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Abstract 

Allergic diseases have increased its incidence worldwide, increasing the significance of 
research in diagnostics to offer more precise immunotherapy options. Most current lines of 
work revolve around single-protein detection, which relies mostly on faint fluorescence signals 
and large expensive detectors. In this context, we propose a procedure based on visible light 
absorption by polymeric microparticles. The beads acting as supports react with the serum of 
an allergic patient and perform a magnetically-assisted immunoassay, similar to indirect 
ELISA. Firstly, protein binding on surface and antibody recognition was evaluated by SEM 
imaging. Then, the procedure sensibility was determined, were the lowest detected IgE 
concentration is 24 ng/mL, and the response is linear within a working range comparable to 
commercial standards. Finally, the effects of cross-reactive allergen specimens were assessed, 
yielding difficulties in detection at antibody concentrations below 36 ng/mL. Consequently, we 
have provided a proof-of-concept of a microparticle-based immunoassay with affordable 
miniaturization capability for benchtop equipement. 
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1. Introduction 

Allergic diseases are a concern worldwide as they have become more prevalent in the 
last five decades [1,2], even at a higher rate in developing countries [3], which has guided 
research to improve the performance of detection techniques and treatment procedures. Certain 
prospects include personalised medicine approaches to diminish the cases of misdiagnosis and 
increase the effectiveness of immunotherapy [4,5], and component-resolved diagnosis to 
identify specific clinical phenotypes [6,7]. Regarding protein-functionalised micro and 
nanoparticles, considerable therapeutic results have been obtained from their implementation 
as a preventive measure to protect against sensitization and reducing anaphylactic reactivity 
[8,9], as well as carriers for drug delivery [10,11]. In the diagnostic field, polystyrene (PS) 
particles have been used to increase the detection limit of enzyme-linked fluorescence 
immunoassays for antibody concentration measurements in serum samples [12,13]. Similarly, 
superparamagnetic (SM) particles are of particular interest as immuno-supports to increase the 
protein capture rate [14,15] and as capturing support in agglutination tests by agglomerating 
fluorophores already reacting with antibodies (secondary interaction) or by directly emitting 
light (primary interaction) [16,17]. Therefore, micro and nano particles are relevant in allergy 
diagnostics research due to plurifunctionality and increased system resolution. 

Most particle-based immunoassays rely on fluorescence, as this type of labelling 
presents a linear signal behaviour, enabling the distinction between faint differences in protein 
concentration down to single protein resolution.  For instance, digital ELISA applies 
fluorescence detection on an isolated microbead acting as support and labelled by reporter 
fluorophores achieving 14fg/mL resolution [18], while flow cytometry assays are capable of 
multiplexing such techniques [19,20]. Whereas the sensibility is considerable and it is possible 
to precisely characterize these particle complexes to gather quantitative results, it relies on a 
large set of sensors and a very controlled environment to detect extremely faint light signals, 
heavily limiting device miniaturization and affordability for multiplexed immunoassays. Thus, 
an approach involving broad optical detection of pigmented microparticles in suspension could 
offer a compact inexpensive benchtop device for detection of different antibodies in serum, 
providing quantitative test results with a working range similar to those of clinical laboratories. 

In this work, we present a protein detection mechanism based on visible light absorption 
of PS-SM particle complexes in free suspension that have reacted with the antibodies in serum, 
analogous to indirect ELISA tests. Firstly, SEM imaging is used to visualize the surface 
topography of our particles and how they interact with antibodies in serum for different 
allergens. Then, we evaluate the minimum detectable protein concentration of our absorption 
analysis by comparing a single allergen with a control protein. Finally, we estimate the 
specificity of our setup by comparing the response of two major alimentary allergens that also 
exhibit cross-reactivity in clinical tests. 

