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2 List of Abbreviations 

2-MEA 2-Mercaptoethylamine 

BME ɓ-mercaptoethanol 

BSA Bovine serum albumin 

DAR Donkey anti-rabbit 

DOL Degree of labelling 

DTT Dithiothreitol  

EAP Engineered affinity protein 

EDC N-ethyl-Nǋ-(3-(dimethylamino)propyl)carbodiimide 

EDTA Ethylenediaminetetraacetic Acid 

ELISA Enzyme-linked immunoassay 

HRMS High Resolution Mass Spectrometry  

HRP Horseradish peroxidase 

HS-FR Hahn-Schickard Freiburg 

HS-S Hahn-Schickard Stuttgart 

IAA  Iodoacetamide 

IgG Immunoglobulin G 

LFA Lateral-flow assay 

mAb Monoclonal antibody 

MTP Microtiter plate 

NC Negative control 

NHS N-hydroxysuccinimide 

pAb Polyclonal antibody 

PBS Phosphate Buffered Saline 

SDS-PAGE Sodium dodecyl sulfateïpolyacrylamide gel electrophoresis 

TCEP Tris(2-carboxyethyl)phosphine 

WP Work package 

3 Executive Summary 

Over the course of the Theseus project, extensive efforts were dedicated to the development 

and optimization of a microfluidic system for the detection of soybean protein as a model 

analyte. Technological challenges prompted the replacement of gluten with soybean protein 

and led to the refinement of the assay workflow. Key decisions included the adoption of a 

sandwich immunoassay format utilizing two antibodies, monoclonal and polyclonal, coupled 

with fluorescent microbeads and a lateral flow membrane. 

Throughout the project's duration, significant progress was made in various aspects. Antibodies 

were characterized and purified, while a sample preparation protocol involving denaturing 

extraction and desalting clean-up was established and optimized. Microfluidic operations were 

designed and integrated, with thermoformed prototypes successfully produced and tested before 

transitioning to injection-moulding. An injection-moulding tool was developed, with 

simulations aiding in optimizing the injection process. 
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Challenges were encountered in the coupling of purified antibodies to fluorescent microbeads, 

leading to the exploration of alternative strategies such as controlled thiol group addition and 

N-glycan remodelling. While the former faced aggregation issues, the latter showed promise in 

mitigating aggregation while maintaining functionality. Additionally, an engineered affinity 

protein (EAP) demonstrated effectiveness in minimizing aggregation, although concerns 

regarding false positives necessitated further investigation. 

Testing of functionalized beads in dipstick experiments revealed aggregation challenges, 

particularly with non-selective coupling strategies, whereas coupling via N-glycan groups 

displayed potential. Optimization efforts led to the selection of concentrations for the final 

assay, which demonstrated the capability to detect soy protein levels as low as 0.01 ppm in 

buffer. 

Simultaneously, the microfluidic layout transitioned to injection-moulded cartridges, 

incorporating modifications to enhance functionality. Testing affirmed consistent fluidic 

performance, albeit with challenges in spin column integration and readout adaptation. Efforts 

to integrate optical beam expansion into the system's detector enhanced functionality, with 

successful production and refinement of the injection moulded lab disk. 

Final testing of the cartridge with pre-stored functionalized fluorescent beads showcased its 

potential in simplifying sample preparation and detecting allergens in complex food matrices. 

With a reduced incubation time compared to dipsticks, the system demonstrated sensitivities of 

1 ppm and 4 ppm for soy protein in various samples, highlighting its utility in food safety 

applications.  

In conclusion, the Theseus project's outcomes represent a significant leap forward in 

microfluidic-based allergen detection, laying a solid foundation for the advancement of portable 

assays with broader applications in food safety monitoring and beyond. 

4 Problem and research objectives 

There is nowadays a large need of analytical tests ñdemocratizationò, meaning fair access to 

portable devices able to respond to health-related individual needs (e.g. people with allergies) 

or to technological/legislative requirements (e.g. industrial production lines of food 

commodities). Currently, portable solutions often skip the sample preparation step at the cost 

of limited sensitivity or include several manual steps, which are not implemented in the portable 

device. Moreover, the sample preparation at the laboratory scale is mainly based on 

chromatographic techniques, which hampers ñportabilityò and prevents on-site operation. 

As a proof of concept, the THESEUS consortium focuses on the development of a prototype 

targeting soybean proteins, which are related to food allergies. 

The prototype will allow on-site and sensitive detection especially where conventional sample 

preparation and extraction of the relevant biomolecules require reagents that interfere with 

immunological detection, thus avoiding lab-scale experimental setups. Due to the full 

automation of the process, reproducibility is increased and user hands-on will result friendlier 

and timely, towards analytical tests democratization e.g. in food safety and diagnostics. 

The research method is sketched and summarized in Figure 1. It bases on the development of 

biologicals and extraction protocols (CER Groupe), on one side, and of concepts for optics 

integration (HS-S), on the other side. These developments are integrated in to the LabDisk 
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platform described in the innovation target (HS-FR), which will provide feedbacks for further 

optimization of biologics and optics integration. Once integrated in the LabDisk, the biological 

and optical solutions will be tested as a whole for the development of production methods by 

injection moulding (HS-S), which will participate in generating feedback to the aforementioned 

tasks. 

 

Figure 1 - Schematic representation of how methods belonging to different research field will be integrated/exchange 
outputs during the development of the demonstrator for portable and sensitive soybean proteins detection. 

5 Work Plan 

In THESEUS, the knowledge of CER and Hahn-Schickard in the fields of antibody production, 

assay development, microfluidics and fabrication are combined to establish new ways of 

sensitive on-site food analytics. The activities foreseen in this proposal have been grouped into 

work packages dealing with research activities (WP1-5) or project management and 

communication (WP6). 

 

 

Figure 2 ς Overview of the workflow in the THESEUS project and contributions of partners. 

During the writing phase of the Theseus project, the gluten proteins had been selected as a 

model for the microfluidic system development. However, based on preliminary results 

obtained at CER Groupe for anti-gluten antibodies development and after the first exchanges 

between the partners of the project, it was decided to replace gluten protein by soybean protein. 

The reasons for this modification were: 

Á The extraction of gluten proteins requires an ethanol-based buffer. The physico-

chemical properties of this buffer and notably its surface tension, are hardly compatible 

with microfluidic systems. 

Á The precipitation of the prolamins (a fraction of the gluten proteins) was observed 

during the clean-up of the extract. Again, this precipitation is not compatible with 

microfluidic systems. 
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Á The monoclonal and polyclonal anti-gluten antibodies developed at CER Groupe 

suffered from a lack of sensitivity and/or specificity to differentiate the potential sources 

of gluten (weat, oat, barley and rye). 

Á The market for gluten detection by immunoassay is currently dominated by the antibody 

R5 from R-Biopharm.  

The soybean proteins were selected to replace the gluten proteins because soybean is considered 

as a major allergen and is the first source of plant protein and oil. It can be found in numerous 

preparations and under several forms resulting from the transformations and food processing 

techniques applied by the food industry. These transformations are known to impact the 

detection of soybean with immunoassay. Denaturing extractions could be required but could 

also interfere with the subsequent immunoassay. The elimination of these interfering 

compounds with a microfluidic system during sample preparation perfectly fits with the 

Theseus project. 

As National Reference Laboratory for food allergen detection, CER Groupe has some practical 

experience with soybean and already developed several monoclonal and polyclonal anti-

soybean antibodies.  

Given this situation, all partners involved in the project agreed on the replacement of gluten 

protein by soybean protein as a model in the development of the microfluidic prototype system. 

As exposed on Figure 3, the different work packages, deliverables and milestones were adapted 

to this modification.  

The project was initially planned to be executed over two years. However, some delay was 

observed for the delivery of compound required to produce the cartridge. A four months project 

extension with constant budget was obtained to reach the objectives of the project. The Gantt 

chart was adapted to the new project duration. The distribution of the different WP and the 

deliverables and milestones expected for each WP are detailed in this Gantt chart (Figure 3). 

