allergen specific mAbs applied in this research were previously 
developed by immunizing mice with extracted hazelnut or peanut protein (obtained from 
roasted or combination of roasted and raw hazelnut/peanut) and isolating the mAbs from 
raw cell culture media by precipitation and affinity chromatography46,47. 

Immunoassays typically rely on the use of a specific mAb (or pair of mAbs) to detect 
the target antigen (e.g., an allergen) as well as a secondary species-specific antibody to 
amplify the assay signal and/or act as a control region. 

2.1.2 Sandwich Format Immunoassays 
The two formats of immunoassay used for food allergen detection are competitive and 
sandwich immunoassays. Competitive immunoassays are typically used for low molecular 
weight compounds but can also be used for some allergens48. They are based on the 
competition between a free analyte and a labeled detector antigen for a limited number 
of capture antibody binding sites. Comparably, sandwich format immunoassays use 
two antibodies to capture their target antigen and as such can support the detection of 
larger compounds and proteins such as food allergens due to the presence of multiple 
binding epitopes (see Figure 1.3B)49 50,51. In sandwich or two-site immunoassays, one mAb 
is immobilized onto a surface (capture mAb) and a secondary mAb is conjugated to an 
optical label/reporter molecule such as a nanoparticle or enzyme (detector mAb). Labels 
should retain their properties when conjugated with immunoreagents, be detectable 
at low levels and be stable over a prolonged time period. Some labels such as, gold 
nanoparticles, colored polystyrene beads, carbon nanoparticles, selenium nanoparticles 
and silver nanoparticles elicit a direct optical signal that can read with the naked eye52. 
Other labels including quantum dots, up-converting phosphors, and fluorophores require 
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a UV light source to make them visible; while other reporter molecules (e.g., enzymes) 
require the addition of a substrate to generate a detectable signal. 

When testing a sample containing the target antigen, the antigen will be captured 
between the immobilized mAb and the labelled detector mAb to produce an optical 
signal, or between the immobilized mAb, labelled mAb and substrate to catalyze a 
readable color change. In an assay’s dynamic working range, the signal intensity increases 
alongside antigen concentration as more antigen and detector antibody are captured by 
the immobilized capture antibody.

Figure 1.3. Annotated graphic showing antibody regions and binding. (A) Depiction of relevant 

antibody features (B) Schematic of antibody sandwich pair binding where the capture antibody binds 

the analyte which in turn binds the detector antibody that carries the optical label. 

 
2.2 SPR-based Immunosensing  
The selection of an appropriately matched mAb sandwich pair, capable of specifically and 
rapidly detecting the target antigen at low levels, is crucial for successful immunoassay 
development. One way to compare mAbs for their specificity, sensitivity, speed and 
sandwich pair binding potential is to measure them by surface plasmon resonance (SPR). 
SPR is label-free and allows for monitoring of biomolecular interactions, such as antibody-
antigen binding, in real-time. 

In SPR-based immunosensors, antibodies are immobilized onto a gold chip surface 
over which the sample of interest is injected. When plane-polarized (P-polarized) light is 
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reflected from a thin gold film surface, under total internal reflection (TIR) conditions an 
evanescent wave (EW) is generated53. The EW is absorbed by free electrons on gold chip 
surface creating surface plasmons which cause a shift in the intensity of the reflected light 
(called the resonance angle)53. The SPR signal is generated from the changes in refractive 
index at the gold surface of the sensor chip. The increase in mass caused by a binding 
event (e.g., antibody-antigen binding) resulting in a shift in the refractive index which is 
observed as an increase in response54. The response is directly proportional to the number 
of molecules bound at the surface and is measured as response units (RUs)55.  

Sensorgrams are the output from SPR and show RU’s versus time allowing for label-
free, real-time detection of analytes56 (see Figure 1.4). Using the sensorgrams, detailed 
information about antibody-antigen binding kinetics and affinity (rate of association and 
rate of dissociation) can be elucidated54. 

Figure 1.4. Schematic of an SPR-based biosensor and sensorgram output. (A) SPR-based biosensing; a 

capture antibody (purple) is immobilized on the gold sensor surface with analyte (blue) being injected 

across the surface; when antibody-analyte binding at the gold surface occurs, this causes a change 

in refractive index. (B) SPR sensorgram showing the binding response, or response units (RUs) in real-

time. The increasing curve shows the association (binding response) of the antigen for the immobilized 

capture antibody, the plateau indicates the binding is at steady-state and the subsequent dip shows the 

antigen dissociating (unbinding) with the capture antibody following the termination of injection; the 

arrow shows the RU’s or antigen bound at the end of the assay. 
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2.3 Microplate-based Immunoassays 
Microplate-based immunoassays such as enzyme-linked immunosorbent assays (ELISAs) 
are the gold standard for laboratory-based food allergen detection22. In ELISA, the allergen-
specific capture antibody is immobilized onto surface of microwell. When the plate is 
incubated with liquid sample containing allergen, the allergenic proteins present in the 
sample bind with the capture antibody. After washing steps, a secondary enzyme-labelled 
antibody is added, this catalyzes a colorimetric change upon addition of a substrate (see 
Figure 1.5). This color change can then be measured using a microplate reader, with 
increasing signal intensity directly correlating with increasing allergen concentration. 

Despite being the most widely used method for food allergen analysis, ELISA is restricted 
to a centralized laboratory test by its multiple sample handling steps, lengthy duration (up 
to 3.5 hours) and need for specialized equipment such as multi-channel pipettes, 96-well 
plates, plate-readers and considerable sample/reagent consumption23. These limitations, 
and the necessity for technical skills makes microplate-based ELISA’s unsuitable for 
consumer-based allergen detection. 

Figure 1.5. Schematic showing a sandwich format ELISA. (A) A capture antibody (yellow) immobilized 

in a microwell binds the antigen (blue circle) which then binds a secondary antibody conjugated to 

an enzyme (blue star) labelled antibody (red), when a substrate is added the enzyme catalyzes a color 

change (orange hexagon). (B) Depiction of the color change observed upon adding substrate. 

An alternative approach to ELISA is to integrate microfluidic chips which allow for 
immunoreagent pre-storage and controlled reagent interaction with digital optical 
detection57-59. Miniaturized analytical fluidic systems substantially reduce the sample/
reagent consumption, assay duration and cost compared with traditional ELISA60. Yet, 
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ELISA can be made even more affordable, portable and disposable when converting it 
from a microplate/chip-based assay to a paper-based format61. 

2.4 Paper-based Immunoassays 
In microplate-based immunoassays, mAbs are directly immobilized onto the solid support 
of the microwell62; in paper-based immunoassays, the capture mAb is shaped into a test 
region. Paper-based immunoassays benefit from being affordable, disposable and porous, 
resulting in capillary action that is beneficial for transporting liquid samples27. 

2.4.1 Lateral Flow Immunoassay (LFIA) 
LFIAs have revolutionized point-of-care diagnostics, translating traditional laboratory-
based immunoassays into affordable and accessible home testing devices. The science 
underpinning LFIA is derived from the latex agglutination assay, which was first developed 
in 195663, with the technology becoming increasingly popular with the application to 
pregnancy testing64,65. While the home pregnancy test remains the most successful 
application of LFIA66, rapid on-site LFIAs have been developed for a multitude of food-
safety38,39,67, biomedical68,69, forensic70,71 and environmental72 needs. 

Figure 1.6. Schematic overview of the components in a typical singleplex LFIA and the possible results, 

where the arrows represent sample flow direction. (A) LFIA components: sample flows through the 

sample pad to the conjugate pad where any antigen in the sample interacts with labelled antibodies, the 

labeled antigen-analyte complex flows up the nitrocellulose membrane and is captured by the test line 

(T) and the control line (C), the absorbent pad acts as the fluid driving force for the LFIA. (B) LFIAs tested 

in different sample types: C only means a sample is negative, C and T of any intensity means a sample is 

positive, only a T or no lines at all is indicative of an invalid sample concentration or LFIA.
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The core component of a LFIA is the paper nitrocellulose (NC) membrane on which 
the immunoreagents are immobilized and the immunochemical reaction occurs. The 
type of NC membrane used for an LFIA depends on specific assay requirements such 
as desired test duration and sensitivity. The pore size and porosity of the NC determine 
the LFIAs capillary flow rate, dictating how quickly the sample front moves up the LFIA. 
This is usually measured as seconds per cm and correlates with the NC pore size, with 
the flow rate proportionally increasing along with pore size. Comparably, slower NC 
membranes with smaller pores increase the available binding opportunity for optical 
labels/labeled [antigen-antibody complexes] to bind at the test line, which can increase 
the assay sensitivity. In most cases, LFIA developers select a mid-speed NC membrane as 
a compromise between assay speed and sensitivity. In addition to the capture mAb(s) 
immobilized as test line(s), a secondary species-specific antibody, capable of binding the 
labeled detection mAb is immobilized as a control line. Typically, test and control lines are 
sprayed using a low volume dispenser, such as the BioDot instruments. The NC membrane 
is overlaid at one end by an absorbent pad which acts as the sink for the assay, directing 
fluid by capillary action and maintaining a consistent flow rate (see Figure 1.6). The NC 
membrane and absorbent pad are secured by a plastic backing. If the assay requires it, a 
sample pad and a conjugate pad impregnated with labeled-antibodies can also be added. 

Unlike microplate-based assays, LFIAs mostly can be read by the naked eye making them 
suitable for on-site testing. Further, LFIAs can be semi-quantified when combined with 
an optical detector73. In addition to being drastically faster and portable, LFIAs are also 
comparable or superior to microplate immunoassays in terms of development time, 
simplicity, cost and versatility74. 

2.4.1.1 LFIA Mechanism 
When allergen extract diluted with running buffer and detection mAb comes into 
contact with an LFIA, it moves passively up the LFIA strip towards the absorbent pad. The 
allergen is captured by the immobilized test line antibody, and the detection mAb forms 
a sandwich complex with the antigen and capture antibody, giving a measurable optical 
signal. Remaining free labelled- secondary mAb moves up the LFIA where it is captured at 
the control line, resulting in the appearance of two lines for a positive result in a singleplex 
LFIA, or more lines in a multiplex LFIA (see Figure 1.7). In an LFIA’s dynamic working range, 
as the concentration of analyte increases the intensity of the test line also increases. 
However, as the concentration of analyte increases beyond the dynamic working range, 
it begins to influence the development of signal on both the control and test lines, with 
extreme concentrations even leading to the complete loss of test line, known as the hook-
effect75,76. 
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Figure 1.7. Schematic of multiplex lateral flow immunoassays (LFIAs) tested (left to right) in a negative 

sample, a sample positive for target 1, a sample positive for target 2, a sample positive for both targets. 

The arrow represents the flow direction.

There are several mitigation strategies employed by assay developers to minimize and 
monitor for high-concentration LFIA effects, such as the hook-effect. The most common 
strategy is to test the sample both undiluted and diluted; if the diluted sample gives a 
more intense signal than the undiluted sample, the latter sample can be considered as 
at hook-effect levels77. Diluting a sample means that the dynamic working range of the 
LFIA can be adjusted but testing both diluted and undiluted samples invokes additional 
sample preparation, time and expenses. Other approaches for avoiding the hook-effect 
change the physical design of the LFIA, allowing for antigen and immunoreagents to 
be delivered to the detection areas at different times or supplementing the LFIA with 
additional test lines to optimize the reagents78,79. Further, real-time optical monitoring of 
the LFIA signal development allows for differentiation between artificially low and truly 
low antigen concentrations76. 

2.4.2 Flow-Through Immunoassays
Flow-through immunoassays are an alternative format of paper-microarray offering high-
speeds and sensitivities40. Flow-through assays can take many formats with the shared 
characteristic being that sample and reagents are flowed through an assay membrane, 
rather than across such as in LFIA. Compared to multiplex LFIAs which can be subject to 
cross-reactivity between different targets due to their close geometry; flow-through assays 
generally allow greater freedom in geometric design80. Flow-through assays typically 
exploit a circular NC membrane with a large surface area allowing for spatial separation 
of immunoreaction dots, facilitating the simultaneous measurement of multiple isolated 
analytes with no signal interference. 
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Passive flow-through assays consist of LFIA materials, but in a stacked arrangement, with 
the membrane biofunctionalized with capture antibodies on top, and the conjugate 
and absorbent pads layered underneath81,82. In passive flow-through, the absorbent pad 
physically draws any fluid through the assay membrane. An alternative is the active vertical 
flow-through approach where a biofunctionalized membrane inserts into a syringe filter 
holder and manual or mechanical pressure is applied to the syringe to actively control 
the vertical flow of the reagents and the sample81,83. While such “lab-in-a-syringe” formats 
demonstrate efficient multiplexing capabilities, they require large sample volumes (in mL 
range) with substantial dead volumes, and their manual operation makes them subject to 
intra/inter-use variability83,84.  

Flow-through immunoassays housed in custom 3D-printed cassettes with pre-stored 
reagents can limit the sample volume required for analysis and minimize signal variations 
by enabling uniform flow rates85.  However, unless using an already liquid sample, flow-
through immunoassays are still limited by the need for sample pre-preparation, same as 
the LFIA and other assays.  

2.5 Validation of Screening Assays
According to EC regulation No 519/2014 all semi-quantitative screening methods such 
as LFIA should be effectively validated by standardized procedures, preferably using 
a certified reference material86. Certified standardized allergen reference materials are 
food matrices certified by an instrumental method to contain a known amount of target 
allergen. Lack of such materials for food allergens prevents consistency when validating 
novel detection assays87. Still, in-house validation is a crucial step in the development 
of any novel screening immunoassay. Extensive validation demonstrates a screening 
method’s fitness for purpose by assessing several assay performance characteristics 
including sensitivity, selectivity and precision. By far the most important performance 
characteristic is the false compliance rate. In paper-based sandwich format immunoassays, 
a false positive is when a negative control sample (blank matrix) or non-target analyte 
gives a positive result. Comparably a false negative, which can result from the hook-effect 
described earlier, is when a positive sample gives a blank or artificially low response. The 
minimum number of different samples required for false compliance validation is 20 
homogenous negative control samples and 20 homogeneous positive control samples 
containing the target analyte at the screening target concentration (STC), here the STC 
for hazelnut and peanut is defined at 1 ppm. Ideally, consumer-focused screening assays 
should have a 0% false compliance rate but a false negative/positive rate of up to 5% is 
typically considered acceptable22. Although legally a 5% false compliance rate is tolerated, 
consumer-operable tests should aim to be more reliable or provide an inexpensive way to 
monitor for presence of false negative results.  
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3 Smartphone Detection 

Smartphones have emerged as portable detectors for optical paper-based tests such as 
LFIAs and flow-through assays. Their connectivity and processing power makes them 
suited for combining with cloud-based apps and their ubiquity, portability and wide-
spread usage means they are accessible in even challenging environments19 (see Figure 
1.8). However, smartphones also have some limitations as analytical sensors, including 
the multitude of constantly upgrading models and the significant differences between 
different operating systems (e.g., Android vs iOS) complicating app design. Preferably 
consumer-focused tests should be based around a smartphone application with a 
simplified graphical user interface (GUI). The app should allow the user to record an image 
or video while it automatically performs the image analysis and data interpretation, 
before providing the user with a clear binary result: yes or no; safe or unsafe. Currently, 
most optical smartphone-based detection devices work by taking a photo of a developed 
assay, wirelessly transferring the image to a computer and then using a powerful image 
analysis software determine the analyte concentration based on the intensity of the test 
areas18,19,88. Optical smartphone detectors have already been applied for numerous food-
safety, biomedical, environmental and forensic needs. A comprehensive review of using 
smartphones for food allergen detection is provided in Chapter 2.

3.1 Image Analysis 
Most often, smartphones are used to acquire images of developed paper-based 
immunoassays, and the images must then be subsequently analyzed to calibrate the assay 
intensity to analyte concentration. Typically, this is done by taking an intensity reading from 
the test, control and background of an LFIA. This intensity is then correlated to a particular 
concentration of analyte in a given sample. LFIA results can be normalized for lighting 
differences or positioning of the smartphone by dividing the test line intensity by the 
control line intensity (called the T/C ratio)89. The color system used by the complementary 
metal oxide semiconductor (CMOS) image sensor of modern smartphones is the red, 
green, blue (RGB) color model90. In RGB, all colors are formed from a combination of 
these three channels, with each channel expressing a value between 0-255. Typically, 
after images are recorded on a smartphone, they are transferred to an image processing 
software such as ImageJ91 to split them into individual RGB channels.
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Figure 1.8. Graphic showing some of the key features that make smartphones well-suited as portable 

analytical devices. 

The RGB model can be translated into other color spaces such as cieLAB. In cieLAB, L 
indicates luminosity or lightness of a region and A and B are chromatic co-ordinates19. 
As such, the L value of this color space is suitable for measuring intensity-based changes. 
Still, the RGB model is preferred for colorimetric quantification owing to its simplicity for 
splitting up images and quantifying their red, green, blue components92. Unlike other 
color models, which still use RGB as their base model, it does not need to be further 
converted to another color space.  

3.2 Video Analysis 
Rather than basing analysis on a single picture (‘frame’), using a smartphone to record the 
entirety of the LFIA signal development may provide a real-time profile of LFIA binding 
characteristics. Based on the timing of signal development and based on whether the 
signal develops first on the test or control line it is possible to distinguish if a LFIA is in its 
dynamic working range or at high concentrations that could result in a false negative76. 
Still, optical smartphone-based detection can be limited by the resolution and focus of 
the camera as well as by inconsistencies in ambient lighting. While using the smartphone’s 
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ambient light sensor (ALS) instead of the camera might overcome the issues of lighting 
differences93; lighting is most often controlled through a 3D-printed attachment18.

4 3D-Printing 

The accessibility of computer aided design (CAD) software and affordable 3D-printing 
platforms has paved the way for the rapid development of custom smartphone-
attachments94, disposable cartridges95,96, and lab on a chip (LOC) devices97-103. CAD 
software allows prototypes to be efficiently ‘sketched’ out in 2D and extruded to make 3D 
structures. When the 3D design is complete, the file is exported as an STL file and sent to 
the printer for assembly; the final 3D object is a series of different polymer layers stacked 
on top of each other. 3D-printing benefits from relative affordability of the platform and 
materials, a rapid design-to-prototype timeline, reproducibility and from being easy-to-
learn104. Further, 3D-printing can combine with and benefit from paper-based assays101, 
making it suitable for the development of portable, miniaturized analytical chemistry 
solutions.  

It is essential to select the most appropriate 3D-printer based on the requirements 
of the final 3D-printed object (e.g., material type, necessary final resolution, strength, 
composition, transparency, biocompatibility etc.)105. Two of the most popular 3D-printing 
systems are referred to as Fused Deposition Modelling (FDM) and Stereolithography 
(SLA). FDM is one of the most affordable types of 3D-printing and works by extruding 
a thread of molten thermoplastic polymer through the heated nozzle dispenser of the 
print head31. The thread of filament is deposited onto a movable print bed. After the 
initial 2D layer is drawn on the print bed, the print head lifts up, and the second layer is 
deposited on top of the original. This layering continues until the 3D object is complete. 
FDM is suitable for printing affordable, disposable devices and for larger, less detailed 
devices. Contrastingly, SLA typically has superior resolution compared with FDM with 
improved mechanical strength, surface finish, layer deposition and greater freedom in 
printing complex architectures. In SLA, the printer build platform lowers into a resin tank 
containing photosensitive liquid polymer that hardens on contact with a UV light. A UV 
laser draws the first layer of the object and then the platform is lowered into the resin tank 
again, with the process repeating until the final object is complete. Still, SLA has some 
limitations including the printer and resin costs – compounded by the use of proprietary 
resins with generally poor chemical and biocompatibility, the print time, limited print 
area, and the necessity for removal of residual resin through post-print processing with 
solvents21,105. 
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5 Outline of Thesis 

To develop consumer-operable immunodiagnostics that allow for the total analysis of food 
allergens, from sample to smartphone, several key science and technology challenges 
need to be addressed (summarized in Table 1.1). Based on these challenges, the structured 
and systematic development of a consumer-operable, affordable, rapid, sensitive and 
portable system combined with interconnectable solid-liquid protein extraction and 
on-chip enabled sample handling, dilution and reagent storage for multiplex allergen 
immunosensing, is presented in this thesis. Chapter 2 provides a comprehensive critical 
review of allergen immunoassays and the requirements needed for the future of consumer-
operable smartphone-based allergen immunosensors. Chapter 3 addresses the barriers 
of speed, sensitivity and affordability in allergen sensing, by developing an SPR screening 
method for selecting rapid and sensitive hazelnut specific antibodies for high-speed 
LFIAs. Carbon nanoparticles (CNPs) are used as a low-cost optical label and a free software 
app is applied for smartphone analysis. Chapter 4, explores how different immunoassay 
formats, using the same bioreagents, influence allergen detectability. This chapter details 
multiplex detection of total hazelnut and peanut protein in two formats of flow-through 
microarray and two configurations of LFIA. Chapter 5 introduces an interconnectable, 
handheld unit for solid-liquid extraction of peanut and hazelnut allergens from a solid 
sample into a LFIA testable liquid. The unit integrates with a 3D-printed device allowing 
on-chip bioreagent storage and sample handling for consumer-operable allergen 
detection; and the development of a reusable, adjustable 3D-printed smartphone holder 
for recording LFIA development under controlled lighting. The smartphone holder is 
also used in Chapter 6 for real-time monitoring of LFIA signal development for digitally 
distinguishing between low concentration and false negative results in LFIA caused by 
the hook and other concentration-dependent effects. Chapter 7 contains an overarching 
summary of the work reported in this thesis and future perspectives for the development 
of consumer immunodiagnostics.
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Table 1.1. Advantages and limitations of LFIA and solutions provided by this thesis

Advantages of LFIA Challenges of LFIA Science and technology (this thesis)

Fast, specific and 
affordable

Selecting optimal 
bioreagents can be 
expensive and time-
consuming

Created an SPR method for rapid profiling 
of unpurified antibodies for their speed, 
specificity and sandwich pairing abilities; 
greatly facilitating the screening process 
(Chapter 3)

Qualitative, visual 
readout

(Semi)-quantification 
requires expensive LFIA 
readers/immovable 
flatbed scanners

In-parallel with visual readout and as an 
affordable alternative to LFIAs readers, 
smartphone-based readout was used for 
semi-quantification of singleplex LFIA 
results (Chapter 3), multiplex LFIA and flow-
through results (Chapter 4), for dynamic 
real-time detection (Chapter 5) and for 
monitoring high-concentration LFIA effects 
(Chapter 6).

Versatile format Individual tests, low 
throughput

Experimented with different multiplex LFIA 
and flow-through assay configurations 
(Chapter 4), developed a smartphone-
device holder allowing for the 
simultaneous screening of 3 independent 
LFIAs as they develop increasing the 
throughput (Chapters 5 & 6)

No sample pre-
treatment necessary 
for liquid samples 
except for dilution

Sample pre-treatment 
necessary for solid 
samples

Developed a combined system for 
extracting solid proteins into LFIA testable 
liquid which interconnects with a lab on 
a chip device for on-chip sample dilution 
(Chapter 5)

Sensitive at low analyte 
concentrations

Prone to the hook-
effect at high analyte 
concentrations which can 
lead to false negatives

Provided a real-time smartphone method 
for distinguishing between truly low 
concentrations and false negatives 
(Chapter 6)
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In this critical review, we provide a comprehensive overview of immunochemical 

food allergen assays and detectors in the context of their user friendliness, through 

their connection to smartphones. Smartphone based analysis is centered around 

citizen science, putting analysis into the hands of the consumer. Food allergies 

represent a significant worldwide health concern and consumers should be able to 

analyze their foods, whenever and wherever they are, for allergen presence. Owing 

to the need for a scientific background, traditional laboratory-based detection 

methods are generally unsuitable for the consumer. Therefore, it is important to 

develop simple, safe and rapid assays which can be linked with smartphones as 

detectors to improve user accessibility. Smartphones make excellent detection 

systems due to their cameras, embedded flash functions, portability, connectivity 

and affordability. Therefore, this review has summarized traditional laboratory-based 

methods for food allergen detection such as enzyme-linked-immunosorbent assay, 

flow cytometry and surface plasmon resonance and the potential to modernize 

these methods by interfacing them with a smartphone readout system, based on 

the aforementioned smartphone characteristics. This is the first review focusing on 

smartphone-based food-allergen detection methods designed with the intention of 

being consumer friendly. Ab
st
ra
ct
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1 Introduction

An allergen is a protein capable of eliciting an immune response in sensitized individuals. 
Food allergies represent a significant international health problem. Worldwide, allergies 
toward foods affect 2% of the adult population and 5-8% of the children population1,2. 
There are many existing methods for food allergen detection, which can be split into two 
general categories: protein-based and DNA based detection. For a general and in-depth 
explanation on all in-vivo and in-vitro allergen assays, refer to the review by Poms et al3. 
General and quantitative methods for allergen detection have been reviewed by Kirsch et 
al and Walker et al2,4. Additionally, an overview on commercially available rapid immuno-
analytical allergen detectors has been presented by Schubert-Ulrich5. All immunochemical 
and DNA based methods were reviewed by Monaci & Visconti and Slowianek & Majak6,7. 
Further discussion into allergen detection methods with a particular focus on proteomic 
mass-spectrometry has been given by Prado et al8. The most recently published food 
allergen review9 focused on the use of biosensors for detection, so only limited attention 
will be paid to them in this review. 

Although analytical methods such as mass spectrometry can provide a wealth of information 
when used complementarily with immuno-methods; current allergen analysis trends are 
moving away from lab methods and toward point-of-care diagnostics (PoC) and a citizen 
science approach10. Point-of-care diagnostics allow instant on-site testing for food allergens 
by individuals, whilst citizen science centers around consumer-friendly devices which allow 
the user to carry out their own PoC allergen analysis. It is of particular importance that food 
allergen detection devices are consumer friendly as allergic individuals will need to carry 
out testing at home or in restaurants prior to eating. Many allergic individuals suffer with 
more than one food allergy, due to cross-reactivity, where antibodies against one allergen 
recognize a structurally related epitope of another similar allergen11. Due to allergens being 
cross-reactive, it is necessary to develop multiplex devices which can detect a range of 
allergens within a single sample, saving time and money and making sure that the consumer 
is confident that their food does not contain any undesired allergens. For the purpose of this 
review, a consumer can be considered as the end-user of the assay/detector, and thus the 
terms consumer and user are used synonymously. The authors define consumer friendly 
to mean that any adult of average intelligence would be able to perform the assay safely 
and effectively with minimal instruction. One way of making allergen testing more user-
friendly is to link the assays with a smart detector such as: a smartphone, tablet or wearable 
device. Although some of the existing allergen assay formats are simple to perform, linking 
these tests to a smart detector will make them more accessible for the general public. As the 
majority of the population already own a smartphone, with the number rising, smartphones 
represent a source of analytical equipment that can reach even the most desolate areas of 
the globe, making them ideal for sensors12. 
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Smartphones are ideal to use as detector systems because of their powerful internal 
computers, optical sensors, global positioning systems (GPS) and most importantly, their 
ability to connect to the internet, through Bluetooth and WiFi13-15. Connectivity is a key 
benefit of smartphones as results can instantaneously be uploaded to Cloud databases 
and results can be disseminated as spatio-temporal maps across the globe16. Since their 
development in 1992 and first use as analytical devices in 2008, smartphones have already 
been used as sensors, for light microscopy, single-molecule microscopy, cell imaging, 
bacteria detection, colorimetric detection, enzyme linked immunosorbent assay (ELISA) 
and lateral flow immunoassays (LFIA); which exemplifies their capabilities as detectors 
in rapid diagnostics12,17-26 . For an in-depth review into all existing smartphone based 
diagnostic devices, Quesada-Gonzalez & Merkoci can be referred to27. For a more focused 
review concerning biosensors and bioelectronics on a smartphone see Zhang & Liu28. 
General approaches to smartphone-based food diagnostics have been recently reviewed 
by Rateni et al29 and Choi12 which addressed the necessity and market-gap for user-
friendly food detection. This is particularly important in the field of food allergen analysis 
where detection methods must be consumer-friendly so that the allergic individual 
can apply analysis themselves in the comfort of their home and/or at a restaurant. The 
present review specifically focuses on how successful lab-based methods can be based 
on smartphones to enable consumer-friendly allergen detection.

Up until now, the literature has lacked specific focus on consumer-friendly food allergen 
detection devices. To that end, literature has been reviewed from the period of 2002 to the 
end of 2017 using the SciFinder, Scholar, Scopus and Web of Science databases and key 
words such as: food allergen, detection, smartphone OR cell phone, multiplex, lateral flow, 
immunoassay, flow-through, microfluidics, strip reader and ELISA. Section 1 of the review 
will provide a general background of food allergens and the legislations that control the 
labeling procedures. The study will then discuss the concept of consumer friendliness in 
section 2. In Section 3 there will be focus on traditional laboratory-based methods for 
food allergen analysis and how these methods could improve their consumer friendliness 
through coupling to a smartphone as a detector. Section 4 will discuss assays/devices 
which have been designed with the intention of being consumer friendly, including 
commercial consumer-friendly allergen detectors. Finally, the conclusion will summarize 
the findings of the review. 

2 Background on Food Allergens 

2.1 Types of Food Allergens 
Food allergies can be debilitating, and food requires proper monitoring to ensure 
sensitized individuals are not exposed to allergens. Symptoms of food allergy can include: 
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itching, diarrhea, stomach pains, eczema, shortness of breath as well as more significant 
effects such as loss of consciousness and anaphylactic shock, which can be fatal30. The 
prevalence of food allergies is increasing, but awareness of allergies is growing even faster 
with dedicated events such as ‘Food Allergy Awareness Week’ in the USA31. The Codex 
Alimentarius Standard listed eight allergens with international variants which require 
mandatory labeling32. These are referred to as the Big 8 and consist of: peanuts, tree-
nuts, milk, eggs, fish, crustacean, soya and wheat33. Wheat contains a variety of proteins 
which have been implicated as allergens (see Table 2.1). In addition to wheat allergy, other 
wheat related disorders include the autoimmune disorder, celiac disease. Celiac disease is 
triggered by gluten, a protein mixture of prolamins and glutenins, which can be found in 
wheat, rye and barley and their cross-breeds34. Allergic reactions are provoked by many 
different proteins within the allergenic foods. Those allergenic proteins which have been 
repeatedly referenced in the literature and databases (e.g. allergen.org) as causing an 
allergic reaction in the majority of sensitized individuals are described in Table 1 below. 

Allergenic proteins can result in hypersensitivity of the immune system, arbitrated by 
allergen specific immunoglobulin E (IgE) (type I allergies); but allergies can also be cell-
mediated (non-IgE) (type II allergies)9,35. Disruption of the structure of allergens by food 
processing can lead to an increase or decrease in their immunogenicity, altering how an 
allergic individual might react to the protein36. The modification of allergenic proteins is 
dependent on the processing procedure applied. For example, by hydrolyzing or thermally 
treating an allergen the structure is altered, which can result in either a reduction in 
immunogenicity of the allergen, or the formation of a neo-allergen. The method used for 
processing a food will affect the extractability of the allergens from their matrix37. When 
extracting gluten for example, it is crucial to have a homogenized sample so that particulates 
can be extracted. As ethanol-based extractions result in the incomplete extraction of 
gluten, it is desirable to use a cocktail extraction solution which contains a reducing agent 
and alcohol, which is capable of extracting monomeric and polymeric proteins from 
gluten38-40. Extraction procedures have been a detriment in the past, where hazardous and 
environmentally damaging extraction solutions such as 2-mercaptoethanol (2-ME) have 
been applied in food allergen extraction41. In order to step toward consumer-friendliness 
it is necessary to have extraction buffers which are safe to use and easy to dispose of. 
Many traditional allergen analysis methods use environmentally harmful reagents, which 
contain additives that improve allergen solubility/extractability and reduce background 
interference from the food matrix42. It is desirable to use eco-friendly extraction buffers, 
but these must first be compared and validated against traditional buffers to ensure that 
they are as effective in allergen extraction. 

All assays and detectors need to be effectively validated by standardized procedures. 
Certified reference materials in raw and processed foods need to be developed for food 
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allergens as well as reference methods for allergen analysis67,68.  Current lack of standardized 
reference materials for allergens in foods means that there is a lack of consistency between 
different allergen detection methods as each test kit is calibrated in a different way. 
Reference materials are critical for quality assurance of allergen detection methods, but 
their production is complicated in food allergen analysis owing to the changes in allergen 
protein structure during food processing procedures6. When standardized reference 
materials are developed, they should be based on a whole protein extract as allergens 
are a mixture of non-defined proteins in complex matrices69. Having a set of standards 
for allergen testing devices will ensure that effective and smart detection devices can be 
created, validated and benchmarked against each-other, allowing consumer science to be 
achieved by providing individuals with personalized smart-detection platforms for food 
allergens.

2.2 Worldwide Legislation and Mandatory Labeling
Worldwide, dietary differences and the big 8 influence which allergens require mandatory 
labeling. Some countries include additional mandatory and recommended allergens for 
labeling depending on the staple diet of that particular country70. Despite worldwide 
communication, significant variance exists in different countries regulatory labeling 
framework. This can be problematic due to the high percentage of international food trade 
and individual peoples travelling patterns71. The European Commission (EC) produced 
legislation in 2003 (Directive 2003/89/EC) covering a list of 14 allergens which require 
mandatory labeling, the legislation is commonly referred to as the “allergen-labeling-
directive”72.

If a manufacturer uses any of the allergens listed, it must be stated, with clear labeling, 
on the packaging73. This is a crucial amendment, as labeling of the presence of allergenic 
ingredients is currently the only way allergic individuals can effectively maintain strict 
avoidance diets74. Proper labeling of allergens is crucial as it informs consumers what 
products are safe to eat. In 2014, the EU Regulation amendment 1169/2011 came officially 
into effect, this amendment stipulated that even non-prepackaged foods require allergen 
labeling, meaning in practice that all food retailers must provide allergen information72,75. 
Food manufacturers and retailers are responsible for the proper labeling of their products; 
when an allergen has been labelled it then becomes the consumers responsibility to avoid 
this food68. As a large amount of food allergic reactions happen to individuals when they 
are abroad, it is vital that consumers are aware of the differences in which allergens require 
labeling in other countries (SI Table S2.1). However, it is undeclared food allergens that 
are accidentally introduced into non-allergenic foods, through cross-contamination, that 
pose the biggest risk to the consumer76. The EU does not currently provide guidance on 
labeling for allergens which may have unintentionally been introduced into the product 
via shared facilities72.
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Table 2.1. The main allergenic proteins in foods within the ‘Big 8’ plus ‘gluten’

Food Allergenic Protein Ref
Cow’s Milk B-lactoglobulin (Bos d 5)

Casein (Bos d 8)
α-Lactalbumin (Bos d 4)

43
44
45

Egg Ovomucoid (Gal d 1)
Ovalbumin (Gal d 2)
Ovotransferrin (Gal d 3) 
Lysozyme (Gal d 4)
α-Livetin (Gal d 5)

46
46
47
48
49

Crustacean Tropomyosin (Pen a 1) 50
Fish Β-Parvalbumin (Lep w 1; Pon 1 4; Pon 1 7; Seb m 1; Xip g 1) 51
Peanut Ara h1 

Ara h2
Ara h3 
Arah h4-9

52
53
54
55

Tree Nuts 

Hazelnut 
Brazil Nut
Cashew
Almond
Walnut (Black)
Walnut (English)
Pecan 
Pistachio

Cor a 1; Cor a 2; Cor a 8; Cor a 9; Cor a 11; Cor a 12; Cor a 13; 
Cor a 14 
Ber e 1; Ber e 2 
Ana o 1; Ana o 2; Ana o 3 
Pru du 3; Pru du 4; Pru du 5; Pru du 6 
Jug n 1; Jug n 2; Jug n 4 
Jug r 1-6
Car i 1; Car i 2; Car i 4
Pis v 1; Pis v 2; Pis v 3; Pis v 4; Pis v 5

56
57
58
59
51
51
51
51

Soybean Gly m Bd 30K 
Gly m Bd 60K 
Gly m Bd 28K 

60
61
61

Wheat Tri a 12
Tri a 14
Tri a 18
Tri a 25

62,63
62,64
62,65
62,65,66

Gluten* Gluten (Tri a 26 & Tri a 36)
Gliadin (Tri a 19 & Tri a 20)

51,62
51,62

*Although not an allergen, gluten has been included in this table to show the toxic portion of the protein 
responsible for gluten’s autoimmune effects.

2.3 Precautionary Labeling and Thresholds
The EU has a zero-tolerance policy for allergen labeling, and any foods listed in the 
legislation (see Supplementary Information (SI) Table S2.1) must be stated on the food 
packaging when they are used as ingredients or processing aids in the food. However, 
the EU has no obligation to label any allergens which are not part of the recipe and may 
have accidentally been introduced by cross-contamination67. Some countries have set 
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threshold levels, and any food containing allergens above those levels require labeling. 
For example, in Japan any foods containing any of the legislated allergens (see SI Table 
S2.1) above 10 ppm must be declared on the packaging, meaning that the majority of the 
allergic population are protected from exposure70. However, due to individual differences 
in sensitivities to allergens, having such a low labeling threshold may further restrict 
the diet of individuals who are less sensitive to those allergens. Switzerland have taken 
an alternative approach, not mandating allergen labeling for any product containing 
less than 1000 ppm of allergen77. The Swiss approach can be detrimental to the allergic 
individual, with many people experiencing allergic reactions at levels far lower than 1 
g/kg for particular allergens78. The Swiss allergen labeling legislation illuminates the 
requirement for consumers to be able to test their own foods for allergen presence so 
that they do not have to solely rely on labeling legislations.

In addition, it is also common practice for food manufacturers to include precautionary 
allergen labeling (PAL) on their foods for protection against unintentional presence of 
allergens. There is a lack of consistency in the wording of PAL, which can be confusing to 
the allergic consumer and reduces the consumers ability to make informed food choices68. 
Labels such as “may contain nuts”, are used if there is any risk the product may have come 
into contact with an allergen77. Food manufacturing companies have highlighted their 
desire for standardized PAL on food packaging to avoid misinterpretation79. Although 
advisory labeling is well intentioned, excessive use of warnings can lead to individuals 
taking risks with what they eat by ignoring the labels80-82. Currently, most countries PAL 
is not on a threshold-based criterion, and manufacturers include labels for any potential 
allergen. 