 



 

Fig. 1. Schematic description of the microbead-based IgE detection by visible light absorption. (a) Preparation of 
the PS/SM particle suspension with human IgE, contemplating a reaction time of ~1.5h. (b) Absorption analysis 
of colloids for portable detection of antibodies within 1min. (c) Discernible signals created by different proteins 
immobilised on the PS surface, determined by the IgE concentration in solution. 

 

2. Materials and methods 

The setup performs a volumetric immunoassay using dyed PS microparticles, with 
immobilised allergen extracts on the surface, which serve as immunosupports for isolation of 
human antibodies in serum (IgE) and as optical signal. After 1 hour, the particles are centrifuged 
and transferred to a suspension containing SM microparticles with secondary antibodies 
specific to IgE (aIgE), which results in a stable PS-IgE-SM complex after 30 minutes if the 
antibodies recognised the allergen on the PS particle, as depicted in Fig. 1a. The suspension is 
analysed by a spectrometer, gathering continuously its absorption signal in the visible light 
spectrum, as depicted in Fig. 1b. The formed complexes are then gathered by magnetophoresis, 
when we apply a planar magnetic field on the suspension. As particles migrate towards the 
magnet, their concentration within the illumination region decreases, showing a decrease in 
signal as in Fig. 1c. The stabilised absorption level after ~50s is related to the concentration of 
IgE in serum. For the experiments, serum samples from 1 patient strongly allergic to peanut 
and 1 strongly allergic to hazelnut, which had been previously diagnosed by skin-prick test, 
serve as sources of IgE. The IgE concentration was measured by a commercial immunoassay 
test (ImmunoCAP, Thermo Fisher Scientific). 

 

2.1. Allergen extract isolation, purification and quantification 

Allergen extracts of peanut (Arachis hypogea - Ara) and hazelnut (Corylus avellana - 
Cor) were obtained by initial cryogenic milling of the nut seeds to obtain a fine powder. Then, 
using a high-speed benchtop homogenizer (FastPrep, MP Biomedicals) along with a lysis buffer 
(FastPROTEIN, MP Biomedicals) to isolate the proteins present in food. The purity of the 
preparation was checked by SDS-PAGE in 12.5% acrylamide gels followed by Coomassie blue 
staining [21], with qualitative validation of the presence of allergens by Western blot testing 
with allergic patient’s sera. The protein concentration was estimated by BCA analysis (Pierce 
BCA, Thermo Fisher Scientific) of the isolated solution. 

 

 



2.2. Microparticle preparation 

Commercially available microbeads were used, following commonly used binding 
protocols [22]. As immunosupport, we used 6µm carboxylate blue-dyed PS spheres (Polybead, 
Polysciences, Inc.). Apart from the allergen extracts previously described, bovine serum 
albumin (BSA) was also immobilised on some particles to act as control. For all proteins, to 
guarantee a significant surface area coating we added 500 µg per 1x105 beads. The carboxyl 
groups on surface require an initial activation, which was done in acidic conditions (MES 
buffer, 100 mM, pH 5.0) by addition of EDC and sulfo-NHS during 30 minutes. After 
activation, the protein solution was added to the suspension in neutral medium (PBS buffer, pH 
7.4) during 3 hours. To prevent unspecific interaction, the uncoupled active sites on the bead 
were blocked with a primary amine source (Tris buffer, 200 mM, pH 9.0) during 24 hours. 
Finally, the particles were stored at 3-5 °C (PBS-TBN 0.1% (w/v) BSA buffer, pH 7.4). 

Concerning the magnetic sorting of PS particles, we used 1µm tosyl-group SM beads 
(Dynabeads MyOne, Thermo Fisher Scientific), consisting of magnetic nanocrystals encased in 
a PS matrix. The recognition of IgE was done by commercial goat anti-human IgE antibodies 
(Sigma-Aldrich Merck), adding 200 µg per 1x107 beads. The tosyl groups offer a 
straightforward coupling to the proteins, requiring only the reaction with the protein for 24 
hours (sodium phosphate buffer, 100 mM, pH 7.4). The blocking and storage steps are identical 
to those of PS particles. 