 

Figure 3 ς Gantt chart of the THESEUS project including the 4 months project extension  

wp lead

Sept Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

Biologicals production, characterization and analyte extraction protocol development

T1a Soybean extraction and use for incurred sample preparation 12

T1b Antibody testing of incurred and real samples at the single- and multiplex level 6

D1.1 Extraction protocol for soybean D1.1

D1.2 Polyclonal and monoclonal antibodies D1.2

M1.1 Extraction formulation M1.1

M1.2 Anti soybean antibodies purification M1.2

Biologicals regioselective modifications 

T2a Regioselective modification through glycan remodelling 14

T2b Regioselective modification through disulphide reduction 14

D2.1 Antibodies functionalized with biotin and fluorophores through regioselective procedures D2.1

D2.2 Soybean protein, and the biotinylated and fluorescent equivalents D2.2

Milestones M2.1 A regioselective procedure yielding the most performant protein derivatives M2.1

Microfluidic automation of analyte extraction and immunologic detection

T3a Automation of analyte extraction 10

8

13

T3c Combination of extraction and detection 6

D3.1 Functional detection assay in a dipstick format D3.1

D3.2 Layout of an integrated cartridge for automating sample extraction, clean up, detection D3.2

M3.1 Disk layout read to transfer to HS-S for injection moulding iteration M3.1

M3.2 Fully integrated and optimized disk produced and ready for qualification by CER M3.2

Optic Integration and cartridge production via injection molding

T4a Concept for the integration of optical fibres 7

T4b Concept for the integration of optical lenses 7

T4c Production of the molding tool and the cartridge 15

T4d Optimization of molding tool 4

D4.1 Evaluated integration concept for optical fibres D4.1

D4.2 Evaluated integration concept for optical lenses D4.2

D4.3 Sufficient amount of cartridges after the first production run D4.3

D4.4  Sufficient amount of cartridges after the optimized final production run D4.4

M4.1 Concepts for the integration of optical elements M4.1

M4.2 Cartridges production under the given boundaries M4.2

Investigation of prototype analytical performance

T5a Prototype Analytical qualification 3

Deliverables D5.1 Analytical performance of the prototype D5.1

Milestones M5.1 - Data sheet for prototype analytical performance M5.1

Management and communication

T6a Management of the consortium 28

T6b Consortium meetings 5

T6c Project reporting 5

T6d Project communication and exploitation 28

D6.1 Biannual Activity Reports (BAR) D6.1 D6.1 D6.1 D6.1

D6.2 Activity Reports (ATR) D6.2 D6.2

D6.3 Final Report (FiR) D6.3

D6.4 Specific reports for regional funding authorities D6.4 D6.4 D6.4 D6.4 D6.4

Milestones M6.1 Biannual progress check (continuation of funding) M6.1 M6.1 M6.1

2021 2022 2023

Time period 

Deliverables

WP6

T3b Automation of analyte detection

WP4

Deliverables

Milestones

WP3

Deliverables

Milestones

   CER Groupe    HS-S    HS-Fr Disk    HS-Fr Assay 

WP5

Deliverables

Total

WP1

Deliverables

Milestones

WP2

Work package Activity/task
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5.1 Biologicals production, characterization & analyte extraction protocol 

development (WP1) 

This first WP is dedicated to the optimization of an extraction procedure of the soybean protein 

from reference materials (e.g. NIST SRM 3234 - Soy Flour), their characterization and use for the 

subsequent antibody-based immunoassays. The latter ones allow determining the experimental 

parameters of the immunoassay format at the ñlab scaleò, by using the sensitive flow cytometry 

platform as a way to screen immunoassay conditions (kind of antibodies, dilutions, and incubation 

times), with a particular care on how the chemical interfering species determine 

sensibility/specificity loss. 

5.2 Biologicals regioselective modification (WP2) 

This second WP groups a series of activities that aim at modifying both antibodies and analytes 

(the soybean protein) by introducing reacting points that preserve the affinity of the antigen-

antibody complexes. This is accomplished by the use of either chemoenzymatic or click-chemistry- 

based approaches that will introduce biotin/fluorophore moieties far from the epitope-paratope 

domains (e.g. in the constant region of antibodyôs heavy chain, or across heavy chain symmetry 

axis) and couple biologics to solid surface. This WP is related with WP1, because the modified 

materials are evaluated by the flow cytometry-based immunoassays, and with WP3-4, because the 

most performing materials are introduced into the microfluidic prototypes. 

5.3 Microfluidic automation of analyte extraction & immunologic 

detection (WP3) 

HS-FR focusses on automating the analyte extraction optimized by CER in WP1 as well as the 

detection, using membrane-based immunoassays in centrifugal microfluidics. A microfluidic 

cartridge is laid out, fluidic properties are simulated, and assay development for integration into the 

cartridge is conducted with the reagents provided by CER. Functional models are generated by rapid 

prototyping technologies. The final layout of the cartridge is transferred to HS-S for injection 

moulding. The cartridges are tested fluidically and biochemically, using testing materials provided 

by CER Groupe.  

5.4 Optic integration & cartridge production via injection moulding 

(WP4) 

The WP4 is based on the production technology of the microfluidic cartridge using injection 

moulding. In close contact with WP3, a concept for the integration of optical elements into the 

cartridge is developed. In this project two main approaches are investigated. The first one 

corresponds to the integration of optical fibres to access specific sites on the cartridge and small 

volumes of analyte. Depending on the developed concept, moulding tools with sliders might be 

used. The second approach is the integration of lenses directly into to cartridge. For this 

purpose, spherical surfaces with low surface roughness are produced within the moulding 

inserts. On the injection moulded plastic part these surfaces work as collimating lenses to 

increase fluorescence signal intensity and hence increasing the sensitivity of the measurement. 

After the conceptual development, an injection moulding tool is conceived, manufactured and 

used for the production of the cartridges. 
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5.5 Investigation of prototype analytical performance (WP5) 

This WP aims at verifying the analytical performances of the prototype, by comparing with lab 

scale routine procedures based on immunoassay. The important assessment is related to verify 

whether smaller amounts of the analysed matrix will still result in meaningful (representative) 

analytical outcomes, towards maximal method portability. 

5.6 Management and communication (WP6) 

This final WP groups all of the necessary activities ensuring project follow-up, internal and external 

communications and disseminations. 

6 Results Achieved  

6.1 Biologicals production, characterization & analyte extraction protocol 

development (WP1) 

The first discussions between the THESEUS collaborators were dedicated to the establishment 

of the design of the microfluidic system. The required clean-up and the immunoassay format 

were the two topics mainly discussed. As exposed on Figure 4, the assay is composed of a 

denaturing extraction outside of the microfluidic system. The extract is then loaded on the 

microfluidic system where a clean-up is performed to eliminate denaturing agent that can 

interfere with the subsequent immunoassay. This clean-up corresponds to a desalting using 

disposable ZebaÊ Spin Desalting Columns, 7K MWCO from ThermoFisher. The column is 

first conditioned with the desired buffer. The sample is then loaded on the column and the 

desalted proteins, the target of the immunoassay, are collected. A sandwich format 

immunoassay using fluorescent microbeads and a lateral flow membrane was adopted. Two 

antibodies were required to performe the immunoassay. Two rabbit antibodies developed at 

CER Groupe, a polyclonal (pAb) and a recombinant monoclonal (mAb) obtained from the same 

rabbit, were selected to be integrated in the immunoassay.  

 
Figure 4 - Assay workflow 

SDS-PAGE with Coomassie blue staining and Western blot were considered to characterize the 

two antibodies. A soy flour extract and commercial purified proteins, glycinin, beta-conglycinin 

and trypsin inhibitor were loaded in the gels. Glycinin, beta-conglycinin are the two main 

protein in soybean and account for 70-80% of total seed protein (Krishnan, 2000). As exposed 

on Figure 5, the two Western blots indicated that glycinin was recognized by the mAb and he 

pAb. Other proteins were also recognized by the pAb but with a lower signal intensity. In 

particular, the acidic subunit of glycinin was recognized. Indeed, as other legumin-like 

globulins, glycinin consists of one basic and one acidic polypeptide, which are linked by a 

single disulfide bond, except for the acidic polypeptide A4. The molecular masses of the basic 
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polypeptides are around 20 kDa, while those of the acidic polypeptides are around 38 kDa 

(González-Pérez & Arellano, 2009). 

 
Figure 5 - Antibodies characterization with SDS-PAGE and Western blot 

The particular glycinin epitopes recognised by the antibodies were identified thanks to epitope 

mapping analysis. To do so, the sequence of the acidic subunit of glycinin (entry P04776, amino 

acids 20-306 from UniProt) was divided in 40 peptides of 14 residues with a 7 residues overlap 

Table 1. These 40 peptides with a N-terminal biotinylation were provided by PepScan. The 

peptides were incubated in separate wells from 96 wells plates coated with streptavidin (Table 

2). After a first wash of the plate, the antibodies were incubated. A goat anti-rabbit IgG 

secondary antibody conjugated to HRP was used, after a second wash of the plate, for the 

revelation and identify the binding of the mAb and the pAb to specific peptides. 

Name Sequence   Name Sequence  

Peptide 1 Biotin-FSSREQPQQNECQI  Peptide 21 Biotin-VVAVSIIDTNSLEN 

Peptide 2 Biotin-QQNECQIQKLNALK  Peptide 22 Biotin-DTNSLENQLDQMPR 

Peptide 3 Biotin-QKLNALKPDNRIES  Peptide 23 Biotin-QLDQMPRRFYLAGN 

Peptide 4 Biotin-PDNRIESEGGLIET  Peptide 24 Biotin-RFYLAGNQEQEFLK 

Peptide 5 Biotin-EGGLIETWNPNNKP  Peptide 25 Biotin-QEQEFLKYQQEQGG 

Peptide 6 Biotin-WNPNNKPFQCAGVA  Peptide 26 Biotin-YQQEQGGHQSQKGK 

Peptide 7 Biotin-FQCAGVALSRCTLN  Peptide 27 Biotin-HQSQKGKHQQEEEN 

Peptide 8 Biotin-LSRCTLNRNALRRP  Peptide 28 Biotin-HQQEEENEGGSILS 

Peptide 9 Biotin-RNALRRPSYTNGPQ  Peptide 29 Biotin-EGGSILSGFTLEFL 

Peptide 10 Biotin-SYTNGPQEIYIQQG  Peptide 30 Biotin-GFTLEFLEHAFSVD 

Peptide 11 Biotin-EIYIQQGKGIFGMI  Peptide 31 Biotin-EHAFSVDKQIAKNL 

Peptide 12 Biotin-KGIFGMIYPGCPST  Peptide 32 Biotin-KQIAKNLQGENEGE 

Peptide 13 Biotin-YPGCPSTFEEPQQP  Peptide 33 Biotin-QGENEGEDKGAIVT 

Peptide 14 Biotin-FEEPQQPQQRGQSS  Peptide 34 Biotin-DKGAIVTVKGGLSV  

Peptide 15 Biotin-QQRGQSSRPQDRHQ  Peptide 35 Biotin-VKGGLSVIKPPTDE 

Peptide 16 Biotin-RPQDRHQKIYNFRE  Peptide 36 Biotin-IKPPTDEQQQRPQE 

Peptide 17 Biotin-KIYNFREGDLIAVP  Peptide 37 Biotin-QQQRPQEEEEEEED 

Peptide 18 Biotin-GDLIAVPTGVAWWM   Peptide 38 Biotin-EEEEEEDEKPQCKG 

Peptide 19 Biotin-TGVAWWMYNNEDTP  Peptide 39 Biotin-EKPQCKGKDKHCQR 

Peptide 20 Biotin-YNNEDTPVVAVSII   Peptide 40 Biotin-KDKHCQRPRGSQSK 

Table 1 ς The 40 peptides corresponding to the sequence of the soybean glycinin acidic subunit  
and used for epitope mapping of mAb and pAb. 
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 1 2 3 4 5 