There is an evident requirement for threshold-based action levels, to properly assess 
the risk of an unintentional allergen being introduced to a food, and to establish when 
and where advisory labeling is necessary and beneficial to the allergic consumer. These 
action levels should be science based. Clinical information regarding minimum eliciting 
doses has been translated into lowest-observed-adverse-effect-levels (LOAEL) and no-
observed-adverse-effect-levels (NOAEL)78,83,84. Developing effective thresholds using 
LOAELs is a safety-assessment based approach that protects the majority of the allergic 
population. The Allergen Bureau of Australia & New Zealand (ABA) are global leaders in 
regulation of labeling and have already established voluntary labeling thresholds for the 
major allergens, based on LOAELs, which protect 95% of allergic population from severe 
reactions82,85. Voluntary Incidental Trace Allergen Labeling (VITAL) aims to limit the use of 
excessive, unnecessary PAL in foods; and has also incorporated reference dose information 
into the LOAEL action levels for allergen labeling82,86. The reference dose in VITAL is defined 
as milligrams of total protein from an allergenic food that only the most sensitive individual 
would be likely to experience an adverse reaction toward87. If the individual reference dose 



2

Consumer-friendly food allergen detection: moving towards smartphone-based 
immunoassays   |   47   

is exceeded in an un-labelled food, VITAL recommends precautionary labeling67. In 2011, 
a scientific expert committee including the food allergy research and resource program 
(FARRP), revised VITAL to develop VITAL 2.0 which uses action levels based on reference 
doses88. The action levels provide a clear indication on when “may contain” labeling should 
be applied. Despite Australia and New Zealand being at the forefront of allergen labeling 
regulation, further implementation and standardization in PAL is required85.

Regardless of dedicated labeling procedures, presence of undeclared allergens still 
remains the greatest cause for food-based recalls globally31,89. Large scale recalls can have 
a significant socio-economic burden on a country90. The Rapid Alert System for Food and 
Feed (RASFF) is a European food safety risk assessment system which has experienced an 
increased volume of notifications regarding undeclared allergens in recent years91. When 
an allergen has been mislabeled it must be reported to the competent authority as well 
as recalled in the notifying country and then RASFF issues an alert informing that the 
product contains a mislabeled allergen92. It is an option to notify RASFF about allergens 
that may have been unintentionally introduced into a product by cross contamination, 
however, this is not mandatory as it is not regulated by the EU. Risk communication is 
expected within the food industry, but it is not mandatory so providing the industry 
with sensitive tests that can detect allergens at concentrations as-low-as-reasonably-
achievable (ALARA) is the best way to ensure that unintentional allergen presence in 
food is monitored. In order for consumers to be entirely confident that their food is free 
from allergens, it is necessary to manufacture easy to use assays to detect for unwanted 
allergen presence so that consumers do not have to rely on recall or notification data to 
maintain their avoidance diets93,94. A consumer-friendly allergen test which can based on a 
smart-detector could provide consistent, essential information for the allergic individual, 
regardless of the quality of product labeling.

2.4 Criteria for Consumer-Friendliness 
As the world moves towards personalized testing and diagnosis, the need for user-friendly 
devices becomes more apparent. Whilst many products claim to be ‘for the consumer’, 
in reality only a low percentage of these devices actually are. It is useful to consider the 
parameters that make an assay usable for the general population. Recently, stakeholder 
guidance into the development of consumer-orientated allergen analytical devices has 
highlighted the need for standardization of instructions for assay use and for transparency 
in validation procedures in consumer assays95. For a truly user-friendly assay, the majority 
of the adult population should be able to perform it successfully, using the device should 
be self-explanatory or require minimal instruction. When linking an assay to a smartphone 
app it is possible to include safety information and instructions for application within the 
app, limiting the need for an instruction manual. Alongside being easy-to-use, the assay 
should be safe and not contain toxic chemicals, it should also not be able to stain the 
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user/damage clothing and therefore should not require the use of personal protective 
equipment (PPE). There should be no toxic waste produced, and preferably the assay 
should be environmentally friendly and recyclable, there should be instructions on how 
to dispose on any waste that does come from the assay95.

The assay/detector should require minimal external equipment. By having to use scientific 
equipment such as precision pipettes and centrifuges, the manufacturer introduces the 
need for further training/explanation to negate human error. In addition, requiring basic 
laboratory skills (such as pipetting), prevents individuals with no scientific background 
from being able to use the device. External equipment increases the overall cost of the 
assay and affordability is a prerequisite for user-friendly assays. Pre-containing reagents 
within the assay eliminates pipetting steps and allows waste to be minimized and cost 
reduced. As the consumer cannot rely solely on the visual readout of a screening assay, 
another major cost in many assays is the requirement for a specialized detector/reader95. 
Next-generation citizen science detectors such as smartphones reduce cost significantly, 
as most people already own at least one smartphone. Often the assay can be performed 
with relative ease (e.g., LFIA) but it is the result interpretation, such as differentiating 
between lighter and darker lines, which is difficult for the consumer and can be negatively 
affected by personal bias. In general, LFIA readers are expensive and are not something 
that a consumer would own and carry around with them, whereas smartphones are 
universally present across the globe. The smartphone as a readout system makes most 
assays more consumer friendly as the majority of people are accustomed to using 
smartphone applications. A significant benefit of using the smartphone is that the results 
can be instantly uploaded to cloud databases/sent to relevant stakeholders, which can 
be particularly useful for remote quality control. Conversely, it should be considered 
that when using a smartphone-based analytical device in a low resource setting that the 
wireless system may suffer with low connectivity and so the smartphone application must 
be able to support asynchronous data transmission12. Linking an assay to a smartphone 
detector goes a long way to making the assay more portable. Portability means that the 
assay can be taken anywhere and applied under in-field conditions, such as in a restaurant. 

Another key component of a user-friendly device is that it should provide results quickly. 
Consumers do not want to wait for extended periods for results, so rapid tests are desirable. 
The assay should provide results as quickly as reasonably possible without compromising 
the sensitivity or reliability of the test. The speed of an assay can be optimized by first 
carrying out detailed kinetics studies to select antibodies with rapid association rates 
and high affinities to the allergen of interest, for use in the assay. The reaction rate can 
also be increased by proper orientation of the antibodies, so that the relevant binding 
sites are directed away from the surface where they can better interact with the targets. 
Assays can be further sped up by using internal microfluidics, which also limits the 
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necessity for excessive sample handling/preparation as mixing can be achieved in the 
fluidics system. Microfluidics often increase the speed of the assay as mixing, pumping 
and directional flow can be carried out at precise locations in the assay itself, limiting the 
need for operator interaction96. Proper mixing can also speed up the assay by increasing 
the rate of diffusion of the sample. The assay should not have significant cross-reactivity 
with different allergens, so that the user can be certain that their results are correct. Proper 
characterization of antibodies ensures that the assay is selective for the target allergen. In 
addition to being selective, the assay should be sensitive and able to detect allergens at 
their LOAEL.

Multiplexing allows multiple allergens to be detected in a single sample, which is desirable, 
saving time and money in comparison with using several singleplex assays97. Furthermore, 
a proportion of the allergic population suffer with more than one allergy, due to cross-
reactivity with similarly structured allergens, so it is attractive to test more than one 
allergen at a time96-99. An individual who suffers with multiple allergies should be able to 
test for all of them using a singular device. As allergens are structurally different proteins, 
they may require different extraction procedures, when testing for multiple allergens the 
extraction buffer will likely be a compromise between maximum extraction efficiency and 
the ability to co-extract different allergens from the matrix. Truly personalized allergen 
testing where a consumer selects the allergen panel, they want included in the assay 
would come at an expense, but this could be lowered if companies start including more 
allergens in multiplex assays. The current proof-of-concept allergen multiplex assays are 
displayed in SI Table S2.2. 

It is critical for user-friendly assays to be reproducible so that the user is confident in 
the result. In order for this to be achieved, assays should be validated by intra and inter 
laboratory testing and benchmarked against successful commercial allergen assays. By 
proper validation, the reliability of the assay can be proven, and consumer confidence can 
be attained. Popping et al suggests that consumer devices should first go through single-
laboratory-validation, followed by independent laboratory validation and proficiency 
testing in parallel, including being tested by untrained personnel/consumers95. It would 
improve the affordability of the assay if the assay were reusable such as when using an 
SPR chip, however if the assay cannot be reused (LFIA) the smartphone attachment and 
app should be able to be reused for a number of cycles and the assay should be recyclable. 
The ideal device for consumers would therefore be easy to use, safe, recyclable, affordable, 
a smartphone-based detector or other smart device with connectivity possibilities, 
portable, rapid, sensitive, multiplexed where appropriate and properly validated and 
benchmarked.  
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3 Food Allergen Detection Using Smartphone Readout 

Immunochemical methods for allergen detection focus around the complementary 
interaction of an allergen-specific antibody and an allergen. An overview of commercial 
laboratory-based allergen assays is provided in SI Table S2.3. Lab based methods are highly 
sensitive, selective and accurate. However, lab-based methods require trained personnel, 
scientific knowledge and often expensive equipment. By linking traditional lab-based 
methods with a smartphone readout system they become more user-accessible. A 
comparison of lab and smartphone-based methods is given in SI Table S2.4. The most 
popular optical approach to smartphone detectors is based on colorimetric reactions 
such as in LFIA or ELISA28. Colorimetric smartphone-based sensing conventionally relies 
on the phones complementary metal oxide semiconductor (CMOS) filters to assign red, 
green, blue (RGB) values to light. Therefore, smartphone-based sensors are able to detect 
changes, in optical density or intensity of analyte-reagent complexes over a range of 
wavelengths12.The majority of the population have and are familiar with smartphones, 
so interfacing a scientific method with a simple smartphone app improves consumer 
friendliness.   

3.1 Lateral Flow Immunoassays 
Lateral flow immunoassays (LFIA) are immuno-chromatographic test strips designed to 
be easy to use, as has been exemplified by their success as pregnancy tests100. Many food 
manufacturers utilize LFIA’s to test their clean-in-place (CIP) procedures and to ensure 
that their production lines are free from allergens. Cross contamination can be monitored 
for instance using LAB-2-GO, a user-friendly test toolkit developed by Zeulab (Zaragoza, 
Spain) to prove good manufacturing practice (GMP)101. The standard components of an 
LFIA are the sample filter pad, the conjugate pad, the membrane, the absorption pad and 
the test/control lines102. 

In a sandwich format LFIA, the conjugate pad contains a pre-sprayed antibody which 
is specific to the allergen of interest. This specific antibody is labelled with colored or 
fluorescent moieties. The test line contains an immobilized allergen-specific antibody, 
which binds to a different epitope on the allergen than the labelled antibody. The control 
line contains an antibody raised against the animal species of the labelled antibody. 
When a sample containing the target allergen is added to the sample pad, the target 
binds with the labelled antibody in the conjugate pad, forming a labelled complex. The 
labelled complex flows via capillary action, driven by the absorption pad, laterally up the 
membrane. When the test line is reached, the complex is captured by the immobilized 
allergen specific antibody. The target analyte is sandwiched between the labelled and the 
capture antibodies, which results in the appearance of a colored line in the test region. 
The remaining labelled antibody binds with the immobilized anti-species antibody at 
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the control line, resulting in the appearance of a second colored line in this region. In a 
sandwich assay the color intensity of the test line is directly proportional the concentration 
of the target allergen in the sample. Whilst the test line informs the user of the relative 
concentration of the allergen in the sample, the control line proves that the assay is 
functioning correctly. 

3.1.1 Multiplex Dipstick Tests 
Lateral flow immunoassays can also be multiplexed through the addition of multiple 
test lines. Each test line corresponds to the target analytes to be detected103. Detecting 
a range of allergens in a sample is attractive as it reduces analysis time and reagent 
waste, as multiple analytes can be assessed under the same conditions. Structures other 
than simple strip tests can also be applied in multiplexing. Fenton et al has shown that 
two-dimensional shaping of capillary driven membrane assays into candelabra or other 
structures can improve the spatial discrimination of the assay104. Assays for different 
analytes can be positioned on separate arms of the device which can be directly labelled 
to minimize user confusion. Currently much of the attention of multiplex flow assays has 
been focused on mycotoxin analysis105. It is expected that future research will focus on 
incorporating multiplex into the food allergen field in order to make food allergen analysis 
more user-friendly. When multiplex dipsticks are constructed for food allergens, they 
should be designed to fit the criteria of consumer friendliness. Lateral flow immunoassays 
are easy-to-use, safe, affordable, portable, rapid, sensitive and can be quantitative when 
linked with a dipstick reader such as a smartphone. 

3.1.2 Smartphone Lateral Flow Immunoassay Readers
Although LFIA results can be visually detected with the naked eye, by integrating LFIA 
with a smartphone detector system, a quantitative result can be achieved. Owing to their 
simple structure, LFIAs are fairly simple to interface with smartphones, as the results can be 
easily detected via the phone’s camera. Smartphone dipstick readers can be categorized 
based on their light source; some rely on LED’s as the external light source whilst others 
utilize the internal flash in the phone. Mudanyali et al described a smartphone readout 
system termed rapid diagnostic test reader (RDS)25. The reader is made up of a 3D-printed 
65 g mechanical attachment which consists of: a LFIA strip holder, an inexpensive lens, 3 
LED’s and 3 AAA batteries. The device captured images of the LFIA, which were digitally 
processed within the related smartphone app. The linked central database received and 
stored the processed results in a world map through geo-time stamping. This device was 
validated by using commercially available malaria, tuberculosis and HIV LFIAs25. Another 
example applying LED’s as an external light source, was described by Lee et al for using 
a smartphone-based readout system integrated with a LFIA reader for the detection of 
Aflatoxin B1. The device described a LFIA reader consisting of: a close up lens, white LEDs 
and batteries. A smartphone camera was positioned over the lens of the LFIA reader where 
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the camera recorded images of the optical density of the LFIA test and control lines. Lee 
et al further refined this LED based format of LFIA reader and smartphone app for image 
capture and data acquisition for Salmonella detection24. This format of LFIA strip readers 
utilize LED’s as light sources which requires external battery packs for power. 

Another format of smartphone LFIA readers utilize the smartphones embedded camera 
flash as the light source. Oncescu et al developed a smartphone readout system for the 
colorimetric detection of changes of pH in sweat and saliva106. The device used a 3D printed 
phone case, which housed a slot for the indicator pH strip, a reference strip, and room to 
store up to 6 spare pH test strips. The attachment applied PDMS light diffusers to allow for 
reproducible illumination from the camera flash. The strips were photographed and the 
RGB (red, green, blue) values were analyzed and converted to a hue spectrum. Hue more 
appropriately fits the range of color for pH strips. In another study Oncescu et al advanced 
the use of the internal flash of a phone camera for reading of LFIA for cholesterol testing107. 
This device is referred to as the smartCARD and it monitors the colorimetric change 
resulting from an cholesterol enzymatic interaction on a test strip. The phone flash and 
camera are then used to record images of the colorimetric reaction, which is then digitally 
processed in the related app. The attachment has a slot for the test strip and a PDMS light 
diffuser. The device converts recorded RGB values to hue, luminosity and saturation values 
within the app and is capable of quantifying cholesterol over all physiological values106,107. 
A further example of an embedded flash based LFIA smartphone reader for screening 
thyroid stimulating hormone (TSH) was described by You et al108. This device used an 
opto-mechanical 3D printed attachment which directed the light from the phone camera, 
via an optical fiber to a collimating lens to illuminate the LFIA. The study emphasized the 
importance of minimizing the Mie scattering of the nitrocellulose membrane particles 
and maximizing the Raleigh scattering of the gold nanoparticles of the test/control lines, 
increasing the signal in these regions. The improved signal to noise ratio allowed very 
sensitive LOD’s to be achieved with this readout system. Although these examples have 
not yet been applied to allergen testing, the technology could easily be translated for 
allergen analysis. 

Commercial companies are now finding ways to advance their traditional LFIAs by 
interfacing them with smartphone technology. R-Biopharm’s (Darmstadt, Germany) RIDA 
QUICK lateral flow assays are compatible with the RIDA SMART App, which acts as an 
embedded flash smartphone based lateral flow strip reader. Currently, the mycotoxin strip 
test range has been converted for use with the app but it is expected that soon all RIDA 
QUICK assays (including the extensive allergen range) will be compatible with the app109. 
Once a sample has been tested with the LFIA, a strip cover with the color calibration 
required by the app to distinguish the differences in test/control line intensity, is placed 
over the strip. The strip and cover are placed in a cardboard enclosure, this box is to control 
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ambient light conditions and ensure that consistent results are achievable. The app uses 
the smartphone camera to capture a photo of the strip. The results are automatically stored 
within the app database/and or can be exported to email or printed via a Wi-Fi connected/
Bluetooth printer. The major benefit of the app is the ability to quantify results, however, 
when testing for food allergens a semi-quantitative result would be sufficient as there are 
currently no set threshold levels for allergens EU legislation.  Although the company also 
makes quantitative readers, using a smartphone is significantly more affordable and user-
friendly for the general consumer. A major limitation for this set-up is that it is currently 
only suitable for use with the Android platform (5.1-8.0 OS) and on a limited number of 
smartphone models (Google NEXUS 6, NEXUS 6P & Pixel XL)109. 

Lateral flow fits the criteria of being affordable, portable, disposable and rapid. The 
popularity of using smartphones as LFIA readers has also been highlighted by commercial 
companies, such as Novarum and Mobile Assay who develop bespoke smartphone apps 
for the reading of established LFIAs110-113. 

3.2 ELISA
Enzyme linked immunosorbent assays (ELISAs) are the most routinely used method of 
allergen analysis in the food industry5,114. Commercially available allergen ELISA’s are 
listed in SI Table S2.3. ELISA’s exist in both competitive format (suitable for low molecular 
weight proteins) or sandwich format, which is the prominent choice for food allergens83. 
Both formats of ELISA are based on the interaction of an enzyme labelled allergen 
specific antibody with an antigen. An antibody is labelled with an enzyme which initiates 
a measurable colorimetric change upon the addition of the substrate. The reaction is 
measured by an ELISA plate reader115. In sandwich ELISAs, the measured response is directly 
proportional to the concentration of allergen in the sample. Due to the laboratory-based 
nature of ELISA which involves following a standard operating procedure and technical 
instructions, the requirement for scientific equipment/trained personnel and the long 
incubation steps, ELISA cannot be considered consumer-friendly116. Nevertheless, a few 
smartphone interfaces have been designed for use in resource limited settings. 

3.2.1 Smartphone 96 Well Microplate Readers 
Microplate readers are one of the most used instruments in routine immunochemical 
analysis. However, they are relatively expensive, require maintenance and are non-
portable, making them inaccessible for in-field testing117. It is possible to create 
smartphone-based spectrophotometers using the smartphone camera25,117-119. In a 2016 
study, Fu et al described the development of a smartphone-based microplate reader 
capable of detecting biomarkers in the absorbance range of 340-680nm120,121. This research 
relied upon established commercial ELISA’s and compared the results with microplate 
reader Synergy H1 Hybrid Multi-mode Microplate Reader (BioTek Instruments; Winooski, 
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USA) for validation. Once the assay was complete, the 96 well plate was introduced to 
the smartphone-based microplate reader, which was attached to the camera of the 
smartphone. The related app stores calibration curves which convert the transmitted 
light intensity to absorbance values and then to analyte concentrations 120. The results 
obtained were slightly lower than with the commercial microplate reader. 

Another example was described by Berg et al from Ozcan’s group of University of 
California, Los Angeles (UCLA), which describes a microplate reader based on a Windows 
phone (Lumia 1020, Nokia) with 3D printed attachment and a data processor connected 
to the cloud117. The colorimetric reader used a 3D printed opto-mechanical attachment 
with a light emitting diode (LED) to illuminate 96 well plates. The light from the LEDs is 
transmitted through 96 individual optical fibers which redirect the light to a collection 
lens, which then transmits the captured images of the samples to the custom designed 
app for signal reading. The processing algorithm focuses on finding two centroids to use 
as references in the 96 well plate and pixel intensity thresholding to separate wells for 
independent analysis. The device was successful and was able to match the performance 
of a food and drug administration (FDA) approved microplate reader117. 

The use of smartphones as microplate readers will make ELISA technologies more 
accessible; by making them portable, able to connect to Wi-Fi and upload results to 
the cloud in real-time. This adaptation will be significantly beneficial in low resource 
settings such as in developing countries. As ELISA requires multiple reagent handling 
steps it is necessary for the user to be able to use a pipette. Long incubation steps and 
multiple washing steps prevent the method from being consumer friendly. Even if on a 
smartphone app there was a step-by-step guide showing which reagents to use at each 
interval, the method would still not be that consumer friendly. The detection method on 
the smartphone is however more user friendly in the sense that it is affordable, portable 
and can connect wirelessly so it is suitable for in-field conditions. 

3.2.2 Smartphone 8 Well-Strip Microplate Reader
In some scenarios the user may only want to analyze a small number of samples rather than 
a whole 96 well plate, in these circumstances a smartphone detector which analyses a strip 
of 8 microwells may be more appropriate. The iTube is a novel allergen testing platform 
also developed by Ozcan’s laboratory at UCLA. The device is a 3D printed opto-mechanical 
attachment that is connected to the existing camera of a smartphone (Fig. 2.1)122. The 
approach is based on a 8 well strip of the commercial Neogen peanut ELISA. The platform 
consists of a 3D printed attachment that holds the microwells and the smartphone reader, 
and a related ‘iTube’ app which converts transmission images received from the camera 
to relative absorption values, which can be related to the concentration of allergen 
present within the sample122. The attachment weighs around 40 g and is made up of: a 
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plano-convex lens, two LED’s, two light diffusers and circular apertures to allow control 
of the field of view. Once the peanut assay has been performed, transmission intensities 
are recorded using the smartphone camera and the images are digitally processed. The 
digital processing in the app occurs by converting the transmission images of the light 
through the test tubes into binary mask images. The detector is semi-quantitative, giving 
a positive signal for samples containing over 1 ppm peanut and negative results for lower 
concentrations. 

Figure 2.1. (a) An image of the iTube platform, using a Neogen Peanut ELISA 8-well strip and a 

smartphone based digital reader, is displayed. (b) The 3D printed opto-mechanical attachment which 

is connected to the rear-facing camera on the smartphone. (c) A schematic of the iTube is shown. 

Reproduced from (Coskun et al. 2013) with permission of The Royal Society of Chemistry.

Another example of a single-strip 3D printed smartphone microplate reader 
was successfully explored by Wang et al for the detection of herbicide 2,4 
dichlorophenoxyacetic acid which further clarifies that in some situations only a limited 
number of samples require analyses119. Like most smartphone based analytical devices, 
the iTube has the ability to upload results to servers through its app. This means that a 
personalized allergen testing database can be constructed, and users can monitor tests 
they have carried out on different foods, in varied locations, creating a spatio-temporal 
allergen map. Using anonymized ‘big data’ in this way not only assists allergic sufferers, 
but also helps those involved in food manufacturing, product design and official 
regulators to better understand allergens from a consumer point of view. 
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3.3 Flow Cytometry: Bead Suspension Array 
Flow cytometry (FC) in suspension array format, uses microbeads as solid phase support 
systems for capture antibodies to be immobilized onto. The bead-antibody complex can 
be identified by its fluorescent/colored profile by a flow cytometer123. Flow cytometry 
can be used for both in-vivo and in-vitro quantitative allergen analysis124,125. Garber et al 
and Cho et al have shown that by using magnetic bead sets it is possible to detect 14 
food allergens (and gluten) in 12 different samples, within 6 hours, with a similar LOD to 
existing ELISA methods (<5 ng/mL)97,126. However, their methods required two extraction 
procedures, so although the assay could be multiplexed, the extraction could not. Otto et 
al combined a competitive format ELISA with flow cytometry (BD Accuri® C6 apparatus, 
Becton-Dickinson; Vianen, The Netherlands) to develop an assay capable of detecting 5 
different allergens in a cookie matrix127. The assay could detect in the range of 2-10 ppm 
for all the allergens in the test. Cho et al further described the usefulness of FC for cross-
reactivity profiling between 23 legumes and 12 tree nuts128.

3.3.1 Miniaturized Flow Cytometry  
Despite their success, FC’s are not portable, are relatively expensive, require trained 
personnel, and are therefore unsuitable for in-field analysis. In response to this, FC was 
miniaturized. Miniaturization of FC involves focusing the flow of the particles to be 
analyzed within a microfluidic channel, reducing the size of both the microfluidics and 
the optics, and integrating them with a signal readout device129. 

The portability of miniaturized flow cytometry (MFC) makes it an attractive technique 
for in-field routine analysis. Connecting MFC to a smartphone readout system further 
strengthens its portability. Ozcan’s UCLA group have worked since 2008 to develop on-
chip cytometers that are capable of interfacing with smartphones as the detector130. Zhu 
et al has further substantiated the ability to combine MFC and optical microscopy with 
a smartphone interface131. The study integrated a microfluidic chip with a syringe pump 
that controlled the transport of sample to the imaging field, where a photo was captured 
by a smartphone camera. This example uses an opto-mechanical attachment, featuring 
simple lenses, plastic color filters, LED’s and batteries. Further development on this study 
yielded a smartphone based MFC interfaced with an optical microscope for the counting 
of fluorescently labelled blood cells132. 

Despite these examples being for the healthcare sector they provide an excellent basis for 
future design of smartphone-based cytometers for application to food allergen analysis. 
Similarly, MFC has been used in contaminant and residue monitoring in milk samples133. 
An assay was designed to detect growth promotor bovine somatotropin (rbST). Biomarker 
specific antibodies (anti-rbST) were coupled with quantum dots (QD), which were 
immobilized on paramagnetic microspheres. The device relied on an optical-mechanical 
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attachment consisting of a phone holder (for alignment of optics), a sample tray to hold 
the cover slides, 12 UV excitation LEDs, white LEDs, an optical filter, a de-magnifying lens 
and a lid to prevent introduction of ambient light133. The smartphone camera was used to 
record images of the fluorescence emitted from the QD’s. This assay still takes a substantial 
amount of time to carry out owing to incubation steps so it cannot be classified as a rapid 
assay. An even more sophisticated multiplex smartphone approach based on the original 
rbST microsphere assay was presented for biomarkers in milk (Fig. 2.2)134. Although this 
technology has currently only been applied to food diagnostics, focusing this approach 
could allow it to be applied more specifically for food allergens. 

Figure 2.2. (A) Photo of 3D printed optical attachment on the smartphone used for testing. (B) Schematic 

representation of the smartphone biomarker detection platform. Reproduced with permission from 

authors (Ludwig et al. 2015).

3.4 Multiplex Surface Plasmon Resonance Based Food Allergen Biosensor
This review has averted biosensors, due to the in-depth review on using biosensors for 
food allergen analysis published in 2016 and another 2016 review focusing specifically 
on smartphone-based biosensors9,28. Only brief attention will be paid here to biosensors. 
Surface plasmon resonance (SPR) monitors changes in the refractive index based on the 
dielectric properties of a thin layer of sample containing solution, near the gold metal 
surface of the sensor region. The energy transfer from polarized light to surface plasmons 
results in characteristic reflected light patterns which can be monitored label free, in real-
time through a sensorgram (the angle at which the dip is observed versus time)135. Analyte 
specific antibodies are immobilized onto the metal layer of the sensor chip, mounted onto 
a glass prism with an integrated flow cell that is then placed in the instrument. When 
polarized light is shone through the prism, the light is reflected by the metal layer, resulting 
in an angle of incidence capable of inducing surface plasmon resonance and causing a dip 
in the reflected light intensity136. The refractive index near the metal surface will change as 
proteins are adsorbed onto the metal surface and then the amount of adsorbed protein 
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can then be determined. Unfortunately, current ‘portable’ SPR’s still require a laptop or 
small computer to operate137. 

Imaging SPR (iSPR) has the benefit of being able to simultaneously detect multiple analytes 
in a single sample. Raz et al described an iSPR linked with an allergen-antibody array for 
the detection of 12 food allergens within 12 minutes138. The rapid, multianalyte, method is 
quantitative and detects food allergens at 2 mg/kg. The procedure allowed for total allergen 
profiling within food, providing a unique fingerprint for which allergens each commercially 
available food contained. The optical devices laboratory of Linköping University (Sweden) 
described a smartphone-based angle resolved localized SPR device139. The device used the 
phone screen as the light source; the phone camera to record images and a disposable 
optical coupler made of PDMS/epoxy which matched the refractive index of glass139. The 
polymer surface contained glass coated with a layer of gold, as the thin metal surface, which 
simple or more complex microfluidic systems are compatible with. The app allowed a red-
rectangle on the phone screen to frame the region of interest (ROI) to be photographed, 
which ensured that the images were all captured under the same conditions, in the right 
ROI, minimizing test-to-test variation. The camera shutter and exposure were set using a 
simple app developed for iOS 5. When the light was reflected from the gold chip surface the 
SPR signal was transported to the front camera of the phone where it was conditioned by 
deflection via a PDMS prism. The method was validated using a commercial β-microglobulin 
assay but should be compatible with numerous other targets.  

Guner et al described interfacing a smartphone with disposable Blu-ray discs as SPR chips 
and a 3D-printed iSPR attachment26. Detection limits were reported as comparable with 
commercial instruments. The SPR attachment recorded measurements from over 20,000 
individual pixels based on an intensity interrogation mechanism. An additional study 
applying fiber-optic SPR (FO-SPR) using a smartphone platform has achieved results 
consistent with commercial SPR instruments140. Although the FO-SPR interfaced with the 
smartphone is portable and allows precise detection and sophisticated optical calibration, 
due to the need to compensate for alignment issues in the app, the platform cannot be 
classified as consumer-friendly. 

3.5 Section Summary 
The food allergen detection methods that have been discussed so far do not fully satisfy 
the criteria for consumer friendliness (see section 2.4) and are therefore not currently 
suitable for citizen science. In order to be consumer-friendly the technique should be easy 
to carry out, requiring minimal training. Of the methods discussed so far, dipsticks are 
generally considered to be user-friendly with many people being accustomed to using 
home pregnancy tests, which are historically the first example of LFIA100. The majority of 
the population would be capable of carrying out a strip test with minimal instruction, 
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and when linking the test to a smartphone reader, would be able to interpret the results. 
However, smartphone dipstick readers have not yet been developed for food allergen 
detection and although the general consumer could carry out the LFIA easily, they would 
not have a quantitative strip reader so the results would only be qualitative. But for food 
allergen analysis, it is not fundamental to have a quantitative result as long as the result 
is semi-quantitative within a small range, as there are currently no set threshold levels for 
food allergens (excluding gluten). If a consumer wanted to use their screening results in 
court, for example to sue a company for the presence of an undeclared allergen, it would 
first be necessary to use orthogonal approaches to confirm the result with instrumental 
analysis such as mass spectrometry anyway141.

Whilst LFIA are simple to carry out, methods such as ELISA, FC and SPR all require training to 
perform. The methods require understanding of laboratory practice and experience in data 
interpretation to achieve meaningful results. Even when linking with a smartphone readout 
system, ELISA still requires laboratory skills, such as using precision pipettes, to carry out. 
Performing an ELISA is time consuming owing to the incubation steps and need for external 
equipment. As the assay uses open test tubes, it is possible that there could be spillage 
of chemicals, which would mean the user carrying out the test would require PPE, which 
further limits its potential as a user-friendly device. ELISA has the disadvantage of currently 
being non-reusable, non-recyclable and produces chemical waste. Flow cytometry is a 
multiplex laboratory-based method, meaning that it is not portable. It requires scientific 
skill and good laboratory practice to stay safe and uses expensive instrumentation. The 
advancement of MFC with a smartphone-based readout makes FC more user-friendly by 
providing an inexpensive platform, which can be easily operated and re-used, decreasing 
the cost of the assay. An additional benefit of MFC is that it is portable and so therefore can 
be used in field. Of the discussed methods, smartphone SPR may be the most promising for 
citizen science as it has the benefit of having limited sample preparation steps owing to its 
label free nature and results in real-time and the ability to re-use the sensor chip. Interfacing 
with a smartphone also makes SPR portable and suitable for in-field use.

 All of the methods, except for LFIA and SPR, require trained personnel, take a prolonged 
period of time to carry out, have complex data acquisition and need to be completed 
under laboratory conditions. This means that the general population would not be able to 
efficiently carry out these tests and so they cannot be classified as user friendly.

4 Consumer-Friendly by Design 

Whilst the previous section discussed scientific methods for food allergen analysis, this 
section will focus on methods which have specifically been designed with the intention of 
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being consumer friendly. The devices are compared in Table 2.2 below. Consumer-friendly 
devices are needed as allergic individuals require devices which can be easily operated 
whilst at home or in a restaurant. Consumer-friendly detectors will allow the road to be 
paved for citizen science, as the general population of allergic sufferers will be able to 
perform their own food analysis. 

4.1 Portable Gluten Sensor 
NIMA (San Francisco, USA) is a commercial portable gluten detector based on a 
immunochromatographic dipstick and a sensor. The device provides a testing platform 
for individuals with celiac disease/gluten intolerance to be able to perform their own 
gluten analysis. The device is portable, sensitive and rapid, taking only 2-3 minutes for 
a result in the consumer-friendly form of an LED smiley face (gluten free) or a wheat 
grain (containing gluten)142. It has fully integrated sample handling inside single use test 
capsules, which makes it attractive for the general consumer, especially when considering 
its use in a setting such as a restaurant. The test is based on gluten antibodies (13-F6 & 
14-G11) against the toxic 33-fragment of the protein, which have been immobilized as 
the test line of the strip test142. This is the fragment widely considered responsible for the 
autoimmune effects of gluten, so its detection is crucial143. The majority of celiac/gluten 
intolerant individuals can tolerate gluten levels up to 20 ppm and the assay detects below 
this level144,145. However, it should be considered that if analyzing whole grains for gluten, 
that contamination is localized to particular ‘hot spots’ rather than being ubiquitous to 
the whole sample, which could result in false positives/negatives with the sensor, so it is 
necessary to first homogenize the sample before testing146. 

To operate the device, the user puts some chopped food into the one-use capsule. Once 
the food is inside the capsule, the user turns the head of capsule operating the grinding 
mechanism and homogenizing the food. The final twist of the lid introduces the food 
homogenate to the pre-contained extraction buffer and an internal rotating-motor acts 
as a mini-centrifuge to mix the food and buffer, solubilizing and extracting any gluten 
from the food142. After a few minutes, the electronic sensor will determine whether there is 
gluten present in the sample. An algorithm then converts this information to a smiley face 
icon for gluten free or a wheat icon for products containing gluten. The sensor costs $279 
and includes 3 one-use buffer containing capsules, a charger and a carrier pouch147. Each 
single-use capsule can only test the food portion that you put into the capsule. To test 
multiple components of a meal at a restaurant, a user would need multiple test capsules, 
increasing the overall cost of the meal.

This set-up can be considered as user-friendly in the sense that the assay is easy to use, 
the results are easily interpretable, it is safe, rapid, sensitive and portable. NIMA has a 
related app, which allows consumers to create a map of local restaurants or compilation 
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of products that are truly gluten-free, which can help lessen the economic and restrictive 
burden of an avoidance diet. NIMA has a large social media presence, utilizing the hashtag 
#nimatested to denote restaurants and foods that have been tested using the device. The 
use of social media allows users of the device to communicate and opens a discussion 
between gluten intolerant individuals. In addition, the product website has a wealth 
of information on how to operate the device, what can and cannot be tested, limits of 
detection and a customer support service. A major disadvantage is the overall cost of the 
device, which will prevent it from becoming the first choice for every gluten intolerant 
consumer, although the sensor is reusable the one-use capsules are not and cost $5 each. 
An additional disadvantage is that it cannot be multiplexed, and its designers are making 
a separate sensor and assay for major peanut allergens, which further increases the cost 
to the consumer particularly if they suffer with co-allergies. As a result of lack of published 
validation studies, it is plausible that false negatives could prove dangerous to individuals 
with celiac/gluten intolerance and false positives from the sensor could adversely affect 
the food industry79. Lack of evidence-based literature surrounding the product makes it 
difficult to assess its reliability. 

4.2 Molecularly Imprinted Polymer Allergen Sensor 
The Allergy Amulet (AA; Boston, USA) is a rapid, portable food allergen and ingredient 
detection device that is currently being developed, intended for commercial release in 
Winter 2018148. This device has been included in this review as a state-of-the-art consumer 
targeted allergy detection and management device. The device is initially being designed 
to target peanut protein in the concentrations of 1-2 ppm. The device uses molecularly 
imprinted polymers (MIP) which are synthetic receptors which can be designed to 
recognize a specific target allergen149. If the allergen is present, the selective cavities in the 
MIP capture the allergen through a ‘lock and key’ mechanism and a signal on the device 
then alerts the user to the allergen presence148. The device works in theory by inserting 
a test strip probe directly into the food or liquid to be assessed. The website states that 
no sample preparation is required, however this is difficult to believe when considering 
inserting a probe into samples such as peanuts or cookies. Following exposure to the 
sample, the probe is then inserted into its MIP containing covering sheath, and then 
the sheath is inserted into the amulet reader, which resembles a USB stick. If the target 
allergen is present, an LED in the amulet case will light up, promptly alerting the user 
to the allergen-presence within a matter of seconds. The results are also sent via a 
smartphone interface to the AA app, which allows users to compare test results creating 
a personalized allergen database. This helps users to connect with other food allergic 
individuals and compare results based on what they have eaten. It is truly portable and 
can be worn as a necklace or keychain. This device is consumer-friendly in the sense that it 
is portable, (claims to) require minimal sample preparation/extraction, it is quick, sensitive 
and selective. However, as there is not more evidence-based information available about 
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the cost, reusability and the validation/benchmarking of the device at this stage, it is 
impossible to state how suitable it is for citizen science. 

4.3 Portable Electrochemical Multiplex Allergen Sensor  
The integrated exogenous antigen testing (iEAT) is a state-of-the-art, electrochemical, 
magnetic bead-based food allergen detection sensor. It works by conjugating the 
desired allergen antibody onto a magnetic bead150. The bead suspension containing 
the immobilized antibodies is then incubated with the extracted food for around 3 
minutes before re-suspending with horseradish peroxidase (HRP)-conjugated isotype IgG 
antibodies, as a label. The HRP-bead complex can then be mixed with substrate (TMB) and 
added to the electrode. The entire assay takes less than 10 minutes, including extraction 
time. The iEAT allows singleplex or multiplex analysis when using the multichannel 
electrode, which can detect up to 8 different allergens (Fig. 2.3). The current device tests 
for major allergenic proteins (see SI Table S2.1) in peanut, hazelnut, wheat, egg-whites 
and milk.  

The assay includes a disposable extraction kit which allows immuno-magnetic 
enrichment of the allergen antigens concentrating food antigens from food. The kit 
contains a disposable extraction device, and the extraction buffers and wash solutions 
that are needed in pre-measured volumes. The lid of the extraction vial has a magnetic 
sheathed bar attached to allow for capture of allergen-magnetic beads. This bar allows 
easy transfer of the antibody-bead complex to the washing/labeling stages and then for 
loading onto the magnetic electrode making sample handling easier for the consumer. 
The reader centers around a microcontroller unit linked with digital-to-analog converters 
and a potentiostat, which controls the potential difference between the reference and 
working electrodes. The sensor was benchmarked against the commercial potentiostat 
SP-200 Bio-Logic (Seyssinet-Pariset, France) and the two systems were reported to be 
excellently matched150.
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Figure 2.3. The iEAT platform. (A) The keychain sized detector, the multi-channel electrode chip and 

the disposable extraction kit which is linked with a smartphone app as the readout system. (B) Antigen 

extraction; antigens are captured on magnetic beads (MB) and labelled with allergen specific antibodies 

labelled with oxidizing agent HRP (horseradish peroxidase). The disposable kit contains a sheathed 

magnetic bar which collects and relocates MBs. (C) Signal detection is achieved by mixing HRP-labelled 

MBs with substrate (TMB, 3,3’,5,5’-tetramethylbenzidine) and moved to the electrode. The HRP catalyzes 

the oxidation of TMB. When TMB is oxidized (ox) or reduced (red) on/near the electrode, measurable 

electrical currents are given off. Reproduced with permission from (Lin 2017). Copyright 2017 American 

Chemical Society. 