 

2.3. Serum reaction 

The particles were suspended in a reaction buffer (PBS-TBN 2% (w/v) BSA buffer, pH 
7.4) at a concentration of 1x105 beads/mL, to which several volumes of serum were added. 
After 1h for IgE isolation, the colloidal sample was centrifuged and resuspended in PBS-TBN 
0.1%. Finally, SM particles were put in the suspension at a concentration of 1x107 beads/mL. 

 

2.4. SEM imaging 

In view of the high accumulation of electrostatic charge in non-conductive specimens, 
while avoiding metallic coating that would disrupt the features on our samples, we took images 
from a SEM (ULTRA plus, Zeiss) at a low acceleration voltage (1kV, 30 piA current, 4-7 mm 
distance) using the type I and type II secondary electrons signals [23]. 

 

2.5. Spectrometer characteristics  

The absorption detection in the visible light spectrum was performed by a commercial 
optical-fibre-based spectrometer (QE65000, Ocean Optics), using a Peltier cooler for 
thermoregulation. The fibre’s core diameter was 400 µm in order to collect the signal from 
several particles and the data analysis was performed at a wavelength of 523 nm (±15nm), as 
the illumination source was a colour LED. As optical reference, we used diluted serum in the 
same proportion as the tests. 

 



 

Fig. 2. Characteristic particle-protein interaction seen on SEM imaging. The superficial topography of PS-Ara (a) 
before and (b) after interaction with IgE in serum is distinct to that of PS-Cor (c) before and (d) after serum 
reaction. Both specimens are also distinguishable from (e) a PS bead without bonded proteins. (f) View of a 
dragged particle complex by magnetophoresis: SM particles recognised IgE isolated by PS-Ara. Scale bars: 1 µm. 

 

3. Results and discussion 

3.1. Immobilisation of active allergens on surface 

For the protein bioconjugation, the molecular Ara allergens present on suspension after 
purification are Ara h1, Ara h2, Ara h3, Ara h8 and Ara h9, whereas the Cor extraction resulted 
in the presence of Cor a1, Cor a8, Cor a9 and Cor a14. Further validation of the coating protocol 
was necessary for our specimens in order to optimise the procedure, which can be seen in the 
micrographs of Fig. 2. Globally, all PS particles with Ara allergen extracts (PS-Ara) exhibit 
fusiform elongated irregular regions on their surface of ~150±50 nm in length along the largest 
axis, which during antibody isolation result in large protuberances of ~200±20 nm in length and 
80±10 nm in height, as shown in Fig. 2a and Fig. 2b, respectively. In contrast, PS beads with 
Cor allergen extract (PS-Cor) present almost undiscernible topographical features of 30±15 nm 
in size as evidenced in Fig. 2c. However, after IgE isolation as shown in Fig. 2d, uniformly-



distributed filiform groupings become apparent. Comparatively, the commercially available PS 
beads display an homogeneously corrugated surface, with some larger granular bumps of 90±20 
nm in diameter, as showcased in Fig. 2e.  

Regarding the particle complex, depicted in Fig. 2f, the elevated number of SM beads 
make possible the magnetophoresis of a high proportion of reactive PS species (~85% 
throughout all tests). Nonetheless, the hydrostatic nature of our experiment favours 
agglomeration of the magnetic particles, which in turn increases the probability of dragging 
non-recognised PS beads. Yet, the magnetic sorting is highly selective and does not affect 
strongly the unstable interactions in the absence of IgE, particularly clear when comparing to 
the control suspension (PS-BSA). 

 

 

Fig. 3. Absorption of light by our particle-based immunoassay. (a) The absorption decay and stabilised level of 
the PS particles of interest is distinguishable from non-recognised particles; (b) showing an absorption difference 
proportional toIgE concentration. Results (for n = 3 repetitions) in (a) are normalised to their maximum; results in 
(b), to the measured absorption of 1x105 PS particles/mL. 