A Peptide 1 Peptide 9 Peptide 17 Peptide 25 Peptide 33 

B Peptide 2 Peptide 10 Peptide 18 Peptide 26 Peptide 34 

C Peptide 3 Peptide 11 Peptide 19 Peptide 27 Peptide 35 

D Peptide 4 Peptide 12 Peptide 20 Peptide 28 Peptide 36 

E Peptide 5 Peptide 13 Peptide 21 Peptide 29 Peptide 37 

F Peptide 6 Peptide 14 Peptide 22 Peptide 30 Peptide 38 

G Peptide 7 Peptide 15 Peptide 23 Peptide 31 Peptide 39 

H Peptide 8 Peptide 16 Peptide 24 Peptide 32 Peptide 40 

Table 2 ς Mapping of the coating of the 40 peptides covering the acidic subunit of soybean glycinin 

The results of the epitope mapping analysis expressed as measured optical density is exposed 

on Table 3 for the mAb and on Table 4 for the pAb. The well D3 corresponding to peptide 20 

YNNEDTPVVAVSII was recognised by the mAb. Multiple peptides were recognized by the 

pAb including peptide 20.  

 

  1 2 3 4 5 

A 0.114 1.198 0.211 0.206 0.168 

B 1.681 0.448 1.253 0.531 0.487 

C 0.435 0.491 0.259 0.273 0.174 

D 0.471 0.629 2.870 0.518 0.236 

E 0.672 0.318 1.886 0.692 0.180 

F 0.484 0.288 0.214 0.382 0.157 

G 0.327 0.557 0.481 0.098 0.583 

H 1.796 0.821 0.404 0.278 1.370 

Table 3 ς Peptide mapping results for the mAb. Heat map is used to highlight the higher optical density values  
indicating the recognition of the peptide by the mAb. 

 1 2 3 4 5 

A 4.463 0.700 5.183 1.872 2.613 

B 0.556 1.766 5.141 0.045 2.268 

C 0.160 0.827 3.165 5.893 5.893 

D 5.893 -0.003 5.893 2.483 5.893 

E 0.215 3.051 3.156 5.893 2.180 

F -0.014 4.371 3.170 2.372 1.649 

G 1.299 3.403 0.456 0.215 5.242 

H 5.893 2.118 5.893 2.562 0.215 

Table 4 - Peptide mapping results for the pAb. Heat map is used to highlight the higher optical density values  
indicating the recognition of the peptides by the pAb. 

Due to the use of a monoclonal antibody in the sandwich format immunoassay, the acidic 

subunit of glycinin will be the sole target of the test. It could therefore be of interest to purify 

the clones that are specific to glycinin acidic subunit. To do so, affinity chromatography was 

considered and the acidic subunit of glycinin was purified based on the protocol developed by 

Liu and co-workers (C. Liu et al., 2007).  
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The purification was performed in two steps. The first one, as exposed on Figure 6, 

corresponded to the protein extraction from soy flour with a Tris-HCl based buffer and the 

precipitation of the entire glycinin (basic and acidic subunits) using SBS (sodium bisulphite, a 

reducing agent) and adjusting the pH. Samples from soy flour extract, supernatant and 

resuspended precipitated pellet were analysed by SDS-PAGE with Coomassie blue staining 

Figure 6. The basic and acidic subunits of glycinin were well observed with an acceptable purity 

(visual evaluation of the SDS-PAGE) in the fraction corresponding to the resuspended 

precipitated pellet. Using BC (bicinchoninic acid) protein assay and considering a protein 

content of 50 % in soy flour and glycinin accounting for 40 % of total protein, an extraction 

yield of 50% was estimated.  

 

 
Figure 6 - First step of glycinin acidic subunit purification corresponding to the extraction of soy flour protein and 

precipitation of glycinin. Samples from the different steps were analysed by SDS-PAGE with Coomassie blue staining 

The second step of the glycinin acidic subunit purification was based on ion exchange 

chromatography. The precipitated glycinin pellet was first resuspended with a phosphate buffer 

(pH 6.5) containing 6 M of urea and 0.1 M of BME (ɓ-mercaptoethanol). The responded 

proteins were then loaded on a DEAE Sepharose Fast Flow anion exchange chromatography 

column connected to a ÄKTA Pure Protein Purification System. A NaCl gradient from 0 to 300 

mM was applied and 1 mL elution fractions were separately collected. Some of these fractions 

were analysed by SDS-PAGE with Coomassie blue staining Figure 7.  
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Figure 7 - Second step of glycinin acidic subunit purification corresponding to ion exchange chromatography. Some of the 
elution fractions from the exposed chromatogram were analysed by SDS-PAGE with Coomassie blue staining. 

As observed on the SDS-PAGE (Figure 7), the basic subunit was first eluted (lane 4 and 5). The 

acidic subunit was eluted at a higher NaCl concentration (lanes 8 to 10). The two bands 

observed in lanes 8 to 10 corresponded to different isoforms of glycinin acidic subunit. The 

acidic-basic subunits are the products of at least five identified gene families (Murphy, 2008). 

The acidic subunit of one of the five isoforms is characterized by a molecular weight slightly 

higher compared to the other ones (42-43 kDa versus 40 kDa). The elution fractions 38 to 55 

corresponding to the acidic subunit elution double peak (Figure 7) were analysed by Western 

Blot with both antibody. As exposed on Figure 8, the different elution fractions were recognized 

by both antibody, including the isoform with a higher molecular weight.  

 

Figure 8 ς Western Blot analysis with mAb and pAb of the elution fractions 38 to 55 (from left to right)  
of the double elution peak corresponding to glycinin acidic subunit 

A total of 15 mg of purified acidic subunit of glycinin was used for coupling to 3 mL of swelled 

Cyanogen bromide-activated-Sepharose® 4 Fast Flow resin. With such a resin, proteins are 

directly coupled to the preactivated gel through the primary amino groups (such as those 

contained in lysine residues). The 3 mL of resin coupled to glycinin acidic subunit was divided 

in two fractions of 1 and 2 mL which were separately packed in empty glass chromatography 

columns. In the following text, the columns containing the resin coupled to glycinin acidic 

subunit will be designated as 1 mL glycinin column and 2 mL glycinin column. 
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The purification protocol using glycinin acidic subunit is similar to the one classically used for 

purification of with protein A column. This protocol consists in the loading of the sample 

(serum, culture supernatant, etc.) after column conditioning, column wash and finally acidic 

elution.  

The loading capacity of the 2 mL glycinin column was then evaluated by performing 

purification cycles with increasing volumes of serum (for pAb) and subsequently reloading the 

flow-through. The column is considered as saturated when a significant amount of IgG is 

collected from the flow-through purification cycle (Figure 9). A loading capacity of 6 mg of 

IgG (3 mg of IgG per mL of resin) was estimated.  

 

Figure 9 ς Chromatograms associated to glycinin resin dynamic capacity evaluation loading 5 or 25 mL of pAb serum and 
after elution and column reconditioning, subsequent reloading the flow-through. 

The pAb purified with the glycinin column were compared to those obtain with the traditional 

IgG purification strategy using protein A column (Figure 10). From 5 mL of serum, 40 mg of 

IgG were collected with the protein A column and 2 mg with the glycinin column. This 

difference is due to the non-specificity of the protein A column which capture anti-glycinin 

antibodies, antibodies raised against other soybean proteins and all other circulating IgG from 

the rabbit immune system. The titer of the antibody that are specific to glycinin acidic subunit 

was performed with ELISA plates coated with purified glycinin acidic subunit. A titer of 

1/20.000 was obtained for pAb purified with protein A column and 1/300.000 for pAb purified 

with glycinin column. This result demonstrated that the affinity purification strategy using the 

glycinin column allowed the specific purification of the desired anti-glycinin acidic subunit 

pAb. This purification strategy was applied to purified several mg of mAb and pAb. A portion 

of these purified antibodies and also purified glycinin were transferred to HS-FR for first 

developments of the immunoassay integrated in the microfluidic system. 
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Figure 10 ς Chromatograms associated to the purification of pAb from 5 mL of serum  
with protein A column (left) and glycinin column (right) 

The purified mAb and pAb were used to optimize the soybean extraction protocol. The pAb 

was coupled to horseradish peroxidase to be used as a secondary antibody in a ELISA test where 

the mAb was the primary antibody. A workflow similar to the one that will be implemented in 

the microfluidic system was used to optimize the soybean extraction protocol. This workflow 

included a solid/liquid extraction step, a centrifugation, the desalting of the extracted proteins 

with disposable ZebaÊ Spin Desalting Columns and the analysis of the desalted extract. 