The reader is operated via a Bluetooth connection to a related Android app. The app also 
takes sample photos and records data such as timestamp, analyte concentrations and GPS 
information. The research suggests that a future development of the test will be to use the 
pressure-sensitive screen of the phone as a weighing-scale. By reducing the need for extra 
equipment/instrumentation the consumer-friendliness of the device will be even further 
improved. The low cost of the assay, the speed, and the ability to be multiplexed, orientate 
the assay to consumer friendliness. The use of a magnetic bar for the transfer of the target 
to each step of the assay eliminates the need for use of precision pipettes, making it more 
accessible to non-scientists. However, in addition to multiple sample handling steps, the 
assay uses harmful mutagenic chemicals such as TMB, and so would need to be carried out 
under careful lab conditions with PPE. The electronic key chain sensor is reusable, and the 
extraction device is disposable. However, assay would produce toxic waste, preventing it 
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from being environmentally friendly and limiting its consumer-friendliness as the general 
user will not be accustomed to disposing of chemical waste.

Table 2.2. Consumer-friendly by Design: Comparison of Devices

Smartphone 
Readout

Consumer-friendly by Design

Criteria RIDA Smart App NIMA Allergy Amulet iEAT
Safe Y Y Y N
Portable Y Y Y Y
Quantitative Y Y Y Y
Speed (min) <10 <3 Not Stated <10
LOD (ppm) Low mg/kg range 2 1-2 Gliadin: 0.075 mg/kg

Ara h1: 0.007 mg/kg
Cor a1: 0.089 mg/kg
Casein: 0.170 mg/kg
Ovalbumin: 0.003 mg/kg

Multiplex? N N Not Stated Y (x5)
Sample Prep Homogenization 

& extraction prior 
to analysis

Integrated in 
disposable 
capsule

Stated as ‘Not 
Necessary’

Extraction with TECP/
sarkosyl at 60ºC followed 
by labeling & mixing 
steps

Mechanism LFIA strip reader 
with smartphone 
display

LFIA strip 
reader with 
sensor 
display and 
transmission to 
smartphone

MIP strip reader 
with sensor 
display

Magnet-electrochemical 
sensing with an 
electronic keychain 
reader

Connectivity WiFi, Bluetooth WiFi, Bluetooth 
(through App)

WiFi, Bluetooth 
(through App)

Bluetooth & Smartphone 
app

Cost €12.75 per strip 
test (box of 20) & 
€150 for sensor

$279 +
$5 for each use

Not Stated <$40 for device & <$4 
per antigen

Validation N Yes, against 
R-Biopharm

N Potentiostat SP-200 Bio-
Logic using potassium 
ferrocyanide standard 
solution

 
5 Conclusions and Future Perspectives

This review has targeted the recent advances toward citizen science through immuno-
based food allergen analysis, with a particular focus on novel smartphone-based 
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detection strategies. Traditional immunochemical detection methods for food-allergens 
have been assessed for consumer-friendliness. Applying smartphone-based technologies 
to traditional lab-based immunochemical methods has been explored. This review has 
underlined the necessity for more user focused assays that can be based on smartphones 
for simple food allergen analysis. By providing an easy to use, safe, affordable, portable, 
smartphone based, rapid, sensitive and multiplexed assays, citizen science can be 
achieved. 

The popularity of using smartphone-based analytical devices has greatly improved in 
recent years; as can be ascertained by the increasing number of publications. However, 
there are still a number of developments that can be made to improve the capabilities of 
smartphones as detectors. One area which needs to be addressed in every smartphone-
based assay is the control of ambient light conditions. Many authors have attempted to 
control light by using an attachment, such as a box which controls the field of light or a 
lid on a 3D-printed attachment that means that photos can be captured in consistent 
conditions. Alternatively, it has been suggested that a more appropriate way to control 
differences in lighting conditions would be to include a normalization algorithm in the 
app to allow optimum image capture through controlling the lighting bias12. Currently, 
most assays/apps are based on a singular platform, but for a detector to be truly 
consumer-friendly it should be compatible with all the major smartphone platforms 
(iOS, Android and Windows) so that the user does not need to purchase a specific model. 
Future developments should concentrate on making a multi-platform system. It must be 
considered when transferring from one model or platform to another, that smartphone 
models have variance in the number of megapixels, different positions of their front/rear 
facing cameras and altered position of their flash. 

Future devices should aim for embedded storage of pre-contained dry reagents so that 
minimal user interference is required. Future applications should focus on designing a 
sampling interface which would allow the sample collection and detection to be carried 
out in one device. Such an integrated device could limit sample preparation steps as these 
could be carried out within the attachment, greatly improving its consumer friendliness. 

This review has shown that despite the current lack of truly consumer orientated devices, 
the allergen diagnostics industry is taking the first steps to become more user-friendly. 
Devices such as NIMA, AA, iEAT, and the RIDA smartphone range are designed with the 
consumer in mind and exemplify the change in attitude in industry to move towards 
citizen science. Food allergies are personal and by engaging the consumer with their 
own diagnostic analysis food allergen analysis will be improved as more people will 
take responsibility for their own food safety and big data can be collected. Currently the 
burden for food allergies lies heavily on food manufacturers and labeling legislations, but 
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by developing devices that can detect multiple allergens in a sample, consumers can take 
analysis into their own hands. It is desirable for standardized reference materials for both 
raw and processed allergens to be developed and utilized at assay development stages so 
that consumer-friendly devices can be properly benchmarked and validated. Having well 
validated consumer-friendly assays paves the way to the future of citizen science.   
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Table S2.4. Conventionally lab-based allergen detection methods and their smartphone-

based counterparts

Conventional 
Method

Current Method Summary

ELISA with 
microplate 
reader as 
detector system

ELISA with 
smartphone-based 
microplate reader as 
detector system

ELISA is a traditionally laboratory based routine allergen 
detection method, as it requires multiple reagent 
handling steps, sample extraction and detection from 
a UV-VIS microplate spectrophotometer. Microplate 
readers are expensive and non-portable, however using 
a smartphone as the microplate reader (see section 
3.2.1) for detecting the colorimetric reaction makes the 
method more portable and accessible in low-resource 
settings.

Lateral flow 
immunoassay 
(LFIA) with strip 
reader

LFIA with 
smartphone reader

LFIA is a rapid, portable, easy to use, safe and disposable 
screening method applied in food allergen analysis. LFIA 
qualitative optical detection is based on the appearance 
of 1 or 2 lines for absence/presence of allergens. To 
quantify LFIA results, conventionally a strip test reader 
is required which is a relatively expensive piece of 
equipment requiring training/instruction for use and 
a power source to operate. By using a smartphone as 
a LFIA reader (see section 3.1.2) quantitative/semi-
quantitative results are achievable. Smartphones have 
the added benefits of being portable, affordable, easy to 
use and can connect wirelessly to deliver instant results 
to shareholders.

Flow cytometry Miniaturised flow 
cytometry

Flow cytometry is a lab-based immunoassay where 
antibodies of interest are immobilised onto different 
colored microbeads, it has the benefit of being able to be 
easily multiplexed. The flow cytometer is a desk-based 
instrument. Miniaturised flow cytometry (MFC) reduces 
the flow channels in the cytometer to microfluidic 
channels, reducing the overall size of the instrument. 
MFC is capable of being linked with a smartphone as 
the readout system (see section 3.3.1), this gives the 
method the ability to be portable and suitable for on-site 
detection of allergens, and data processing and results 
to be disseminated through a customised MFC app.

Surface plasmon 
resonance (SPR)

Smartphone based 
SPR

SPR is a traditionally lab-based method which can detect 
changes in antibody/antigen binding on the gold surface 
of a sensor chip. SPR is able to detect multiple allergens, 
simultaneously in real-time and monitor their binding 
responses in the form of a sensorgram. Smartphone 
based SPR can be achieved through a 3D printed optical 
attachment, the phone camera and a PDMS prism for 
light to be deflected from. By linking with a smartphone, 
SPR becomes a portable method which requires no 
analyte labeling, limited sample preparation steps and 
results which can be seen in real-time.
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Lateral Flow Immunoassays (LFIAs) allow for rapid, low-cost, screening of many 

biomolecules such as food allergens. Despite being classified as rapid tests, many 

LFIAs take 10-20 min to complete. For a really high-speed LFIA, it is necessary to 

assess antibody association kinetics. By using a label-free optical technique such 

as Surface Plasmon Resonance (SPR), it is possible to screen crude monoclonal 

antibody (mAb) preparations for their association rates against a target. Herein, 

we describe an SPR-based method for screening and selecting crude anti-hazelnut 

antibodies based on their relative association rates, cross reactivity and sandwich 

pairing capabilities, for subsequent application in a rapid ligand binding assay. 

Thanks to the SPR selection process, only the fast mAb (F-50-6B12) and the slow 

(S-50-5H9) mAb needed purification for labeling with carbon nanoparticles to 

exploit high-speed LFIA prototypes. The kinetics observed in SPR were reflected in 

LFIA, with the test line appearing within 30 s, almost two times faster when F-50-

6B12 was used, compared with S-50-5H9. Additionally, the LFIAs have demonstrated 

their future applicability to real life samples by detecting hazelnut in the sub-ppm 

range in a cookie matrix. Finally, these LFIAs not only provide a qualitative result 

when read visually, but also generate semi-quantitative data when exploiting freely 

downloadable smartphone apps.Ab
st
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1 Introduction

Lateral flow immunoassay (LFIA) is a rapid technique which relies on the fast interaction 
between an antibody and a target antigen1. These devices have experienced a surge in 
popularity in the medical and food safety fields, since their birth as home-pregnancy tests2. 
It is preferred for LFIAs to use purified, fast, specific and properly characterized antibodies3. 
Although LFIAs are classified as a rapid method, they still require 10–20 min to complete4. 
In order to create high-speed LFIAs, it is necessary to test the antibody rate of association 
towards the target analyte, as well as use a nitrocellulose membrane with a high flow rate. 
Traditional antibody selection techniques, such as enzyme linked immunosorbent assay 
(ELISA) and western blot, do not necessarily convert well into LFIAs due to the much faster 
rate of kinetics in LFIA5. As trends move toward rapid on-site testing, with consumer-friendly 
tests such as LFIA and smartphone-based readout systems, the need for antibodies with 
rapid association towards their target becomes more apparent4. In addition to requiring 
fast antibodies, it is necessary to have a rational way of quickly comparing and selecting 
such antibodies. One way of speeding up the antibody screening and LFIA prototyping 
process is to use a label-free biosensor to compare relative antibody-antigen association 
binding speeds to facilitate the selection process6-8.  

Surface plasmon resonance (SPR) is one such technique. SPR allows label-free, optical 
monitoring of important kinetic information, such as the association and dissociation rates 
of antibodies, in real-time9. Using SPR it is possible to screen crude antibodies. Herein, 
the term crude refers to: a mixture of un-purified, cell culture media with variable specific 
antibody concentrations. Screening crude monoclonal antibodies (mAbs) saves time 
and money in comparison with first purifying a panel of mAbs and then testing them all 
for application in LFIA10. Previously, true kinetic studies have been carried out to select 
antibodies based on their affinities, association and dissociation rates, for application in 
a direct SPR biosensor11. In the medical sector there is interest in screening and ranking 
hybridomas, hybrid cells formed from the antibody producing spleen cell of an immunized 
animal fused with a myeloma cell, for their affinities. However, studies in the literature have 
not yet focused on the ranking and selection of antibodies based on their association rates 
towards food allergens, for application in rapid ligand-binding assays such as LFIA6,12,13. 
Current antibody selection processes using SPR are affinity based and the antibodies are 
screened against purified analytes. By contrast, in this study, an unpurified hazelnut extract, 
which is a complex mixture of heterogeneous proteins of various molecular weights, is the 
target analyte14. 

When developing sandwich format assays for large molecular weight proteins (e.g., food 
allergens) it is essential to select appropriate antibody pairs for the capture and detection 
of the target analyte15. Hazelnut has been selected as the target for this study, as hazelnut is 
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considered the most prevalent tree nut allergy in Europe16. Sandwich pairs are antibodies 
that are capable of simultaneously binding an antigen. Pre-matched antibody pairs can 
be purchased from commercial vendors which can save time and resources, or they can 
be selected through sandwich pairing experiments17. These pairs are often found using 
ELISA. However, the results obtained in ELISA do not always predict how the antibodies 
will perform in LFIA3. Alternatively, antibody pairs can be determined by using a half-
stick format LFIA18. Pairwise selection can also be achieved using biosensors by epitope 
binning19. This process assesses whether antibodies bind to overlapping epitopes on 
the target antigen, or whether they are capable of binding to different epitopes20. Using 
SPR to select antibody pairs for use in LFIA saves time and can be largely automated for 
screening large antibody panels for their pairs20. 

To the best of the authors’ knowledge, this is the first example of using SPR as a screening 
method for selection of high-quality antibodies from crude samples for application in LFIA. 
SPR has been utilized for selection of purified mAbs for these characteristics, illuminating its 
importance as a selection tool in this sector18. A batch screening method was designed using 
an FC-specific anti-mouse IgG (FC-IgG) immobilized onto an SPR chip. The FC-IgG captures the 
anti-hazelnut antibodies of interest on the surface. Subsequently, hazelnut protein extract 
is injected and the binding between the antibody and hazelnut is monitored. Using an FC-
IgG surface offers on chip affinity purification of the crude sample, as it captures the crude 
anti-hazelnut antibodies in their FC region. This allows the captured crude antibodies to be 
uniformly distributed, in the assumed correct orientation, without any compromise of their 
biological activity21. Furthermore, using an FC-IgG expedites the regeneration of the chip 
surface between each cycle for screening subsequent antibodies. Following normalization, 
to compensate for differences in specific antibody concentrations in crude samples, a visual 
assessment can be made to compare the relative association rates of each mAb towards 
hazelnut. The un-purified antibodies can then be ranked based on their fast association, 
sensitivity, specificity and sandwich pairing. As a result, fast (F) and slow (S) antibody pairs 
selected by SPR were used to develop a carbon nanoparticle-based LFIA system, to identify 
whether similar kinetics could be observed in LFIA as was seen in SPR. 

Amorphous carbon nanoparticles are excellent labels in LFIA as they are easy and low-
cost to prepare; have high signal to background contrast, making them easier to read 
with the naked eye; and can allow for increased sensitivity compared with other labels22. 
Even lower LOD’s might be achieved for carbon nanoparticle-labelled LFIAs by using a 
flatbed scanner to determine grey pixel values. An alternative, more consumer-orientated 
method is to use smartphone apps to determine RGB/CMYK values of the test line region 
of the LFIAs and to convert these to LAB (where L is Luminance and A and B are color 
channels) values. Whilst RGB (red, green, blue) and CMYK (cyan, magenta, yellow, key) 
values are device dependent, LAB values provide device independent information 
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about the darkness/lightness of a selected region of an image23. In this way a calibration 
curve of LAB color values against allergen concentration (ppm) can be plotted for semi-
quantification of LFIA results. Furthermore, there are currently no food allergen LFIAs 
that apply carbon nanoparticles, exemplifying the label novelty in this field24. The LFIA 
prototypes developed were compared based on their speed and sensitivity and applied 
to a real food matrix of cookies as a proof-of-concept. Cookies have been selected for a 
matrix as a 2018 report determined that products such as cookies, chocolate and bread 
are responsible for the majority of accidental allergic reactions25. Finally, the LFIAs were 
semi-quantified by a smartphone using freely downloadable color analysis apps. 

2 Materials and Methods

2.1 Equipment
All SPR experiments were carried out using a BIACORE 3000 (GE Healthcare, Uppsala, Sweden). 
An EL x 808 BioSPX Microplate Reader was used for the determination of the Bicinchoninic 
acid (BCA) results (Beun De Ronde, Abcoude, The Netherlands). A NanoDrop ND-3300 
(Isogen Life Sciences, De Meern, The Netherlands) or the DeNovix DS-11 spectrophotometer 
(DeNovix, Wilmington, DE, USA) was used for all other protein quantifications. A Braun Turbo 
600 W Food Processor (Krongberg im Taunus, Germany) was used for homogenizing the 
food samples. All food extracts were filtered through low-binding syringe filters (5 to 0.45 
µm; Pall Life Sciences, Portsmouth, UK). The LFIA strips were sprayed using a Linomat IV 
TLC-spotter (CAMAG, Berlin, Germany). The CM4000 BioDot Guillotine (Biodot Inc., Irvine, 
CA, USA) was used to cut the strips. A Bioruptor Plus Diagenode (Diagenode SA, Seraing, 
Belgium) was used to sonicate the carbon nanoparticle suspensions. All smartphone video 
recordings and photos were taken using a Google Pixel 2 XL (Google, Mountain View, CA, 
USA). All smartphone-based color detection was accomplished using ‘RGB Color Detector’ 
(version 1.0.35, The Programmer; Google Play Store) and color conversions using ‘Nix Pro 
Color Sensor’ (version 1.28; Nix Sensor Ltd., Hamilton, ON, Canada; Google Play Store). 

2.2 Chemicals & Reagents 
The SPR experiments were carried out using carboxymethylated dextran sensor chips (CM5), 
HBS-EP buffer (pH 7.4), an amine coupling kit (containing: 0.1 M N-hydroxysuccinimide 
(NHS), 0.4 M 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and 
1 M ethanolamine hydrochloride (pH 8.4)), all purchased from GE Healthcare (Uppsala, 
Sweden). Bovine serum albumin (BSA) was purchased from Sigma-Aldrich (Zwijndrecht, 
The Netherlands). Analysis of all SPR results was performed using the BiaEvaluation 
software (Biacore, Uppsala, Sweden). 
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The washing buffer (WB) was composed of 5 mM borate buffer (BB) (pH 8.8) diluted from 
a mixture of 100 mM sodium tetraborate (VWR, Leuven, Belgium) and 100 mM boric acid 
(Merck, Darmstadt, Germany), and bovine serum albumin (BSA) was added to a final 
concentration of 1% (w/v). The storage buffer (SB) consisted of 100 mM BB containing BSA 
to a final concentration of 1% (w/v). The running buffer (RB) was prepared by adding 1% BSA 
(w/v) and 0.05% Tween-20 (v/v) (Merck, Darmstadt, Germany) to 100 mM BB. TRIS-buffered 
saline (TBS; pH 8.2) was prepared from 20 mM TRIS (Duchefa Biochemie, Haarlem, The 
Netherlands) and 300 mM NaCl (Merck, Darmstadt, Germany). Phosphate-buffered saline 
(PBS) pH 7.4 was purchased from Sigma-Aldrich (Sigma-Aldrich, St Louis, MO, USA). The BCA 
reagents were purchased from Pierce (Rockford, IL, USA). All solutions were prepared with 
MQ water from a MilliQ-system (> 18.2 MΩ/cm) purchased from Millipore (Burlington, MA, 
USA). ‘Spezial Schwartz 4’ carbon nanoparticles were purchased from Degussa AG (Frankfurt, 
Germany). Goat anti-mouse IgG Fc specific antibody in PBS (2.4 mg/mL) used in the SPR 
study was purchased from ThermoFisher Scientific (Landsmeer, The Netherlands). Goat anti-
mouse IgG in PBS (pH 7.6) (1.2 mg/mL; AffiniPure F(ab’)2 Fragment GAM IgG Fcγ) used for 
spraying LFIA control lines was purchased from Jackson Immunoresearch Laboratories Inc 
(Sanbio, Uden, The Netherlands). All other antibodies were developed by RIKILT, Wageningen 
University & Research (Wageningen, The Netherlands), according to the procedure described 
in26,27. In short, the antibody panel listed in Table 3.1 was produced by immunizing mice 
with 50 µg extracted hazelnut (mixed) protein, with booster immunizations containing 25 
µg extracted hazelnut protein. Antibodies selected for LFIA were purified using a HiTrap 
Protein G column (GE Healthcare, Uppsala, Sweden). Briefly, antibodies were collected 
from 1 L of raw cell culture media by ammonium sulphate precipitation and subsequent 
affinity chromatography purification. Following this method, around 15–20 mg of purified 
antibodies was obtained from 1 L of raw cell culture medium. 

Table 3.1. Antibody ranking based on the visually observed association rates, confirmation by 

slope analysis in Excel and maximum plateau of Hazelnut bound

Fastest Association (Visual) Slope Analysis (Excel) Maximum Plateau
50-7B8 0.0233 50-7B8
50-6B12 0.0215 50-6B12
50-8A3 0.0193 50-8A3
50-1G10 0.0174 50-1G2
50-1G2 0.0166 50-6E1
50-6G7 0.0155 50-6G7
50-6E1 0.0153 50-1G10
50-6B3 0.0145 50-5H9
50-8B11 0.0137 50-8B11
50-5H9 0.0114 50-6B3
50-3A11 0.0110 50-3A11
50-2D9 0.0109 50-2D9
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2.3 Allergen Extractions
Certified standardized reference materials for food allergens are not commercially 
available and so antigen standards require in-house preparation. Allergen extracts were 
made from a ‘blank’ matrix of organic whole meal digestive biscuits (containing: flour, 
palm oil, sugar, barley malt extract, sodium bicarbonate, ammonium bicarbonate, salt; 
Dove’s Farm Organic Whole meal Digestive Biscuits; Dove’s Farm, Berkshire, UK), from 
hazelnut cookies (TimeOut Hazelnoot Granenbiscuits containing: 10% hazelnut, egg, milk 
& sesame; Albert Heijn, The Netherlands) and from hazelnuts, pecan nuts, pistachio nuts, 
brazil nuts, peanuts, cashew nuts, almonds, walnuts and macadamia nuts, which were all 
purchased from a local supermarket. All extracts were filtered through a series (5 µm, 1.2 
µm, 0.45 µm) of low protein-binding syringe filters. For the SPR study, whole raw hazelnuts 
were frozen at -80 °C for 4 h. The frozen hazelnuts were homogenized to a fine powder 
using a commercial hand blender. The protein was extracted by adding 10 mL of heated 
TBS buffer per gram of ground hazelnut. The mixture was vortexed for 30 s before rotating 
end-over-end for 30 min at 37 °C. The solution was centrifuged at room temperature for 
15 min at 4000 × g. The resulting liquid phase was filtered through a series of low protein-
binding syringe filters. Total protein concentrations were determined according to the 
BCA protein assay using BSA as the standard. All hazelnut protein extracts were aliquoted 
and stored at -20 °C until use. For the cross-reactivity study, a universal allergen extraction 
procedure was applied that can be used to simultaneously extract multiple different food 
allergens. Extracts were made from hazelnut, peanut, pecan, pistachio, walnut, brazil nut, 
macadamia nut, almond and cashew following the method described by Raz28. Briefly, 
nuts were homogenized using a Braun Turbo 600 W Food Processor, and 0.25 g sample 
portions were weighed out. Twenty-five milliliters of PBS (pH 7.4) was added to the ground 
samples and incubated at room temperature for 1 hour. Following incubation, extracts 
were centrifuged at 3,220 × g for 20 min. The extracts were then filtered through a series 
of low protein-binding syringe filters, aliquoted and stored at −20 °C until use. The same 
procedure was applied for the matrix extraction of the ‘Blank’ matrix and hazelnut cookies 
but using a 2.5 g ground food in 25 mL PBS. Total protein contents of all allergen/matrix 
extracts were determined using the NanoDrop.  

2.4 Biosensor Chip Preparation
A standard amine coupling procedure was applied at 25 °C to immobilize the Fc-Specific 
IgG (FC-IgG) onto the CM5 surface. Immobilization pH scouting for coupling of FC-IgG to 
CM5 chip was performed. The FC-IgG was diluted to 20 µg/mL in 10 mM sodium acetate 
of varying pH’s and tested using the pH scouting wizard in the Biacore 3000 control 
software (Uppsala, Sweden). A high immobilization level was reached at pH 5.5, so sodium 
acetate pH 5.5 was selected as the immobilization buffer in the following procedure. The 
four flow channels, clamped against the carboxylmethylated (CM) dextran chip surface, 
were simultaneously activated by injecting 35 µL of a mixture of EDC and NHS (1:1 v/v) 
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at a flow rate of 5 µL/min. Then, FC-IgG diluted (20 µg/mL) in coupling buffer (10 mM 
sodium acetate, pH 5.5) was injected in flow cells 2–4, and FC-IgG was attached to the 
activated CM-dextran surface via its exposed primary amine groups. Flow cell 1 was 
used as a reference channel and was left blank and was only activated by EDC/NHS. The 
coupling was followed by blocking the remaining active ionic groups in all flow cells with 
ethanolamine (1 M) preventing electrostatic interactions with the CM-dextran surface. 
Around 10,000 RU of FC-IgG was immobilized in each channel (2–4) using this method; 
this high level was aimed for in order to properly cover the chip surface with FC-IgG for the 
subsequent capture of the specific anti-hazelnut mAbs of interest.

2.5 Crude Antibody Screening Assay
The screening analysis was performed at 25 °C using HBS-EP (pH 7.4) as the screening 
buffer. The crude antibodies were diluted 1/20 in the screening buffer. The hazelnut 
protein extract was diluted to 20 ppm in the screening buffer. Twenty microliters of each 
crude antibody dilution was injected at a flow rate of 20 µL per minute for capture. These 
flow conditions were selected to more accurately reflect the fast flow kinetics observed in 
LFIAs. Subsequently, 20 µL of 20 ppm hazelnut extract was injected at a flow rate of 20 µL 
per minute. The surfaces were immediately regenerated with 2 pulses of 5 µL, 5 mM NaOH 
to return the biosensor signal to baseline29. A range of different regeneration conditions 
were tested, including glycine, HCl and different strengths, volumes and flow rates of 
NaOH. Of all the tested regeneration conditions, 2 short NaOH pulses were found to be the 
most appropriate for removing both strong and weak binders whilst minimizing FC-IgG 
surface deterioration, and these were applied as the standard regeneration conditions. 

Using the Biaevaluation software (Biacore, Uppsala, Sweden), the whole sensorgrams 
for each crude antibody capture and antigen binding cycle were superimposed. As the 
antigen in this study is comprised of heterogeneous proteins, the curves do not conform 
to Langmuir binding models. Therefore, as this study is focused on a rapid screening 
process, a full kinetic curve fitting was not performed. The sensorgrams were aligned on 
the x-axis at the hazelnut antigen injection point. A snapshot of the relevant part of the 
sensorgram, containing the hazelnut association and dissociation data, was made in the 
software. The sensorgrams were double referenced, first by using flow cell 1 as a blank 
reference channel for buffer signal subtraction and subsequently by normalizing the 
hazelnut response by dividing the antigen response by the corresponding crude antibody 
capture level, as described in11. All sensorgrams were y-axis zeroed to baseline. After data 
processing and removal of the FC-IgG capture curve and the regeneration peaks, a visual 
assessment of the association rates of each antibody towards hazelnut could be achieved. 
The visual assessment of the steepness of the association curves for the crude antibodies 
toward hazelnut was confirmed using the slope analysis function in Microsoft Excel. 
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2.6 Cross-Reactivity Testing 
Total protein extracts from tree nuts and peanut (in PBS) were protein content determined 
using the NanoDrop and then were diluted to 100 ppm in HBS-EP. Three different 
antibodies were captured by the FC-IgG surface, in individual flow cells, at a flow rate of 20 
µL per minute. During the first cycle, 20 ppm hazelnut extract was injected as a control to 
monitor the binding response of these crude antibodies towards hazelnut. Following this, 
the surface was regenerated with the standard regeneration conditions. Subsequently, the 
same antibodies were re-captured and 20 µL of one of the other tree nut/peanut protein 
extracts was injected over the antibodies using the same flow conditions. Following this, 
the surface was regenerated using 1 or 2 pulses of 5 mM NaOH, depending on the extent 
of tree nut/peanut binding. The procedure was repeated for all of the tree nut/peanut 
extracts. 

2.7 Sandwich Pairing Assay
Twenty microliters of each of three antibodies was captured in individual flow cells at a 
flow rate of 20 µL per minute. Next, 20 µL of 20 ppm hazelnut extract was injected over all 
flow cells simultaneously at flow of 20 µL per minute. Subsequently, 20 µL of one crude 
antibody was injected over all three flow cells, generating data for one antibody against 
itself and against two other antibodies. Following this, the surface was regenerated with 
standard conditions to return the signal to baseline. 

2.8 Labeling with Carbon Black Nanoparticles 
A 1% suspension of carbon nanoparticles was prepared by adding 1 mL of MilliQ Water 
(MQ) to 10 mg carbon and sonicating for 10 min. The resulting 1% carbon suspension 
was diluted five times in 5 mM BB (pH 8.8) to obtain a 0.2% suspension, which was then 
sonicated for a further 5 min. Next, 350 µg of purified anti-hazelnut antibody was added 
per 1 mL of 0.2% carbon suspension and stirred overnight at 4 °C. The suspension was 
divided into two aliquots and 500 µL of WB was added to each and centrifuged for 15 min 
at 13,636 × g at 4 °C. Following this, the supernatants were removed, and the pellets re-
suspended in WB, this process was repeated 3 times. After the final wash, the supernatants 
were discarded, and the pellets were pooled together with 1 mL storage buffer and 
stored at 4 °C until use. Scanning electron microscopy (SEM) images of F-50-6B12-carbon 
nanoparticle suspension can be seen in the Supplementary Information (SI; Figure S3.1). 

2.9 Lateral Flow Immunoassay 
2.9.1 Preparation of Lateral Flow Immunoassay Prototype 
Lateral flow strips were manufactured using nitrocellulose (NC) membranes (HiFlow Plus 
HF13502; Millipore, Carrigtwohill, Co. Cork, Ireland) cut to approximately 2.5 cm in length; 
see SI Figure S3.2 for an SEM image of the NC membrane. The NC membrane was secured 
on a plastic backing (G & L, San Jose, CA, USA), with 4.5 cm of absorbent pad (Schleicher 
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& Schuell, Dassel, Germany) overlapping one end of the NC. Four LFIAs were prepared 
for each antibody, with different antibody concentrations dispensed onto the test line 
to determine the optimum conditions. A TLC spotter was used to dispense the test line 
(the anti-hazelnut antibody at 0.2 mg/mL, 0.15 mg/mL, 0.1 mg/mL or 0.05 mg/mL) at 1.2 
cm and the control line (Goat anti-mouse Fab Fragment at 0.1 mg/mL) at 1.5 cm from the 
sample application end of LFIA. The TLC spotter used 1 µL of antibody per 5 mm wide strip, 
at a speed of 15 µL per second. The membranes were allowed to dry at room temperature 
for 30 min. Finally, 5-mm-wide strips were cut using the BioDot Guillotine CM4000 (Biodot 
Inc., Irvine, CA, USA) and were packaged in aluminum pouches with silica desiccation 
packs, heat-sealed and stored at room temperature until future use. 

2.9.2 Lateral Flow Immunoassay: Limit of Detection 
First, the visual limit of detection (LOD) of the strip tests was determined using a decreasing 
concentration of hazelnut protein extract diluted in PBS. Herein, the visual LOD is defined as 
the lowest concentration of total hazelnut protein capable of resulting in the appearance 
of a test line. Both strip batches had the same amount of purified anti-hazelnut antibody 
immobilized on the test line, and both sets of carbon nanoparticle labelled mAbs had 350 
µg of antibody immobilized per mL of carbon so that a fair comparison could be made 
between the two sets of antibodies. For dipstick analysis, a strip test was placed in a well of 
low binding microtiter plate containing 100 µL running buffer (RB), 1 µL carbon-antibody 
conjugate and 1 µL hazelnut extract (dilution range: 100, 50, 25, 10, 5, 2.5, 1, 0.5, 0.25, 0.1, 
0 ppm) and was allowed to run for 5 min. Subsequently, the visual LOD of the dipsticks 
in a spiked commodity was determined. To test for matrix LOD’s, total hazelnut protein 
extract was spiked into a blank cookie extract in the range of 100 ppm to 0.5 ppm (100 
ppm, 50 ppm, 25 ppm, 10 ppm, 5ppm, 2.5 ppm, 1 ppm, 0.5 ppm, 0 ppm). The testing 
procedure was the same as that described above. Additional matrix LOD determinations 
were made using 50 µL RB, 50 µL spiked commodity and 1 µL carbon conjugated-mAb in 
order to reduce further dilution that was caused by adding 100 µL of running buffer to 1 
µL of sample. In order to establish the real-life applicability of the optimal LFIA, the real-life 
matrix of a hazelnut cookie extract was also tested (1 µL sample in 100 µL RB) spiked into 
a decreasing dilution in a blank cookie extract in the range of 1:1 to 1:1,000,000. 

2.9.3 Lateral Flow Immunoassay: Test Line Kinetics   
To compare the antibody to hazelnut association rates in LFIA, it is necessary to time the 
appearance of the test line. The strips were tested by inserting a test strip into a microwell 
containing 100 µL RB, 1 µL carbon-mAb and 1 µL of 50 ppm hazelnut protein extract (in 
PBS). A higher concentration of hazelnut extract was used for the kinetic study, as a higher 
analyte level results in the appearance of a darker line with a high contrast, making it easy 
to visualize the line as soon as it forms. Instead of allowing the strips to run for 5 min, as 
soon as a test line appeared on the strip, this time was recorded. The kinetic experiments 



3

Rapid antibody selection using surface plasmon resonance for high-speed and 
sensitive hazelnut lateral flow prototypes    |   107   

were repeated multiple times (n = 8) and were assessed visually and by smartphone video 
recording for the test line formations. 

2.9.4 Semi-quantitative Smartphone Lateral Flow Readout 
To obtain RGB/CMYK color values, each LFIA in a calibration range (100 ppm, 50 ppm, 
25 ppm, 10 ppm, 5 ppm, 2.5 ppm, 1 ppm, 0.5 ppm, 0 ppm) was analyzed, with ‘RGB 
Color Detector’ (version 1.035), by selecting a region of interest in the LFIA test line area 
using the crosshair function. To obtain fair color values, values were averaged from three 
distinct points on the test line of the strips (n = 3). Color values were also taken from 
the background (below the test line) to normalize the results. The ‘Nix Pro Color’ (version 
1.28) sensor allows conversion between multiple different color spaces. Therefore, when 
plugging the RGB or CMYK values obtained in ‘RGB Color Detector’ into the ‘Nix Pro Color’ 
sensor, it is possible to select a conversion to LAB (or cieLAB) color space. Using the 
obtained LAB values, a calibration curve was plotted for LAB values vs hazelnut extract 
spiked into blank cookie extract using an ordinary spreadsheet program. 

3 Results

3.1 SPR Crude Antibody Screening Assay 
As the antibodies being screened for this study were in an un-purified, crude form, a 
capture method was used to allow for on-chip purification and proper orientation of 
anti-hazelnut mAbs (see Figure 3.1a). Although the FC-IgG itself may have suffered with 
orientation issues because a sufficiently high density was immobilized, these concerns 
could be alleviated as there was still a significant proportion of correctly orientated FC-
IgG. Furthermore, the FC-IgG surface allows for the anti-hazelnut mAbs to be captured 
predominantly in a ‘tail-on’ orientation, exposing their unoccupied antigen binding sites30. 
The FC-IgG was immobilized in flow cells 2–4 (flow cell 1 was left blank as a reference 
surface) to create a homogeneous surface. Then, the crude antibody sample was injected 
for capture by the immobilized FC-IgG. Following this, the hazelnut extract was injected 
and allowed to bind with the captured crude antibody sample. Each cycle was performed 
in duplicate. The duplicate results, across different flow cells, were used to determine the 
reproducibility of analyte binding levels. The captured antibody/hazelnut complex was 
completely removed from the FC-IgG specific surface before injecting the next crude 
antibody sample. 

A key benefit of SPR is the ability to re-use the sensor chips. Proper surface regeneration was 
achieved using standard conditions. These regeneration conditions removed the captured 
antibody/hazelnut leaving the FC-IgG surface intact. The signal after regeneration only 
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resulted in a slight loss of baseline response, but subsequent antibody/analyte injections 
were able to reach response levels within ± 10% of the original response levels.

Figure 3.1. (A) SPR screening assay for crude antibodies. The first image shows the capture of a crude 

anti-hazelnut mAb (blue) via its FC region by the FC specific IgG (orange). The second image shows 

the binding of total hazelnut protein to the anti-hazelnut mAb. The third image displays the sandwich 

pairing of an anti-hazelnut mAb (blue) towards hazelnut and another anti-hazelnut mAb (blue). (B) 

Normalized SPR sensorgrams for 12 crude antibody preparations against 20 ppm hazelnut extract. 

The hazelnut injection is indicated by the first arrow, which is followed by the association of the crude 

antibodies towards hazelnut. The second arrow indicates the start of the hazelnut dissociation from the 

antibodies. (C) Full sensorgram of a crude antibody towards hazelnut in triplicate. The first curve shows 

the capture of the crude antibody via its FC region, the second curve the binding of hazelnut to that 

antibody and the following two spikes the regeneration.
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Every few cycles, some antibodies were re-injected to ensure that the same levels and 
binding ratios could be reproduced; for example, S-50-5H9 was re-injected between other 
antibodies and was able to bind to hazelnut at 87.63, 92.22 and 94.93 RU. For the cross-
reactivity study, sometimes only one regeneration pulse was required due to less antigen 
binding and therefore less protein to remove from the surface.

The overlay plot presented in Figure 3.1b displays sensorgrams with the association 
curves for 12 different crude antibody preparations against hazelnut (see SI Figure S3.3 
for duplicate curve reproducibility across two flow cells). As dissociation is not of primary 
concern in LFIA, this characteristic was not focused on here. Each sensorgram composed 
of the crude antibody capture step, followed by the injection of the hazelnut extract and 
then the subsequent surface regeneration. An example of the full sensorgram before data 
processing can be seen in Figure 3.1c (data for 1 antibody, overlaid in triplicate) where the 
first curve represents the capture of the hazelnut antibody, the following curve the binding 
of the antibody with hazelnut and the subsequent spikes, the standard regeneration 
conditions. The levels for crude antibody capture ranged from 40-160 RU and the antigen 
binding response ranged from 20-130 RU; these responses are in correspondence with 
the range of levels reached in11. The binding curves were normalized as described in 
the methods section. From Figure 3.1b, a visual interpretation of the association rates 
of the crude antibodies can be made. The start of the association phase is indicated by 
the first arrow (Figure 3.1b). Those antibodies with a steeper slope incline at the dip (e.g., 
50-7B8) have a faster association towards hazelnut compared with the antibodies with 
a shallower curve (e.g., 50-2D9). The visual interpretation of the curves was confirmed 
by slope analysis in Microsoft Excel and was reproducible across two separate cycles in 
two different flow cells. The crude mAbs were ranked based primarily on association rates 
(visually and confirmed in Excel) and subsequently on hazelnut binding plateau values as 
can be seen in Table 3.1. As this study aimed for a quick and simple SPR screening method, 
no attempt was made to compare the absolute association, dissociation and equilibrium 
constants of the crude antibodies.