 

3.2. Optical detection of protein interaction 

Initially, the sensibility of the immunoassay was determined, as illustrated in Fig. 3a, 
by comparing the results of PS-BSA and PS-Ara at λ = 523nm, reaching different final 
absorption levels 40 seconds after applying the magnetic field, related to the migration of 
particle complexes. Evaluating the reaction with several concentrations of Ara-specific IgE (6, 
12, 18, 24, 30, 36, 42 ng/mL), from the original serum sample of ~250 ng/mL, we obtained the 
graph seen in Fig. 3b. The lowest detectable concentration is 24 ng/mL, lying outside the 
exclusion region with the absorption being linearly dependent to protein concentration. The 
performance is in the range of commonly used techniques in clinical labs, but 100 times less 
sensible than reported ImmunoCAP specifications. Notwithstanding, inter-assay variability and 
working range is similar, while affordability of the detector mechanism are superior in our 
design [24,25]. Also, these results put in evidence the minimum working conditions, so the 
sensibility can be addressed by adding more particles to the procedure to increase the SNR. 

As cross-reactions are common in immunological tests, determining the effect it has on 
our procedure is necessary. This was accomplished by contrasting the reaction between PS-



BSA, PS-Ara, and PS-Cor to antibodies specific to Ara and Cor, separately at 3 critical 
concentrations around our detection limit: 12, 24, 36 ng/mL. Some degree of false detection is 
expected as several studies show a high incidence of cross-reactivity [26–28]. Yet, selective 
interaction should be preserved as the beads offer other major molecular allergens for Ara and 
Cor that have shown no interaction with other IgE species [29–31].  

For Ara-sepecific IgE, Fig. 4a shows that PS-Cor presents some degree of antibody 
recognition, while PS-Ara displays an almost identical result as in the previous test. Their 
absorption signals are undiscernible at 24 ng/mL and begin to diverge much more significantly 
from 36 ng/mL onward. Even when the previous purification measurements during extraction 
and subsequent SEM images showed only presence of Cor allergens on PS-Cor, this result is 
consistent with the findings of Barre and coworkers [28] regarding structural similarities. It has 
been reported that Ara h3 and Cor a9 share 67% of amino acids, which could explain the false 
positive. Concerning the analysis of Cor-sspecific IgE, the response from PS-Ara was slightly 
different than that of control PS-BSA, but within the exclusion values, as observed in Fig. 4b. 
Meaning, PS-Cor was the only detectable signal and its absorption behaviour mimics the result 
for PS-Ara in our initial test. 

 

 

Fig. 4. Effect of cross-reaction (molecules Ara h3 and Cor a9) on our immunoassay: (a) test of patient’s serum 
allergic to Ara with several IgE concentrations, (b) test with Cor-allergic serum at differing antibody concentration. 
Results (for n = 3 repetitions) are normalised to the measured absorption of 1x105 PS particles/mL. 

 



4. Conclusion 

Correct allergy diagnosis has become more relevant as the disease becomes more 
prevalent worldwide. We have developed and offered a proof-of-concept for a real time system 
by which the IgE concentration in a person’s serum can be estimated through visible light 
absorption analysis of colloids. The proposed protocol offers a detection limit of 24 ng/mL for 
physiological samples, with a current linear detection range comparable to commercially used 
techniques. With respect to the specificity, it is susceptible to false detection due to cross-
reactivity of similarly structured allergens, but increasing the types of molecular allergens 
immobilised on the particle’s surface yields an improvement in particle interaction accuracy. 
Although its sensibility is not comparable to current research whose focus is single-protein 
resolution, its characteristic miniaturisation and affordability would provide a benchtop device 
for several developing regions. Development of a prototype is being presently developed, along 
with further clinical tests to validate these results along a larger population.  
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