Soy flour and samples (cookie and chocolate) prepared in previous research projects and 

incurred at 40 ppm (expressed and mg total soybean protein per kg of matrix) were considered 

to optimize the extraction protocol. Contrary to spiked materials which are produced from the 

addition of allergenic ingredients to processed blank food, incurred materials derives from their 

inclusion in blank raw materials before food processing. The use of incurred materials permits 

to reproduce conventional formulation, realistic incorporation of allergens inside the food 

microstructure and allergen modifications due to food processing, thus allowing more rigorous 

assessment of quantitative method performance in terms of extraction yield, accuracy, and 

sensitivity when processed foods are analysed (Mattarozzi & Careri, 2019). 

Multiple parameters were investigated for the optimization of the extraction protocol including 

the extraction buffer composition (detergent, chaotropic agent and reducing agent), the 

extraction temperature and the presence of detergent in the desalting buffer. The influence of 

each parameter was evaluated based on a full factorial analysis using Minitab statistical 

software. A Pareto Chart was also calculated to compare the standardized effects of each factor 

with a significance level (red line on the graph). 

One the first experiment was performed on soy flour. Five factors were considered in this 

experiment: 

Á Extraction buffer composition (50 mM PBS buffer basis, pH 7.5) 

o Factor 1 (F1): Detergent (Tween20); levels: 0 or 0.1% 

o Factor 2 (F2): Urea; levels: 0, 2 or 6 M 

o Factor 3 (F3): Disulfide bonds; levels: Native, reduced (10 mM DTT) or 

reduced and alkylated (10 mM DTT and 50 mM IAA) 

Á Factor 4 (F4): Extraction temperature; levels: 21°C or 60°C 

Á Factor 5 (F5): Detergent (Tween20) in desalting buffer; levels: 0 or 0.1% 

The protein concentration in the desalted extract was measured with a BCA test. As exposed 

on Figure 11, a high concentration of urea, the presence of reducing agent, the temperature, and 
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the presence of detergent in the desalting buffer have all of positive and significant impact on 

soy flour protein extraction. 

 

Figure 11 - Statistical analysis of the effects of multiple extraction protocol factors on the soy flour protein extraction yield 

The extracts were then diluted 1.000 and 10.000 and analysed by ELISA. The ELISA measured 

concentration was normalized with the BCA test results to evaluate the impact of the analyte 

denaturation on its detection. As exposed on Figure 12, the presence of a high concentration of 

urea improved the detection of the soy proteins. Contrary to the results obtained for the 

extraction yield, the presence of reducing agent had a negative impact on the immunoassay. 

This could potentially be explained by the fact that the reduction of the disulfide bonds by the 

reducing agent destroy the hexametric structure of the glycinin, eliminating the possibility to 

have repeated epitopes for the binding of the secondary antibody in the ELISA test. 

 

Figure 12 - Statistical analysis of the effects of multiple extraction protocol factors  
on the ELISA response normalized with the BCA test results 

 

In a second experiment, the impact of several extraction parameters was evaluated on the 

soybean detection by ELISA of cookie and chocolate matrices incurred at 40 ppm: 

Á Extraction buffer composition (50 mM PBS buffer basis, pH 7.5) 

o Urea: 0, 2 or 6 M 
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o Disulfide bonds: Native or reduced (10 mM DTT)  

Á Extraction temperature: 25°C, 40°C or 60°C 

As exposed on Figure 13, the presence of urea seemed to be the only factor having a positive 

and significant impact of soybean detection by ELISA. The temperature seemed to have a 

positive effect on cookie extraction. However, the combination of temperature and urea induced 

the formation of a cookie extract with a high viscosity. This extract was hardly handled with 

laboratory pipettes. This combination was therefore excluded for practical reasons. 

 

Figure 13 - Statistical analysis of the effects of multiple extraction protocol factors on the ELISA response 
 of cookie and chocolate incurred at 40 ppm with soybean. 

The developments and optimizations of the extraction protocol led to the following procedure: 

Á 2g sample extracted with 20 mL of extraction buffer 

Á Extraction buffer: 50 mM PBS, pH 7.5 with 6M urea and 0.1% Tween20 

Á Extraction conditions: 30 min extraction at room temperature under agitation 

followed by centrifugation 

Á Sample desalting with disposable ZebaÊ Spin Desalting Columns, 7K MWCO 

previously conditioned with 50 mM PBS, pH 7.5 with 0.1% Tween20. 

This procedure will be applied for sample extraction in the concerned following work packages. 

6.2 Biologicals regioselective modification (WP2) 

Considering the microfluidic system workflow exposed on Figure 4, the purified antibodies 

have to be coupled to fluorescent microbeads. The desalted sample will be put in contact with 

these functionalized beads. The analyte-bead complex will then migrate on a lateral flow 

membrane for capture by the second antibody and detection. The beads have to be sufficiently 

small to migrate through the membrane. Red FluoSpheresTM 0.2 µm from ThermoFisher 

modified with carboxylate or amine groups (for different coupling strategies) were selected. 

The coupling achievement was evaluated using high resolution mass spectrometry and flow 

cytometry. Flow cytometry is a technology that provides rapid multiparameter analysis of single 

particles in suspension as they flow past multiple lasers. Each particle is analysed for scattered 

light and multiple fluorescence signals captured by the detectors of the instrument. The red 
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fluorescence emitted by the microbeads allows the confirmation of the recorded events. 

Additional elements labelled with dyes other than red were used to confirm the coupling. A 

donkey anti-rabbit IgG secondary antibody labelled with Alexa Fluor 488 dye (green) was for 

instance used to confirm the presence of the coupled antibody on the beads. A second approach 

combining in-house purified glycinin coupled to biotin and streptavidin labelled with Alexa 

Fluor 488 dye was used to evaluate the functionality of the antibodies coupled to the beads. A 

rabbit IgG antibody labelled with Alexa Fluor 488 dye (green) was also used to confirm the 

presence of the coupled engineered affinity protein (EAP). 

Several strategies targeting defined reactive groups were considered to couple the antibodies to 

the fluorescent microbeads. Each approach differed in the number of reactive sites available, 

which consequently influenced cross-linking and aggregation of the beads. Our characterization 

efforts primarily concentrated on assessing the level of aggregation and the functionality of the 

coupling products. This comprehensive analysis allowed us to evaluate the efficacy of different 

coupling strategies and understand their impact on the overall performance of the microbeads 

in biological applications. The different strategies are extensively detailed in the following 

sections. 

6.2.1 Coupling through antibody amine group 

The first considered coupling strategy was based, as exposed on Figure 14, on the EDCïNHS 

chemistry using carboxylate modified microbeads. EDC reacts with a carboxylic-acid group on 

microbeads, forming an amine-reactive O-acyl isourea intermediate. This intermediate may 

react with an amine (from lysine residue) of the antibody, yielding a conjugate of the bead and 

the antibody joined by a stable amide bond. The addition of sulfo-NHS stabilizes the amine-

reactive intermediate by converting it to an amine-reactive sulfo-NHS ester, thus increasing the 

efficiency of EDC-mediated coupling reactions. 

 

Figure 14 ς EDCςNHS chemistry strategy to coupled antibody (2) on carboxylate modified microbeads (1) (Bart et al., 2009) 

In a first experiment, the pAb was coupled to carboxylate modified fluorescent microbeads 

using EDCïNHS chemistry. Different ratios of antibody and beads were tested. As exposed on 

Figure 15, the green signal obtained from DAR IgG labelled with Alexa Fluor 488 dye was 

increasing with the antibody/beads ratio. This result indicated that the pAb was successfully 

coupled to the beds and that the amount of antibody per bead can be modulated. 
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Figure 15 ς Confirmation of pAb coupling on COOH fluorescent microbeads and evaluation of the impact  
of different bead/pAb ratios (from 32/1 to 4/1) using donkey anti-rabbit IgG labelled with Alexa Fluor 488 dye 

Beads aggregation was observed after coupling and was probably due to cross-linking between 

beads and antibodies (Figure 16). The coupling was indeed performed through antibody lysine 

residues. Multiple lysine residues are available on each antibody. Therefore, with this coupling 

strategy, a single antibody can be coupled to multiple beads, leading to beds aggregation. This 

aggregation is undesired since it increases the size of the particles that were specifically selected 

based on their size to fit with lateral flow membrane porosity. It was furthermore demonstrated 

(Figure 48) that a major fraction of the beads prepared with this approach were not able to 

penetrate the membrane. 

 

Figure 16 ς pAb coupling on COOH fluorescent microbeads and evaluation of the impact  
of different bead/pAb ratios (from 32/1 to 4/1) on the aggregation level of the coupling products. 