Although the main purpose of this screening method was to select ultra-fast antibodies 
for a high-speed LFIA, it is also necessary that these antibodies exhibit good sensitivity. 
Therefore, the antibodies were grouped first according to their association speeds towards 
hazelnut and then according to the amount of hazelnut that they were able to bind 
(Table 3.1). Regardless of the extent of hazelnut binding, the most desirable parameter 
in this study was the speed of mAb to hazelnut binding for final application in LFIA. The 
experiments were performed in duplicate with identical results. According to this ranking, 
the three best (fast and able to bind most hazelnut) antibodies selected were 50-7B8, 50-
6B12 and 50-8A3. The antibody which was able to bind the least and had the slowest 
association toward hazelnut was 50-2D9 with the second and third slowest being 50-3A11 
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and 50-5H9, respectively. Even those crude antibody preparations at the bottom of the 
table were still capable of binding sufficient hazelnut, meaning that even the less optimal 
mAbs could be applied as capture ligands in a direct SPR assay.  

3.1.1 Cross Reactivity 
The cross-reactivity study was carried out with the top two fastest (50-7B8 & 50-6B12) 
and the two slowest (50-3A11 & 50-2D9) crude antibodies (listed in Table 3.1). The 
percentage of cross reactivity was determined by dividing the binding response (RU) of 
the tree nut/peanut extract by the corresponding binding response of hazelnut toward 
that particular crude antibody (see SI Table S3.1). The fastest antibody (50-7B8) cross 
reacted with walnut at 17%, making it unsuitable for application in a hazelnut LFIA. The 
second fastest (F) antibody (F-50-6B12) exhibited no significant cross-reactivity toward 
the tested tree nut/peanut extracts, so this antibody was selected for further testing for 
use as the ‘best’ antibody for the LFIA prototype. Both of the slowest antibodies (50-3A11 
& 50-2D9) displayed significant cross-reactivity towards multiple other tree nut/peanut 
extracts and were capable of binding less hazelnut, making these antibodies unsuitable 
for LFIA. Therefore, the third slowest (S) antibody (S-50-5H9) was also tested for cross-
reactivity and it was found that it did not exhibit significant cross-reactivity toward the 
tested tree nut/peanut extracts and so was carried forward as the less optimal antibody 
for LFIA prototyping. 

3.1.2 Sandwich Pairing 
A different antibody was captured in each of 3 flow cells, leaving flow cell 1 blank as a 
reference. Hazelnut extract was injected simultaneously over all flow cells, meaning 
that three hazelnut binding curves were generated per cycle. Succeeding this, one 
crude antibody was injected simultaneously over all flow cells, attaining sandwich pair 
information against itself, and against two other crude antibodies. 

This method was repeated for all the antibodies to be tested for sandwich pairing. The lack 
of binding of secondary mAbs, when there was no hazelnut protein bound to the capture 
mAbs, demonstrated the absence of unwanted binding to unoccupied FC-IgG in the flow 
cell.  Consequently, when binding did occur, following hazelnut injection, this confirmed 
the formation of a sandwich pair. Although F-50-6B12 and S-50-5H9 could form sandwich 
pairs both with one another and some of the other antibodies, the most successful pairs 
(able to bind the most hazelnut and subsequent antibody) were with themselves. In Figure 
3.2. the sandwich pairing for F-50-6B12 and itself can be seen. In this sensorgram, the 
first curve represents hazelnut binding with F-50-6B12 and the subsequent curve shows 
the binding of F-50-6B12, indicating that F-50-6B12 is capable of binding to two distinct 
epitopes and can form a sufficient sandwich pair. Furthermore, it appears that F-50-6B12 
has very little dissociation, although this is not necessarily an important characteristic 
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within LFIA, it is indicative of the formation of a stable sandwich pair (see SI Figure S3.4). As 
the optimal antibody (F-50-6B12) and the less optimal antibody (S-50-5H9) were capable 
of forming sandwich pairs with themselves, only these antibody preparations were finally 
purified for application in a LFIA prototype.

Figure 3.2. SPR based sandwich pairing. Sensorgram depicting crude “good” sandwich pair F-50-6B12 + 

F-50-6B12. The first curve in the sensorgram represents the hazelnut binding to F-50-6B12. The following 

curve shows the binding of a second F-50-6B12 to the hazelnut protein extract.

3.2 Lateral Flow Immunoassay Prototypes
First, the optimal mAb test line concentration was determined using the purified antibodies. 
In order to make a fair comparison between the two antibodies it was necessary to use 
the same dispensing conditions for each. It was found that the strips with a 0.2 mg/mL 
mAb at the test line gave a background response in a blank matrix for S-50-5H9, so this 
concentration was rejected. The 0.05 mg/mL test line strips suffered from a loss of sensitivity 
for both antibodies. The 0.1 mg/mL test line strips gave no response in the blank but were 
not as sensitive. Therefore, the optimum test line condition for both mAbs was found to 
be 0.15 mg/mL. Different control line concentrations were also tested, with the optimal 
concentration being 0.1 mg/mL. This concentration was selected as it still gave a significant 
control line response without causing a background response in a blank. 
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For the optimal antibody (F-50-6B12), an LOD of 0.1 ppm for hazelnut protein extract in 
spiked buffer was achieved and for the less-optimal antibody (S-50-5H9), an LOD of 2.5 
ppm was reached (Figure 3.3 a and b). The results are consistent with the observations 
made in the SPR experiments, as F-50-6B12 was capable of binding more hazelnut 
compared with S-50-5H9. As can be seen in Figure 3.3a and b, the naked eye is able to 
read at a lower limit (visual LOD indicated by the eye icon) compared with the smartphone 
camera (smartphone LOD indicated by smartphone icon), this is likely owing to ambient 
light conditions which come into effect when recording the smartphone image. The 
spiked buffer experiments were reproducible across different days (n = 3) with identical 
visual LOD’s being reached for each repetition. As the smartphone images were recorded 
over different days and times, with no light control mechanism, differences are observed 
in the ambient lighting conditions in the images. 

Figure 3.3. Lateral flow immunoassay limit of detection experiments. (a), F-50-6B12, (b), S-50-5H9: LFIAs 

showing the LOD determination of hazelnut protein extract spiked in PBS in the range of 100 ppm to 0.1 

ppm with the last LFIA being a blank (0 ppm). In all LFIAs, the upper line is the control line and the lower 

line the test line. The visual LOD is indicated by the eye icon and the detection limit using a smartphone 

camera is indicated by the smartphone icon. (c), F-50-6B12, (d), S-50-5H9: LFIAs showing matrix LOD of 

hazelnut protein extract spiked in blank cookie extract (1:100 in running buffer) in the range of 100 ppm 

to 1 ppm (with the last strip representing a blank 0 ppm). The visual LOD is indicated by the eye icon and 

the detection limit using a smartphone camera is indicated by the smartphone icon.

To understand the LFIAs applicability to real life samples, the matrix LOD’s were 
subsequently determined by spiking hazelnut extract into a blank cookie extract. When 
using 1µL of spiked cookie extract in 100 µL of RB, a matrix LOD of 1 ppm could be achieved 
for F-50-6B12 (Figure 3.3c) and of 5 ppm for S-50-5H9 (Figure 3.3d). As a much lower LOD 
was achieved for F-50-6B12 in the spiked buffer experiments, the matrix LOD experiments 
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were repeated using 50 µL of spiked cookie extract (in RB) and 50 µL of RB in order to try 
and increase the sensitivity of the LFIA. For the less optimal mAb (S-50-5H9), these assay 
conditions resulted in a false positive, with even the blank producing a test line signal. 
However, under these conditions, F-50-6B12 was easily able to detect below 0.5 ppm (see 
Figure 3.4), making it the most sensitive hazelnut LFIA currently reported. The lowest LOD 
in spiked matrix for commercially available hazelnut LFIAs is currently 1 ppm4. This means 
that the LFIA prototype for the optimal mAb developed in this study is equally or even 
more sensitive than the currently reported LFIAs, even before any further optimization. 

To further exemplify future use in real life, the F-50-6B12 LFIA prototype was also tested 
in a decreasing amount of commercial hazelnut cookie extract, diluted in a blank cookie 
extract. In this way, F-50-6B12 was still able to detect the presence of the hazelnut cookie 
even when it was diluted by 106 in a blank cookie. 

Figure 3.4. F- 50-6B12 Lateral flow immunoassay matrix limit of detection. Lateral flow strips for F-50-

6B12 showing the matrix LOD of hazelnut protein extract spiked in blank cookie using 50 µL spiked 

sample and 50 µL RB. A clear LOD of below 0.5 ppm can be visualized both with the naked eye and with 

a smartphone camera.

In order to determine the kinetics of the LFIAs, the strips were tested in a high concentration 
of hazelnut (50 ppm) and the timing of the appearance of the test line was recorded. 
Although the test line kinetics were the same when using lower/higher concentration 
of total hazelnut protein, the appearance of the test line was easier to distinguish when 
using a higher concentration, making it possible to more accurately record the timing of 
the line appearance. First, the kinetics were determined for each LFIA batch individually, 
across different days (n = 3), to establish an average visual response time and standard 
deviation (n = 8) for the test line appearance. Subsequently, the two LFIAs were one-to-
one compared for the speed of the formation of the test lines which was recorded by 
video using a smartphone recording (see SI Figure S3.5 smartphone video screenshots 
for video). In SI Figure S3.5, a kinetic comparison between the two different LFIAs is 
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demonstrated. By making time-resolved screenshots from a smartphone video recording 
(every 5 s) it is possible to distinguish the appearance of the test line of the F-50-6B12 LFIA 
at a much earlier (30 s) stage than the appearance of the test line for the S-50-5H9 LFIA 
(60 s). In reality, it is possible to distinguish the test line slightly earlier with the naked eye, 
compared with the smartphone recording. Therefore, visually the test line for F-50-6B12 
first appeared, on average, at 30 s with a standard deviation of ± 1.2 s. The test line for 
S-50-5H9 appeared on average at 52 s with a standard deviation of ± 2.2 s. The LFIA kinetic 
results are in direct agreement with the results from the SPR experiments, where F-50-
6B12 also exhibited nearly 2 × faster association with hazelnut compared with S-50-5H9 
(see Table 3.1; slope analysis). The F-50-6B12 strips could easily be read visually or with a 
smartphone camera within 2 min and even the S-50-5H9 strips could be read within 5 min.  

3.3 Smartphone Detection
The majority of smartphone-based lateral flow readers rely on related assay-specific 
developed apps31,32. These apps can be used to semi-quantify LFIAs by establishing a 
calibration curve based on color values for test lines of LFIAs versus analyte concentrations. 
In the same way, color values can be determined using freely downloadable apps from 
Google Play Store. More researchers are switching to cieLAB/LAB color space analysis, as it 
has a more extensive color range (gamut), which more accurately represents how humans 
visually interpret colors and therefore, is device independent. Like RGB, LAB values are 
composed from three criteria, the L represents luminosity and A and B represent color 
space; unlike RGB only the L value provides information about the darkness/lightness of 
the selected region. Using the (L)LAB values obtained from the test lines, it was simple 
to establish a calibration curve to semi-quantify the strip tests by plotting total hazelnut 
protein concentration (in blank cookie) against (L)LAB values (see Figure 3.5 below). 
Background measurements were made from under the test line region on all of the strips, 
as at this stage a light box was not used to control the ambient lighting conditions of 
the photos. There is a clear relationship between the (L)LAB values and the concentration 
of hazelnut present in the sample, with lower hazelnut concentrations corresponding 
to higher (L)LAB values. The applied method did not utilize any light-box or dedicated 
algorithm to control ambient lighting conditions, indicating that it is possible to use a 
smartphone to semi-quantify carbon nanoparticle-based LFIAs without attachments. In 
this way, it is possible for anybody to perform their own smartphone analysis using only 
an LFIA calibration range and freely downloadable apps. 
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Figure 3.5. A calibration curve showing the relationship between (L)LAB values of test lines of hazelnut 

LFIA in a decreasing concentration of hazelnut protein (in blank cookie). Error bars have been included 

to show the standard deviation across multiple (n = 3) measurements. An (L)LAB value of 100, (0, 0) 

corresponds to a true white and of 0 (0,0) to a true black, in this study the lowest L value was 42 and so 

the L (LAB) axis begins at 40.

4 Discussion

Surface plasmon resonance was used to screen antibodies in their un-purified state based 
on their fast association, specificity and sensitivity towards hazelnut, for use in LFIA. This 
method saves significant time and resources compared with selecting mAbs by ELISA. 
In ELISA, it is preferred to use purified mAbs and the antibody purification process takes 
approximately one day for each antibody. Considering that in this study, 12 mAbs were 
ranked by SPR as an analysis tool, if these would have first needed purification, it would 
have taken over a week longer to get to the antibody assessment stage. As the method 
only requires small volumes of un-purified mAbs, it is possible to start assessing the mAb 
characteristics as early as the fusion stage. Additionally, as SPR is a label-free technique, 
even more time is saved by not having to perform additional labeling experiments, and 
more unequivocal information is obtained from SPR compared with ELISA. 

The SPR results made it possible to select a very good and a less optimal antibody pair 
for application and comparison in a high-speed LFIA. The two prototype LFIAs displayed 
a significant difference in the timing of the appearance of the test line, with F-50-6B12’s 
test line appearing at least 20 s before the appearance of the test line on the S-50-5H9 
strip. When considering moving towards consumer-friendly food allergen detection, it is 
desirable to have LFIAs that give accurate, positive results, as quickly as possible, so that 
food can rapidly be assessed before its consumption. Quick allergen analysis can prevent 
unnecessary allergic reactions by allowing consumers to determine which portions of 
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foods are safe to eat and which should be avoided. The proposed screening method could 
be extremely useful when trying to select antibodies of similar kinetics to use in a multiplex 
assay. In this way it would be possible to select capture/detector mAbs for a range of 
targets which have similar association rates towards their targets, so that when they are 
utilized in a multiplex assay, the T-lines appear within a similar temporal resolution. The 
optimal F-50-6B12 strips were able to detect the presence of hazelnut at trace levels in 
spiked buffer, spiked commodity and a real-life hazelnut cookie, highlighting the LFIAs 
usefulness in real life. The F-50-6B12 LFIA is sensitive enough to protect even for the most 
sensitive hazelnut allergic individuals. Finally, a semi-quantitative smartphone readout 
was achieved by using simple and free color analysis apps to obtain device independent 
LAB values. This proves that even in the absence of additional light-control mechanisms, 
3D-printed attachments and dedicated software apps, it is possible for anyone to obtain 
semi-quantitative LFIA results using their smartphones, provided that mAbs are labelled 
with carbon nanoparticles. Such apps could also be used to semi-quantify a multiplex 
assay. This study demonstrates a generically applicable proof-of-concept method for a 
novel association and sensitivity-based antibody selection procedure that can be applied 
to crude preparations for consequent application in LFIA with a visual or smartphone 
readout and an LOD in the low ppm range. 
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Supplementary information

Chapter 3

Figure S3.1. Scanning electron microscope (SEM) image of the carbon nanoparticles conjugated 

to 50-6B12. The images were made by drying a suspension of (1 in 5 dilution of conjugate in 100 mM 

borate buffer) carbon-50-6B12 onto a Millipore polycarbonate GTTP filter (nominal pore size 0.1 µm) and 

sputtering it with a fine coating of gold. The SEM conditions were a charge of 12 kV and a magnification 

of x 8,000. The conjugates are represented by the white grape like structures. 

Figure S3.2. SEM image of HF13502XSS nitrocellulose membrane. The SEM conditions for this image 

were a charge of 6 kV and a magnification of x2,200. 
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Figure S3.3. Overlay sensorgrams of 12 different hazelnut antibodies towards hazelnut. 

Table S3.1. Cross-reactivity of different anti-hazelnut antibodies towards different tree-nut 

allergen extracts

mAb Peanut Pecan Cashew Almond Walnut 
50-7B8 N/A 0 N/A 0 17
50-6B12 N/A 4.5 N/A 0 3
50-5H9 N/A 4.7 N/A 2 4.5
50-3A11 N/A 17 N/A 1.7 13
50-2D9 N/A 42 N/A 4 125
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Figure S3.4. Sensorgram depicting the sandwich pairing between 50-5H9 and itself, where the first 

curve represents the capture of 50-5H9, and the second curve the binding of hazelnut towards 50-5H9 

and the third the subsequent binding of 50-5H9.

Figure S3.5. Screenshots from smartphone video recording made at 5 second intervals. Lateral flow 

immunoassay kinetic experiments. Time resolved photos of the appearance of the test and control lines 

on F-50-6B12 (red) and S-50-5H9 (yellow) LFIA strips. Screen shots taken from the smartphone video 

recording at 5 second intervals. A clear positive result can be seen for the F-50-6B12 strips within 30 

seconds (indicated by red arrow) whilst a positive result for S-50-5H9 can only be seen after 60 seconds 

(indicated by yellow arrow).  



3

Rapid antibody selection using surface plasmon resonance for high-speed and 
sensitive hazelnut lateral flow prototypes    |   123   



4CHAPTER 4



A critical comparison between 
flow-through and lateral flow 
immunoassay formats for visual 
and smartphone-based multiplex 
allergen detection

Adapted from:
Ross, G.M.S., Salentijn, G.IJ., Nielen, M.W.F., 2019. A critical comparison 
between flow-through and lateral flow immunoassay formats for visual and 
smartphone-based multiplex allergen detection. Biosensors. 9(4). 143. doi: 
10.3390/bios9040143  



Background: The lack of globally standardized allergen labeling legislation 

necessitates consumer-focused multiplexed testing devices. These should be easy to 

operate, fast, sensitive and robust. (2) Methods: Herein, we describe the development 

of three different formats for multiplexed food allergen detection, namely active 

and passive flow-through assays, and lateral flow immunoassays with different 

test line configurations. (3) Results: The fastest assay time was 1 min, whereas even 

the slowest assay was within 10 min. With the passive flow approach, the limits of 

detection (LOD) of 0.1 and 0.5 ppm for total hazelnut protein (THP) and total peanut 

protein (TPP) in spiked buffer were reached, or 1 and 5 ppm of THP and TPP spiked 

into matrix. In comparison, the active flow approach reached LODs of 0.05 ppm 

for both analytes in buffer and 0.5 and 1 ppm of THP and TPP spiked into matrix. 

The optimized LFIA configuration reached LODs of 0.1 and 0.5 ppm of THP and TPP 

spiked into buffer or 0.5 ppm for both analytes spiked into matrix. The optimized 

LFIA was validated by testing in 20 different blank and spiked matrices. Using device-

independent color space for smartphone analysis, two different smartphone models 

were used for the analysis of optimized assays.Ab
st
ra
ct
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1 Introduction

Food allergens are naturally occurring proteins present in a multitude of foods. Individuals 
with a food allergy are sensitized towards these proteins, and exposure to them can lead 
to adverse, sometimes life-threatening, health effects1. The majority of food allergen-
related anaphylaxis in Europe can be attributed to peanut and tree nut allergens2. Allergies 
towards peanuts and tree nuts commonly co-exist, making the simultaneous detection of 
these problematic allergens desirable3,4.

The only way for allergic individuals to avoid an allergic reaction is for them to stick to 
an avoidance diet. Such diets are largely reliant upon proper allergen labeling of food 
products. However, currently in the European Union (EU), only ingredients which have 
been intentionally incorporated into a food require labeling5,6. This means that allergens 
that are unintentionally present in food, such as via cross contamination, do not need 
to be declared, with all associated risks for allergic consumers. As a result, many food 
manufacturers use voluntary precautionary allergen labeling (PAL) (e.g., ‘may contain’ 
statements) in order to safeguard consumers7.In theory, PAL statements protect the 
consumer from potential allergic reactions; in reality the over-use of unregulated PAL 
has resulted in consumers choosing to ignore these warning statements8. Therefore, it 
is imperative to engage the public with their own food allergen analysis by developing 
consumer-friendly detection methods9,10. The cornerstones to consumer-friendly allergen 
detection are speed, sensitivity, ease-of-use, affordability, portability, multiplexing 
capability and a simple read-out system. Although some specifically consumer-oriented 
allergen sensors are available, such as the portable gluten and peanut sensors from NIMA, 
more often these biosensors are still proof-of-concept assays rather than commercial tests 
designed for consumers11-14, and generally they lack multiplexing and proper validation as 
screening methods. A shared characteristic of novel allergen detection is the increasing 
trend to utilize a smartphone as an interface and readout system9,14-17. Using a smartphone 
readout improves the overall ease of result interpretation by introducing an interface that 
the consumer is already familiar with, alongside providing a means to wirelessly transmit 
results to relevant stakeholders, such as food manufacturers and restaurant personnel18. 
The Lateral Flow Immunoassay (LFIA) is widely considered the gold standard for easy-to-
use, low-cost, sensitive and quick screening for food safety issues. Despite their widespread 
application, allergen LFIAs are often based on the analysis of a single analyte, owing to the 
difficulties associated with multiplexing an LFIA, including the need for careful design of 
test line configuration to prevent upstream detection areas from affecting downstream 
detection areas19,20. Most multiplex LFIAs for food safety focus upon the detection of low-
molecular weight compounds, such as antibiotics and mycotoxins21,22. However, this past 
year has seen an increase in the development of multiplex food allergen detection LFIAs, 
with the development of an assay for the detection of hazelnut, ovalbumin and casein in 
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bakery products within 10 min23. A further example is the multiplex, low-ppm detection 
of both β-lactoglobulin and β-casein, two major allergenic milk proteins, within 10 min24.

A major drawback typically associated with LFIAs is the assay duration, which usually is 
10–20 min, and is affected by mass transport limitations (MTL) and binding kinetics25. 
MTLs are caused by the fact that the target analytes need to be carried across a porous 
membrane, such as nitrocellulose (NC) by passive, capillary flow, and thus affect the 
detection speed of the assay26. The NC capillary flow rate is measured in the time in 
seconds it takes the sample front to travel 4 cm. Selection of NC based on this capillary 
flow rate is a compromise between assay sensitivity and assay speed with mid-speed 
membranes (120–150 s/4 cm) offering advantages in both areas. When detection speed 
is not a constraint, a membrane with a slower flow rate and smaller pore size increases 
the available binding time between the labeled antibody–analyte and the test line 
antibody which can result in increased assay sensitivity27-29. In order to speed up LFIAs, in 
combination with NC with a good flow rate, antibodies with fast association rates towards 
their target should be used. Antibodies can be selected for their binding kinetics by in 
depth surface plasmon resonance (SPR)-based antibody screening and characterization. 
In this way a carbon nanoparticle-based hazelnut allergen LFIA has been developed, with 
a 30 s assay time, which as far as we know is a world record for allergen assay speed30.

In order to overcome restrictions typically associated with LFIAs, a flow-through 
immunoassay format can be used instead31,32. Flow-through immunoassays are reported 
to offer the benefits of increased assay speeds, better sensitivities—owing to the use of 
larger sample volumes, excellent multiplexing capabilities and the absence of the ‘hook-
effect’27,33,34. The hook-effect is a phenomenon that is commonly encountered in one-
step, sandwich format LFIAs. It occurs where the free analyte and the analyte which is 
bound to a labeled antibody compete for the limited number of binding sites available 
on immobilized capture antibodies, leading to a reduction in colorimetric signal and 
sometimes false negative results24,35,36. Therefore, if the correct assay working range is 
not determined, it could lead to consumers erroneously believing a food with a high 
allergen content is safe. Flow-through assays can be prepared in different ways. Passive 
flow-through assays consist of LFIA materials, but in a stacked arrangement, with the 
membrane biofunctionalized with capture antibodies on top, and the conjugate and 
absorbent pads layered underneath or as flow-through enzyme-linked immunosorbent 
assays (ELISAs)37-39. An alternative flow-through approach is to insert a biofunctionalized 
membrane into a syringe filter holder, applying manual or mechanical pressure to the 
syringe to actively control the vertical flow of the reagents and the sample40,41. Although 
flow-through formats generally allow greater freedom in geometric assay design, they are 
prone to inter/intra-user variability42.
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The lack of agreed regulatory allergen thresholds has stalled the development of certified 
reference materials, preventing true comparisons to be made between various detection 
methods by different kit manufacturers and researchers43. Therefore, in this study, we use 
the same bioreagents to compare different geometrically designed, paper-based, flow-
through and lateral flow immunoassay configurations for the simultaneous detection of 
hazelnut and peanut allergens with a smartphone readout system.

2 Materials and Methods

2.1 Reagents and Consumables
Washing buffer (WB) was composed of 5 mM borate buffer (BB) (pH 8.8) diluted from 
a mixture of 100 mM sodium tetraborate (VWR, Leuven, Belgium) and 100 mM boric 
acid (Merck, Darmstadt, Germany) and bovine serum albumin (BSA; Sigma-Aldrich, 
Zwijndrecht, The Netherlands) was added to a final concentration of 1% (w/v). Storage 
buffer (SB) consisted of 100 mM BB containing BSA to a final concentration of 1% (w/v). 
Running buffer (RB) was prepared by adding 1% BSA (w/v) and 0.05% Tween-20 (v/v) 
(Merck, Darmstadt, Germany) to 100 mM BB. Phosphate buffered saline (PBS; 0.01 M; pH 
7.4) was purchased from Sigma-Aldrich (Sigma-Aldrich, Zwijndrecht, The Netherlands). All 
solutions were prepared with water from a MilliQ-system (MQ) (>18.2 MΩ/cm) purchased 
from Millipore (Burlington, MA, USA). ‘Spezial Schwartz 4’ carbon nanoparticles were 
purchased from Degussa AG (Frankfurt, Germany). Goat anti-mouse IgG in PBS (pH 7.6) 
(1.2 mg/mL; AffiniPure F(ab’)2 Fragment GAM IgG Fcγ) used for spraying control lines/
spots was purchased from Jackson Immunoresearch Laboratories Inc. (Sanbio, Uden, 
The Netherlands). The hazelnut (50-6B12) and peanut (51-2A12 and 51-12D2) antibodies 
were developed by Wageningen Food Safety Research (WFSR), Wageningen University 
and Research (Wageningen, The Netherlands) according to the procedure described by 
Bremer et al44. All antibodies were buffer exchanged from PBS (pH 7.4) into 5 mM BB (pH 
8.8) using Zeba™ Spin Trap columns (Thermo Scientific; Landsmeer, The Netherlands) prior 
to use. Passive flow-through assays were developed from a Miriad Rapid Vertical Flow 
toolkit (MedMira, Halifax, NS, Canada). All active flow-through assays were developed 
on unbacked Whatman 0.45 µm nylon (GE Healthcare, Eindhoven, The Netherlands) 0.45 
µm NC or 0.2 µm NC membranes and inserted into 13 mm Swinny syringe filter holders 
(Merck, Darmstadt, Germany). The assembled filter holder was attached to a 10 mL 
syringe (Becton-Dickinson, Utrecht, The Netherlands). Lateral flow immunoassays (LFIAs) 
were developed on 140 CN nitrocellulose membranes (Unisart, Sartorius, Gottinghem, 
Germany) secured on a plastic backing (G and L, San Jose, CA, USA) overlaid with an 
absorbent pad (Whatman, GE Healthcare, Eindhoven, The Netherlands). All LFIAs were 
heat-sealed in foil packets with silica beads and stored at room temperature until use.
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2.2 Allergen Extraction
Currently, a drawback in allergen detection is that no certified, standardized reference 
materials are commercially available, and antigen standards and blank matrices need to 
be prepared in-house45. The influence of food processing on the protein conformation 
of allergens can affect their detectability46, but this was not explicitly investigated in this 
study, as the focus was comparing the performance of the same antibodies applied in 
different immunoassay formats. 

Extracts were made from hazelnuts, peanuts, blank flour, peanut-spiked flour (8 ppm) 
and 20 truly different biscuits (i.e., 20 different brands and varieties; see Supplementary 
Information (SI), Table S5.1) free from peanuts/tree-nuts, which were supplied by project 
partners or purchased from local supermarkets. Raw hazelnuts and unsalted peanuts were 
frozen whole at −80 °C for 1 h. The frozen foods were homogenized using a commercial 
hand blender (Braun Turbo 600 W Food Processor, Braun, Oss, The Netherlands). A total 
protein extract was made by adding 10 mL PBS (pH 7.4) per gram of ground sample and 
incubating at room temperature for 1 h. Following incubation, extracts were centrifuged at 
3220× g for 20 min. The extracts were then filtered through a series of low protein-binding 
syringe filters (5 µm > 1.2 µm > 0.45 µm), and the filtrate was aliquoted and stored at −20 
°C until use. To ensure sample stability, fresh aliquots were defrosted daily for experiments, 
and protein concentrations were determined using the NanoDrop ND 3300 (Isogen Life 
Sciences, De Meern, The Netherlands) prior to use. Blank biscuits were homogenized by 
agitating 0.5 g in a 50 mL tube with ball bearings to a fine powder. Next, 5 mL of 100 mM 
borate buffer was added to the tubes and agitated for 1 min with the powdered biscuit or 
flour. The suspension was left at room temperature for 25 min. Afterwards, extracts were 
filtered through a series of low protein-binding syringe filters (5 µm > 1.2 µm > 0.45 µm), 
aliquoted and stored at −20 °C until use. All experiments, except for matrix experiments, 
were performed using total hazelnut protein (THP) and total peanut protein (TPP) spiked 
into running buffer. For matrix experiments, 1 µL of 1000 ppm THP and TPP extract was 
spiked into 999 µL (v/v) of the 20 different blank biscuit extracts.

2.3 Carbon Black Nanoparticle Conjugation
A 1% suspension of carbon nanoparticles (CNPs) was prepared by adding 1 mL of MQ 
Water to 10 mg carbon and sonicating for 10 min. The resulting 1% carbon suspension 
was diluted five times in 5 mM BB (pH 8.8) to obtain a 0.2% suspension, which was then 
sonicated for 5 min. Next, 350 µL purified hazelnut or peanut antibody solution (1 mg/
mL in 5 mM BB) was added to 1 mL (to make a total volume of 1.35 mL) of 0.2% carbon 
suspension and stirred overnight at 4 °C. The suspension was split into approximately two 
equal aliquots (670 µL), and 500 µL of WB was added to each before centrifuging them 
for 15 min at 13,636× g at 4 °C. Following this, the supernatants were removed, and the 
pellets re-suspended in WB. This process was repeated three times. After the final wash, 
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the supernatants were discarded, and the pellets were pooled together with 1 mL storage 
buffer and stored at 4 °C until use.

2.4 Multiplex Passive Flow-Through
The plastic cartridge, biofunctionalized membrane and absorbent pad (absorption 
volume of 200 µL) from a Miriad Rapid Vertical Flow technology toolkit was used to create 
the passive flow-through assays. A schematic representation of the passive flow-through 
assay is shown in Figure 4.1A.

The membranes were biofunctionalized by manually depositing 0.5 µL of the peanut, 
hazelnut and control antibody solutions (1 mg/mL) in three distinct regions using a 
pipette. The tip of the pipette was touched very lightly against the membrane to dispense 
a consistent antibody spot. The membranes were dried for 45 min. Once dried, three drops 
of RB were added via a dropper bottle and allowed to saturate the membrane. Immediately 
after, 50 µL of the mixed allergen extract (diluted in RB; 1000 ppm, 100 ppm, 10 ppm, 1 
ppm, 0.1 or 0 ppm) was pipetted dropwise onto the membrane and allowed to absorb 
fully. Next, a 10 µL suspension of 10 × diluted carbon labeled-monoclonal antibodies 
(CNP-mAbs) was pipetted onto the membrane and allowed to absorb fully. Finally, three 
drops of RB were applied to wash the membranes. The assays were read immediately with 
the naked eye and an image was acquired with a smartphone camera. LOD values for 
visual inspection were established at the lowest concentration that reproducibly yielded 
a signal that could be observed and distinguished from the background by the naked eye.

2.5 Multiplex Active Flow-Through
A schematic representation of the active flow-through assay is shown in Figure 4.1B. First, 
the most appropriate assays parameters were established including membrane type, pore 
size, antibody concentration for dispensing and assay conditions.

2.5.1 Simplified Multiplex Flow-Through
Allergen-specific antibody solutions (0.5 µL of 1 mg/mL mAb solution) and control 
antibody solution were manually dispensed by lightly touching the tip of the pipette to 
the membrane onto 0.2 or 0.45 µm pore size unbacked NC or 0.45 µm unbacked nylon 
membranes. The membranes were dried for 45 min and then the membranes were 
placed in 13 mm syringe filter holders and attached to the 10 mL syringe. The assays were 
performed by manually and sequentially injecting 500 µL sample (concentration series 
100–0.1 ppm total protein extract diluted in RB), 1 µL of each CNP-mAb and another 300 
µL of RB as a washing step. In this context, sequentially refers to the sequential loading 
of the syringe with sample with the CNP-mAbs on top of the sample; these were then 
pushed through by moving the plunger downwards in a single movement, followed by 
a final washing step with RB. The membranes were then removed from the filter holder, 
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dried for 5 min, read with the naked eye and an image was acquired with a smartphone 
camera. 

B

C

A

C H

P

Top View
Side View

PHC HPC

Figure 4.1. Schematic representation (not to scale) of the three flow assay formats developed. Arrows 

depict the flow direction and C is the control antibody (goat anti-mouse), H is the anti-hazelnut antibody 

and P is the anti-peanut antibody. Total hazelnut protein (THP) is indicated by the hazelnut graphic and 

total peanut protein (TPP) is indicated by the peanut graphic. (A) The passive flow assay in top-view and 

side-view. (B) The active format flow-through assay, where the syringe filter holder is enlarged, and the 

membrane is further enlarged to show the biofunctionalized area. (C) Both lateral flow immunoassay 

geometries as defined by the order in which sample will encounter the test and control lines: peanut, 

hazelnut, control (PHC) and hazelnut, peanut, control (HPC).
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2.5.2 Multiplex Flow-Through Iterative Optimization
To establish the optimum active flow-through conditions, a number of alternative assay 
steps were explored. The experiments aimed to reduce background staining, to improve 
the signal-to-noise ratio and to improve the assay sensitivity.

2.5.3 Volume Optimization
Different sample and reagent volumes were tested to determine the optimum conditions 
for flow-through operation. Flow-through assays require larger sample volumes compared 
with LFIA due to reduced contact time between analyte and capture antibodies42. When 
using sample volumes of less than 500 µL, it was necessary to first ‘pre-wet’ the membrane 
with running buffer to ensure that the entire surface would be wetted. Initially, membranes 
were tested using 500 µL RB, followed by a 300 or 500 µL sample and 0.5 µL of each of the 
CNP-mAbs solutions followed by 500 µL RB as a washing step. In subsequent experiments, 
the volume of the CNP-mAb solution was increased to 1 µL for each CNP-mAb to maximize 
the signal intensity. Finally, experiments were performed using 1 mL of sample, with 1 µL 
of each CNP-mAb solution dispensed on top of the sample, followed by 500 µL RB.

2.5.4 Pre-Mix Method
The assays were tested by pre-mixing the running buffer and CNP-labeled secondary 
mAbs with sample and injecting the mixture simultaneously. In this approach, 1 mL 
of sample, 1 mL of RB and 1 µL of each CNP-mAb were injected across the membrane, 
effectively causing an additional 50% dilution to the sample, when compared to the 
sequential method described above. The holder was then dismantled, and the membrane 
dried for 5 min before visual inspection.

2.5.5 Filter Approach
To improve the uniform wetting of the membrane and reduce the background staining 
caused by the CNPs, a filter approach was tested. In this method, a 0.45 µm NC filter was 
placed on top of the functionalized membrane before carrying out the assay sequentially. 
Following the final wash step, the device was dissembled, the 0.45 µm filter carefully 
removed and disposed of and the membrane dried for 5 min before visual inspection.

2.5.6 Aspiration Approach
To ensure sufficient wetting of the membrane, and to increase the contact time of the 
sample and the capture antibodies, an iterative aspiration approach was applied. In this 
way, when sequentially injecting the sample and CNP-mAbs, the plunger of the syringe 
was pumped up and down, 1, 5 or 10 times. With the increasing number of aspirations, 
the flux of the analyte past the membrane, and thus past the immobilized antibodies, was 
increased. After the final aspiration, the RB was flowed through as a washing step, the 
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device was disassembled, and the membrane dried for 5 min before visual inspection and 
photographing with a smartphone camera.

2.5.7 Multiplex Array Layout
The flow-through array was spotted using the XYZ 3060 BioDot Dispense Platform (Irving, 
CA, USA). The array was composed of 14 (2 × 7 array) control spots (0.25 mg/mL) and with 
each analyte having 12 (2 × 6 array) spots (0.25 mg/mL), with a drop size of 100 nL and 
an offset of 1 mm between each dot (see Figure 4.1B). The membranes were left to dry 
overnight prior to testing.

2.5.8 Optimized Active Flow-through Operation Protocol
A 0.45 µm NC filter, acting as a vertical flow diffuser, was placed on top of the biofunctionalized 
membrane. The filter and membrane were then placed, biofunctionalized side up, into 
the syringe filter holder. A polytetrafluorothylene (PTFE) gasket was placed on top of the 
membrane to seal the fluid pathway, giving the assay an actual flow path of 10 mm. The 
syringe holder was then attached to a 10 mL Luer-Lock™ syringe. The assay was performed 
sequentially as described in Section 2.5.1. First, 1 mL of sample topped with 1 µL of each 
CNP-mAb solution was aspirated 10 times across the membrane (only THP or only TPP or 
mixture of both diluted in RB at 100, 10, 1, 0.1 and 0 ppm). Following this, 500 µL RB, as a 
washing buffer, was flowed through the membrane. Finally, the syringe filter holder was 
disassembled, and the membrane removed and placed on an absorbent pad for drying. 
To determine whether the immobilized test antibodies suffered from non-specific binding 
towards the other target, the assays were tested using just THP or just TPP extract spiked 
into RB. Blank buffer measurements were performed 10 times to test for false positives. 
The membranes were visually inspected and photographed with a smartphone camera 
after 5 min. LOD values for visual inspection were established at the lowest concentration 
that reproducibly yielded a signal that could be observed and distinguished from the 
background by the naked eye.

2.6 Multiplex Lateral Flow Immunoassay
Lateral flow immunoassays were manufactured using NC (flow rate of 140 s/4 cm) cut to 
approximately 4 cm length. The NC membrane was secured on a plastic backing, with 4.5 
cm of absorbent pad overlapping one end of the NC. Two different test line configurations 
(as depicted in Figure 4.1C) were designed and produced using the XYZ BioDot dispensing 
platform. The first configuration had the control line (0.25 mg/mL) dispensed at 10 mm 
from the absorbent pad, the hazelnut line (0.25 mg/mL) at 5 mm from the control line and 
the peanut line at 5 mm from the hazelnut line, with 10 mm of blank membrane at the 
bottom of the strip, hereafter referred to as PHC. The second arrangement had the control 
line at 10 mm from the absorbent pad, the peanut line at 5 mm from the control line and 
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the hazelnut line at 7 mm from the peanut line with 8 mm of blank membrane at the 
bottom of the strip, hereafter referred to as HPC.