To reduce this cross-linking and limit the aggregation phenomenon, different modifications of 

the EDCïNHS chemistry coupling reaction conditions were experimented. Conditions with and 

without the reaction stabilizer sulfo-NHS and conditions with and without BME (to quench the 

excess of EDC) were combined. In this experiment, the functionality of the antibodies coupled 

to the beads was evaluated using biotinylated glycinin and streptavidin labelled with Alexa 

Fluor 488 dye. As exposed on Figure 17, a higher green signal was observed for coupling 

conditions using uniquely EDC. These results were however limited to a single experimented 

and were not repeated. They should therefore be considered with caution. In all experimented 

conditions, a high level of beads aggregation was still observed. 
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Figure 17 - Functional evaluation of pAb coupled to COOH fluorescent microbeads using glycinin acid subunit  
coupled to biotin and streptavidin labelled with Alexa Fluor 488 dye. The impact of the use of NHS  

to stabilize the reaction intermediate and BME to quench the excess of EDC were investigated. 

 

Figure 18 - Structural evaluation of pAb coupled to COOH fluorescent. The impact of the use of NHS  
to stabilize the reaction intermediate and BME to quench the excess of EDC were investigated. 

A first batch of antibodies coupled to fluorescent microbeads with EDC-NHS chemistry was 

transferred to HR-FR for microfluidic and immunoassay development. Based on flow 

cytometry tests, the coupling was successful and coupled antibodies were functional. However, 

beads aggregation due to cross-linking remained a major limitation.  

6.2.2 Coupling through thiol groups obtained from antibody selective reduction 

IgG contain a limited number of cysteine residues, all involved in intra-chain or inter-chain 

disulfide bonds. Inter-chain disulfide bonds are highly solvent exposed contrary to intra-chain 

disulfide bonds which are buried between the two layers of anti-parallel ɓ-sheet structures 

within each domain. The solvent exposure difference has important implications because 

exposed cysteine residues are considered more reactive than non-exposed cysteine residues (H. 

Liu & May, 2012). In rabbit IgG, the two heavy chains are connected in the hinge region by a 

single disulfide bond. Another inter-chain disulfide bond connects each pair of heavy chain and 

light chain (Rayner et al., 2013). As exposed on Figure 19, the thiol-based coupling strategy 

targets the inter-chain disulfide bond from the hinge region and connecting the two heavy 

chains. The strategy includes the selective reduction of this disulfide bond to conserve active 

ñhalf antibodyò with intact disulfide bond between the light chain and the heavy chain. The 

antigen binding site is indeed composed by combined light chain and heavy chain. 
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Figure 19 - Strategy to couple antibodies to fluorescent microbeads through specific thiol groups  
with selective reduction of the disulfide bond of the hinge region. 

Several reducing agents and reaction conditions were investigated to selectively reduce the 

inter-heavy chains disulfide bond. In all experiments, the same workflow was employed. The 

antibody was incubated with the reducing agent in the presence of EDTA, a chelating agent, to 

avoid the reformation of the reduced disulfide bonds. After the desired incubation period, the 

reduction product was desalted to eliminate the reducing agent (still in the presence of EDTA). 

This desalting was operation was performed using disposable ZebaÊ Spin Desalting Columns, 

7K MWCO. Lastly, SDS-PAGE under native conditions (no BME in the loading buffer) with 

Coomassie blue staining was used to evaluate the effects of the reducing reaction. Native and 

fully reduced antibody controls were added to each gel. 

In a first experiment, the reducing effects of different reducing agents (BME, DTT, TCEP and 

2-MEA) were evaluated on the pAb. Several conditions (all performed in 50 mM PBS buffer 

pH 7.5), including reducing agent concentration, incubation duration and incubation 

temperature were tested (Figure 20). The reagent 2-MEA is specifically described by Thermo 

Scientific as a mild reducing agent suitable for selectively cleaving hinge-region disulfide bonds 

of IgG heavy chains. As exposed on Figure 20, all reduction condition tested with DTT and 

TCEP as reducing agents led to fully reduced (separated light chain and heavy chain) pAb. 

Depending on BME concentration, antibody reduction state directly went from a non-reduced 

state to a fully reduced state without an intermediate step corresponding to the desired ñhalf 

antibodyò. In most of the condition tested with 2-MEA as reducing agent, the antibody was in 

a non-reduced state. However, in the sample 48 (50 mM, 37°C and 30 min incubation), a band 

with a molecular weight comparable to the desired ñhalf antibodyò was observed. 
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Figure 20 ς Investigation of the effects multiple reducing agents (BME, DTT, TCEP, 2-MEA) under different  
reaction conditions (temperature, concentration and duration) on the reduction of the pAb 

Based on the results the of the previous experiment, several reaction conditions (temperature, 

concentration and duration) were tested on the reduction of mAb with 2-MEA (in 50 mM PBS 

buffer pH 7.5). It can be observed on Figure 21, that at 50 mM 2-MEA, the ñhalf antibodyò was 

the most abundant form (around 75% based on image analysis). 

 

 

Figure 21 - Investigation of the effects 2-MEA under different reaction  
conditions (temperature, concentration and duration) on the reduction of the mAb 
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The previous results were obtained with a 2-MEA batch from 2020, available in very limited 

amount. Fresh 2-MEA was purchased (same reference) and was tested on mAb and pAb (in 

50 mM PBS buffer pH 7.5). Different effects were observed (Figure 22) and the ñhalf antibodyò 

form was not obtained with the fresh reagent. Only fully reduced forms were obtained in the 

tested conditions. 

 

Figure 22 ς Comparison of the effects of 2 batches of 2-MEA  
on the reduction of the mAb and the pAb (30 min reaction at 24°C) 

Lower concentrations of fresh 2-MEA (in 50 mM PBS buffer pH 7.5) were tested on mAb and 

pAb. The ñhalf antibodyò was not obtained in the tested conditions (Figure 23). The reduction 

state of the antibodies directly went from native to fully reduced without an intermediate ñhalf 

antibody stateò. 

 

Figure 23 ς Investigation of the effects of different concentrations of 2-MEA  
on the reduction of the mAb and the pAb (30 min reaction at 24°C) 

Results obtained by Goulet and co-authors (Goulet et al., 2018), pH and ionic strength can 

influence the reducing effects of 2-MEA. Several reaction conditions (pH of 100 mM phosphate 

buffer, NaCl concentration and 2-MEA concentration) were investigated on the mAb. Again, 

the ñhalf antibodyò form was never obtained (Figure 23). 
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Figure 24 ς Investigation of the impact of several reaction conditions (pH, ionic strength and 2-MEA concentration)  

on the reduction of the mAb (30 min reaction at 24°C) 

The effect of the reaction temperature was additionally investigated, in combination with pH, 

ionic strength and 2-MEA concentration. Once again, the ñhalf antibodyò form was never the 

major obtained form. 

 
Figure 25 - Investigation of the impact of several reaction conditions (pH, ionic strength, temperature,  

duration and 2-MEA concentration) on the reduction of the mAb 
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With the tested reaction conditions, it was not possible to reproduce the result obtained with 

the 2-MEA batch from 2020 (half antibody as the major form). 

6.2.3 Coupling through controlled thiol group addition 

In the first investigated strategy based on antibody amine groups, a high degree of cross-linking 

was observed due to the high number of reactive groups that were accessible to the solvent. To 

circumvent this issue, the present strategy was based on a controlled addition of reactive groups 

on the antibody surface. The reagent ñ2-iminothiolaneò was considered for this purpose. It 

reacts with accessible amine groups and lead to the addition of thiol group at the surface of the 

antibody. A click chemistry reaction was then used to couple the modified antibody to 

fluorescent microbeads functionalised with maleimide groups (Figure 26).  

 

Figure 26 - Coupling through sulfhydryl group obtained from controlled group addition. 

The impact of several coupling parameters on bead aggregation phenomenon was investigated 

using a full factorial experiment design. The considered parameters were: 

- The ratio between 2-iminothiolane and mAb (2 ratios tested) 

- The saturation of the amine group of the beads after maleimide addition (yes or no) 

- The ratio between the mAb and beads (2 ratios tested) 

- The maleimide saturation after mAb coupling (yes or no) 

The modification of the antibody was monitored by high resolution mass spectrometry. For the 

two ratios between 2-iminothiolane and mAb, the degree of labelling (DOL) was evaluated. To 

decrease sample complexity, the analysis was performed on reduced antibodies and the results 

obtained for the light and heavy chains were combined to obtain antibody DOL. 

Modified light and heavy chains were first separated by reverse-phase liquid chromatography 

with an ACQUITY UPLC Protein BEH C4 Column (300 Å, 1.7 ɛm, 2.1 mm X 50 mm) (Waters) 

and using a water/acetonitrile gradient containing 0.1 % of formic acid. Eluted compounds were 

ionized by an electrospray ionization source in positive mode. The data were then acquired in 

MS mode with a 1 s scan time within the 400 to 5000 m/z mass range with a Xevo G2-XS QTof 

quadrupole time-of-flight system (Waters). Acquired data were processed using UNIFI 

software (Waters) and intact protein analysis type with MaxEnt1 algorithm for charge envelope 

deconvolution. 

As exposed on Figure 27, a direct impact of the ratios between 2-iminothiolane and mAb was 

observed on mAb DOL.  
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The impact of the considered parameters on beads aggregation was investigated using flow 

cytometry. The impact of the ratios between 2-iminothiolane and mAb is exposed as an example 

on Figure 28. 

 

Figure 27 ς Evaluation of the degree of labelling (DOL) of the antibody modified with 2-iminothiolane 

A statistical analysis was performed to determine the impact of all the investigated parameters 

on bead aggregation level. As exposed on Figure 29, all the four investigated parameters had a 

significant impact (95% confidence) on bead aggregation phenomenon. 

 
Figure 28 ς Evaluation of the impact of the ratio between 2-iminothiolane and mAb on red fluorescent  
microbeads aggregation phenomenon. On the exposed graphs, PE-H correspond to red fluorescence  

intensity and FSC-H correspond to a parameter associated to particle size.  

 
Figure 29 ς Statistical evaluation of the impact of coupling parameters on bead aggregation phenomenon 
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6.2.4 Coupling through N-glycan remodelling and functionalization 

Another explored strategy to couple the antibody to the fluorescent microbeads was based on 

remodelling and functionalization. The coupling of antibodies to the beads through N-glycan 

has two theoretical advantages. The first one is linked to the aggregation phenomenon. 

Antibodies have two N-glycans, limiting therefore the coupling reaction to two reactive sites. 

Compared to the strategy targeting amino acid side chains, this limited number of reactive sites 

should prevent a high degree of crosslinking between beads and antibodies and therefore the 

aggregation phenomenon. The second advantage is linked to the position of the N-glycans. 

They are located in the fragment crystallizable region of the antibody, which is distant from the 

antigen binding site. This site-specificity of the coupling prevent interference with the 

immunoassay, leading to efficient biologics. 

A commercial kit provided by Genovis (GlyCLICK® Azide Activation kit) was used to modify 

and functionalize the N-glycan of the antibody. As exposed on Figure 30, the two main steps 

of the procedure (enzymatic glycan trimming followed by azide activation) were followed by 

HRMS analysis. It can be observed that the reaction is complete since no unmodified antibody 

was observed after reaction. 

 

Figure 30 - Antibody N-glycan enzymatic remodelling and activation with azido group using  
GlyCLICK® Azide Activation kit from Genovis. Characterization of unmodified, intermediate product  

and functionalized antibody (after reduction) by HRMS using intact mass analysis. 

The antibodies functionalized with azido groups are coupled to fluorescent beads using a click 

chemistry reaction between the azido group and an alkyne group. Considering the required 

fluorescence and size parameters of the beads used in the project, no alkyne beads are 

commercially available. A preliminary step was then to functionalize the beads with an alkyne 

linker. The required linker loading, in other word, the ratio between modified antibody and 

alkyne group was evaluated in solution (Figure 31). It was observed that, even is click chemistry 

is described as efficient, a large excess of alkyne was needed to observe the reaction. 
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Figure 31 ς Determination of click reaction conditions (ratio between azide and alkyne)  
by HRMS using intact mass analysis of reduced antibody. 

The impact of several coupling parameters on the functionality and the aggregation level of the 

product was evaluated. Theses parameters included the nature of the antibody (mAb or pAb), 

the loading of the beads with the linker and the antibody beads ratio. Flow cytometry and 

purified glycine were used to evaluate this impact (Figure 32 and Figure 33). 

 

Figure 32 ς Experimental design to evaluate coupling products functionality. 

 

Figure 33 ς Structural and functional evaluation of coupling products using flow cytometry. 

The antibody beads ratio was found to be the only parameter having an impact on the 

aggregation level of the coupling product. Even if the number of reactive sites is limited to two 

(the number of N-glycans per antibody), cross-linking is still possible. Thatôs what was 

observed when increasing the antibody loading. However, the observed aggregation level was 
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lower compared to previous coupling strategies. Moreover, highly functional coupling products 

were observed even with low antibody loading.  

Giving the satisfying results on both functionally and aggregation of the coupling product, this 

strategy was selected to produce beads batches that were integrated into the final version of the 

cartridge. 

6.2.5 Coupling using an engineered affinity protein (EAP) 

It was observed in the previous considered coupling strategies that the aggregation phenomenon 

was correlated, among others, with the number of reactive sites. In native antibodies, no unique 

reactive site was identified. A solution to circumvent this limitation was to use an affinity-based 

coupling strategy. For this purpose, we designed, produced and purified an engineered affinity 

protein (EAP) containing a single cysteine in its sequence. This EAP was used as an 

intermediate to functionalize the fluorescent microbeads with the antibody of interest (Figure 

34). 

 

Figure 34 ς Affinity-based antibody coupling to fluorescent microbead using a homemade engineered affinity protein (EAP) 

With its single reactive site (its single cysteine), no cross-linking during EAP coupling to 

fluorescent microbeads should occur. The orientation of the coupled antibody is a second 

advantage of this EAP based strategy, maximizing the accessibility of the antigen binding site. 

As for the N-glycan coupling strategy, no maleimide beads are commercially available. A 

intermediate linker, containing a maleimide group, was then used to couple the EAP to the 

fluorescent microbeads. The reactivity of the linker with the EAP was evaluated using different 

ratios. As exposed on Figure 35, the reaction yield is high, and no large excess of linker is 

required to have a complete reaction with EAP cysteine.  

The impact of the maleimide linker and EAP loadings on the structure and the functionality of 

the coupling product were investigated using flow cytometry. The functionality of the coupled 

EAP was demonstrated using fluor labelled antibody (Figure 36). A direct correlation was 

observed between the linker and EAP loadings and the capacity of the coupling product. The 

aggregation level of the different coupling products was also evaluated. As expected from the 

coupling mechanism, very limited aggregation was observed for all the considered conditions 

(Figure 37).  
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Figure 35 ς Evaluation of coupling reaction conditions between EAP and maleimide linker. Different ratio between EAP  
and linker were investigated, and the coupling products were characterized by HRMS using intact mass analysis. 

 

Figure 36 ς Functional evaluation of EAP coupled to fluorescent microbeads using flow cytometry. An Alexa Fluor 488 dye 
labelled IgG was used to characterize the coupling product. Maleimide linker and EAP concentrations were investigated. For 

each condition, a negative control (blank) and 3 loadings of Ig Alexa were used. 
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Figure 37 ς Structural evaluation of EAP coupled to fluorescent microbeads using flow cytometry. Maleimide linker and EAP 
concentrations were investigated. Aggregation level was estimated for each condition. 

The functionality of an antibody of interest was then evaluated with this EAP-based coupling 

strategy. For this purpose, the anti-soybean mAb was loaded on the EAP-beads complex. The 

functionality of the loaded antibody was evaluated using the biotinylated version of its 

corresponding antigen, glycinin acidic subunit. The measured signal was obtained from a fluor 

labelled streptavidin. Negative controls were considered to ensure that the measured signal was 

due to the functionality of the coupled antibody. It was however observed that a signal was 

obtained in the absence of antibody (Figure 38).  

 

Figure 38 - Functional evaluation of the complex formed by EAP coupled to fluorescent microbeads using flow cytometry.  
An anti-soybean antibody was used with its corresponding biotinylated antigen (glycinin acidic subunit) and streptavidin 

labelled with Alexa Fluor 488 dye. Controls were considered to evaluate signal specificity. 

This unspecific signal could be due to adsorption of glycinin to the beads or to the affinity of 

the glycinin for the EAP. To evaluate these two hypotheses, the addition of protein (bovine 

serum albumin BSA) and/or detergent (Tween20) in the reaction buffer was investigated. These 

reagents are known decrease unspecific interactions (Steinitz, 2000). The same experimental 

setup was considered. As exposed on Figure 39, the use of both BSA and Tween20 showed a 

decrease in signal for the negative control. In the considered concentration, Tween20 showed a 

higher impact than BSA. It was deduced that the signal previously observed was due to 
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unspecific adsorption of glycinin. It has to be noted that the addition of BSA and Tween20 had 

a limited impact of the affinity of the antibody for its antigen. 

 

Figure 39 ς Investigation of reaction buffer composition (bovine serum albumin and Tween20)  
impact on unspecific binding of glycinin. 

In the Theseus project, we considered a sandwich immunoassay in the dipstick format. It means 

that the antigen is captured by the beads functionalised with the desired antibody. This complex 

is then focused on the dipstick membrane with a second antibody.  

The EAP considered here has a natural affinity for antibodies. Therefore, if the EAP coupled to 

the beads are not fully occupied with antibodies, there is a risk of false positive signal generation 

coming from the interaction between EAP and the secondary antibody coated on the dipstick 

membrane (Figure 40). 

 

Figure 40 ς Illustration of the potential risk of false positive results using fluorescent microbeads  
functionalized with EAP in a sandwich format immunoassay. 

To avoid the generation of a false positive result, the EAP have to be fully occupied. Using the 

capture antibody for this purpose would increase the need of biologics to perform the analysis 

and therefore its cost. Given the EAP natural affinity for Fc fragment of the antibody, the 

strategy we considered was based on producing and purifying Fc fragment from rabbit normal 

serum. This purified Fc fragment are then used to saturate the EAP after capture antibody 

loading (Figure 41). 
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Figure 41 ς Strategy to saturate the EAP coupled to fluorescent microbeads  
using IgG Fc fragment after functionalisation with the antibody of interest. 