2.6.1 Multiplex LFIA Operation Protocol
Firstly, the multiplex LFIAs were tested for non-specific binding by testing 10 × each of the 
LFIAs in blank running buffer (RB). The LFIAs were inserted into individual microwells of a 
96-well plate containing 1 µL of each of the CNP-mAbs and 100 µL of RB (blank). The strips 
were left to run for 5 min. Next, the LFIAs were tested for specificity by testing in either 
just THP or TPP extract spiked into RB. LFIAs were placed into the individual microwells 
of a 96-well plate containing either just THP or TPP (1 µL) spiked into RB, in decreasing 
concentration with RB (99 µL) and 1 µL of each carbon-labeled mAb. The strips were left 
to run for 5 min before photographing with a smartphone camera. Finally, the assays were 
tested using the same conditions in decreasing concentrations (100, 10, 1, 0.5, 0.1 ppm) 
of both THP and TPP spiked in RB (in triplicate). Calibration series were tested with both 
formats of the LFIA using (i) 1 µL of sample (diluted in RB) and 99 µL of RB (hereafter, 1:99, 
sample: RB), (ii) 25 µL of sample (diluted in RB) and 75 µL of RB (hereafter, 25:75, sample: 
RB), and (iii) 75 µL sample (diluted in RB) and 25 µL of RB (hereafter, 75:25, sample: RB). 
The 75:25 sample: RB experiments were specifically designed to trigger the hook-effect 
to determine when the sample volume becomes the limiting factor. The membranes 
were visually inspected and photographed with a smartphone camera after running 
for 5 min. LOD values for visual inspection were established at the lowest concentration 
that reproducibly yielded a signal that could be observed and distinguished from the 
background by the naked eye.

2.6.2 Smartphone Readout and Data Analysis
Smartphone photographs were acquired using Open Camera (version 4.0.3) and analyzed 
using a Huawei P20 smartphone (Huawei Technologies, Shenzen, China) using two freely 
downloadable apps from the Google Play Store. The red, green, blue (RGB) values were 
obtained for test regions of assays using the RGB Color Detector (version 1.0.58). Using the 
crosshair function in the app, test dots on the flow-through membrane or three distinct 
regions on the test line of the LFIA were selected and the color values were averaged and 
recorded. Background measurements were also made above and below the test areas to 
determine an overall background level for subtraction from results. 

Alternatively, results were normalized by dividing the value of each test region by the 
corresponding control region, as has been performed in literature35,47,48. Using ‘Nix Pro 
Color’ (version 1.31), the RGB values were converted to luminosity, A, B (LAB) values; a 
device-independent color space that more accurately represents how humans interpret 
color intensity. Additionally, to show the device-independent nature of LAB measurements, 
the optimized assays were also analyzed using a Google Pixel 2 XL smartphone (Google, 
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Mountain View, CA, USA). The obtained values were used to plot calibration curves for 
L (luminosity) of the LAB values as a function of allergen concentrations spiked into RB, 
using Microsoft Excel. LOD values were obtained from these calibration curves by visual 
evaluation.

2.6.3 Matrix Experiments and Validation
To validate the assays, they were also tested in spiked food matrices. All assays were tested 
in a decreasing concentration of THP and TPP, spiked directly into a blank biscuit matrix 
extract to determine the matrix effects. Additionally, the optimized LFIA (PHC) was more 
extensively validated by testing in 20 truly different blank matrix extracts. In this way, 
LFIAs were placed in individual microwells containing 25 µL blank matrix extract (n = 20) 
and 75 µL RB and left to run for 10 min to determine whether any false positives occurred. 
Additionally, 1 ppm of THP and TPP was spiked into the 20 different blank matrix extracts 
(1 µL of 1000 ppm THP and TPP sample into 999 µL (v/v) blank matrix extract) and the 
LFIAs were tested using both 25 µL spiked matrix plus 75 µL RB and 1 µL spiked matrix 
extract plus 99 µL RB. Assays were left to develop for 10 min. Finally, the optimized LFIAs 
were also tested in blank flour matrix extract and spiked peanut flour matrix extract in 
both 25:75 and 1:99 dilutions in RB.

3 Results and Discussion

3.1 Multiplex Passive Flow-Through Assay
An overview of conditions, quantitative and qualitative results for spiked buffer 
experiments for the passive flow-through assay, can be found in Table 4.1. The visual limit 
of detection (LOD) for the passive flow-through was established by testing in decreasing 
concentrations of THP and TPP extracts spiked in RB. The visual LODs were determined 
as 0.1 ppm and 1 ppm and smartphone LODs 1 and 10 ppm for hazelnut and peanut, 
respectively (n = 3), whereas no visible spot was obtained for blanks (see Table 4.1 and SI, 
Figure S4.1A). Following the addition of the CNP-mAbs to the passive flow-through assay, 
the positive spots appeared within 5 s, a detection speed which is unparalleled by LFIA. 

Even when using the high-speed LFIA described in30 the appearance of the positive 
result took 30 s, due to MTL limitations of the solution that needs to wick through the 
membrane before reaching test lines. Three drops of RB were added to the flow-through 
assay to wash the unbound CNPs from the membrane. Using dropper bottles with pre-
defined drop volumes for the delivery of RB makes the assay easy to perform and means 
that pipettes are unnecessary. A further benefit is that the result can be directly read 
through the window of the cassette by the naked eye without having to disassemble the 
device. However, when recording a smartphone image of the membranes, these do need 
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to be removed from the plastic cassette to avoid shadowing. Despite the washing step, 
the membranes had variable background staining, which made it impossible to obtain 
calibration curves from the images acquired with a smartphone. 

The reason for the appearance of background staining probably lies with the polydispersity 
of the CNP, which can form aggregates of several hundred nm, which are too large to be 
flowed through the pores. A drawback of this specific passive flow assay format is the 
lack of freedom in geometric assay design as bio-reagents required manual spotting by 
pipette. However, such a limitation could be easily overcome by biofunctionalization of 
the membranes before having them cut to the factory-made circular size.

3.2 Multiplex Active Flow-through
An overview of conditions, quantitative and qualitative results for spiked buffer 
experiments for the active flow-through assay can be found in Table 4.1. The assays using 
the 0.45 µm pore size nylon and NC membranes were ineffective, and no spots (including 
control spots) appeared on these membranes. This can be attributed to 0.45 µm being too 
large a pore size and the majority of the analyte and labeled antibodies passing through 
the membrane, which is confirmed by the dark coloration of the waste liquid when using 
this assay membrane. Therefore, the 0.2 µm pore size NC membrane was determined 
to be the most suitable for this application. During the optimization steps, active flow-
through assays were tested using 0.5 µL of each CNP-mAb solution, but this only yielded 
faint detection spots. In subsequent experiments the volume of the CNP-mAb solution 
was increased to 1 µL of each CNP-mAb which improved the readability. Additionally, 
volumes of 500 µL and 1 mL of sample were tested, with the sensitivity improving with 
the increased sample volume, without the appearance of a hook-effect, even at high 
concentrations. 

Although in this manually spotted initial format, LODs of 0.5 and 0.1 ppm could be 
reached for peanut and hazelnut (see SI, Figure S4.1B), respectively, false positives were 
also detected when testing the assays in a blank sample (1 in 5 false positives). Using a 
pre-mix approach did improve the overall user-friendliness of the assay, as the operator 
only needed to pass the liquid containing the sample, CNP-labeled mAbs and RB through 
once without the necessity of removing and reinserting the plunger, but this method 
consistently resulted in false positives in the blank samples. Contrastingly, using the 
sequential method increased the difficulty of the assay, but prevented false positives 
owing to the washing step at the end. The addition of a 0.45 µm NC filter on top of the 
biofunctionalized membrane increased the (smartphone) readability of the assay.
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Table 4.1. Comparison of optimized Flow-through and Lateral Flow parameters

Parameter Passive flow-
through

Active 
flow-through PHC** HPC**

Visual / Smartphone LOD 
(ppm);
Hazelnut (h)
Peanut (p)

h: 0.1 / 1
p: 1 / 10

h: 0.05 / 0.5
p: 0.05 / 0.5

h: 0.1 / 0.5
p: 0.5 / 0.5

h: 1 / 5
p: 5 / 10

Working Range (ppm) 1000–0.1 1000–0.05 100–0.1 10,000–0.1
Assay Duration (total assay 
time, incl. drying) 5 min 10 min 5 min 5 min

Time until result appearance 5 s 5 s 30 s – 1 min 1 min
Extracted volume (µL) 50 1000 25 1

Flexibility of multiplexing

Low—requires 
manual 
dispensing 
bioreagents

High—Printing 
nL/µL size dots 
or multi-line

Medium—
test line 
configuration 
and 
positioning of 
antibodies has 
an influence.

Medium—
test line 
configuration 
and 
positioning of 
antibodies has 
an influence.

Non-Expert Ease of Use Easy Challenging Easy Easy
False positives in blank RB
(n = number of tested 
samples within assay working 
range)

Y
(n = 3)

Y
(n = 10)

N
(n = 10)

N
(n = 10)

False negatives in spiked RB
(n = number of tested 
samples within assay working 
range)

N
(n = 3)

N
(n = 21)

N
(n = 24)

N
(n = 18)

Equipment used

Assay 
cassettes, 
dropper 
bottle, pipette

10 mL syringe, 
syringe filter 
holder, assay 
membrane, 
additional filter, 
pipette, waste 
beaker

LFIA, pipettes, 
microwell 
plate

LFIA, pipettes, 
microwell 
plate

Waste
High plastic 
consumption 
(cassettes)

High plastic 
consumption 
(syringes) 
+ need for 
disposal of 
high volumes 
liquid waste

Nitrocellulose 
strips and 
well plate + 
disposal of 
small volume 
liquid waste

Nitrocellulose 
strips and 
well plate + 
disposal of 
small volume 
liquid waste

* All measurements were made using total hazelnut protein and total peanut protein (THP and TPP) spiked into 
running buffer (RB). ** Where the peanut, hazelnut, control geometry is defined by PHC and the hazelnut, peanut, 
control geometry is defined by HPC.
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Besides filtering the larger sized CNPs, reducing the level of background staining, the 
filter also acted as a flow diffuser. In this way, uniform wettability of the membrane was 
achieved, resulting in better reproducibility compared to when it was performed without 
the filter. Although the filter improved the readability of the membranes, it also further 
complicated the user-friendliness of the method, as it needed to be carefully removed 
from the biofunctionalized membrane before the results could be read. The sensitivity 
of the assay was improved by increasing the number of sample aspirations across the 
membrane (see SI, Figure S4.2). Flow-through assays are subject to unidirectional flow 
and require capture antibodies with rapid association rates in order to achieve binding or 
require extended sample/reagent incubation times. By increasing the number of sample 
aspirations, the flux of the CNP-mAb-analyte complex past the immobilized antibodies, 
and the potential of binding, is increased. Of all the tested parameters the most 
appropriate assay conditions were determined to be a 0.45 µm filter on top a 0.22 µm NC 
membrane biofunctionalized with 0.25 mg/mL control and test spots and aspirating 1 mL 
of sample with 1 µL of CNP-mAb solution 10 times back and forth through the membrane. 
Subsequently, 500 µL of RB was injected as a washing step. Although these conditions 
allowed for the assay to reach very low LODs, they also meant that this method generated 
a high volume of chemical waste (1.5 mL), which needs to be safely disposed of.

When testing active flow-through membranes in decreasing concentrations of THP and 
TPP spiked into RB, visual LODs of 0.05 ppm (n = 3) could be reached for both targets, an 
LOD which is so far un-met by commercially available allergen assays8. This LOD is less 
obvious from the smartphone image (LODs of 0.5 ppm for both THP and TTP) compared 
with reading by naked eye (see Figure 4.2). Therefore, eye symbols are inserted in Figure 
4.2 to designate the lowest concentration that could still be read visually. Despite the 
active flow-through approach reaching lower LODs than the passive flow-through assay, 
the assay was more complicated to perform and used a far greater sample volume. 
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Figure 4.2.  Active flow-through assay calibration range. Assays were tested in decreasing concentrations 

(100–0.05 ppm) of Total Hazelnut Protein (THP), Total Peanut Protein (TPP) spiked into Running Buffer 

(RB) and in blank RB. The control region is indicated by C and outlined in red, the hazelnut region by 

H and outlined in dark blue and the peanut region by P and outlined in light blue. There is an evident 

decrease in test dot intensity as the concentration of total protein in the sample decreases. The eye icon is 

used to indicate test regions that are visible to the naked eye but more difficult to read in the smartphone 

image. The visual limit of detection is established at 0.05 ppm for both analytes. 

3.3 Multiplex Lateral Flow Immunoassay
An overview of conditions, quantitative and qualitative results for spiked buffer 
experiments for the LFIAs can be found in Table 4.1. The LFIAs were both able to achieve 
single analyte detection and a true blank result every time (0% false positives at 0 ppm; 
n = 10). When testing PHC with 1 µL of sample, 1 µL of each CNP-mAb and 99 µL of RB, 
visual LODs of 1 and 5 ppm were achieved by the naked eye (see Figure 4.3A) for hazelnut 
and peanut, respectively, with a clear decrease in intensity in the test line with decreasing 
concentration of the sample. When the LFIAs have a low signal intensity, the naked eye 
is still superior at distinguishing between a positive or negative signal, and the lower 
visual LODs are indicated by the eye icon in Figure 4.3. However, these visual readings 
are performed by a trained person, and the distinction between signal and no signal 
at the lowest concentrations is not trivial. In comparison, when the same anti-hazelnut 
antibody was applied in a singleplex LFIA, an LOD of 0.1 ppm in spiked buffer was 
reached, which suggests that having an additional test line on the LFIA can compromise 
the overall sensitivity30. Still, the multiplex LODs are in accordance with commercially 
available allergen single-plex LFIAs, which report LODs within this range. However, lack 
of standardized, certified reference materials in the allergen industry means that each 
reported assay is developed using antibodies specific to different allergenic components 
(total soluble protein vs. allergen-specific proteins) and tested and validated using 
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different analytes9,45, thus underlining that true comparisons can only be made when 
bioreagents and samples are kept constant, as in this research. To optimize the multiplex 
LFIA and improve the LOD, the sample volume was increased to 25 µL (diluted in RB) in 
75 µL RB. By increasing the sample volume to 25 µL (thus concentrating the sample 25 × 
compared with the 1 µL sample volume) LODs of 0.1 and 0.5 ppm for hazelnut and peanut 
were reached respectively (see Figure 4.3B). 

Figure 4.3. Calibration range (100–0.05 ppm) of Total Hazelnut Protein (THP), Total Peanut Protein (TPP) 

spiked into Running Buffer (RB) and blank RB, where the control line is indicated by C, the hazelnut test 

line by an H and the peanut test line by a P. A positive result can be still read with the naked eye, but is 

difficult to see in the smartphone image, thus an eye icon has been used to indicate the visual LOD. (A) 

Peanut, Hazelnut, Control (PHC) line configuration using 1 µL of spiked sample and 99 µL RB. (B) PHC 

using 25 µL of spiked sample and 75 µL RB. (C) PHC using 75 µL of spiked sample and 25 µL RB.

 
Despite the assay sensitivity improving with the increased sample volume, with these 
conditions at concentrations of 100 ppm and higher, a reduction of the intensity of the 
upper line (hazelnut) could be observed, as has been witnessed by Galan-Malo et al24. 
Although this was not considered a false negative, as three distinct lines were still clearly 
visible, it did warrant further exploration into the extent of the hook-effect in more 
concentrated samples.

To further investigate the extent of the hook-effect and its potential to limit the upper 
dynamic range of the LFIA assay, the PHC format was also tested in 75 µL of sample extract 
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diluted with 25 µL RB (see Figure 4.3C). These conditions resulted in a more pronounced 
hook-effect with LFIAs tested at 1000 ppm appearing to be false negatives, and at 
100–50 ppm exhibiting decreased test line signals. As well as just testing high analyte 
concentrations, it is important to test different sample-to-RB ratios, as increasing sample 
volume has a noteworthy influence on the appearance of the hook-effect. In order to 
avoid the hook-effect it is imperative to use the correct volume of diluted sample. Despite 
this, PHC in the 75:25 conditions did achieve a lower LOD of 0.05 ppm for both analytes 
in RB. Therefore, PHC could still be used with 75:25 conditions for testing trace allergen 
levels, so long as the sample is also tested in the 1:99 and 25:75 conditions to ensure 
no false negatives arise at high concentrations. The optimum conditions from PHC were 
determined to be 25:75. When testing HPC in the 1:99 conditions, LODs of 5 and 1 ppm 
(see SI, Figure S4.3) were reached for peanut and hazelnut, respectively, with the LODs 
decreasing to 1 and 0.1 with the 25:75 arrangement. But for HPC, the hook-effect was 
greater in 25:75 compared with PHC with concentrations of 100 and 50 ppm experiencing 
reduced intensity on both the control and the peanut lines, complicating quantitative 
analysis. The greater hook-effect in this configuration could be because the upstream 
(hazelnut) test line comes into contact with the sample first, and this mAb has a rapid 
association rate and high affinity for THP, and so it becomes quickly saturated30.

So, the optimum condition for HPC was the 1:99 protocol, although this was significantly 
less sensitive compared with the optimized PHC assay. For this reason, PHC was determined 
to be the optimum test line configuration with the best working conditions being 25:75 
in the working range of 100–0.1 ppm. Therefore, PHC was used for further smartphone 
quantification and validation experiments.

3.4 Smartphone Readout and Analysis
Smartphones are ever-increasing in popularity for analyzing colorimetric assays. Most 
often, smartphone analysis is based on specific apps which relate a particular color 
intensity to a certain concentration of analyte. In the absence of a specific app, it is 
possible to use freely downloadable apps from the Google Play Store to analyze endpoint 
smartphone image color intensity values30. By converting RGB values to LAB values, 
luminosity or intensity can be plotted as a function of concentration in a calibration curve. 
In sandwich immunoassay formats with CNP labels, a higher L value corresponds to a 
lower analyte concentration. As LAB color space is device-independent, the same results 
can be potentially achieved using different smartphone models. For analysis of PHC and 
HPC (in triplicate) the normalization of the (L)LAB values was carried out by dividing the L 
values of the test lines by the L values of the control lines. The method of dividing the test 
line response by the control line response (T/C ratio) is a technique commonly used for 
the quantification of sandwich LFIAs35,47-49. The results for PHC can be found in Figure 4.4, 
and the HPC smartphone calibration curve can be found in Figure S4.4 in the SI.
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Two smartphone models were used for the device independent LAB analysis of PHC assays 
(in RB in triplicate), as can be seen in Figure 4.4 where A, C and E show the curves for THP 
in 1:99, 25:75 and 75:25 (sample: RB) and B, D and F show the curves for TPP in 1:99, 25:75 
and 75:25 (sample: RB). A higher normalized L value was obtained for hazelnut at 25–100 
ppm using the 25:75 conditions, as can be seen in Figure 4.4C. Comparatively, peanut did 
not appear to be subject to the hook-effect under 25:75. Using 75:25 conditions (see Figure 
4.4E), concentrations of 50 and 100 ppm resulted in a higher normalized L value for hazelnut 
(i.e., weaker signal). Furthermore, under these conditions the hazelnut T/C ratio for 10 ppm 
and 25 ppm gave the same normalized L value, highlighting that the hook-effect was still 
evident, even at these lower concentrations. Comparatively, peanut in 75:25 (see Figure 
4.4F) gave higher normalized L values at concentrations of 25–100 ppm, again indicating 
with increasing sample volume and concentration the likelihood of the hook-effect being 
increased. The only crucial variation between the two smartphone measurements using the 
different models was obtained for the peanut line using 75:25 at 0.1 ppm (see Figure 4.4F). 
However, this is the smartphone LOD, and detection spots were already more difficult to 
read. As well as this, the current method relies on manually selecting regions of interest on 
the control and test lines, rather than being able to read the values across the whole line. 
Therefore, please note that the results also include any errors due to not selecting the exact 
same regions, and this can also cause variations in the obtained color values. 

Additionally, to compare different smartphone quantification methods, all smartphone 
readable assays were also analyzed by making a background subtraction as can be seen 
in the SI (see Figures S5.5 and S5.6). However, when analyzing the LFIAs in this way the 
differences in background readings, due to discrepancies in lighting conditions caused by 
recording an image of the entire calibration range simultaneously under ambient lighting 
conditions, meant that a simple background subtraction was insufficient. However, for active 
flow-through assays the background subtraction was found to be the most effective analysis 
method (see SI, Figure S4.6A), whereas the T/C method resulted in larger standard deviations 
(see SI, Figure S4.6B). This could be attributed to the membranes being photographed 
independently, so the small membranes were subject to the same ambient lighting conditions 
and did not have such variable background readings. By using two data processing methods 
it is evident that the selected data processing method plays a crucial role for the quality of the 
semi-quantitative information that can be obtained from raw results. 

3.5 Matrix Experiments and Validation
To determine their applicability to real life samples, the assays were tested using THP and 
TPP spiked into blank biscuit matrix extracts. The passive flow-through format was able to 
achieve visual LODs of 5 and 1 ppm for peanut and hazelnut. These LODs are higher than 
previously observed in spiked buffer experiments, showing that the matrix extract did have 
some influence on the detection of the analytes. When testing in this way, the passive flow 
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membranes had greater background staining compared with in spiked buffer experiments. 
This can be attributed to the overall reduction of reagents, BSA and tween-20 in the assay 
buffer, as the sample was spiked into a matrix extract rather than into the RB.

In comparison, the active flow-through membranes did not suffer with increased 
background staining due to the use of the additional filter on top of the membrane and 
subsequent washing step. The active-flow assay reached visual LODs of 0.5 and 1 ppm for 
THP and TPP in spiked matrix extract, however the intensity of the detection spots was 
fainter compared with spiked buffer samples because of the reduction of buffer reagents 
responsible for good flow. Therefore, whilst visual readout was possible, the construction 
of calibration curves based on smartphone images could not be achieved. PHC was tested 
in both 25:75 and 1:99 of spiked matrix in RB to determine the visual LOD in matrix extract, 
as can be seen in SI Figure S4.7. When using 25 µL sample (THP and TPP spiked into matrix 
extract) and 75 µL RB a LOD of 0.5 ppm could be reached for both analytes (see SI, Figure 
S4.7A). At higher concentrations (100 ppm +) there was decreased intensity for the hazelnut 
line. This can be attributed to the hook-effect. For the spiked matrix extract experiments, the 
PHC assays were run for 10 min, due to the reduction of reagents BSA and tween-20 from 
spiking sample into matrix extract rather than RB, affecting the flow of the sample.

Additionally, PHC was tested in 1 µL of spiked matrix extract:99 µL of RB (see SI, Figure 
S4.7B). Visual LODs of 10 and 5 ppm were reached for peanut and hazelnut, respectively. 
The PHC assay was fully validated using 25:75 conditions by evaluating 20 truly different 
blank matrices and determining that no false positives occurred. Additionally, the 20 
blank matrices were spiked with 1 ppm THP and TPP. In the absence of agreed regulatory 
levels for food allergens, a screening target concentration (STC), based on VITAL 2.0 levels 
of 1 ppm, was selected8,50. The LFIAs were able to detect the allergens with both visual 
and smartphone readout at 1 ppm in all 20 samples, as can be seen in Figure 4.5 and as 
is summarized in Table 4.2. The excellent reproducibility at the STC level clearly suggests 
that a simple device-independent smartphone readout may provide semi-quantitative 
data.
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Figure 4.4. Smartphone calibration curves for the normalized (L) LAB values of the test lines of a Peanut 

Hazelnut Control (PHC) assay as a function of the concentration of Total Hazelnut Protein (THP), and 

Total Peanut Protein (TPP) (100–0.1 ppm) tested using two different smartphone models. All calibration 

ranges were performed in triplicate in spiked Running Buffer (RB). All L(LAB) values have been normalized 

by dividing the test line values by the control line values. (A) Hazelnut tested in 1 µL of sample in 99 µL of 

running buffer (RB) (B) Peanut tested in 1 µL of sample in 99 µL of RB. (C) Hazelnut tested in 25 µL sample 

in 75 µL of RB. (D) Peanut tested in 25 µL sample in 75 µL of RB. (E) Hazelnut tested in 75 µL sample in 25 

µL of RB. (F) Peanut tested in 75 µL of sample in 25 µL of RB. Error bars show standard deviation (SD) from 

triplicate measurements.
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Figure 4.5. Smartphone validation of Peanut Hazelnut Control (PHC) assay using 20 truly different 

blank biscuit samples (square markers) and 20 truly different biscuit samples spiked at the screening 

target concentration of 1 ppm Total Hazelnut Protein (THP), and total peanut protein (TPP). Normalized L 

(LAB) values were obtained by dividing the test line response by the corresponding control line response.

Table 4.2. Matrix experiments for the optimized PHC assay

Parameter PHC* (Matrix Extract)
LOD 0.5 ppm both analytes
Working range 100–0.5 ppm
Assay duration (total assay time incl. drying) 10 min
Time to result 1.5–2 min
Sample volume 25 µL

Reproducibility ** (n = 20) Hazelnut: 2.5%
Peanut: 3.4%

False positives (n = 20) 0
False negatives (n = 20) 0

* PHC = Peanut, hazelnut, control geometry lateral flow immunoassay. ** Reproducibility defined as Relative Standard 
Deviation (RSD) × 100% 1 ppm of Total Hazelnut Protein (THP), Total Peanut Protein (TPP) spiked into blank biscuit 
matrix extract (n = 20). Data based on normalized L (LAB) values.

Finally, to confirm the capability of the optimized LFIA in detecting allergens in raw 
ingredients, blank flour and peanut-spiked flour samples were briefly tested. The LFIAs 
correctly did not detect either of the allergens in the blank flour (n = 4). Furthermore, PHC 
specifically detected only peanut in the peanut-spiked flour (n = 4) with no false hazelnut 
positives being observed. The detection of peanut was not adversely affected by using 
the accelerated 30 min extraction procedure for the spiked flour. Further developments 
should include simplified and faster extraction methods.



4

A critical comparison between flow-through and lateral flow immunoassay 
formats for visual and smartphone-based multiplex allergen detection    |   147   

4 Conclusions

Quick and accurate detection of food allergens is of critical importance for food safety; 
it is particularly relevant if such testing procedures can be easily performed by the 
consumer, and therefore, there is an evident requirement for simple and robust testing 
procedures. Two formats of multiplex flow-through immunoassays have been developed 
and compared with two test line configurations of LFIA, all developed using the same 
bioreagents and against the same targets in order to allow a true comparison. Two 
recent review papers have extensively outlined commercially available and proof-of-
concept single-plex and multiplex allergen immunoassays and biosensors, and the assays 
reported in this study have matched or surpassed these previously reported LODs9,51. 
All the developed multiplex assays were able to detect both analytes in the low ppm 
range within minutes. It is important to note here that our screening concentrations 
always related to total protein extracts from either peanuts or hazelnut, and therefore, 
the concentration of specific allergenic proteins is expected to be even lower than the 
reported values. This in turn means that the reported LODs are underestimating the true 
sensitivity of the immunoassays in this work. The passive flow-through format offered a 
way to rapidly develop a fast flow-through assay. However, this specific format was limited 
by the need to manually biofunctionalize the membranes, limiting their reproducibility. 
The active flow-through assay could achieve very low limits of detection with no false 
negatives when following the optimization steps. However, it is these optimization 
steps that made the assay more complicated to perform for a non-expert user such as 
a consumer. In future versions, the use of a mechanical pump could improve the user-
friendliness, although this would introduce an additional and costly element into the 
procedure, limiting the portability of the assay. It should be reiterated that the assays 
within this study were performed by a trained scientist, and the active flow-through 
method is not recommended for untrained users. In comparison, the LFIAs, when using 
the optimized assay conditions for each configuration, resulted in no false positives. 
However, outside of working conditions, both configurations of LFIA did experience a 
hook-effect at high concentrations, a phenomenon commonly encountered in sandwich 
LFIA, where a falsely low signal occurs at high analyte concentrations. As the hook-effect 
is concentration-dependent, it can be avoided/limited by assay optimization.

To demonstrate their applicability to real life bakery products and raw ingredients, all 
assays were tested in decreasing concentrations of analyte spiked into the matrix extract. 
Additionally, the PHC assay was validated as a screening method in spiked matrix extract, 
blank matrix extract (n = 20) and incurred spiked flour, proving its capability of detecting 
the target even in complex matrices. The majority of commercially-available allergen 
detection LFIA test kits can detect a single analyte at 1–10 ppm9,51. Comparatively, PHC 
was able to detect both analytes at 0.5 ppm of THP and TPP spiked into a blank biscuit 
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matrix extract, affirming its place as one of the most sensitive allergen LFIAs. This LOD was 
in agreement with the LOD using the same hazelnut antibody in a previously reported 
single-plex assay30. Finally, all assays were (semi-)quantified by smartphone readout. At 
this stage no additional external equipment was used for the image recording, so the LFIA 
membranes were subject to ambient lighting conditions. To compensate for the lighting 
conditions a normalization factor (T/C ratio) was applied. By using device-independent (L)
LAB values, it was possible to obtain comparable results using two distinct smartphone 
models. The ability to use different smartphone models for reading the same assays is a 
characteristic that is highly desirable, but not often reported, within smartphone analysis. 
In future developments, researchers should focus on improving the ease of use of these 
assays by integrating sample preparation, limiting the user interaction with the assay, 
as well as by developing a consumer-friendly app as a user interface which can directly 
analyze data with minimal user input.
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Supplementary information

Chapter 4

Figure S4.1. Calibration range for multiplex flow-through assays using (A) passive and (B) active flow. 

For control outlined in red (C), hazelnut outlined in dark blue (H) and peanut outlined in light blue (P). 

Assays tested in Total Hazelnut Protein (THP) and Total Peanut Protein (TPP) spiked into Running Buffer 

(RB; 0–1000 ppm in A and 0–100 ppm in B). Membranes were manually spotted with 0.5 µL of primary 

antibody (1 mg/mL). Eye icons are used to denote the lowest concentration of TPP or THP the assays are 

readable by naked eye, but difficult to capture on a smartphone camera.

Figure S4.2. Calibration range for multiplex flow-through assay optimization: sample aspirations. 

Active flow-through assays tested in 10 ppm Total Hazelnut Protein (THP) and Total Peanut Protein (TPP) 

spiked into Running Buffer (RB) with 1 (A), 5 (B) and 10 (C) aspirations. The control region is outlined in 

red (C), the hazelnut region in dark blue (H) and the peanut region in light blue (P). There is an increase in 

surface wetting with the increasing number of aspirations.
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Figure S4.3. Calibration range for lateral flow immunoassay with test line configuration: hazelnut, 

peanut, control (HPC). The strips were tested with Total Hazelnut Protein (THP) and Total Peanut Protein 

(TPP) spiked into the Running Buffer (RB) in decreasing concentration. Where C represents the control 

line, P the peanut line and H the hazelnut line, and the eye icon represents the visual LOD, which is not as 

clearly readable in the smartphone image. (A) tested in 1µL of sample in 99 µL of RB, (B) tested in 25 µL of 

sample in 75 µL of RB. 

Figure S4.4. Calibration range for smartphone analysis of hazelnut, peanut, control (HPC) lateral flow 

immunoassay. Smartphone (Huawei P20) analysis, where normalized L (LAB) values (test line intensity/

control line intensity; T/C) are plotted as a function of the concentration (100–5 ppm) Total Hazelnut 

Protein (THP) and Total Peanut Protein (TPP) spiked into Running Buffer (RB) (1 µL of the given dilution 

was diluted in 99 µL of RB). Error bars represent the standard deviation (n = 3). For experimental details, 

see the full manuscript.
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Figure S4.5. Calibration curves for smartphone analysis of lateral flow immunoassays using background 

subtraction. Smartphone (Huawei P20) analysis for lateral flow immunoassay Peanut Hazelnut Control 

(PHC) and Hazelnut Peanut Control (HPC) assays, plotted as a function of the concentration of Total 

Hazelnut Protein (THP) and Total Peanut Protein (TPP) spiked into Running Buffer (RB) (100–0.05 ppm). 

Where LAB values are obtained by subtraction of the background nitrocellulose values from the test lines. 

(A) PHC in 1 µL sample: 99 µL Running Buffer (RB) (B) PHC in 25 µL sample: 75 µL RB (C) PHC in 75 µL 

sample: 25 µL RB (D) HPC in 1 µL sample and 99 µL RB HPC in 25 µL sample: 75 µL RB. Error bars represent 

the standard deviation (n = 3). 
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Figure S4.6. Calibration curves for smartphone analysis of active flow-through immunoassay. 

Smartphone (Huawei P20) analysis of active flow-through immunoassay in a decreasing concentration 

of Total Hazelnut Protein (THP) and Total Peanut Protein (TPP) spiked in Running Buffer (RB) (100–0.01 

ppm) all flow-through assays performed and analyzed in triplicate. (A) Analysis performed by subtracting 

the background reading from test spots. (B) Analysis performed by normalizing L (LAB) values (test line 

intensity/control line intensity; T/C). Error bars represent standard deviation (n = 3).

Figure S4.7. Optimized lateral flow immunoassay calibration curve in spiked matrix extract. Peanut 

Hazelnut Control (PHC) format Lateral Flow Immunoassay tested in a decreasing concentration (100–0.1 

ppm) of Total Hazelnut Protein (THP) and Total Peanut Protein (TPP) spiked in matrix extract. The control 

region is indicated by C, the hazelnut detection region by H and the peanut detection region by P. (A) PHC 

using optimized assay under optimized conditions of 25 µL biscuit matrix extract spiked with THP, and 

TPP and 75 µL Running Buffer (RB). (B) PHC using optimized assay using 1 µL of biscuit matrix spiked with 

THP, TPP and 99 µL of RB conditions.
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Table S4.1. Ingredient and allergen information for the 20 varieties of biscuit used for matrix 

extract experiments

No. Ingredients Allergen Information
1 Sugar, palm oil, glucose-fructose syrup, salt, 

raising agents: sodium carbonates, ammonium 
carbonates

40% oat flakes, whole-grain wheat flour, 
wheat flour
May contain: milk, sesame

2 Sugar, sunflower oil, glucose fructose syrup, raising 
agent (citric acid [E330], sodium carbonate [E500], 
ammonium carbonate [E503]), salt

33% whole wheat flour, 19% wheat 
flour, 11% wheat flake
Contains: gluten 
May contain: milk, sesame

3 Sugar, 15% palm oil, glucose fructose syrup, 
salt, raising agent (sodium carbonate [E500]), 
ammonium carbonate [E503])

46% wheat flour, wholemeal wheat 
flour, oat flake
Contains: port gluten, wheat gluten 
May contain: milk, sesame 

4 Sugar, vegetable oil (palm, turnip), glucose syrup, 
leavening agent (diphosphate [E450], sodium 
carbonate [E503], mono and diglycerides of fatty 
acids, esterified with monoacetyl and diacetyl 
tartaric acid [E472e molasses, salt cane, salt 

Oat flake, wheat flour, wholemeal wheat 
flour, barley malt flour
Contains: port gluten, wheat gluten, 
gluten
May contain: egg, gluten contain 
cereals, milk, nuts, peanuts

5 Maize starch, palm fat, cane sugar (16%), maize 
flour, buckwheat flour (4%), sugar beet syrup, 
modified tapioca starch, salt, raising agents 
(ammonium hydrogen carbonate, sodium 
hydrogen carbonate)

Gluten & Lactose free
Soya flour, soya bran (7%)
Contains: soy 
May contain: lupin

6 Sugar, palm oil, salt, glucose-fructose syrup, raising 
agent, (sodium carbonate [E500], ammonium 
carbonate [E503]), natural flavor

Wheat flour
Contains: wheat gluten
May contain: milk, sesame

7 Corn starch, vanilla (sugar, corn starch, vanilla 
extract), sea salt, raising agent: ammonium 
carbonates

Wheat flour, butter (26%), free-range 
eggs
Contains: wheat gluten, milk, eggs
May contain: soy, almonds, cashews, 
hazelnut

8 Wheat flour, Sugar, palm oil, salt, glucose-fructose 
syrup, raising agent, (ammonium carbonate 
[E503]), natural flavor

Contains: wheat gluten
May contain: milk, sesame

9 Maize starch, butter (milk), palm fat, sugar, maize 
flour, maize starch, sugar beet syrup, modified 
tapioca starch, salt, whole milk powder, emulsifier 
(mono- and diacetyl tartaric acid) raising agents 
(ammonium hydrogen carbonate, sodium 
hydrogen carbonate)

Gluten free
Contains: milk, eggs
May contain: soya, lupin
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10 Maize starch, maize flour, vegetable margarine 
[vegetable fats and oils (palm, palm kernel, 
rape seed)] water, salt emulsifier: mono- and 
diglycerides of fatty acids (E471); natural flavoring, 
maltodextrin, modified tapioca starch, sea salt, 2% 
rice syrup, raising agents: ammonium hydrogen 
carbonate (E503ii), sodium bicarbonate (E500ii); 
glucose. Syrup, yeast emulsifier, citric acid, maize 
starch

Gluten free
Soya protein, soya flour
Contains: soya 
May contain: lupin

11 Sugar, palm oil, glucose-fructose syrup, salt, 
raising agents: sodium carbonates, ammonium 
carbonates

65% oat flakes, barley malt extract
Contains: gluten 
May contain: sesame seeds, milk

12 Sugar, palm oil, glucose-fructose syrup, salt, 
raising agents: sodium carbonates, ammonium 
carbonates, emulsifier lecithin, antioxidant: 
sodium disulphite

65.5% wheat flour, lactose (milk), 
lecithin (soya)
Contains: wheat gluten, milk, soy 
May contain: sesame seed

13 Sugar, vegetable oil (palm), glucose syrup, 
raising agents (sodium carbonates, disodium 
diphosphate, ammonium carbonates), salt, aromas

Wheat flour, lactose and milk proteins 
Contains: gluten, milk 
May contain: egg, soya, sesame seed

14 Sugar, palm oil, inverse sugar syrup, salt, raising 
agent, (sodium carbonate [E500], ammonium 
[E503])

40% oat flakes, 18% wholemeal wheat 
flour
Contains: oat gluten, wheat gluten 
May contain: milk, sesame

15 Gluten free oat flakes 42%, sugar, gluten free 
oatmeal 17%, vegetable oil (palm), partially 
inverted sugar syrup, raising agent (sodium 
carbonates), salt

Gluten free
May contain: milk, egg, soya

16 Palm oil, sugar, inversion syrup, salt, raising 
agents: sodium carbonates, citric acid, ammonium 
carbonates

48% wheat flour, 14% whole wheat flour
Contains: wheat gluten 
May contain: sesame seed, milk

17 Sugar, palm oil, glucose syrup, raising agents 
(sodium carbonates, disodium diphosphate, 
ammonium carbonates), salt, aromas

Wheat flour, milk powder
Contains: wheat gluten, milk 
May contain: egg, soya 

18 Sugar, 10% palm oil, glucose fructose syrup, salt, 
raising agent (sodium carbonate, ammonium 
carbonate)

40% wheat flour, wholemeal wheat 
flour, oat flake
Contains: gluten, wheat gluten 
May contain: milk, sesame seeds 

19 Sugar, palm oil, salt, glucose-fructose syrup, 
raising agents: sodium carbonates, ammonium 
carbonates

60% oat flakes, barley malt extract
Contains: gluten 
May contain: sesame seeds, milk

20 Sugar, palm oil, salt, glucose-fructose syrup, 
raising agent, (ammonium carbonate, sodium 
carbonates) natural aromas

Wheat flour, oat flakes
Contains: wheat gluten
May contain: milk, sesame
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immunodiagnostics

Adapted from:
Ross, G.M.S., Filippini, D., Nielen, M.W.F., Salentijn, G.IJ., 2020. Interconnectable 
solid-liquid protein extraction unit and chip-based dilution for multiplexed 
consumer immunodiagnostics. Analytica Chimica Acta. 1140. 190-198 doi: 
10.1016/j.aca.2020.10.01 



While consumer-focused food analysis is upcoming, the need for multiple sample 

preparation and handling steps is limiting. On-site and consumer-friendly analysis 

paradoxically still requires laboratory-based and skill-intensive sample preparation 

methods. Here, we present a compact, inexpensive, and novel prototype 

immunosensor combining sample preparation and on-chip reagent storage for 

multiplex allergen lateral flow immunosensing. Our comprehensive approach 

paves the way for personalized consumer diagnostics. The prototype allows for 

handheld solid-liquid extraction, pipette-free on-chip dilution, and adjustment 

of sample concentrations into the appropriate assay dynamic working range. The 

disposable and interconnectable homogenizer unit allows for the extraction and 

3D-sieve based filtration of allergenic proteins from solid bakery products in 1 

minute. The homogenizer interconnects with a 3D-printed unibody lab-on-a-chip 

(ULOC) microdevice, which is used to deliver precise volumes of sample extract 

to a reagent reservoir. The reagent reservoir is implemented for on-chip storage 

of carbon nanoparticle labeled antibodies and running buffer for dilution. The 

handheld prototype allows for total homogenization of solid samples, solid-liquid 

protein extraction, 3D-printed sieve-based filtration, ULOC-enabled dilution, mixing, 

transport, and smartphone-based detection of hazelnut and peanut allergens in 

solid bakery products with limited operational complexity. The multiplex lateral flow 

immunoassay (LFIA) detects allergens as low as 0.1 ppm in real bakery products, 

and the system is already consumer-operable, demonstrating its potential for future 

citizen science approaches. The designed system is suitable for a wide range of 

analytical applications outside of food safety, provided an LFIA is available.  Ab
st
ra
ct
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1 Introduction

On-site and personalized food safety tests are growing in popularity, with developments 
in rapid, affordable, sensitive, and disposable handheld assays driving the move 
from the laboratory to a consumer-based approach1,2. Consumer detection of food 
allergens is particularly relevant3,4, and more so now than ever, with the Food and Drug 
Administration (FDA) announcing temporary changes to food labeling and allowing of 
ingredient alterations to prevent any disruption to the global food supply chain during 
the SARS-CoV-2 pandemic5. Amendments that overlook hidden or novel allergens put 
the allergic individual at risk, exemplifying the necessity for personalized, disposable, and 
simplified analysis of allergens, from sample preparation to detection. To date, the lateral 
flow immunoassay (LFIA) is the most successful application of consumer diagnostics6. 
Combining LFIAs with smartphones as optical detectors allow for  ‘on-the-go’ decentralized 
screening7 and smartphones can even provide semi-quantitative results by calibrating 
test and control line intensity values toward a particular antigen concentration8. 