The saturation of EAP after capture antibody loading was evaluated. Two concentrations of 

capture antibody (mAb) were considered and for each of them, four concentrations of Fc 

fragment were investigated for EAP saturation. Unsaturated EAP were detected using Alexa 

fluor labelled IgG. In parallel, the effect of EAP saturation on soybean antigen detection was 

evaluated. The results are exposed on Figure 42. It can be observed that for the low mAb 

loading, saturation with Fc fragment was necessary. This saturation has a moderated impact on 

soybean detection. However, even with the high mAb loading and a saturation with the higher 

Fc fragment concentration, a significant signal from the Alexa fluor labelled IgG was observed, 

indicating a risk of false positive result if used in the sandwich immunoassay. 

 

Figure 42 ς Evaluation of EAP saturation with IgG Fc fragment on signal coming from antigen binding (top)  
and unsaturated EAP using Alexa Fluor 488 dye labelled IgG (bottom). Two anti-soybean IgG loadings were  

considered and 4 concentrations of purified Fc fragment. 

Thanks to its single reactive site, the EAP coupling strategy was found to solve the aggregation 

issue. However, the use of this strategy in a sandwich immunoassay can lead to non-specific 
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signal due to the natural affinity of the EAP for the secondary antibody coated on the dipstick 

membrane.  

6.3 Microfluidic automation of analyte extraction & immunologic 

detection (WP3) 

6.3.1 Microfluidic automation development  

For the microfluidic automation of the desalting procedure in WP3, CER Groupe provided the 

deliverable D1.1 Extraction protocol for soybean to HS-FR. Taking this procedure into account, 

HS-FR designed a microfluidic structure which can be used to integrate a mounting structure 

for a commercial desalting column to simplify the production of this crucial sample preparation 

step. HS-S designed the mounting structure and provided a 3D printed prototype to HS-FR, 

which was successfully tested.  

The further protocol steps were translated into microfluidic operations and integrated into the 

design. After the desalting step, a metering structure was added to achieve a defined sample 

volume. This sample volume is transferred to a mixing chamber, where it will be mixed with 

biological assay components using a shake mode. The assay mix is then transferred onto the 

nitrocellulose membrane with the test line for the detection of the analyte. This design was 

optimized using fluidic network simulations and then prototypes were manufactured with the 

thermoforming technology available at HS-FR (Figure 43). The prototypes were successfully 

tested fluidically excluding the desalting step which can only be realized in the injection 

moulding design. 

 

Figure 43 ς Fluidic workflow steps in thermoformed disk prototype. 1. Add equilibration buffer to sample inlet (this will be 
the desalting column in the injection moulded disk) 2. Start of rotation and heating of waste chamber 3. Transfer 

equilibration buffer into metering chamber 4. Transfer equilibration buffer into waste chamber by cooling down waste 
chamber (steps 1-4 can be repeated until equilibration is sufficient) 5. Add sample to sample inlet 6. Precise metering of 
desalted sample and heating up of transfer chambers 7. Transfer of sample to mixing chamber by cooling down transfer 

chambers 8. Resuspension of dried reagents by shake mode mixing 9. Transfer of sample to lateral flow strip chamber with 
controlled flow rate 
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The functionality of all components was shown experimentally and so the complete 

microfluidic design was sent to HS-S with detailed consultation to ensure a correct transfer 

(Figure 44). This concluded milestone M3.1 Disk layout ready to be transferred to HS-S for 

injection moulding. 

 
Figure 44 ς Final microfluidic design for injection moulding 

The developed microfluidic layout was transferred to an injection-moulded cartridge, which 

was manufactured by Hahn-Schickard Stuttgart. Four notable modifications were implemented 

in the cartridge design: 

1. The inlet chamber was replaced with a structure designed for mounting the spin column. 

2. Incorporation of a lens into the membrane chamber to enhance readout. 

3. The addition of a cover rim and cover clips. 

4. Removal of stiffening structures, justified by the enhanced rigidity of injection-moulded 

cartridges compared to thermoformed counterparts. 

 
Figure 45 ς A) Thermoformed prototype with inlet chamber (I) and stiffening structures (S) B) injection-moulded half disk 

with spin column mount as inlet (I) and cover clips (C) 

The injection-moulded half-disk shaped microfluidic cartridges were then tested for 

functionality on a Rhonda device. While the overall workflow remained unchanged, the sample 

was no longer pipetted into a chamber but into a spin column which was then placed into the 

mount of the cartridge. The fluidic performance of the injection-moulded cartridge mirrored 

that of the prototype. To accommodate the increased viscosity of the final sample, transfer 

frequencies were increased to maintain a consistent 18 minutes processing time. 
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Noteworthy is the successful integration of the spin column into the cartridge, demonstrating 

resilience against frequencies of up to 60 Hz over 30 s. However, the off-centre position of the 

spin column required to ensure automatic insertion into the player made complete emptying 

difficult. Under stroboscopic light, an area of remaining liquid was identified. Despite this 

observation, the Rhonda device's liquid pumping mechanism, based on heating and cooling, 

prevented the residual liquid from being transferred into the microfluidic pathways. Although 

the current spin column setup ensures secure processing, for a final product the spin column 

could be replaced by a chromatographic column integrated directly into the disk. 

 

Figure 46 ς Stroboscopic picture of the spin column at 60 Hz. The column could not be  
ŜƳǇǘƛŜŘ ŎƻƳǇƭŜǘŜƭȅ ŘǳŜ ǘƻ ƛǘǎ άƻŦŦ-ŎŜƴǘŜǊέ ƭƻŎŀǘƛƻƴΦ 

Due to a malfunction in the Rhonda player's detector at the specific fluorescence wavelength 

needed, the readout had to be performed by removing the cartridges from the Rhonda player 

and taking pictures with a fluorescent microscope. In this way the influence of the injection-

moulded optical lens on the automatic readout could not be measured. To assess the lens 

performance qualitatively, images of the membrane were captured after processing with and 

without the lens. The concentrations of the soy protein in the incurred chocolate samples were 

0 and 10 ppm. As illustrated in Figure 46, the integration of the lens in the membrane chamber 

resulted in an improvement in signal intensity. 

 

Figure 47 ς Microscopic evaluation of the lens effect on signal intensity on chocolate samples with 0 ppm and 10 ppm. 

6.3.2 Dipstick experiments with amine strategy beads 

CER Groupe provided the deliverable D1.2 polyclonal and monoclonal anti-glycinin antibodies 

(pAb and mAb) to HS-FR. This included ~2 mg of each of the 2 purified Abs and also included 
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both Abs conjugated to fluorescent microspheres. HS-FR tested the Abs in both configurations 

in a sandwich immunoassay in the dipstick format and it was concluded, that it was 

advantageous to use the mAb as capture Ab on the test line and the pAb as detection Ab 

conjugated to the fluorescent microspheres (Figure 48).  

 
Figure 48 ς Glycinin concentration series of the line dispensed dipsticks with the antibody sandwich in both orientations. 
Error bars show standard deviation of triplicate experiments. The dipsticks were analysed with fluorescence microscopy, 

where bead aggregates were clearly visible on the end which is submerged into the assay mix. 

With this assay format, the purified analyte glycinin could be detected in a range from 0.01 to 

10 ppm. Figure 48 also displays fluorescence microscopy pictures of the dipsticks where a 

strong signal of bead aggregates can be observed on the submerged side of the dipstick. This is 

an indication, that the bead conjugation should be optimised to reduce aggregate formation as 

these aggregates are not able to pass the membrane pores and can thus not contribute to the 

signal on the test line. The assay was then integrated into the LabDisk where a sufficient but 

lower signal intensity was measured (Figure 49), which can be optimized with the 

regioselectively modified biologicals of WP2.  

 
Figure 49 ς Concentration series (duplicates) of glycinin assay on the LabDisk in comparison with the LFA.  



Final report 302 EN - THESEUS 

LabyrinTH based approachES  

for samplE preparation, cleanUp, Screening 

 

 

37 

 

 

 

6.3.3 Dipstick experiments with  thiol strategy beads 

During the establishment of the injection-moulding by HS-S, CER Groupe sent additional 

batches of differently functionalized beads to HS-FR. These were tested in the dipstick format 

and evaluated with regard to their suitability for the final immunoassay on the disk. Since the 

first batch of beads which were functionalized with the classical NHS/EDC coupling method 

showed a high amount of aggregation, the second batch of beads was functionalized with the 

maleimide/SH coupling method. Since this method targets SH groups, which are less abundant 

than the NH2 groups targeted by the NHS/EDC coupling method, it was theorized that less 

aggregation should occur. 

HS-FR received beads, which were functionalized with mAb under different conditions. For 

these conditions, the following 4 factors were varied on 2 levels each to achieve a full factorial 

design with 16 conditions (See Figure 51 for an overview of all 16 conditions): 

- Molar ratio between SH addition reagent (2-Iminothiolane) and mAb: 5 and 20 

- Saturation of amine groups of the beads after maleimide addition: yes/no 

- Molar ratio between mAb and beads: 8 and 32 

- Saturation of maleimide group after reaction with SH-mAb: yes/no 

On arrival, the tubes with all 16 conditions showed red discoloration and some tubes had 

aggregation visible with the naked eye (see Figure 56A). All conditions were tested in triplicate 

in the dipstick format with pAb on the test line and 1 µg/mL glycinin as sample.  