Despite these advantages, LFIAs also have some disadvantages, including a limited 
dynamic range, they work only with liquid samples and predominately target only a single 
analyte. Within a sandwich LFIAs dynamic working range, the test line intensity increases 
alongside increasing analyte concentration. However, at high analyte concentrations, the 
signal intensity can paradoxically decrease as the excess of unlabeled analyte saturates 
the capture and detector antibodies (mAbs) binding sites9. The reduction in test line 
intensity can mimic the signal at a much lower analyte concentration. Dilution to within 
an assays appropriate concentration range is required to avoid false-negative results. 
False negatives are particularly problematic for consumers.

Moreover, when analyzing a complex solid matrix such as food, sample preparation, 
including homogenization of the solid food and extraction of the relevant proteins, as 
well as reagent storage, are pivotal bottlenecks. Even integrated systems often require 
pre-treatment10 or heat-assisted actuation to extract proteins into a testable liquid3. 
Finally, excluding a few multiplex LFIAs11-13, allergen LFIAs are restricted to singleplex 
detection, which is limiting for individuals with co-existing allergies. Sample preparation 
is a major issue; indubitably, consumers do not have the laboratory skills required for 
extracting, pipetting, and diluting samples, and fully integrated analytical systems have 
so far mainly been developed for DNA-based analysis14-16. Systems with integrated solid-
phase extraction for aqueous samples are reported10,17, but the extraction of solid samples 
is more complex and still requires offline pre-treatment.  

In a parallel advancement, the emergence of 3D-printing has revolutionized the rapid 
prototyping of multifunctional lab-on-a-chip18 and disposable19 devices for analytical 
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chemistry. Modification of Computer-Aided Designs (CADs) takes little cost and time, and 
prototypes can be refined iteratively multiple times in a single day, outside of a cleanroom 
environment. A unibody lab-on-a-chip (ULOC)18,20 is a monolithic device with all the 
analytical functionalities in-built on one side, takes less than an hour to manufacture, 
and is printed in a single step21. The ULOC’s unibody connectors, ending in unidirectional 
valves, can be connected to silicon tubing as manual finger pumps22; or to detachable 
devices such as syringes or pumps, for pipette-free, active control of sample actuation 
with volume metering23. Moreover, 3D-printed devices with on-chip reagent storage14,24 
can combine with and benefit from the capabilities of paper-based devices25,26. 

Here we present a multifunctional and miniaturized sample preparation unit that 
integrates with a consumer-operable prototype immunosensor for handheld solid-liquid 
multi-allergen extraction. The interconnectable ULOC then enables on-chip sample 
handling for equipment-free dilution, transport, and LFIA detection of hazelnut and 
peanut allergens in the low ppm range in spiked and commercial bakery products.

2 Materials & Methods

2.1 Reagents and Consumables
Multiplex LFIA and carbon nanoparticle labeled antibodies (CNP-mAbs) against hazelnut and 
peanut have previously been developed, characterized, and validated13,27. Running buffer 
(RB)/extraction buffer was 100 mM borate buffer (BB) pH 8.8, composed of 100 mM boric acid 
(Merck, Darmstadt; Germany) and 100 mM sodium tetraborate (VWR, Leuven; Belgium) with 
1% (w/v) bovine serum albumin (BSA; Sigma-Aldrich, Zwijndrecht, The Netherlands) and 
0.05% tween-20 (v/v) (Merck, Darmstadt; Germany). The 10 mL and 1 mL disposable plastic 
syringes that were used for the homogenizer and air displacement syringes were purchased 
from Becton-Dickinson (Utrecht, The Netherlands), and low binding syringe filters used to 
filter total protein extracts (5 µm; 1.2 µm; 0.45 µm) were acquired from Pall Life Sciences 
(Pall Netherlands B.V., Medemblik; The Netherlands). Silicon tubing for ULOC connectors 
was purchased from Esska-Tech (Arvika; Sweden). ULOCs were sealed on the open side with 
adhesive tape (3M Ruban Adhesive Scotch Nastro Adhesive, 3M Europe, Diegem; Belgium). 
Red food dye solution (consisting of water, propylene glycol, and Carmoisine CI 14720) of 
unknown concentration used for dilution characterization of the ULOC was purchased from 
a local supermarket. The clamp used for attaching the smartphone to the holder’s frame was 
purchased from Wolfcraft (Wolfcraft, Kempenich; Germany). 

2.2 Reference Material Preparation 
Standardized certified reference materials for food allergens are not currently available; 
therefore, total hazelnut protein (THP), total peanut protein (TPP), and blank cookie (BC) 
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extracts were prepared in-house13,27. See Supplementary Information (SI) Table S5.1 for 
ingredient lists and labeling information. Fresh protein aliquots were defrosted on the day 
of experiments, and the protein content was always checked before use by a NanoDrop 
(ND 3300, Isogen Life Sciences, De Meern; The Netherlands) protein analyzer.  Different 
range of sample types was utilized to characterize each module of the prototype 
immunosensor (Table 5.1).

Table 5.1. Reference material and sample classification

Sample 
type

Matrix Spike Concentration range Used to 
Characterize

A Water Food Dye Solution N/A ULOC Dilutor
B Blank cookie 

extract
Total hazelnut 
protein (THP) 
extract

1 – 1000 ppm (v/v) LFIA performance

C Blank cookie Total hazelnut 
protein (THP) 
extract

1 – 1000 ppm (v/w) Homogenizer 

D1 Blank cookie Hazelnut cookie 0.1 – 100 ppm (w/w) Total prototype
D2 Blank cookie Hazelnut cookie & 

peanut cookie
0.1 – 100 ppm (w/w) Total prototype

2.3 Design & Fabrication
Computer-aided design (CAD) software Autodesk Fusion 360 (Autodesk Inc. San Rafael, 
CA; USA) was used for designing 3D-printable parts and converting them to printable .stl 
files. Figure 5.1 gives a schematic overview of the prototype platform; Figure 5.2 provides 
an annotated photographic overview of the disassembled (5.2A) and assembled (5.2B) 
platform. The ULOC dilutor (Figure 5.2C) was printed with a stereolithography (SLA) printer 
Form3 (FormLabs, Somerville, MA; USA) at 25 µm layer resolution using proprietary clear 
resin (Type O4, FormLabs). A fused deposition modeling (FDM) model (Hepheststos 2, BQ, 
Madrid; Spain) was used to print the sieves (Supplementary Information (SI) Figure S5.1), 
device holder (SI Figure S5.2), and interchangeable LFIA cartridges (SI Figure S5.3). 
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Figure 5.1. Overview schematic of parts of the prototype immunosensor. (A) Disposable homogenizer 

unit with 3D-printed sieves (B) Disposable unibody lab-on-a-chip (ULOC) for dilution of extracted 

allergens and mixing with carbon nanoparticle labeled allergen-specific antibodies. (C) Reusable 

smartphone and ULOC holder. (D) Smartphone readout, as a result, appears in real-time on the screen. 

2.4 Homogenizer 
The handheld and interconnectable homogenizer unit enables total homogenization and 
solid-liquid protein extraction from solid food samples. 3D-printed sieves with approximate 
pore sizes of 0.5 mm were cut by laser (HL40-5g, Full Spectrum Laser LLC, Las Vegas, NV; 
USA) into discs (18 mm diameter; SI Figure S5.1). Two sieves (Figure 5.1A) insert into a 10 
mL syringe at an offset to each other. As the plunger pushes solid material against the 
first 3D-printed sieve, it breaks into smaller pieces which are subsequently blocked by the 
second sieve that is kept at an offset, preventing particles from blocking microchannels in 
the ULOC. Silicon tubing (1.5 mm inner diameter, 40 mm length) connects with the ULOC 
unibody connector. The tubing can be used as a finger pump or is connected by a second 
larger piece of silicon tubing (2.5 inner diameter, 20 mm length) to the syringe tip. The 
syringe pressure is then used for user-controlled actuation.

2.5 ULOC Dilutor
The ULOC dilutor (60 mm W x 40 mm L) has all functional features printed onto a single 
side. One side is left open, so uncured resin can be removed from 1 mm deep fluidic 
channels (1 mm wide) by sonicating (FinnSonic m15, FinnSonic Oy, Lahti, Finland) in 
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ethanol (Sigma Aldrich, Steinheim, Germany) for 30 seconds and air drying. Before sealing 
the ULOC’s open side with adhesive tape, CNP-mAbs and RB were pre-loaded into the 
reagent reservoir (volume capacity of 250 µL - for flexibility in adjusting RB volume, see 
Figure S5.4 for bioreagent loading areas) and the reference well (1 µL of CNP-mAb and 
100 µL of RB) for control measurements. The RB both stabilized CNP-mAbs for on-chip 
storage and acted as a dilution buffer for injected samples. The test and reference wells 
were designed with an internal ledge to prevent any fluid overflow and had a total volume 
capacity of 200 µL each. Silicon tubing secured the first unibody connector with the 
homogenizer syringe tip. The remaining two unibody connectors were joined together 
by silicon tubing (see Figure 5.1B).

2.6 ULOC & Smartphone Holder 
The ULOC could be inserted into an opening (50 mm W x 35 mm L) in the 3D-printed 
device holder, which shielded the assay from ambient light (see SI; Figure S5.2). The LFIA 
cartridge, which fits 2 LFIAs (4 or 5 mm wide), ensured that the appropriate LFIAs were 
aligned with the test and reference wells in the ULOC. A smartphone was clamped to the 
outer frame of the 3D-printed holder overlaying the rear-facing camera and flash. 

2.7 Characterization of Prototype Immunosensor 
2.7.1 Extraction time
Pre-ground raw hazelnut was incubated in the homogenizer syringe with RB for different 
periods (1, 2, 3, 5, 10, 20, or 30 minutes) to optimize extraction time and assess 3D-printed 
sieve efficiency. The total protein concentration was quantified (n=3) using the NanoDrop.

2.7.2 ULOC Dilutor 
Before characterization, 5 or 10 µL dye was actively injected via a disposable syringe 
into the manifold. Injections were repeated multiple times for distance verification, with 
the 5 and 10 µL distances being marked on the ULOC for convenience with subsequent 
sample loading (see SI Figure S5.5). The ULOC was characterized for its dilution ability 
by mixing dye with water (sample type A) at various dilution factors (DFs). Adjustable 
water volumes were pipetted into the ULOC reservoir. Dilution factors of x10, x15, x20, 
and x40 were achieved by injecting 10 µL of aqueous dye solution to the mark on the 
ULOC. For comparison with a manually pipetted sample, the same DF dye/water was 
pipetted into the ULOC reference well. Smartphone images of the ULOC were acquired 
using OpenCamera (v1.47.3) to keep exposure and focus constant on a Google Pixel 2 
XL (Google, California; USA). On and off-chip dilutions were evaluated by comparing the 
color intensities in the test and reference wells at the end of the manifold23. Subsequently, 
images were processed offline using ImageJ28 to split images into their RGB (red, green, 
blue) color channels. In the blue channel pixel intensity readings were taken from the test 
and reference wells for direct comparison. 
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Figure 5.2. Overview of prototype immunosensor. (A) Disassembled prototype immunosensor showing 

all components. (B) Side view of the assembled device where the Unibody Lab on a Chip (ULOC) slots into 

the smartphone holder, the smartphone clamps to the holder’s frame, the LFIAs insert into the opening, 

and the results are viewed on the phone. (C) Annotated Computer-Aided Design (CAD) and photo of the 

ULOC.

2.8 Dynamic Data Acquisition
Images and videos were acquired by smartphone, attached to the holder frame, using 
OpenCamera to ensure fixed acquisition conditions (fixed focus, locked exposure, 
controlled illumination, for videos: 30 frames per second (fps), 720 x 480 pixels). LFIA results 
appeared on the screen as they emerged. Subsequently, videos were split into images of 
1 fps using Adapter (v2.1.6), and the resulting time point images were analyzed offline in 
ImageJ by splitting the images into their color channels. A blue channel pixel intensity 
(BCPI) reading was taken from below the test line at t=0 as a background response; the 
BCPI measurements from the test and control lines were then subtracted from this to give 
the corrected BCPI (cBCPI) value. In the assay dynamic working range, cBCPI increases 
as test and control lines increase in intensity. The T/C ratio is a standard metric used for 
normalizing sandwich format LFIA results11 and has been applied here.
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Figure 5.3.  Pictogram instructions for operating prototype immunosensor for homogenization, 

extraction, ULOC-based dilution, transport, and LFIA based detection of food allergens with on-screen 

smartphone readout. The guidelines have been designed to guide the consumer during citizen science 

experiments. 

2.9 Prototype Immunosensor Characterization
Experiments were performed in triplicate; see Figure 5.3 for the pictogram operation 
procedure. Before sealing the ULOC with adhesive tape, the reagent reservoir was 
filled with 2 µL CNP-mAb and 190 µL RB, resulting in a DF x 20 when 10 µL of sample 
is actively injected into the reservoir. Sample type  B was used to characterize the LFIA 
immunochemistry and smartphone readout. Pre-weighed sample type  C was used to 
evaluate the extraction and filtration by the homogenizer unit by comparing the LFIA 
result against results obtained with sample type B. To determine the size distribution of 
the resulting particles crushed by the homogenizer, we tested 3 different solid samples 
(i.e., BC, HC, and PC; n=10) and took 3 individual aliquots and a pooled fraction for each 
cookie, photographed the particles, and analyzed their size distribution using ImageJ (see 
SI Protocol S5.1 for full details). 

For sample types C and D (approximately 0.25 g), and then incubated with 1 mL RB for 
1 minute, before filtering through the 3D-sieves. Finally, to characterize the system for 
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detecting real-life incurred and processed allergens, sample type D was investigated. The 
volume of the pre-loaded CNP-mAb was increased to 4 µL (2 µL for the anti-hazelnut mAb-
CNP and 2 µL for the anti-peanut mAb-CNP) for multiplex analysis. Here, we consistently 
injected the sample up to the 10 µL mark on the ULOC to assure the reproducibility of 
results. However, the sample injection is actively controlled by the user, and they can 
simply choose to inject the sample further into the ULOC if a greater volume/higher 
analyte concentration is required. Air displacement transported the sample to the 
detection well. The ULOC was then inserted into the device holder, the LFIAs inserted into 
the ULOC aligning with the test and reference wells, and the smartphone was set to video 
record to acquire the data. Here, the immunochromatographic limit of detection (LOD) 
is the lowest concentration at which two lines (test and control) can be visually, or by 
smartphone, distinguished compared to a blank sample (n=3).

3 Results and Discussion 

3.1 Extraction time 
A major restriction of allergen analysis is the lengthy extraction process, which typically 
includes weighing, heating, grinding, and numerous filtering steps2,11. As such, extended 
extractions delay rapid screening tests such as LFIA. While a 2 minute magneto-assisted 
allergen antigen extraction has been reported, this still required off-chip microwave pre-
heating3. Previously we13 described a method for extracting total proteins from cookies 
and peanut flour at room temperature (RT) in 30 minutes. This method is promising 
because even with the shorter extraction time and at RT, the extracted samples still 
required extensive dilution to comply with the LFIA dynamic working range, indicating a 
much shorter extraction time could still be appropriate for extracting relevant allergenic 
proteins without delaying the analysis. To test this, we evaluated different extraction 
times to attempt to reduce the overall assay duration, see Figure 5.4 and SI (Table S5.2). 
High protein concentrations are extracted even within the first minute (RSD = 1.5%, 
n=3), with the concentration increasing with longer buffer incubation time (first 10 min). 
The disposable 3D-sieves circumvented the need for further sample filtration, which 
typically is carried out in a stepwise fashion (see 2.1 & 2.2) to filter out lipids and larger 
particles. As well as filtering particles, crushing with the 3D-sieves and homogenizer led to 
reproducible particle size distribution (n=10) between the 3 varieties of cookie (0.04 – 1.2 
mm particle diameter) with most particles having a diameter between 0.21 – 0.8 mm (see 
SI Figure S5.6).

Unlike other reported integrated microdevices3,10,14, our extraction requires no sample 
pre-treatment or heating; the detachable homogenizer unit interconnects with the 
ULOC, which then executes all outstanding sample handling. Only one other reported 
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allergen screening device offers solid-liquid internal extraction in less than 4-min1. These 
experiments used pre-weighed samples, but to improve consumer-operability, the user 
can instead simply fill the homogenizer syringe with the solid sample to the 1 mL visual 
mark, avoiding the need for weighing equipment as this method gave reproducible sample 
weights (n=10) for all 3 variations of cookie tested (see SI Figure S5.7). While this would 
not result in quantitative results, such an approach is adequate for semi-quantification. 
Currently, in this early prototype, the extraction buffer is provided in a pre-measured vial 
containing 1 mL. However, future refinement could include an additional ULOC chamber 
for on-chip extraction buffer storage. 

Figure 5.4. Graph showing effects of different buffer incubation times (1, 2, 3, 5, 10, 20 & 30 minutes) 

on the total hazelnut protein (THP) concentration (mg/mL) in the extract from raw hazelnut (n=3 

extractions). Error bars are displayed but are too small to see; for standard deviation, see SI Table S5.2.

3.2 ULOC Dilutor 
Allergenic proteins exist in foods over a broad dynamic range and must be detected at 
trace levels for protecting sensitive individuals. Still, it is vital to understand that highly 
concentrated samples can yield paradoxically low signal intensities, which could easily be 
misinterpreted by a consumer. However, it is reported that sample dilution (DF x 10-100) 
can minimize the occurrence of false-negatives11-13. While sample dilution is a prerequisite 
for allergen analysis, we cannot expect the consumer to do this. To circumvent the issue, 
we have created a system allowing for arbitrary, pipette-free, sample dilution by pre-
storing adjustable volumes of RB in the reservoir. When the extracted sample is injected 
into the reservoir, it efficiently mixes with the pre-stored CNP-mAbs by air displacement 
and is also diluted in RB by an adjustable DF.
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Figure 5.5A compares the BCPIs for on-chip (ULOC-enabled) versus off-chip (manually 
pipetted) dilutions (dye in water, sample type A, n=3) using different DFs. Figure 5.5B 
indicates where to take the pre-dilution (DF x 0), the mid-dilution (5.5C), and the on-chip 
and off-chip (5.5D) BCPIs measurements. For consistency, the measurements were always 
taken below the dye’s meniscus. The ULOC DFs invariably matched the manually pipetted 
DFs, suggesting that the ULOC delivers well-defined sample volumes (see SI Figure S5.5). 
ULOC devices for other applications have already been extensively characterized for 
integrated actuation (2-15 µL) with comparable accuracy to pipettes23,25. Injecting the 
sample causes turbulent mixing (Figure 5.5C) because of the co-injection of air bubbles. 
Air metering for sample transport is also documented elsewhere16. The current combined 
immunosensor benefits from nitrocellulose. When the LFIA touches the turbid liquid, the 
nitrocellulose wicks the fluid, displacing the air from its pores, without bubbles disrupting 
the optical measurement.  

Figure 5.5.  ULOC dilutor. (A) Graph depicting the performance of ULOC for unidirectional sample 

dilution as a function of blue channel intensity. The red circle represents ULOC dilutions. The black square 

represents manual dilutions. (B) ULOC before dilution, the area where the volume metering reading 

is taken from is outlined in yellow. (C) ULOC during dilution, the dye mixes with water in the reagent 

reservoir and is delivered to the test area by the fluidic system. (D) ULOC after dilution, intensity reading 

for the manual dilution (outlined in blue), and the intensity reading for the ULOC dilution (outlined in 

green).

3.3 Dynamic Data Acquisition
To investigate the influence of assay duration on the signal development, the LFIAs 
were readout after 5 (SI Figure [S5.8A]), 10 [S5.8B], 15 [S5.8C], and 20 [S5.8D] minutes 
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with sample type B (0.1-1000 ppm). From these images, the test and control line signal 
development [S5.8E] and the T/C ratio development [S5.8F], are each plotted as a function 
of time (min) in independent calibration curves. At 5 min, the lowest concentration visibly 
readable is 10 ppm, with the signal improving with increased duration. After 10 min, a 1 
ppm signal is readable. However, at 1000 ppm, no signal is generated on either line, even 
after 10 min. Even with ULOC-enabled sample dilution (DF x 20), high-concentration LFIA 
effects are observed, affirming the necessity of dilution to avoid false-negative results. The 
majority of LFIA developers recommend an assay duration of up to 20 min to allow the 
signal to reach full stability and sensitivity8. However, we found that a 15 min duration was 
suitable for allowing signals to develop for all concentrations, without neglecting highly 
concentrated samples. In future versions, the ULOC could benefit from having multiple 
dilution wells for running 3 LFIAs simultaneously across an entire assay dynamic working 
range, further limiting the occurrence of concentration-dependent effects.  

3.4 Total Allergen Protein Detection 
Allergenic proteins can be subject to conformational alterations during food processing29. 
Therefore, biosensors must demonstrate proficiency in detecting allergens in both raw and 
processed products. Here, solid cookie samples were pre-weighed (0.25 g) for consistency. 
Still, in real life, the user can instead fill the homogenizer with the cookie to the 1 mL 
mark to approximately obtain the same sample weight (see SI Figure S5.7). Though this 
method is less precise, it would suffice for qualitative assessment of bakery products for 
the presence of allergens. Previously, we found that extracted allergen samples still need 
extensive dilution before LFIA analysis13. Here, a manual DF x 20 (5 µL of THP in 95 µL RB) 
gave clear results at all tested concentrations (see SI Figure S5.9), without compromising 
detection at the lowest levels, so a DF x 20 was always applied for ULOC-enabled dilutions.

3.5 Total Allergen Protein Extract Screening 
See Figure 5.6A for signal development under optimum conditions (e.g., THP extract 
spiked into RB). For sample B (THP extract spiked into BC extract (v/v); Figure 5.6B), the 
T/C ratio detection limit is 1 ppm (n=3). Despite using the prototype for analysis, the 
LOD here is not much higher than in our previous work (0.5 ppm; n=20)13, which was 
obtained using standardized laboratory conditions, pipettes, and equipment. Sample B 
measurements are reproducible (RSD ± 2.9%), indicating the ULOC mixes well and delivers 
persistent volumes, and that the LFIA still works when combined with the ULOC. Solid 
sample type C (BC spiked with THP extract (w/v); Figure 5.6C) was extracted and analyzed 
to reflect an actual solid-liquid extraction, with a LOD of 1 ppm (RSD at 1 ppm ± 3.7%). The 
slight increase in T/C deviation could be due to the crushing efficacy of the homogenizer. 
Small differences in buffer incubation times between repeat measurements and non-
uniform dispersion of liquid THP extract could be consequential to the somewhat higher 
variation. 
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3.6 Incurred Single Allergen Screening
Thermal processing, such as baking, can affect allergen detectability29. See Figure 5.6 to 
compare signal development for samples using total allergen protein extracts (5.6E) with 
samples containing incurred allergens (5.6D&F). Testing commercial hazelnut cookies 
mixed with blank cookies (sample type  D1) exemplifies the effectiveness of extracting 
incurred proteins from a solid matrix into a testable liquid and detecting the allergenic 
proteins in this liquid. Sample D1 has a LOD of 0.1 ppm (n=3, RSD ± 3.03%; see Figure 
5.6D and F) for processed hazelnut. Compellingly, the D1 LOD is lower than the LOD for 
sample C. The LFIA is more sensitive towards processed hazelnut. This sensitivity has also 
been indicated in our singleplex hazelnut LFIA where the same mAb reached the same 
LOD for HC extract in BC extract27. 

In Figure 5.6, high-concentration effects (1000 and 100 ppm) are evident. Even with the 
faster extraction time and ULOC-dilution concentration-dependent effects still occur, 
affirming the necessity to dilute allergen samples before analysis11,12.  For consumer 
testing, the loss of the control line (at 1000 ppm) could be problematic, and some tests 
have additional target lines to limit this1.

Figure 5.6. Photographs and calibration curves showing LFIA signal development in increasing 

concentration of analyte where error bars represent standard deviation (n=3) (A) 1-1000 ppm, total 

hazelnut protein (THP) extract spiked into running buffer (RB)(v/v); (B) 1-1000 ppm, THP extract spiked 

into a blank cookie (BC) extract (v/v); (C) 1-1000 ppm, BC spiked with THP extract (w/v); (D) 0.1-100 ppm, 

BC spiked with hazelnut cookie (HC) (w/w); (E) Calibration curve for [A; blue circle], [B; red square] and [C; 

green triangle] where hollow circles represent the signal at 0 ppm; (F) Calibration curve for D, red circle 

represents 0 ppm measurement.
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Here, we included a reference well in the ULOC pre-containing RB and CNP-mAb for a 
blank control. The consumer can then use this to directly compare the physical appearance 
of the test and control lines in real-time. Of course, in a dedicated smartphone-app, any 
human error would be avoidable, triggering an alert when the LFIA falls outside normality.

3.7 Incurred Multi-Allergen Screening  
Sample type  D2  (HC and PC in BC (w/w); Figure 5.7) demonstrates the prototype’s 
effectiveness for simultaneously co-extracting and detecting unrelated processed 
allergens. Both analytes were detectable at 0.1 ppm (n=3, RSD ± 2.5% and 1.6% for hazelnut 
and peanut, respectively). There is a slightly lower deviation in multiplex measurements 
owing to increased control line stability, from using two different CNP-mAbs compared 
with singleplex analysis. The sensitivity is even better than when using the same LFIAs to 
detect THP and TPP spiked into BC extract (v/v, LOD 0.5 ppm)13 and has similar or higher 
sensitivity compared to other LFIAs11,12.

Figure 5.7. Photographs and calibration curves showing multiplex LFIA signal development in increasing 

concentration of incurred multi-allergen analyte where error bars represent standard deviation (n=3). (A) 

Multiplex calibration range for sample type D2 (i.e., hazelnut cookie and peanut cookie spiked into blank 

cookie 0.1-100 ppm (w/w)) where C denotes the control line, H the hazelnut test line and P the peanut 

test line. (B) Calibration curve as a function of the T/C ratio (i.e., test line intensity divided by control line 

intensity) using corrected blue channel pixel intensities. The red circle represents the T/C ratio in a blank 

(0 ppm) sample. 
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3.8 Consumer Diagnostics Potential
The prototype was tested by an independent person with no scientific or technical 
background to demonstrate consumer-operability. According to the European Citizen 
Science Association (ECSA), citizen science should involve generating new knowledge 
that is beneficial to both the citizen and the researcher and with results being made 
public through open access publications30. We provided the participant with a blank and 
spiked cookie and two vials with pre-contained volumes of RB, 4 LFIAs, and the prototype 
immunosensor. Following a 5 min explanation and using the pictogram-based standard 
operating procedure (see Figure 5.3), the participant performed the assay (n=2; see 
SI Figure S5.10). He then placed the ULOC in the device holder, inserted the reference 
and test LFIAs, and recorded the result on the smartphone. The participant successfully 
differentiated between the positive and negative results for the spiked and blank samples, 
signifying the early prototype is already is operable by non-skilled individuals after only a 
short explanation. 

4 Conclusions 

The reported handheld immunosensor allows for interconnectable sample preparation, 
solid-liquid protein extraction, dilution, delivery, detection, and smartphone readout 
of multiple allergens in bakery products. The detachable homogenizer efficiently co-
extracts and filters two major but distinct allergens from solid samples in record time. 
Active injection of the extracted liquid sample into the ULOC mixes the extract with RB for 
arbitrary sample dilution and with labeled bioreagents before delivery to the detection 
chamber. This pipette-free dilution limits the occurrence of false-negative results in LFIA. 
Real-time results are automatically readable as they develop on the phone screen. While 
the results are readable on the phone screen within 5 minutes, they are optimum after 
15 minutes. The interchangeable LFIA cartridge means the reported system with ULOC-
enabled sample dilution can easily be applied to test different LFIAs targeting various 
food, biomedical and forensic applications, affirming the value of such a simplified, 
adjustable, and multifunctional system.  

The immunosensor is inexpensive, with current material costs of less than 1$/USD. The 
prototype is already consumer-operable, and further advancements, such as image 
processing in a dedicated smartphone app, will continually improve the usability of the 
system. The presented handheld system is an encouraging development for affordable, 
simplified multiplex consumer immunodiagnostics. 
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Supplementary information

Chapter 5

Table S5.1. Blank biscuit and allergen biscuit ingredients.

Sample Ingredients Allergen Information

Blank 
Cookie

Wheat flour, Sugar, palm oil, salt, glucose–fructose 
syrup, raising agent, (ammonium carbonate [E503]), 
natural flavor

Contains: wheat gluten

May contain milk, sesame

Hazelnut 
Cookie

Whole grains, oat flakes, wheat flour, sugar, vegetable 
oil, glucose fructose syrup, raising agents, salt, 
emulsifiers, cane sugar molasses

Contains: Hazelnut (10.8%), 
gluten

May contain milk, egg and 
sesame

Peanut 
Cookie

Wheat flour, sugar, vegetable oil, center, salt, milk 
proteins, invert sugar syrup, dextrose, aroma

Contains: Peanut (25%), egg, 
milk 

May contain gluten 
containing grains, nuts
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Figure S5.1. 3D-printed sieves. (A) Computer aided design (CAD) of sieve sheet. (B) 3D-print of the sieve 

sheet. Insert showing the 18 mm diameter laser cut sieves. (C) Microscope image of sieve, scale bar (500 

µm) in bottom right-hand corner and indicated by red arrow. (D) Microscope image of edge of laser cut 

sieve, scale bar (500 µm) in bottom right-hand corner and indicated by red arrow.

Figure S5.2. Computer aided design (CAD) image for smartphone device holder. Slot to insert ULOC 

is outlined in blue. The frame for clamping the smartphone to is outlined in red. The area to insert LFIA 

cartridge is outlined in green. The area which is closed by the door is outlined in yellow. 
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Figure S5.3. LFIA cartridge. (A) Computer aided design (CAD) of 50 mm LFIA cartridge which houses 3 

LFIAs of 4 or 5 mm wide. (B) 3D-printed LFIA cartridge with 3 LFIAs inserted. 
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Protocol S5.1. Procedure for particle analysis using ImageJ.

1. Open image of crushed sample in ImageJ (A)
2. Set scale. A line was made along the scale of a ruler (5 mm) in the image and Set Scale  
 function [Analyze>Set Scale] was selected.
3. Region of Interest (ROI). Using the Rectangular tool, a fixed region excluding the scale  
 bar was selected. 
4. Crop image. The image was cropped [Image>Crop] based on the defined rectangular  
 ROI.
5. Make image binary. The cropped image was transformed into a binary image (B)  
 [Process>Binary>Make Binary]. This makes the outline of the particle visible.
6. Apply Fill Holes [Process>Binary>Fill Holes]. The hollow particles are turned into solid  
 particles. 
7. Apply Watershed [Process>Binary>Watershed]. This breaks closely located particles. 
8. Apply Particle Analysis [Analyze>Analyze Particles]
9. Copy result of particle sizes to spreadsheet. 
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Table S5.2. Effect of different incubation times (minutes) on the protein concentration (mg/

mL) in the extract of whole raw hazelnut (n=3)

Extraction time 1st 2nd 3rd %RSD

1 3.94 3.89 4.02 1.5

2 4.64 4.52 4.80 3.0

3 5.58 6.01 5.49 4.9

5 6.59 6.65 6.72 0.9

10 12.42 13.03 12.51 2.5

20 14.68 13.98 14.60 2.6

30 15.11 15.25 14.90 1.1

Figure S5.4. Annotated computer aided design (CAD) of the ULOC device indicating where the reference 

and test LFIAs are inserted, where the extraction unit connects to, where the carbon-nanoparticle labelled 

antibodies (CNP-mAbs) and running buffer (RB) are pre-loaded and where the reference reagents are 

pre-loaded. 
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Figure S5.5. Unibody Lab on a Chip (ULOC) devices showing loading of dye to (A) 10 µL mark (n=2) (B) 

5 µL mark (n=2).
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Figure S5.6. Image particle size distribution of 3 varieties of cookie sample (A) blank, (B) hazelnut and 

(C) peanut cookies, crushed by the homogenizer unit, where the black bars represent the size distribution 

from a pooled sample (n=10), and the pink, teal and purple bars represent 3 individual homogenizations. 
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Figure S5.7. Filling the homogenizer syringe to 1 mL mark with cookie (A) photo of syringe filled to 1 mL 
with blank cookie. (B) Graph showing the variation in weight from filling the syringe to 1 mL mark with 
blank cookie (black), hazelnut cookie (blue) and peanut cookie (green).

Figure S5.8. Endpoint images and calibration curves showing development of LFIAs tested in an 
increasing concentration of total hazelnut protein (THP) extract in blank cookie (BC) extract in the range 
of 0.1-1000 ppm, C represents the control line and T represents the test line, the eye symbol represents the 
visual LOD at that given time point. All intensities are measured in the blue channel of RGB corrected by 
subtracting the background response of a blank test. (A) LFIAs after 5 minutes. (B) LFIAs after 10 minutes. 
(C) LFIAs after 15 minutes. (D) LFIAs after 20 minutes. (E) Calibration curve showing the corrected blue 
channel pixel intensity (cBCPI) response for the control (C) and test (T) line development (F) Calibration 
curve showing the test line divided by control line (T/C ratio) development.
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Figure S5.9. Calibration curve for 5 µL of total hazelnut protein (THP) in 95 µL running buffer (RB), a dilution 

factor (DF) of x20. Corrected blue channel pixel intensity is plotted by subtracting the blank response and 

dividing the test line intensity by the corresponding control line intensity value (T/C ratio). The red circle 

represents the T/C ratio in a blank (0 ppm) sample. Error bars represent the standard deviation (n=3).

Figure S5.10. Citizen science experiments (n=2). Participant (age 15 years) was provided with a short 

demo, pictogram instruction sheet, and the prototype to perform experiments.  
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Unraveling the hook effect: a 
comprehensive study of high 
antigen concentration effects in 
sandwich lateral flow immunoassays

Adapted from: 
Ross, G.M.S., Filippini, D., Nielen, M.W.F., Salentijn, G.IJ., 2020. Unravelling the 
hook effect: a comprehensive study of high antigen concentration effects in 
sandwich lateral flow immunoassay. Analytical Chemistry. 92 (23). 15587-
15595 doi:10.1021/acs.analchem.0c0374 



Sandwich lateral flow immunoassays (LFIAs) are limited at high antigen 

concentrations by the hook-effect, leading to a contradictory decrease in test line 

(T) intensity and false-negative results. The hook-effect is mainly associated with the 

loss of T, and research focuses on minimizing this effect. Nevertheless, the control 

line (C) intensity is also affected at higher analyte concentrations, undesirably 

influencing the T/C ratio in LFIA readers. The main aim of this work is to identify 

and understand such high antigen concentration effects in order to develop 

ubiquitous strategies to interpret and mitigate such effects. Four complementary 

experiments were performed: performance assessment of three different allergen 

LFIAs (two hazelnut, one peanut) over 0.075 – 3500 ppm, LFIAs with C only, surface 

plasmon resonance (SPR) binding experiments on the immobilized control antibody 

and, smartphone video recording of LFIAs during their development. As antigen 

concentrations increase, the C signal decreases before T signal does, suggesting 

that distinct mechanisms underlie these intensity reductions. Reduced binding at 

the C occurred even in the absence of T, so the upfront T does not explain loss of C. 

SPR confirmed the C antibody favors binding with free labeled antibody compared 

with labeled-antibody-analyte-complex, indicating that in antigen excess, binding 

is reduced at C before T. Finally, a smartphone-based video method was developed 

for dynamically monitoring LFIA development in real-time to distinguish between 

different concentration-dependent effects. Digitally analyzing the data allows 

clear differentiation of highly positive samples and false-negative samples and can 

conclude whether the LFIA is in the dynamic working range or at critically high 

concentrations.Ab
st
ra
ct
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1 Introduction

Lateral flow immunoassays (LFIAs) have revolutionized consumer diagnostics, translating 
laboratory-based immunoassays into affordable, accessible home testing devices1. 
Sandwich format LFIAs utilize two bivalent monoclonal antibodies (mAbs) to capture and 
detect large multivalent targets, such as allergens2. In microplate-based immunoassays, 
capture mAbs are directly immobilized onto the solid support of the microwell3; in LFIA, 
the capture mAb is shaped into a test line (T). A labeled secondary mAb, which generally 
binds to a different or repeating epitope on the antigen, forms a sandwich complex with 
the antigen and capture antibody. The label yields a measurable, often optical signal. In 
a sandwich LFIA’s working range, T signal increases with an increase in target antigen 
concentration; the naked eye can qualitatively read this. However, researchers have known 
since 19744 that an excess antigen concentration leads to saturation of available binding 
sites on the bivalent capture and detector mAbs, preventing the formation of a sandwich 
complex in the T area, which in turn leads to a paradoxical loss of T signal intensity3,5-7. This 
disappearance of T is known as the hook-effect8.

In LFIA, in addition to the capture and detection mAbs, a secondary, species-specific 
antibody, capable of binding the labeled detection mAb, is immobilized as a control line 
(C)9. The C informs the user that the test is valid, yielding a signal regardless of the presence 
of antigen. When analyzing LFIAs with a digital optical reader such as a smartphone10, 
the ever-present C can be used to normalize the T against, to correct for experimental 
variables (T/C)11. The use of T/C thus assumes that the C intensity is constant. However, 
it has been observed that increasing antigen concentration also leads to a decrease in 
C intensity, while the T intensity still heightens12-14. Loss of C compromises the reliability 
of the T/C at high concentrations, and yet remains to be fully understood. In literature, 
various concentration-dependent effects are described under the hook-effect definition. 
See the Supplementary Information (SI) Table S6.1 for a review of the definitions given 
for the hook-effect and the observed effects in the literature (1974-2020). Despite the 
qualifying characteristic of the hook-effect being a false-negative result (i.e., the absence 
of T), the definition is frequently also used to describe effects causing loss of the C.

There are numerous mitigation strategies to cope with high-concentration effects in 
sandwich immunoassays:  
The most apparent method is testing the sample, both undiluted and diluted15. If the 
diluted sample gives a stronger T response than the undiluted sample, the undiluted 
result can be considered as ‘hooked’16. Dilutions allow adjustment of the dynamic working 
range of an LFIA but also require additional sample preparation, time, and material costs17. 
Conversely, changing the physical layout of the assay can prevent high concentration 
effects2,18, essentially allowing for decoupled reagent delivery19. Still, separation of 
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reagent flow is crucial to prevent premature mixing of labeled antibody and analyte20. 
Alternatively, high-concentration effects can be minimized by optimizing reagents, 
for example, by supplementing the immunoassay with one or more additional target 
lines6,21,22. Differentiation between artificially low (‘hooked’) and truly low concentration 
samples is possible by real-time monitoring of T and C development14 and can allow for 
LFIA dynamic ranges to be expanded by orders of magnitude23. 

In this work, the aim was to first unravel the hook-effect by comprehensively elucidating 
how extreme antigen concentrations influence LFIA test line and control line development 
over time in three different allergen LFIAs. The identification and understanding of how 
high antigen concentrations influence LFIA signal development is crucial for any sandwich 
LFIAs and will lead to ways to mitigate such effects, such as by the simplified dynamic 
smartphone-based method presented here; ultimately leading to more reliable testing.

2 Experimental

Three allergen LFIAs were developed for detecting peanut [PA] and hazelnut [HA1 
+ HA2]. Each assay has a different sandwich pair of mAbs for their capture (T) and 
detector (carbon nanoparticle-labeled-antibody (CNP-mAb)) mAbs, selected for their 
differences in sensitivity as observed in prior work24-26. All assays used goat-anti mouse 
(GAMaB) IgG in PBS (pH 7.6; 1.2 mg/mL; AffiniPure F(ab’)2 Fragment) at the C line (Jackson 
Immunoresearch Laboratories Inc., Sanbio, Uden; The Netherlands) and were developed 
on nitrocellulose membranes (140 CN; Unisart, Sartorius, Gottingen, Germany) overlaid 
with an absorbent pad (Whatman, GE Healthcare, Eindhoven, The Netherlands) and 
secured with a plastic backing (G and L, San Jose, CA, USA); see SI Protocol S6.1 and S6.2 
for full details on CNP-mAb labeling and LFIA preparation details. For the SPR biosensor 
assay, an amine coupling kit, pH scouting kit, HBS-EP buffer, and CM5 sensor chips were 
purchased from GE Healthcare (Uppsala, Sweden); see SI Protocol S6.3 for further detail on 
the immobilization procedure. 

2.1 Reference Materials 
Standardized certified reference materials and standard solutions for food allergens are not 
currently available, and therefore, total protein extracts required in-house preparation27. 
The procedure for total protein extraction for generating total peanut protein (TPP) 
and total hazelnut protein (THP) has been described previously25,26. Fresh aliquots were 
defrosted on the day of experiments, and the protein content was checked with the 
NanoDrop (ND 3300, Isogen Life Sciences, De Meern; The Netherlands) before use.
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2.2 LFIA readout
A qualitative assessment of LFIAs was made by reading the developed signal with the 
naked eye; quantitative readings were performed by smartphone detection28. A custom 
3D-printed smartphone holder was used to shield up to 3 LFIAs from ambient light during 
optical measurements (See Figure 6.1 and SI Figures S6.1 & S6.2). A smartphone (Google 
Pixel 2 XL, Google, Mountain View, CA; USA) was used to record images and videos of 
developing LFIAs. The smartphone was attached to the frame of the holder, supporting 
the phone during the dynamic measurements (locked exposure, fixed focus, controlled 
illumination) at 30 frames per second (fps) using OpenCamera (v1.47.3). Adapter (v2.1.6) 
converted the videos into images of 1 fps. ImageJ29 was used to split the images into 
their RGB (red, green, blue) color channels. Blue channel intensity values for the T and C 
were subtracted from a background reading; the resulting corrected blue channel pixel 
intensity (cBCPI) increased with increasing line intensity.

Figure 6.1. Photographs of the 3D-printed smartphone-holder for recording LFIA signal development 

under controlled lighting: (A) open side view to show where LFIAs and microwells are inserted; (B) closed 

side view with the LFIAs inserted and smartphone attached; (C) head-on view of LFIA signal development 

on the phone screen.  

2.3 Influence of antigen concentration on LFIA signal development 
All three LFIAs were tested in a concentration range spanning 5 orders of magnitude. LFIAs 
were inserted into microwells containing 99 µL of antigen in RB (0.0075-3500 ppm of TPP 
or THP) and 1 µL of CNP-mAb. Here, endpoint images of T and C signals were used for 
calculating T/C; LFIAs were left to develop for 40 minutes before the results were recorded 
by smartphone.  
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2.4 Influence of antigen concentration on signal development in C only LFIAs
The LFIAs were tested alongside a LFIA with only a GAMaB C, at concentrations shown to 
diminish C intensity (5 ppm, 10 ppm, 25 ppm, and 50 ppm) (n=2). Additionally, the original 
LFIAs were ran in a blank as a negative control. LFIAs were developed in a microwell 
containing 99 µL of antigen in RB (50 ppm TPP, 5 or 50 ppm THP) and 1 µL of CNP-mAb; 
LFIAs developed for 30 minutes in the 3D-printed smartphone holder (Figure 6.1). 

2.5 Sequential and pre-mixed antigen-binding studied by SPR
Biosensor chip immobilization was performed per the manufacturer’s instructions; see SI 
Protocol S6.3 for further details. Using SPR, the influence of increased analyte concentration 
on the binding characteristics of free CNP-mAb (and subsequently introduced analyte) 
or pre-mixed immunocomplex ([CNP-mAb-analyte]) towards immobilized GAMaB was 
evaluated (n=3). For sequential measurements, 10 µL of CNP-mAb (diluted 1:99 in HBS-
EP) was injected across the GAMaB surface (flow rate of 25 µL/min). After binding, 10 µL 
analyte solution was injected. For pre-mix experiments, 10 µL of CNP-mAb and analyte 
solution was injected at 25 µL/min. These experiments were performed at concentrations 
of 0.1 - 3000 ppm. For regenerating the surface, the flow was adjusted (50 µL/min), and 5 
µL 25 mM NaOH was injected, returning the signal to baseline. 

2.6 Dynamic monitoring of LFIA signal development 
LFIAs were placed in microwells containing 99 µL of antigen in RB (0.0075-3500 ppm of TPP 
or THP) and 1 µL of CNP-mAb, inserted into the smartphone holder, and were dynamically 
recorded for 30 minutes. The T/C was acquired at set time points (5 - 30 minutes) by 
selecting frames from the video. This was done for different concentrations ([PA; 0.015-
3000 ppm], [HA1: 0.015-3000 ppm], & [HA2: 0.015-2000 ppm]). Alternatively, videos 
were imported into custom python scripts (Python 3.7) for automated data analysis. In 
an early video frame, regions of interest (ROI) were positioned over the T and C, and as 
a background reading. Data evaluation consisted of averaging the blue pixel intensity 
in the ROIs across the entire video duration at 1-second data points. The generated 
responses were exported in a comma-separated value (.csv) format for easy importing 
into spreadsheet programs. A second, complementary python script corrected the time-
response to assess LFIA signal development.

3 Results and Discussion

3.1 Influence of antigen concentration on LFIA signal development 
As most reported LFIAs are tested within a limited range and read after up to 20 minutes, 
high concentration effects are not well documented, but it is known that excess antigen 
can influence the signal development time. Here, three different LFIAs were tested in a 
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concentration range spanning 0.0075 – 3500 ppm (Figure 6.2) and developed over 40 
minutes before their endpoint image was recorded by smartphone. 

In all three assays, the T follows the same pattern across the concentration range, as can be 
observed visually (Figures 6.2 A;D;G) and numerically (Figures 6.2 B;E;H). T signal depends 
on the capture of antigen followed by binding of CNP-mAb, or on the binding of already 
complexed [CNP-mAb-analyte] to the immobilized antibody. At 0 ppm, there is no analyte 
present; therefore, no T signal develops. As the analyte concentration increases (up to 
100 ppm [PA], 10 ppm [HA1], and 10 ppm [HA2], the T intensity increases, by capturing 
more analyte, and correspondingly, more CNP-mAb or by capturing larger, higher-order 
immunocomplexes. These complexes form when multivalent antigen, such as hazelnuts 
and peanuts, with numerous identical or distinct epitopes30, binds several CNP-mAb 
particles leading to the formation of an intense T at high concentrations. Beyond these 
concentrations, the T intensity instead starts decreasing, producing false negatives. This 
hook-effect is unsurprising because, at extreme antigen-excess, T is rapidly saturated by 
an accumulation of unlabeled antigen, while the remaining, mobile, excess antigen binds 
with CNP-mAb without being captured on T2. 

Comparably, C signal arises due to the binding of CNP-mAb. Therefore, in a blank (0 ppm), 
a clear C is seen. At low concentrations, C captures free CNP-mAbs yielding an intense 
signal, as observed visually (Figures 6.2 A;D;G) and numerically (Figures 6.2 B;E;H). In this 
range, C intensity increases slightly with increasing antigen concentration, possibly due 
to the binding of multiple CNP-mAbs to the same multivalent allergenic protein, resulting 
in increased signal intensity31. At higher concentrations (roughly above 10 ppm [PA], 0.5 
ppm [HA1], and 1 ppm [HA2]), the C intensity decreases, while the T still becomes more 
intense. This is reflected in the endpoint T/C metric (Figure 6.2 C;F;I). T/C increases along 
with T and rises further still at concentrations causing C to decrease. This increase in T/C 
widens the LFIA’s linear dynamic working range even when C is affected by concentration. 
Only after the hook-effect has occurred, leading to a decrease in T, does the T/C drastically 
drop. This trend is consistent across all 3 assays, despite them detecting distinct antigens 
and using different mAb sandwich pairs with diverse sensitivities and kinetics24,25; as well 
as from the body of literature describing high concentration effects in LFIA (see SI Table 
S6.12,12,14). A decrease in C must be caused by a reduction in CNP-mAb binding, which could 
potentially be due to preventing the arrival of CNP-mAbs at the C by the T (investigated in 
the C only section below), or by decreasing the avidity of the CNP-mAbs to bind at those 
sites, which is assessed by the SPR experiments32. 

Interestingly, as the concentration further increases (above 100 ppm [PA], 250 ppm [HA1 & 
HA2], the C intensity partially reappears. At extreme concentrations, multivalent proteins 
have a propensity to aggregate, potentially masking their epitopes33. Moreover, these antigen 
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concentrations probably hinder higher-order immunocomplex formation because there is 
insufficient CNP-mAb available for binding with the abundant antigen in larger complexes12,34.

Figure 6.2. Extended calibration range of the 3 LFIAs, peanut assay [PA], hazelnut assay 1 [HA1], and 

hazelnut assay 2 [HA2] in increasing concentration of the analyte (total peanut protein or total hazelnut 

protein) spiked into RB (0.0075-3500 ppm) (n=3). (A, D & G) photographs after 40 minutes. (B, E, H) test 

and control signal expressed in corrected blue channel pixel intensity (cBCPI) (C, F & I) test line is divided 

by the control line (T/C Ratio). Error bars represent the standard deviation (n = 3). 
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3.2 Influence of antigen concentration on signal development in C only 
LFIAs 
In the extended calibration range, specific concentrations caused the appearance of an 
intense T and a comparably diminished C, affecting the T/C, as was observed in Figure 
6.2 C;F;I. Possibly, at these moderately high concentrations, the antigen, which is bound 
in immunocomplex with CNP-mAb, binds mostly at the T, thus limiting the amount of 
CNP-mAb that can reach the C and can interact with GAMaB. Figure 6.3A-C shows the 3 
assays tested at concentrations observed to affect C development; Figure 6.3D shows the 
cBCPIs (n=2) of the C from the three variations of the assay, for all three assays. Both in the 
presence and absence of a T, the C never reaches the full intensity it would obtain in a blank. 
Interestingly, the signal for the C in the regular LFIA (green [PA], blue [HA1], orange [HA2), 
and the C only LFIA (checked green [PA], checked blue [HA1], and checked orange [HA2] are 
of similar intensity. However, 3D shows that the intensity of C in the C+T LFIAs, is often less 
than in the C only LFIAs, indicating that some binding of [CNP-mAb-analyte] at T could have 
a minor contribution to the reduction of binding at C. However, there is a more substantial 
C intensity difference between the blank and antigen solutions for each assay, at all tested 
concentrations. This emphasizes that a reduction of binding at C must be due to increased 
antigen concentrations causing the CNP-mAb to have a decreased avidity for C.  

Figure 6.3. Control line only LFIAs. Control signal development in LFIAs with a control line and a test line 

(C+T) and LFIAs with only a control line (C-only). (A) Peanut assay (PA) C+T signal development in a blank 

(B), C+T & C-only in 50 ppm total peanut protein (TPP). (B) Hazelnut assay 1 (HA1) C+T & C-only signal 

development in B and in 5 ppm total hazelnut protein (THP), (C) Hazelnut assay 2 (HA2) C+T & C-only 

signal development in B and in 50 ppm THP, (D) Signal intensity in B, C+T & C-only across all 3 LFIAs as a 

corrected blue channel pixel intensity (cBCPI).
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3.3 Sequential and pre-mixed antigen-binding studied by SPR
Here, using SPR, we set out to elucidate whether increased antigen concentration hinders 
the labeled [CNP-mAb-analyte] immunocomplex’ ability to bind with the GAMaB (pre-
mix) compared with whether increased antigen concentration affects the binding of CNP-
mAb decoupled from the analyte. SPR typically is label-free24, but antibody labeling can 
alter essential binding characteristics35,36. In SPR response units (RU’s) are generated by 
the total amount material captured at the surface, compared with LFIA, where the signal 
is made up solely from the binding of CNP-mAb to C. Moreover, it is also important to note 
that these assays take place on a very different time scale (i.e., LFIA; 40 minutes vs. SPR; 40 
seconds). 

The RU’s reproducibly increased in all 3 assays following the injection of CNP-mAb, as 
can be seen in Figure 6.4A-C, where the black bar represents the free CNP-mAb binding 
with GAMaB. Adjusting the concentration of the injected analyte in the second step 
again leads to a reproducible RU increase in all assays, as can be seen by the colored bar 
increasing (green [PA], blue [HA1], orange [HA2]). Since these multivalent antigens bind 
to the captured CNP-mAb, thereby increasing the total mass of material bound to the chip 
surface, this increase in RU is unsurprising. 

Contrastingly, when simultaneously injecting CNP-mAb + antigen (pre-mix), the assays 
behaved differently (checked green [PA], checked blue [HA1], and checked orange [HA2] 
(see SI Figure S6.3 for an example of sequential and pre-mixed TPP sensorgrams). Crucially, 
the signal intensity in the pre-mix approach is consistently lower versus the sequential 
approach at all tested antigen concentrations. In excess analyte concentrations, [CNP-
mAb-analyte] quickly forms, depleting the free CNP-mAb, which would otherwise 
interact with C with higher avidity than the complex2. This explains why high antigen 
concentrations cause a reduction in binding towards GAMaB in both LFIA and SPR. The 
C signal is consistently reduced at a lower concentration than the T signal in LFIA. As 
soon as an assay is in antigen excess, a prerequisite to enter the hook-range, higher-order 
immunocomplexes would already have formed in solution. Formation of such complexes 
would deplete the amount of free CNP-mAb available for binding with C. 

Therefore, for the hook-effect at T to occur, the concentration effect on the C must have 
already taken place.
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Figure 6.4. SPR responses showing binding to goat anti-mouse antibody of (A) total peanut protein 

[PA] (B) total hazelnut protein 1 [HA1] (C) total hazelnut protein 2 [HA2] tested by sequentially injecting 

carbon nanoparticle labelled antibody (CNP-mAb; black) followed by antigen (green [PA], blue [HA1], 

orange [HA2]) compared against pre-mixed CNP-mAb + antigen (checked green [PA], checked blue 

[HA1], checked orange [HA2] (n=3). Standard deviation is expressed as error bars (n=3).



202   |   Chapter 6

The response in both [HA] assays is different from the [PA] assay, although this is not 
surprising considering that all the assays use different antibodies with varied sensitivities 
and detect distinct analytes. In the [PA], the total binding decreases as antigen 
concentration increases, which is consistent with the formation of a higher number of 
immunocomplexes with reduced avidity to GAMaB. Previously, using SPR, Liang2 observed 
a concentration-dependent decrease in labeled-immunocomplex binding towards T; 
but did not study how concentration influences complex binding at C. Here, it is clear 
there is a decrease in binding at GAMaB with increasing TPP concentrations, seemingly 
harmonious with a growing number of complexes. In both [PA] formats, a decrease in 
C signal is observed at high concentrations but this stabilizes going up to 3000 ppm. In 
the LFIA, one additional higher concentration (3500 ppm) was also tested, and at this 
concentration C partially recovered.  

Contrastingly, in both [HA] LFIAs we see a reappearance of C at much lower concentrations 
than with [PA], which is logical considering that the [HA] LFIAs are more sensitive than the 
[PA]. Likewise, both pre-mix HA’s initially decrease in RU with increasing concentration (< 
100 ppm), consistent with the formation of higher-order complexes with reduced avidity 
for C, these concentrations are also observed to cause a reduction in C in all 3 LFIAs (Figure 
6.2 (A, B, D, E & G, H) & Figure 6.3 (A, B, C, D)). However, at higher-concentrations both HA 
assays instead increase in RU; these concentrations likely cause protein aggregation and 
have a relative scarcity of CNP-mAbs compared to the overabundant antigen, inhibiting 
the formation of higher-order complexes37. 

3.4 Dynamic monitoring of LFIA signal development
The SPR data suggests that the binding of immunocomplexes differs from the binding 
of free CNP-mAb, resulting in variations of the C intensity across broad concentration 
ranges. The usefulness of T/C for normalizing sandwich LFIA results is impeded across this 
range when considering only endpoint analysis. However, recent research suggests that 
additional information is available by monitoring the development of the T/C over the 
entire assay duration14. Figure 6.5 shows the signal development of the C (Figure 6.5 A-C), 
T (6.5D-F) and T/C (6.5G-I) of the LFIAs at a range of TPP or THP concentrations (0.015-
3000 ppm [PA]) (0.015-3000 ppm [HA1] and 0.015-2000 ppm [HA2]) (see SI Figure S6.4 for 
snapshots from the video recording of developing LFIAs).

Within the assay working range (0.015-5 ppm [PA]) (0.015-0.125 ppm [HA1 & 2]), the C 
always develops faster than or at the same time as the T, resulting in a low, stable T/C over 
time. With increasing concentration (10-250 ppm [PA]), (2.5-100 ppm [HA1]), (2.5-400 ppm 
[HA2]), the speed of binding shifts, with the T developing more quickly than the C. The 
T/C time-development reflects this with a sharp initial increase (5 min), when mostly a T is 
present, followed by a steady decline as the C belatedly develops and the signal balances 
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out. Outside of the dynamic working range, when T or C development is influenced 
by antigen concentration, the final T/C becomes an unreliable metric. Recently, Rey14 
presented a method for monitoring LFIA signal development, using a different label (i.e., 
gold nanoparticles), detecting another analyte (C-reactive protein), and similarly observed 
an initial rise, followed by a decrease in T/C over the assay duration at concentrations 
where the T develops before the C. Interestingly, here we observed this trend across all 3 
LFIAs, albeit at different concentrations. Unfortunately, Rey’s14 study primarily looked at 
T/C’s in a limited antigen range (120-255 µg/mL) and, as such only tested concentrations 
that caused a delayed and diminished development of C rather than inhibition of T 
development. A recent study23 consolidated Rey’s results by testing a different antigen 
(hCG) and modeling and observing T/C development at different antigen concentrations 
(0.5 – 500 IU/mL) over 10 min. They found that at low hCG concentrations,  C  initially 
develops faster than T, with T/C  increasing after C  is saturated and T keeps developing 
over 10 min. Conversely at high concentrations  T  develops rapidly with  C  developing 
slowly, causing  T/C  to initially rise and afterwards to steadily decrease over the assay 
duration as T is saturated and C still increases. which is in line with our own findings.

Figure 6.5. Dynamic smartphone monitoring of signal development for total peanut protein (PA), total 

hazelnut protein 1 (HA1), and total hazelnut protein 2 (HA2) LFIAs. Control line signal development (A 

[PA], B [HA1], C [HA2]), test line signal development (D [PA], E [HA1], F [HA2]) and T/C ratio development 

(G [PA], H [HA1], G [HA2]) over 30 minutes at different concentrations (0.015-5 ppm [PA]) (0.015-0.125 

ppm [HA1 & 2]).
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Additionally, we found that a delayed and weak C development at higher concentrations 
also occurs when testing LFIAs without a T (50 ppm [PA], 25 ppm [HA1], and 50 ppm [HA2] 
(SI Figure S6.5), where the C signal only starts developing after 10 min, and then only with 
diminished intensity. As concluded from the SPR study, reduction in C intensity is mainly 
caused by the formation of (higher-order) immunocomplexes, which have reduced avidity 
for C. While any T signal is weak, a diminished and delayed C eventually starts to develop 
after 10 min giving a final low T/C. 

Critically, at these concentrations, the resulting low final T/C overlaps with the T/C 
at much lower concentrations (0.015 ppm [PA], 0.015 & 0.03 ppm [HA1] & [HA2]); 
misinterpretation of this could lead to reporting of a false negative as can be seen in SI 
Figure S6.6 where the T and C signal development and resulting T/C is compared for HA1 
at 0.015 ppm and 2000 ppm. While the final T/C’s at these concentrations are similar, a 
false negative can be avoided by monitoring when the T and C develop; at hook-effect 
concentrations, no signal develops on either line for the first 10 min causing a static T/C 
during this time. Comparatively, at low concentrations in the dynamic working range, the 
C signal develops rapidly and with high intensity. By using dynamic video acquisition, 
real and artificially low concentration measurements can be differentiated, not only 
based on signal intensity but additionally based on whether the C or T develops first 
(Figure 6.5). Further, it is possible to automatically generate these T and C development 
profiles directly from the smartphone video (see SI Figure S6.7 for automatic-profiles for 
PA compared with manual time-development graphs and Figure S6.8 for a blank assay), 
using the python script. In addition to dynamic intensity measurements, this allows for 
BCPI correction and auto background subtraction. Considering that the results generated 
by the software correlate with the manually plotted time responses, novice users can 
simply use the automated results rather than carrying out the image analysis, corrections, 
and background subtraction themselves. 
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Table 6.1. Summary of results of concentration-dependent effects studied in this work

Experiment Purpose Result Conclusions
Influence of 
concentration 
on LFIA signal 
development

Investigate T 
& C and T/C 
development 
(0.0075-3500 ppm)

C increases at low [conc]
T increases at high [conc], at 
extreme [conc] T is lost (hook-
effect)
C decreases at lower [conc] 
than T 
C partially recovers at extreme 
[conc]

Hook-effect is 
reproducible

C decreases due to 
reduced CNP-mAb 
binding or due to T 
depleting CNP-mAb

Influence of 
concentration 
on signal 
development in C 
only LFIAs

Determine 
how C signal 
developments 
without a T

High [conc] prevent C from 
reaching same
intensity as in a blank

High [conc] 
negatively affect C

Sequential and 
pre-mixed antigen-
binding studied 
by SPR

Determine the 
difference between 
pre-mix and 
sequential binding 
of CNP-mAb and 
antigen to GAMaB 
(0.1 – 3000 ppm)

Sequential [PA]+[HA1]+[HA2]: 
at high [conc] Rus increase 
Pre-mix [PA]: at high [conc] Rus 
decrease 
Pre-mix [HA1]+[HA2]: at low 
[conc] Rus decrease
& at high [conc] Rus increase

Free CNP-mAb has 
better avidity to 
GAMaB than higher-
order [CNP-mAb-
analyte-complex]

Dynamic 
Monitoring 
of LFIA Signal 
Development

Investigate T, C and 
T/C development 
over time at varying 
concentrations

Dynamic working range: T & C 
at similar time 
High [conc]: T increases faster 
than C; T/C increases & then 
decreases
Extreme [conc]: no signal 
for pprox.. 10 min, then C 
increases

Dynamic 
monitoring of T & C 
can distinguish high 
concentration effect

4 Conclusions

The experiments, results, and conclusions drawn have been summarized in Table 6.1; a 
schematic depiction of the complementary experiments can be found in SI Figure S6.9. 
To unravel the hook-effect, we devised an inexpensive, dynamic, smartphone-based 
method for directly identifying concentration-dependent effects across three different 
sandwich LFIAs. We comprehensively elucidated how both antigen concentration and 
time influence signal development allowing us to differentiate between two distinct 
concentration effects: (1) the reduced development of a C in the presence of a rapidly and 
intensely developing T, which occurs within the first few minutes, and (2) the decrease 
of signal development on either line for 10 minutes, followed by the development of a C 
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which increases in intensity for the remaining assay duration. These trends were consistent 
across all three assays.

Indeed, we discovered for the hook-effect to occur on T, the concentration effect at C must 
have already happened. Based on our findings, we propose a more appropriate definition 
for the moderate-high concentrations, which lead to the loss of the C in LFIA would be the 
situation of free secondary antibody depletion. In free secondary antibody depletion, higher-
order [CNP-mAb-analyte] immunocomplexes form, hindering the signal development at 
C by reducing CNP-mAb avidity for binding. As the concentration of analyte increases 
further, the assay starts to enter the hook-effect range. At these extreme concentrations, 
the unlabeled analyte rapidly saturates T. We have established that while endpoint T/C 
is an appropriate metric within the dynamic working range, outside of this range when 
the test or control line is falsely diminished, the final T/C is negatively influenced. While a 
prediction algorithm is outside of the scope of this paper, we appreciate that this would 
be a useful advancement. Here, the automatically generated qualitative binding profiles 
(SI Figure S6.7) provide a simplified way for novice users to monitor concentration effects 
without performing any image or data analysis themselves.

Further, the current system can simultaneously analyze 3 LFIAs, making it feasible to 
include an in-built quality control LFIA; such a control would be highly relevant where 
non-experts, such as allergic consumers perform LFIAs. Ultimately, the use of dynamic 
readout provides an inexpensive, direct mechanism for identifying high-concentration 
effects in LFIA. The digital analysis of dynamic data allows clear differentiation between 
highly concentrated samples and low concentration results. We foresee that this method 
should have broad applicability for distinguishing false-negative results in sandwich LFIAs. 
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Protocol S6.1: Antibodies & Carbon Nanoparticle Labeling 

Buffer preparation:
All buffers were made in water from a MilliQ-system (MQ) (>18.2 MΩ/cm; Millipore, 
Burlington, MA, USA). Bovine serum albumin (BSA) was purchased from Sigma-Aldrich 
(Sigma-Aldrich, Zwijndrecht, The Netherlands). Washing buffer (WB) - 5 mM borate buffer 
(BB) was prepared by diluting 100 mM sodium tetraborate (VWR, Leuven, Belgium), 100 
mM boric acid (Merck, Darmstadt, Germany) to pH 8.8. Storage buffer (SB) – 100 mM BB 
(pH 8.8) with 1% BSA (w/v). Running buffer (RB) – 100 mM BB (pH 8.8) with 1% BSA (w/v) 
and 0.05% Tween-20 (v/v) (Merck, Darmstadt, Germany). 

CNP-mAb labeling:
Assay Capture mAb (T) Detector mAb (CNP-mAb)
Peanut Assay [PA] 51-2A12 51-12D2
Hazelnut Assay 1 [HA1] 50-6B12 50-6B12
Hazelnut Assay 2 [HA2] 50-6B12 50-5H9

An anti-peanut mAb (51-12D2) and two different anti-hazelnut mAbs (50-6B12 and 50-
5H9) were labelled as detector mAbs with ‘Spezial Schwartz 4’ carbon nanoparticles (CNPs; 
purchased from Degussa AG, Frankfurt; Germany) as has been previously reported60,65,66. 
Antibodies were buffer exchanged into WB using Zeba™ Spin Trap columns (Thermo 
Scientific; Landsmeer, The Netherlands) before labeling with carbon nanoparticles (CNPs). 
A 1% suspension of CNPs was prepared by adding 1 mL of MQ Water to 10 mg carbon and 
sonicating for 10 min. The resulting 1% carbon suspension was diluted five times in 5 mM 
WB (pH 8.8) to obtain a 0.2% suspension. After sonicating the suspension for 5 min, 350 
µL of purified anti-peanut (51-12D2) or anti-hazelnut (50-6B12 or 50-5H9) solution (1 mg/
mL in 5 mM WB) was added to 1 mL (to make a total volume of 1.35 mL) of 0.2% carbon 
suspension and stirred overnight at 4 °C. Two equal aliquots (670 µL), were made from 
the suspension, and these were each supplemented with 500 µL WB, before centrifuging 
them for 15 min at 13,636× g at 4 °C. Following the removal of the supernatants, the pellets 
were re-suspended in WB, repeating this step over three cycles. After the final wash, we 
discarded the supernatants and pooled the pellets together with 1 mL storage buffer for 
storage at 4 °C until use.

Protocol S6.2: Lateral Flow Immunoassay Preparation 

The LFIAs used in this study were composed of a nitrocellulose (NC) membrane (140 
seconds/travel 4 cm), cut to 4 cm length, and secured on a plastic backing with 4.5 cm of 
absorbent pad overlapping one end of the NC. The XYZ 3060 BioDot dispensing platform 
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(Irving, CA; USA, was used to spray the goat anti-mouse antibody (GAMaB) control line 
(0.25 mg/mL) 10 mm upfront from the absorbent pad. For the peanut LFIA [PA] the anti-
peanut mAb (51-2A12 – 0.25 mg/mL in 5 mM BB) was sprayed at 10 mm upfront from 
the control line, for the first hazelnut assay [HA1] the anti-hazelnut mAb (50-6B12 – 0.25 
mg/mL in 5 mM BB) was sprayed at 5 mm upfront from the control line, whereas for the 
second hazelnut assay [HA2] 50-5H9 mAb (0.25 mg/mL in 5 mM BB) was sprayed at 10 mm 
upfront from the control line. For the control-line-only LFIAs, GAMaB (0.25 mg/mL), was 
sprayed in a line at 10 mm upfront from the absorbent pad. Developed membranes were 
cut into 4 mm wide strips using the CM5000 Guillotine Cutter. All LFIAs were heat-sealed 
in foil packets with silica beads and stored at room temperature until use. 

Protocol S6.3: Surface Plasmon Resonance Procedures

An amine coupling kit (containing 0.1 M N-hydroxysuccinimide (NHS), 0.4 M 1-ethyl-3-
(3-dimethylamino propyl)carbodiimide hydrochloride (EDC), and 1 M ethanolamine 
hydrochloride (pH 8.5), pH scouting kit (containing 10 mM sodium acetate pH 4.0, 4.5, 
5.0 & 5.5), HBS-EP buffer (pH 7.4, consisting of 10 mM 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid, 150 mM sodium chloride, 3 mM ethylenediaminetetraacetic acid, 
0.005% v/v surfactant polysorbate-20) and CM5 sensor chips were purchased from GE 
Healthcare (Uppsala, Sweden). A standard amine coupling procedure using the amine 
coupling kit was performed for antibody immobilization at 25°C onto a reusable CM5 chip. 
First, the optimum immobilization pH was determined using pH scouting in the Biacore 
3000 application wizard software. To this end, antibodies were diluted to 0.05 mg/mL in 10 
mM sodium acetate of varying pH (4.0-5.0). Goat anti-mouse antibody (GAMaB) solution 
was diluted to 0.05 mg/mL in 10 mM Sodium Acetate pH 5.0. The biosensor surface was 
activated by injecting a 1:1 mixture of EDC and NHS (v/v) across flow cells (35 µL at a flow 
rate of 5 µL/min) and aiming for 10,000 Response Units (RU). Antibodies were immobilized 
by attaching them to the activated carboxymethylated dextran surface via its exposed 
amine groups. Coupling to the chip was followed by blocking remaining active sites with 
ethanolamine (1 M).



218   |   Chapter 6

Figure S6.1. Smartphone holder for dynamic data acquisition of LFIA signal development. (A) Computer 

aided design of device holder. (B) Photograph of smartphone holder, with smartphone attached and 

real-time recording of 3 assays signal development. (C) Head on view of smartphone screen showing 

real-time signal development. 

Figure S6.2. 3D-printed lateral flow immunoassay (LFIA) cartridge which allows 3 LFIAs to be recorded 

simultaneously. (A) computer aided design of the cartridge. (B) Photo of the 3D-printed LFIA cartridge, 

fitting 3 LFIAs. 
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Figure S6.3. SPR sensorgrams showing sequential and pre-mix binding of carbon nanoparticle labeled 

antibodies (CNP-mAb) and total peanut protein (TPP) to the goat anti-mouse antibody (GAMaB). (A) 

Sequential binding: the first curve represents the binding of CNP-mAb (red-antibody) to the GAMaB 

(purple antibody) and the second curve represents TPP (blue circle) being captured by the CNP-mAb. (B) 

Pre-mix binding: the curve represents the association of the CNP-mAb-TPP complex for GAMaB.

Figure S6.4. Photographs showing the development of test line (T) and control line (C) signal 

development over a 30-minute period. (A) Peanut Assay (PA) 5 ppm (B) PA 250 ppm (C) PA 2000 ppm (D) 

Hazelnut Assay 1 (HA1) 0.125 ppm (E) HA1 25 ppm (F) HA1 3000 ppm and (G) Hazelnut Assay 2 (HA2) 

0.125 ppm (H) HA2 10 ppm (I) HA2 2000 ppm. 
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Figure S6.5. Control line-only lateral flow immunoassay time development for a blank sample (black), 

peanut assay (PA; 50 ppm; green), hazelnut assay 1 (HA1; 25 ppm; blue), hazelnut assay 2 (HA2 50 ppm; 

orange).  

Figure S6.6. LFIA signal development over 30 minutes at 5-minute intervals in concentrations of (A) 

0.015 ppm & (B) 2000 ppm of total hazelnut protein (C) the corrected blue channel pixel intensity (cBCPI) 

of test T and control C development at 0.015 ppm (red) and the C and T development (black). (D) the T/C 

development at 0.015 ppm and 2000 ppm. 
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Figure S6.7. Dynamic LFIA signal development over 30 minutes. (A, B, C) Automatically generated 

kinetic profiles where the blue line represents the control line and the green line represents the test line 

at 1 ppm, 10 ppm and 2000 ppm total peanut protein (TPP) respectively. (D, E, F) Manually plotted time 

development curves where the black line represents the control line and the green line represents the test 

line at 1 ppm, 5 ppm and 2000 ppm TPP respectively. 

Figure S6.8. Dynamic monitoring of blank (0 ppm) LFIA signal development over 15 minutes. (A) 

Automatically generated binding profile where the pink line shows the control line, measurements are 

made every second (B) Manually plotted time-response profile and photographs showing control line 

development at 2, 5, 10 & 15 minutes. 
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Figure S6.9. Schematic representation of the workflow of experiments for this study where the dynamic 

working ranges – green zone, free-secondary mAb depletion – yellow zone and hook-effect – red zone. 

First, lateral flow immunoassays (LFIAs) are tested in an extended antigen concentration range. Next, 

LFIAs in the yellow zone are tested in control line only experiments. After, the binding behaviors of the 

control antibody (purple) was tested using surface plasmon resonance (SPR), in sequential and pre-mix 

experiments. Finally, LFIAs were dynamically monitored in the green, yellow and red zones to determine 

how their signal development is influenced by concentration, over time. 
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General Discussion

Consumers are increasingly conscious about food safety; with the rising prevalence of 
food allergies, it is logical that we are witnessing a demand for portable, disposable, 
citizen science-based allergen detection. Combining easy to use sample preparation 
methods with paper-based immunoassays and ubiquitous detectors like smartphones, 
tablets or wearables paves the way for decentralized consumer testing. Advancements in 
3D-printing and smartphone sensing capabilities have enabled the development of novel 
lab-on-a-chip devices for liquid handling and extraction with smartphone-based readout. 
The next scientific and technological challenge is to interconnect solid sample preparation 
(homogenization, solid-liquid extraction, filtration and dilution/amplification) with on-chip 
immunosensing and readout. The main aim of this thesis was to develop a miniaturized 
consumer-operable analytical device for automated, multiplex food allergen detection. In 
this chapter, the central themes of sample preparation, immunosensing and smartphone-
detection are revisited; the potential, limitations and future recommendations regarding 
the devices developed in this thesis are discussed, and finally a perspective is given on 
the outlook for disposable devices in a broader societal context by discussing sensor 
developments for the on-going SARS-CoV-2 pandemic.

1 Sample Preparation 
Emerging portable analytical devices are often limited by the need for time-consuming 
sample preparation which can substantially delay results. Sample preparation remains a 
challenge because consumers are unfamiliar with and cannot be expected to perform 
the necessary steps of sampling, homogenization, extraction and dilution1. Obviously, the 
ideal situation for consumer applications would be no sample preparation, but currently, 
only photonic sensors or dipsticks testing already dilute liquid samples (e.g., urine, 
drinking water) are capable of sensing in this way. For many applications, sensing alone 
is insufficient, especially when the target is contained within a solid sample and that first 
needs to be extracted into a testable liquid.

Micro total analysis systems (µTAS) or lab-on-a-chip (LOC) microfluidic devices can 
combine several laboratory sample preparation functions in a single chip. These devices 
have myriad advantages for integrated biosensing such as low sample/reagent use, 
short assay durations, automatization of different functions (e.g., sample handling, 
mixing, reagent storage) and multiplexing1,2. As such, microfluidic systems are suited for 
miniaturizing laboratory-based sample preparation into consumer-friendly systems, with 
3D-printing making their fabrication both time and cost efficient3. Recently, a number of 
3D-printed devices have been reported for portable liquid sample handling4 including for 
DNA extraction5-8, solid-phase extraction of liquids9,10, hydrogel/membrane separation11,12; 
unibody arrays13 and multi-step handling similar to ELISA14. However, even devices using 
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liquid samples are rarely equipment free, still relying on pipettes to load or pre-dilute 
samples before analysis13,15. Some devices have circumvented the need for additional 
laboratory equipment, instead enabling integration via connectable disposables such 
as syringes16 or silicon tubing allowing for finger pump controllable liquid handling17. 
Similarly, unibody lab on a chip (ULOC) devices can achieve autonomous volume metering 
with precision approaching that of laboratory pipettes (i.e., 2% error for 10 µL), making on-
chip dilution of liquid samples possible without additional laboratory equipment14,18-20. 

Conversely, rapid and portable solid-liquid extraction has proved inherently challenging; 
which might explain why so many integrated devices detect targets in liquid matrices 
like buffer, water, biological samples (e.g., bodily fluids), milk, juice or honey21. For food 
allergen detection, it is often necessary to first homogenize a solid food into a fine powder 
and incubate it in an extraction buffer before filtering out any large particles. Even then, 
the extract might need to be substantially diluted in running buffer before detecting 
via an immunoassay. The sample preparation methods developed in this thesis are 
summarized in Table 7.1. In Chapter 3, a standard laboratory extraction method was used, 
but obviously this would be unsuitable for consumer testing. The necessary equipment 
and extraction time were reduced in Chapter 4 making the method more feasible for on-
site testing but was still a multi-step procedure requiring technical skills. This changed 
in Chapter 5 with the focus on the development of a pipette-free, consumer-operable 
sample preparation device.

Table 7.1. Sample preparation methods developed in this thesis

Chapter Sample Preparation Total Duration
3 Cookies homogenized using a food processor; ground sample 

incubated in buffer for 1 hour; samples centrifuged for 20 min; extract 
filtered through a series (3) of low-protein binding filters; sample 
manually diluted into assay working range

90 min

4 Cookies homogenized by shaking in a tube with ball-bearings; 
ground sample agitated with buffer in tube with ball-bearings for 1 
min; extract filtered through a series (3) of low-protein binding filters; 
sample manually diluted into working range 

10 min

5 Cookies homogenized by crushing with syringe plunger; ground 
sample incubated with buffer in syringe for 1 min; extract in syringe 
filtered through 3D-printed sieves; syringe interconnects with ULOC 
for autonomous dilution into working range

2 min

1.1 Homogenization & Extraction
Using CAD and 3D-printing enabled the rapid prototyping of the interconnectable 
sample preparation system detailed in Chapter 5 allowing for multiple iterative designs to 
be conceived and tested in a short time period. The key challenges were to homogenize, 
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extract, filter and then dilute solid samples in a consumer-operable way. The initial design 
for the homogenizer unit was a 3D-printed module that attached onto a generic glass 
pepper cracker allowing the module to use the cracker’s mechanical grinding mechanism 
(see Figure 7.1A-E). A lid (Figure 7.1C) attached a syringe containing extraction buffer to the 
module (Figure 7.1E). When the user inserted a cookie into the glass chamber and turned 
the mechanism, powdered cookie entered the “extraction-syringe” where it was extracted 
for 1 min before passing through a filter. The handheld unit worked efficiently but its size, 
cost, and necessity to clean the glass chamber properly before re-use, prevented it from 
being fit-for-purpose for integrating with a disposable consumer device. 

Taking inspiration from this successful syringe-based extraction and “lab-in-a-syringe” 
assays that automate liquid-phase micro-extraction22-24, the next design concept 
combined homogenization, solid-liquid extraction and filtration in a single disposable 
“sample-prep-in-a-syringe” device. Using CAD, a miniaturized grinder with dimensions to 
fit into the bottom of a generic 10 mL disposable syringe was designed (see Figure 7.1F). 
The cylindrical grinder was made from two separable parts with sharp teeth, so that when 
the parts were turned or pressed/retracted, the sample inside was crushed. To avoid the 
necessity for an additional attachment (i.e., a syringe filter holder containing a low-protein 
binding filter), sieves with a pore size of 5 µM were 3D-printed, laser cut to the syringe 
dimensions and inserted underneath the bottom grinder module in the syringe.

Figure 7.1. Developing the 3D-printed sample preparation unit; the body and lid of attachment (A-C), 

the pepper cracker with module attached (D) and syringe attached (E), the two-part grinder (F) the laser-

cut sieves (G). 
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The “sample-prep-in-a-syringe” grinder module was successful, although when wet some 
of the sample became stuck to the grinder teeth. When testing the crushing capability 
with only the bottom half of the grinder and the syringe plunger, the cookie was crushed 
with similar effectiveness and less sample stuck in the teeth. Finally, the unit was assessed 
for its ability to homogenize a solid sample using just the syringe plunger against two 
3D-printed sieves (see Figure 7.1G). Using this method, the cookies were effectively 
homogenized to reproducible particle sizes and the sieves prevented too large particles 
from leaving the unit, resulting in a system that took a fraction of the printing time and 
material cost compared with the grinder module. For this thesis, the final interconnectable 
sample preparation unit was developed for cookies and would likely need some adaptions 
to make it appropriate for other solid samples with different compositions. 

1.2 Dilution
For allergen analysis, homogenization and extraction are only the first steps of sample 
preparation. Dilution of concentrated samples is a prerequisite for avoiding high 
concentration dependent effects such as the ‘hook-effect’ discussed in Chapter 6. Allergen 
extracts typically need to be diluted between 10-100 times before they are tested with 
paper-based immunoassays such as LFIA25. As previously mentioned, some ULOC devices 
can automate on-chip dilution, offering comparable performance capabilities to pipettes14. 
ULOCs work by fitting silicone tubing to on-chip connectors that are each linked to an 
individual check-valve, this prevents sample backward-flow, allowing for unidirectional 
sample actuation. The silicone tubing attached to the connectors can be used as finger 
pumps or attached to a syringe like the extraction syringe described above. The original 
design for the ULOC device presented in Chapter 5 can be seen in Figure 7.2A. The initial 
dilutor ULOC had 6 unibody connector valves, allowing for the connection of the sample 
prep syringe, air transport syringe and reagent/buffer delivery tubing as well as an outlet 
that facilitated the attachment of a secondary silicon tubing/syringe.
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Figure 7.2. The design and development process for the ULOC dilutor showing the stl files and 

corresponding 3D-print; (A) the original design (v0.1), (B) the first design for integrating LFIAs (v.1); (C) 

the improved design (v.2); (D) the penultimate structurally improved design (v.3). 

The dilutor had a comparable volume metering accuracy to pipettes (2.4% vs 2% error for 10 µL 
volume)26,27 enabling arbitrary sample dilution. While this prototype had excellent transport 
and dilution properties, it needed further integration with another module/component to 
execute the final paper-based immunoassay. Using CAD and 3D-printing it is possible to 
radically adjust a prototype’s design, print it and test it within a single day. Before reaching 
the final v.4 prototype presented in Chapter 5, the ULOC went through 3 additional design 
iterations, as can be seen in Figure 7.2B-D. Subsequent ULOC designs reduced the number of 
unibody connectors to 3; 1 was used as the sample/air inlet and the other 2 were connected 
to each other by silicon tubing, allowing for the fluid pathway to be extended and preventing 
too much pressure build up upon sample injection due to its elastic nature. The key design 
features of the ULOC were the central reagent reservoir which allowed on-chip bioreagent 
storage, the microchannel for unidirectional sample transport, and the reference and the test 
wells connected to their corresponding LFIA inlets. In addition to the reagent reservoir being 
pre-filled with bioreagents, the reference well was pre-filled with the necessary reagents for 
a negative control measurement (i.e., running buffer and CNP-mAbs). In the final ULOC, the 
sample preparation syringe attaches to the first connector, extracted liquid is injected into the 
ULOC channel where it enters the reagent reservoir, the sample mixes with the pre-contained 
labelled antibodies and running buffer allowing for on-chip dilution of concentrated samples. 
Finally, the mixture is transported by the ULOC microchannel to the test well and an LFIA is 
inserted into the test LFIA inlet for immunodetection. 
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1.3 Future improvements 
When interconnected, this disposable system goes beyond total sample preparation 
enabling the largely autonomous homogenization, solid-liquid extraction, filtration, 
dilution, transport and subsequent detection of allergenic proteins from cookie matrices, 
yet the current prototype described in chapter 5 faces some limitations. These include: the 
need to introduce extraction buffer, the use of an air-displacement syringe, the need to 
manually connect two syringes to the ULOC device, the ability to only run a single LFIA at 
one concentration (and a reference LFIA as a negative control), the analysis time of 5 - 25 
minutes and having only been validated with solid bakery products. To prevent additional 
steps and plastic waste, future versions of the system should aim to either contain the 
extraction buffer within a compartment of the syringe or in an additional chamber on the 
ULOC. Additionally, the air displacement syringe could easily be replaced by retaining the 
silicone tubing attached to the connector from the sample-prep syringe, using this as a 
finger pump to actively transport the sample to the reagent reservoir. However, it should 
be noted that finger pumping has high inter-user variability and the air displacement 
syringe offers a more consistent pressure. Future versions could consider using a single 
syringe for extraction and transport, with a miniaturized solvent-selection valve aspirating 
either buffer from a reservoir contained on the ULOC or air from the outside. An additional 
advancement could involve a connection between the sample and reference wells, 
transforming the reference well into another detection well. If the additional well pre-
contained a known volume of running buffer, when the already dilute extract passes from 
the first test well to the second test well, this would allow for an additional measurement 
to be made for a more dilute sample - this could be particularly relevant when considering 
establishing the dynamic working range of the assay, as is discussed in Chapter 6. Still, 
although the system works well with solid bakery products (different types of cookies) 
and liquid samples (plant-based milks, running buffer) it has not yet been tested with 
other solid sample matrices and it is feasible that more gelatinous foods might block the 
current 3D-sieve pores - future versions must consider whether adjustments to the pore 
sizes are necessary before utilizing the system.  Finally, to truly determine the usability of 
device it should be tested by different consumer groups/ages outside of the laboratory, 
although it has already been successfully tested by a 15-year-old high school student. 

2 Immunosensing

After sample preparation, the target can be detected via specific immunoreagents in a 
simplified immunoassay like those developed and described throughout this thesis. 
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2.1 Immunoreagents
The emergence of antibody engineering and phage-display has facilitated the flexible 
design of sensitive, selective, specific and standardized antibody clones and fragments, 
giving assay developers a broad choice of immunoreagents with diverse binding 
characteristics 28,29,30. Still, most commonly, a combination of specific monoclonal antibodies 
(mAbs) and species-specific IgG antibodies are used in sandwich format immunoassays. 
The mAbs used in a particular assay must be fit-for-purpose, so assay developers must 
carefully consider the desired assay performance properties before embarking on 
development. One of the most valued assay parameters is speed; to develop a rapid 
immunoassay it is necessary to select mAbs with favorable binding kinetics towards their 
target antigens. This can be done using a label-free SPR-based biosensor as was described 
in Chapter 3. Using a sensor chip functionalized with an Fc specific IgG, means antibodies 
are only captured via their Fc domains thus preventing steric hindrance, which is a major 
advantage for label-free screening of multiple mAbs. The Fc-functionalized assay offers 
several advantages including (1) on-chip affinity purification of crude mAbs from their 
culture media, (2) retention of the binding activity of the captured mAb because they 
are always captured in the correct orientation, and (3) shorter assay development times 
compared with assessing each mAb individually in direct characterization assays31

As such it was possible to use the Fc fragment to screen and select immunoreagents with 
desired characteristics for subsequent purification and application in LFIA. The binding 
speeds and sensitivities of the Fc selected mAbs were subsequently reflected in sandwich 
LFIA, giving the Fc method an edge over conventional affinity ELISA for LFIA-based mAb 
selection. Despite the success of the developed protocol compared with typical ELISA, 
it could be further advanced by using an SPR instrument with a higher-throughput 
capacity32,33. A future improvement would be to also measure the binding speed of the Fc 
capture antibody before immobilizing it onto the sensor chip surface to ensure that the 
optimal capture reagent is used31,34. 

In addition to expediting screening of antibodies for immunoassay applications, Fc-
specific fragments can used as the capture antibody in clinical assays for directly detecting 
serological antibody responses35,36, although it has been suggested that nanobodies may 
instead be more appropriate for such applications37. With continued advances in antibody 
engineering, it is likely in the near future that most assays will exploit nanobodies as their 
capture recognition elements. Nanobodies recognize their antigen via a single binding 
domain-only, still achieving high affinity and specificity compared with conventional 
mAbs and have decreased likelihood of eliciting a false result, making them attractive 
considerations for the development of next generation immunoassays37-39.  
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2.2 Labels
Detector antibodies in sandwich immunoassays need to be labelled with particles that are 
collectively big enough to be visualized with the naked eye but not large enough to disrupt 
the antibody binding. The overwhelming majority of LFIAs use gold nanoparticles (AuNPs) 
due to their stability, homogenous size distribution and easy interfacing with reflectance and 
digital lateral flow readers. More recently, carbon nanoparticles (CNPs) have emerged as an 
inexpensive alternative label in LFIA, not only do CNPs have excellent contrast in paper-based 
assays making them excellent for smartphone-detection but they can reach up to 10-fold lower 
limits of detection compared with AuNPs40-42. Fluorescent nanoparticles are also reported to 
offer increased sensitivity compared with AuNPs36. Quantum dots (QDs) are semiconductor 
nanoparticles that exhibit a fluorescent signal when excited under UV light. They have been 
used as labels in a wide range of immunoassays but require a UV light source and sometimes 
an optical filter to read43-45. However, emergence of affordable 3D-printing platforms has 
facilitated the development of portable UV readers and smartphone attachments that 
make QD’s an attractive option for novel immunoassays45-49. Before selecting CNPs as the 
detector label in this thesis, both CNPs and QDs were compared for their applicability in 
passive flow-through assays like those developed in Chapter 4. Nitrocellulose membranes 
were functionalized with the same capture antibodies and tested with sample and the same 
detector mAb labeled with CNPs, or with QDs which gave a strong fluorescent signal when 
excited under UV (365 nm) light. Both detector labels gave similar sensitivities, but the QD-
based assay needed to be read under UV light whereas the CNP based LFIA could be easily 
read by naked eye, giving it an advantage for consumer testing.

2.3 SPR-based Immunosensing  
Surface plasmon resonance (SPR) based biosensors allow for the label-free measurement 
of biomolecular interactions in real-time and have been used to facilitate the high-
throughput analysis of food allergens in multichannel or imaging instrumental set-ups50. 
A recent review details the use of fiber-optic surface plasmon resonance (FOSPR), surface 
plasmon resonance imaging (SPRi), localized surface plasmon resonance (LSPR), and 
transmission surface plasmon resonance (TSPR) for the detection of food allergens51. 
Conventional SPR-sensors are limited by their cost, maintenance and necessity for trained 
personnel to operate; further they are generally lab-based, restricting their use as on-site 
sensors. Until recently, the complex optics and precise alignment of internal components 
needed for SPR-sensing hindered the development of truly portable SPR devices52. The 
ubiquity of touch-screen smartphones with powerful CPU’s, high-pixel counts, integrated 
cameras and SPR compatible light sources paired with the emergence of accessible 
3D-printing platforms has enabled plasmonic sensing by smartphone53. Smartphone 
screen displays are sufficient for wide-angle illumination for configuring angle resolved 
SPR54. In contrast, FOSPR, LSPR and SPRi sensing can be more practically achieved using 
the phone’s rear-facing flash as the light source and camera as the sensor55-60. 



7

Discussion    |   239   

2.3.1 Smartphone-based SPR
Unfortunately, only a limited number of portable SPR studies tested realistic sample 
matrices with the majority focusing on the detection of an analyte in buffer, and few 
reported benchmarking or cross-validation of the portable SPR system with an established 
SPR-instrument. Recently, Xiao et al. at Linköping University, developed a smartphone-
based SPR sensor that uses white light (LED) to excite surface plasmons in three spectral 
domains at the red, green and blue bands of the LED and measures the total internal 
reflection SPR dips with the rear-facing smartphone camera (see Figure 7.3). 

Figure 7.3. The smartphone-based prototype SPR platform; (A) photo of the SPR platform combined 

with a smartphone; (B) photo of the 3D-printed SPR platform (C) the inner components of the SPR 

platform. Photos credited to Xiao 2020.

To benchmark the prototype SPR sensor, its performance was directly compared using 
the same samples, immunoreagents and buffers against a commercial SPR instrument 
(Biacore 3000) for detecting total hazelnut protein (THP) in plant-based milks. The 
prototype sensor achieved a comparable sensitivity to the commercial instrument; see 
Figure 7.4 for a direct comparison of the overlaid sensorgrams for soymilk and plotted 
calibration curves for all tested plant milks for the two systems. The cross-validation of the 
prototype against a standard instrument with real samples shows that the novel sensor 
can already reach similar detection levels as a lab-based system. It should be noted that 
the commercial biosensor measures using response units (RUs) whereas the prototype 
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sensor uses “relative response” units, so the difference in scale observed in Figure 7.4 is to 
be expected. Further, the 3D-printed prototype-sensor is inexpensive (< $5), portable and 
connectable with a smartphone making it well suited for on-site testing compared with 
much more expensive ($100k +) desktop SPR instruments. However, the prototype sensor 
relies on a Biacore chip ($300), which increases its cost. Still, these chips are reusable 
when effectively optimized, making this cost increase less relevant. Future improvements 
should aim to decrease assay run times as the current sensor still has much longer run 
times than a commercial SPR. Finally, on-site testing has many logistical challenges so to 
truly demonstrate the prototype sensor as a portable system, measurements should be 
made also outside of a lab environment52. 

Figure 7.4. Performance comparison between a commercial Biacore 300 instrument and Xiao’s 

smartphone-based prototype SPR-sensor. (A) Biacore: overlaid sensorgrams showing the detection 

of different concentrations of total hazelnut protein (THP) spiked in soymilk (0.625 – 20 µg/mL), (B) 

Prototype: overlaid sensorgrams showing the detection of different concentrations of total hazelnut 

protein (THP) spiked in soymilk (0.625 – 20 µg/mL, (C) Biacore: calibration curve showing the detection of 

a range of concentrations of THP in buffer and different plant-based milks as a function of RU. Error bars 

represent standard deviation (n=3). (D) Prototype: calibration curve showing the detection of a range of 

concentrations of THP in buffer and different plant-based milks as a function of relative response. Error 

bars represent standard deviation (n=3).
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2.4 Paper-based Immunoassays
Paper-based immunoassays like LFIA are increasingly used by consumers and non-experts 
for on-site testing. Singleplex LFIAs like the hazelnut LFIA developed in Chapter 3 are by 
far the most widely distributed format due to their simplicity in fabrication and operation. 
But as is shown in Chapter’s 4-6, LFIA is adaptable to multiplexing through the addition 
of multiple test regions allowing for the simultaneous detection of different analytes in a 
single sample. Despite these possibilities, the majority of line-based multiplex LFIAs are 
duplex or triplex assays with more high-throughput multiplexing typically being restricted 
to dotted arrays or alternative formats of paper-based analytical devices such as flow-
through assays46,61-64. Multiplex assays are notoriously challenging to optimize due to the 
potential for cross-interference, differences in sensitivity, specificity and binding kinetics 
of the different antibodies65,66. The challenges of multiplex LFIA were first made apparent 
in Chapter 4 when developing and testing different paper-based immunoassay formats. 
When testing the multiplex LFIA at increasing antigen concentrations the hazelnut test 
line was lost at a lower concentration than the peanut test line was, indicating a difference 
in binding behaviors between the two antibodies. 

Another challenge when developing consumer-operable assays is the pre-storage of 
immunoreagents. Most paper-based immunoassays store labeled antibodies in conjugate 
pads, which release the reagents when the pads are wetted. Other interesting examples 
of reagent storage in micro-paper analytical devices (µPADs) use paper-microfluidics15,67,68, 
inkjet printing69,70; chemical etching71 and origami72,73 to pre-contain reagents. Still, 
most of these examples are complicated and not intended for consumer use, but the 
integration of 3D-printing and paper-based devices allows for greater freedom for reagent 
storage6,67,74. Combining LFIA with a 3D-printed ULOC as described in Chapter 5 allowed 
pre-storage of CNP-mAbs in running buffer, enabling on-chip reagent storage and dilution 
of concentrated samples. Still, the long-term stability of the on-chip bioreagents was not 
studied here. Crucially, the purpose of the on-chip reagent reservoir was to automate 
equipment-free dilution of samples and mixing with reagents for subsequent LFIA 
detection. While the overall duration of the total analysis could still be improved, this is 
the first reported device that allows pipette-free dilution of concentrated samples into the 
appropriate assay dynamic working range for subsequent multiplex LFIA-based detection 
and takes approximately the same time as it would to manually dilute and detect the 
samples in the lab. 

3 Smartphone Detection 

Dedicated LFIA readers have been commercially available since the early 2000’s and 
commonly use digital camera sensors combined with computer algorithms to provide 
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precise LFIA measurements. Large desktop readers that batch-measure multiple LFIAs 
were quickly replaced by handheld versions that allow for portable LFIA quantification. 
One affordable, handheld, standard LFIA reader is called “The Cube”; this device is 
described as an ‘electronic eye’ and reportedly removes the risk of error within LFIA testing. 
However, “The Cube” simply provides a binary (yes/no) result for the LFIA based on the 
appearance/lack of appearance of multiple test lines and then exports all test results to 
the cloud for subsequent data analysis. Further, until recently the device required LFIAs 
be housed in proprietary cassettes (cost approx. $100 / cassette) substantially increasing 
the cost of assay development and requiring the end-user to physically insert/remove the 
LFIA from the cassette before/after each measurement. A similar “electronic eye” system 
is employed by the NIMA sensor. In the NIMA, each LFIA is contained in a window of the 
disposable sample-prep capsule, when the capsule is inserted into the NIMA device an 
in-built sensor reads and transmits the result to the device and to the user’s smartphone. 
While these examples can offer uniformity of results, both are only optimized to a single 
assay configuration and require different equipment for other LFIAs (i.e., the cube requires 
a new cassette per assay configuration and NIMA requires a whole new sensor for different 
analytes). 

The use of smartphones as analytical detectors has boomed in recent years with their 
inbuilt cameras, powerful processing software and cloud connectivity making them 
attractive LFIA readers. The benefits of using smartphones cameras for reading optical 
immunoassays have been extensively explored throughout this thesis. Despite their clear 
advantages, it is well known that different smartphone cameras, or the same camera on 
different settings can substantially alter images75. Additionally, smartphone manufacturers 
have their own proprietary imaging processing algorithms that automatically enhance 
the image quality76. Studies comparing different smartphone models for colorimetric 
analysis report differences in sensitivity between the models77,78, affirming the necessity to 
standardize smartphone image capture. In Chapter’s 4-6 the open-source android software 
‘OpenCamera’ was used to lock the white balance, focus, flash and other settings of the 
camera to achieve a consistent sensing result. While the responses of camera sensors vary 
from one camera to the next, because the RGB values provided by any imaging device are 
device dependent79, it was observed in Chapter 4 that using OpenCamera to standardize 
image capture allowed for near identical results between two different smartphone 
models. Future smartphone-based detectors should consider the application of such free 
software or an iOS equivalent in order to standardize smartphone image capture allowing 
for better comparisons to be made in this rapidly evolving field. 

The use of 3D-printed embedded optics and references can extend the capabilities of 
smartphone cameras for sensing18,19, but an alternative is to instead use the phone’s 
ambient light sensor (ALS). The ALS automatically adjusts the light intensity of a phone 
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screen according the ambient lighting. Using a 3D-printed module attached directly to 
the ALS makes it possible to make a proximity-based measurement of the transmitted 
light intensity from an assay80,81. Regardless of the sensor component used, the majority of 
reported smartphone-based tests still require off-line data processing, with only a limited 
number of publications reporting the development of a true smartphone app45,69,82,83. 
In Chapter’s 3-4, two freely downloadable apps were used for obtaining color values 
for image analysis. The first app (RGB color detector) gave RGB readings for a selected 
region and the second (Nix pro color sensor) translated the RGB values to cieLAB values. 
These values were then used to plot a calibration curve of cieLAB value as a function of 
analyte concentration. Despite this method working well, the conversion between the 
two color spaces was unnecessary and ultimately delayed the time-to-result. While the 
values were obtained using smartphone apps, it was not an automatic process and the 
results still needed to be processed on a laptop. Mostly, smartphones are used to record 
a photo/video that is then analyzed in ImageJ or a similar image processing software on 
a computer. This was one of the approaches applied in Chapter’s 5-6. The other approach 
was to use a smartphone to record a video of the developing LFIAs and then to pass this 
video to a computer-based python program for measurement of the test and control 
signal development. This method largely automated the time-development analysis 
of the LFIAs, providing crucial information compared with endpoint analysis, and gave 
comparable results to the manual image processing of the same video frames using 
ImageJ, making it an attractive alternative to current approaches. Yet, this method still 
required the export of video data to a computer for further interpretation, therefore an 
off-line approach with on-smartphone processing was considered.  

3.1 On-smartphone processing 
As an off-line alterative with on-smartphone processing, a standalone prototype app 
that automatically interprets LFIAs for allergen detection has been developed by Zhao 
et al. of Queen’s University. Using object recognition, the app identifies the LFIAs physical 
positioning in a smartphone video and feeds these features into a prediction model for 
result interpretation, allowing for identification of LFIA control and test lines based on 
their physical positioning (see Figure 7.5). 
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Figure 7.5. Screenshots and signal processing with smartphone app. (A) opening the app, (B) starting 

the video and automatically recognizing LFIAs by their bounding boxes, (C) test results displayed on the 

screen. Figure credited to Zhao 2020. 

Machine learning was used to train the app with a total of 4567 images generated from 
10 videos (each showing the development of 3 LFIAs) recorded using a smartphone 
attached to the 3D-printed holder developed in Chapter 5. While the app had 86.7% 
accuracy for determining positive/negative results in the multiplex LFIA, it was unable to 
recognize concentration dependent effects giving false results if the control or test lines 
did not behave as anticipated. Future improvements should focus on using a time-based 
threshold for signal development in order to avoid false negative results, as was reported 
in Chapter 6. If the App detects the control line signal first, followed by the test line, the 
LFIA is in the dynamic working range, if the App detects the test line signal before the 
control line, then the LFIA is in free secondary mAb depletion range and is already at high 
analyte concentrations. If no lines appear for the first ten minutes, and only then the signal 
starts developing, the LFIA is at hook-effect concentrations and false negatives are likely. 
A further improvement would be for the LFIAs to be analyzed automatically in real-time as 
the video is recorded; the current app still requires a pre-recorded video to be exported to 
the developed app for analysis, preventing it from being a truly real-time method. 

Smartphone-based analytical devices are still evolving and likely have not reached their 
full potential yet. Improvements can be expected in the coming years with phones 
having enlarged pixel arrays with reduced pixel sizes, improved camera pixel intensity 
and increasingly powerful processors83. Increased touch screen sensitivity might even 
transform phone screens into analytical weighing scales for sample preparation83. 
The upcoming roll-out of 5G technology is expected to accelerate next-generation 
mobile communication allowing for high-speed wireless data transfer and widespread 
accessibility even in remote regions84 making network connectivity issues obsolete. 
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4 Outlook in a broader context: future disposables 

The future potential of integrated disposable consumer immunodiagnostics in food safety, 
forensic, environmental and clinical testing appears limitless, just at a point in global 
history where such disposable devices will be tested to their limit. The ongoing global 
SARS-CoV-2 pandemic has emphasized the necessity for accurate consumer-operable 
home tests integrated with smartphone-detection for data analysis and transfer to 
relevant stakeholders (i.e., healthcare professionals). Current laboratory-based diagnostic 
testing solutions, which amplify and detect the virus’ genetic material via polymerase-
chain reaction (PCR), take around 8 hours to analyze and have a typical time-to-result of 
between 24-48 hours85. Diagnosis can be further delayed by limited testing capacities. 
This delay is especially problematic when considering that the reliability of the PCR test 
depends on the day of infection that a sample was taken at; if a person is tested on the first 
day of infection the false negative rate is 100%86. This false-negative rate reportedly falls to 
67% on day 4, 38% on day 5 and 20% on day 8, before increasing to 21% again on day 9 of 
the infection and up to 66% on day 2186. Depending on local testing capacities, availability 
of a vehicle and other additional barriers, it can take a week before an individual is screened 
for the disease. It is hardly surprising then that society is experiencing a growing distrust 
of scientists and governments. Even with the emergence of disposable LFIAs for rapid 
screening for COVID, until testing is mandated, and the corresponding testing capacity is 
reached it is unlikely we will get a clear picture of the true extent of the disease87.

Now would be the perfect time for globalized citizen science, using a smartphone-
facilitated, decentralized-testing approach. Many consumers are already comfortable 
with using LFIAs, with the home pregnancy testing market forecast to reach 0.36 billion 
USD by 2024 in Europe alone88, and a home COVID test would not be much different. A 
simple smartphone app could guide the consumer how to collect the sample (e.g., finger-
prick for blood or a swab for saliva) and apply it to the LFIA. The app would then guide 
the user how to record a photo of their developed/developing LFIA, providing users the 
net of a cube printed onto black cardboard and a “how to fold” video would allow for 
users to make their own light-box to photograph LFIAs under controlled ambient light 
conditions. Using object recognition, the app would inform the user when the LFIA is in 
the correct location to record the photo, while dynamic data acquisition would monitor 
false compliance. To ensure accessibility, the app must have a user-operable interface 
and include instruction options in sign-language, multiple spoken languages and clear 
text. After the app has recorded the image/video, it should provide users with a binary 
positive/negative result before storing the user’s data (linked with a specific barcode) and 
wirelessly transmitting to relevant stakeholders (healthcare professionals, government 
etc.,). It would even be feasible to consider the app already being linked with global 
‘track and trace’ apps enabling result-focused social distancing. Such global home-testing 
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would allow us to appreciate the true scale of SARS-CoV-2, and the affordability of these 
disposable tests could even mean that frontline individuals could perform testing daily. 
Still, many key issues would need to be considered before such an app could be possible, 
including privacy, accountability, misuse of citizen science and the risk of fraud. 

Moreover, there is a neglected darker side to such a disposable solution. Currently, we 
produce 300 million tons of plastic annually, half of which is used for single-use items89. 
This will likely increase with demand for plastic cassettes for disposable COVID tests. 
Although cassettes will be likely made from degradable materials such as polylactic 
acid (PLA), recycling these will be complicated by the biohazardous nature of the used 
LFIA. Although outer cassettes can easily be removed, cleaned and recycled, we cannot 
expect consumers to do this. Instead, we must consider feasible strategies to prevent 
compounding to our already enormous plastic waste. A potential quick fix could be to 
include a printed device that allows users to ‘unclip’ the cassette without handling the 
inner test. While such a device would also be made from plastic, it could be reusable for 
the duration of home testing and eventually recycled. Clearly, disposable testing is the 
future, but it should not come at the cost of making our (environmental) future disposable.

An alternative self-detection approach to disposable testing is continuous health care 
monitoring through wearable sensors. In recent years, numerous invasive and non-invasive 
wearable sensors have been developed including watches, patches, contact lenses and 
glasses1,84,90-92. Still, these reusable electronics are often expensive preventing them 
from being accessible to many. Electronic or digital tattoos might present an affordable 
solution. These miniaturized labs are 3D-printed using circuit printed technologies onto 
flexible materials that can the user can directly wear on their skin93. The tiny electrodes in 
the tattoos record and transmit wearer information to smartphones or other connectable 
devices and can work for several days consecutively, extending their life compared with 
single use tests. 

5 Conclusions 

In closing, this thesis has explored the emerging field of consumer-operable portable 
food safety analysis and outlined the necessary criteria for developing real-life consumer 
immunosensors. Surface plasmon resonance has been used to extensively study 
antibody-antigen binding characteristics allowing for the development of sensitive, 
disposable, single and multiplex paper-based immunoassays optimized for rapid testing. 
Smartphone cameras have been exploited as optical detectors with different off-line and 
on-smartphone image analysis methods being tested for semi-quantifying LFIAs both 
with and without 3D-printed auxiliary attachments. A novel smartphone-based dynamic 
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data acquisition method has been devised that allows for the differentiation between 
high-antigen concentration effects in LFIA that could prevent misinterpretation of false 
negatives. The first consumer-operable interconnectable system that allows for the total 
immunodetection of multiple food allergens from sample to smartphone has been 
successfully created. Finally, emerging technologies including portable SPR, machine-
learning for on-smartphone processing, and wearable sensors have been discussed as 
well as the future of disposable analytical devices. 
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Summary 

This thesis described the design and development of prototypical portable analytical 
devices for multiplex food allergen immunodetection; from sample preparation all the 
way through to smartphone-based readout. Furthermore, it explored the fundamental 
binding mechanisms underlying sandwich format immunoassays including antibody-
antigen interactions, affinity, cross-reactivity, kinetics and high antigen concentration-
dependent effects such as the hook effect. In Chapter 1, the scene was set by introducing 
the need for disposable allergen immunoassays before providing general information 
about sample preparation, immunosensing, 3D-printing and smartphone-detection. 

In Chapter 2, a comprehensive overview of immunochemical food allergen assays 
and detectors in the context of their user-friendliness was provided. It summarized 
traditional laboratory-based methods for food allergen detection such as enzyme-linked-
immunosorbent assay, flow cytometry, and SPR, and the potential to modernize these 
methods by interfacing them with a smartphone readout system, before discussing 
the emergence of novel smartphone-based food-allergen detection methods that had 
specifically been designed with the intention of being consumer-friendly. The chapter 
outlined the criteria for consumer-friendly allergen detection devices as being rapid, 
affordable, sensitive, simple, multiplex and linked with a smartphone-based detector. 

The concepts of assay speed and sensitivity were addressed in Chapter 3, where an SPR-
based method was developed for screening and selecting crude anti-hazelnut antibodies 
based on their relative association rates, cross reactivity and sandwich pairing capabilities, 
for subsequent application in a rapid LFIA. The method allowed for the selection of 
antibodies with optimal binding characteristics which were also reflected when applied 
in sandwich format carbon nanoparticle based LFIAs. One of the developed LFIAs had 
a time-to-result of 30 seconds and a LOD of 0.1 ppm when detecting hazelnut in a real-
life cookie matrix. A smartphone was used to record videos of the developing LFIAs and 
endpoint images of the developed LFIAs and two freely downloadable smartphone apps 
were then used to analyze the data. 

The antibodies selected in Chapter 3 were applied in three different formats of multiplexed 
paper-based immunoassay in Chapter 4, namely active and passive flow-through assays, 
and lateral flow immunoassays with different test line configurations. All three formats 
of assay formats performed well, detecting total hazeln protein (THP) and total peanut 
protein (TPP) in the low-ppm range in both spiked buffer and real-life cookie matrix, 
with the fastest assay time being 1 min and the slowest being 10 min. It was found that 
the LFIAs were more reproducible and consumer-operable compared with the flow-
through immunoassays, and a larger dilution of THP/TPP limited the occurrence of high-
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concentration dependent effects.  Two different smartphone models were used for the 
analysis of optimized assays, showing that using an app like OpenCamera to record 
smartphone images allowed for excellent agreement between the two different models. 
Additionally, the optimal LFIA configuration was validated as a screening method in 
spiked matrix extract, blank matrix extract (n = 20) and incurred spiked flour. 

The optimized multiplex LFIA that was validated in Chapter 4, was integrated with 
interconnectable, 3D-printed sample preparation devices in Chapter 5. The chapter 
described the development and characterization of a novel, compact, inexpensive, and 
prototype immunosensor combining sample preparation and on-chip reagent storage 
for multiplex allergen lateral flow immunosensing. The handheld prototype allowed for 
the total homogenization of solid food samples, 1 minute solid-liquid allergenic protein 
extraction, 3D-printed sieve-based filtration, ULOC-enabled dilution, mixing, transport, 
and smartphone-based detection of hazelnut and peanut allergens in solid bakery 
products with limited operational complexity. A 3D-printed smartphone holder was 
developed to allow for detection of developing LFIAs under controlled lighting conditions. 
The multiplex lateral flow immunoassay (LFIA) detected allergens as low as 0.1 ppm in 
real bakery products; the already consumer-operable system demonstrated its potential 
for future citizen science approaches by being tested by an untrained user (teenager), 
proving its usability. 

The 3D-printed smartphone holder presented in Chapter 5 was used to enable dynamic 
data acquisition and false negative monitoring of developing LFIA signals in Chapter 
6. This chapter comprehensively studied how high antigen concentrations influence 
sandwich format immunoassays using LFIA and SPR and developed a smartphone-based 
video method for dynamic monitoring of high concentration effects in LFIA. Digital 
analysis of the video data allowed for clear differentiation between highly positive and 
false negative samples in order to indicate whether the LFIA was operating in the assays 
dynamic working range or at critically high concentrations. This chapter established that 
while the endpoint  T/C  ratio is an appropriate metric for semi-quantification of LFIAs 
within the dynamic working range, outside of this range when the test or control line is 
falsely diminished, the final T/C ratio is influenced. 

The research presented in this thesis provides an important advancement in the 
development of portable analytical devices for integrated consumer-operable allergen 
detection and a means to monitor for false negative results in LFIA. In Chapter 7, the 
key themes of sample preparation, immunosensing and smartphone detection were re-
examined; the major achievements and challenges of this thesis were dissected and an 
outlook to the future of disposable analytical devices were discussed. 
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