 

Figure 50 ς A Discoloration and visible bead aggregation in tube. B Exemplary dipstick picture. C Fluorescent picture of test 
line. D Fluorescent picture of dipstick end 

The test line was analysed by taking a picture with a fluorescent microscope (see Figure 50C) 

and the peak height of the test line was calculated to compare the activity of the different 

conditions. The conditions 2, 3, 4, 11 and 12 showed the best signal on the test line. Using the 

statistics software Minitab (Minitab LLC, USA) the full factorial design was analysed and a 

pareto chart of the standardized effects and a main effects plot for the peak height was generated 

(See Figure 51 A2 and A3). Here it becomes clear, that a low molar ratio between mAb and the 

beads and the saturation of the amine groups of the beads after maleimide addition have the 

strongest positive effects with statistical significance on the activity of the functionalized beads.  

In order to attempt a quantification of the aggregation, a picture of the end of the dipstick which 

gets submerged into the bead solution was also taken (see Figure 50 D). Since bigger aggregates 

are not able to penetrate the pores of the nitrocellulose membrane, they will accumulate in this 

part of the dipstick. The mean signal intensity of the picture was used to compare the amount 
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of aggregation in the different conditions. All conditions showed aggregation and in the pareto 

chart of the standardized effects (see Figure 51 B2) it becomes clear that no factor has a 

significant effect on the amount of aggregation at the tested levels. It was concluded, that due 

to the high amount of aggregation in all conditions and no clear indication how to reduce the 

aggregation, the maleimide/SH coupling method would not be regarded for use in the final 

assay. 

 

 

Figure 51 - Dipstick experiment with beads functionalized with the maleimide/SH coupling method under 16 different 
conditions with 4 different factors at 2 levels each. All experiments were performed as triplicate. A1 Test line peak height. 

Depicted is the mean and SD. A2 Pareto Chart of the standardized effects of the test line peak height to highlight the factors 
with the strongest effects on the result. The chart shows a red dotted reference line to indicate statistical significance. A3 
Main effects plot for test line peak height shows the mean result values at each level of the 4 different factors. B1 Dipstick 

end mean intensity. Depicted is the mean and SD. B2 Pareto Chart of the standardized effects of the dipstick end mean 
intensity. B3 Main effects plot for dipstick end mean intensity. 
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6.3.4 Dipstick experiments with EAP strategy beads 

The third batch of functionalized beads sent by the CER Groupe was conjugated with 2 different 

concentrations of a proprietary engineered affinity protein (EAP) which has a high affinity for 

the Fc part of IgGs. This EAP was loaded with 2 different concentrations of the anti-glycinin 

mAb. For this, the mAb was added to the beads and it was incubated for 30 min at RT. 

Afterwards the unbound mAb was removed by centrifuging the beads and removing the 

supernatant. Since the binding of the EAP to the Fc part is not covalent, there will always be a 

certain amount of free EAP, which could lead to undesirable direct binding of the beads to the 

test line antibodies. To counteract this effect, the CER Groupe sent purified Fc fragment, which 

was added to the beads with already bound mAb at 2 different concentrations to block any free 

EAP binding sites and make them inaccessible for the test line antibodies. See Table 1 for an 

overview of the different conditions. The beads were run with dipsticks with the pAb on the 

test line in triplicate (See Figure 58). 

Factor Concentrations 

Conjugation of EAP on beads 58.56 and 292.8 µg EAP / mL beads 

mAb functionalization 2.5 and 25 µg mAb /mL functionalization mix 

Fc saturation 15 and 150 µg Fc fragment /mL saturation mix 

Table 1 ς Overview of EAP bead conditions 

 

Figure 52 ς Dipstick experiment of EAP functionalized beads. A Depicted is the mean of the peak intensity and SD of 
triplicate experiments. B Exemplary fluorescent microscopy pictures with test line and dipstick end visible. 

The beads with a high concentration of EAP on their surface showed a high amount of 

aggregation in all different conditions (with low and high concentration of mAb and Fc 

fragment). This resulted in no discernible specific signal in the 1 µg/mL glycinin positive 

control in any of the high EAP conditions. The beads with a low concentration of EAP on their 

surface showed a lower amount of aggregation and there was also a clear albeit weak signal on 

the test line for the positive control sample. It was concluded that the EAP bead conjugation 
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method although very promising due to its flexibility would need too much optimization to be 

applicable for the final immunoassay on the LabDisk. 

6.3.5 Dipstick experiments with N-Glycan strategy beads  

The fourth batch of beads sent by the CER Groupe was coupled with anti-glycinin mAb and 

pAb through their N-Glycan groups by utilizing click chemistry. Two different concentrations 

of each antibody were used for the coupling procedure. The beads were tested in the dipstick 

format with the respective other type of antibody on the test line and with different 

concentration of glycinin as sample in triplicate (See Figure 53). When observing the dipstick 

end, it becomes clear, that the beads with a high concentration of mAb or a high concentration 

of pAb exhibit a high amount of aggregation. This in turn leads to no discernible signal on the 

test line. In contrast, the beads with a low concentration of mAb or pAb showed only minor 

aggregation and a strong signal on the test line. The beads with a low mAb concentration 

displayed high unspecific binding on the test line, which made it impossible to distinguish 

between the negative control (NC) and 0.01 µg/mL glycinin. The beads with a low pAb 

concentration also showed unspecific binding but to a much lesser degree and thus it was 

possible to distinguish 0.01 µg/mL glycinin from the NC.  

Due to the low level of aggregation and the steep rise in signal, the beads with a low 

concentration of pAb conjugated through their N-Glycan groups were selected for the 

development of the final immunoassay. To further increase the performance, the CER Groupe 

produced another batch of the beads with a broader variety of pAb concentrations during the 

coupling process. The beads with 4 different pAb concentrations (3, 10, 30 and 100 µg pAb / 

mL beads) were tested with dipsticks with mAb on the test line (See Figure 54). The beads with 

100 µg pAb / mL beads had the steepest signal increase but were disregarded due to their high 

unspecific binding in the NC. The beads with 30 µg pAb / mL beads were chosen as the final 

candidate due to their reduced unspecific binding and still very good signal increase.  

 
Figure 53 ς Dipstick experiment of N-Glycan functionalized beads. A Depicted is the mean of the peak intensity  

and SD of triplicate experiments in a logarithmic representation with a broken x-axis to depict the NC.  
B Exemplary fluorescent microscopy pictures with test line and dipstick end visible. 
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Figure 54 ς Dipstick experiment of optimized N-Glycan functionalized beads. Depicted is the mean of the peak intensity and 

SD of triplicate measurements in a logarithmic representation with a broken x-axis to depict the NC. 

6.3.6 Dipstick experiments with food samples 

All experiments thus far have been performed with glycinin directly spiked into running buffer. 

To test the performance of the immunoassay with real food samples, the following workflow 

was used. 2 g of food samples were mixed with 20 mL extraction buffer (6 M urea, 50 mM 

PBS, 0.1 % Tween20) and shaken on a rotary shaker for 30 min at RT. This corresponds to a 

concentration of 0.1 g food sample / mL extraction buffer. The samples were centrifuged for 

15 min at 4660 rcf and 4 °C. The supernatant was taken of and filtered through a 0.45 µm pore 

size syringe filter. For the spiking solution, 187 mg soy flour (protein mass fraction = 53.37 ± 

0.36 g/100 g; NIST Standard Reference Material 3234) was extracted with 10 mL extraction 

buffer in the same way to achieve a 10 mg/mL soy protein solution. To achieve a concentration 

of 10 parts soy protein per million parts food sample, the extracted food samples were spiked 

with a concentration of 1 µg/mL soy protein. For the desalting step, the Zeba Spin Desalting 

columns were equilibrated with running buffer (1.5 % Tween 20 in 10 mM PBS) 3 times before 

130 µL of the food samples were loaded onto the columns. It was eluted for 1.5 min at 1000 

rcf. In the final onDisk assay, this desalted sample will be mixed with a dried pre-stored 

conjugated bead pellet. To achieve comparable results in the dipstick format, the desalted 

samples were mixed with a drying mix containing hs-BSA, Trehalose and the conjugated beads 

to final concentrations of 1 % hs-BSA, 1 % Trehalose and 20 µg/mL conjugated beads. The 

running mix was added to the wells of a microtiter plate (MTP) and the dipsticks were immersed 

for 27 min. This long run time was caused by the high viscosity of the food samples and is an 

area where microfluidic automation can improve the performance of the LFA.  
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Figure 55 - Dipstick results with soy protein in different food sources. Depicted is the mean of the peak intensity  

and SD of triplicate experiments and additionally exemplary fluorescent microscopy pictures. The unspecific binding  
at the dipstick end of the dipsticks with cookie samples is outlined in red. One-way ANOVA was used to analyse  

the significant differences. The significant differences were expressed as follows: when p-value < 0.001,  
expressed as ***; when p-value < 0.0001, expressed as **** 

Figure 55 shows the results of the dipstick experiments with 3 different types of food samples 

where 10 ppm soy protein was either spiked into the extracted samples or incurred into the 

sample prior to any food processing steps. The dipstick assay is able to significantly 

discriminate 10 ppm soy protein spiked or incurred into all food samples from the NCs. The 

NCs of the chocolate and broth samples show a very low unspecific signal. In comparison, the 

NC of the cookie sample shows a much higher non-specific signal. This is probably due to 

matrix effects which also lead to the unspecific binding at the dipstick end when using cookie 

samples. A possible source of these matrix effects in the cookie samples is the flour used in the 

recipe, which contains gluten protein in high concentration. In all food sources the spiked 

samples show a higher signal in comparison to the incurred food samples. The denaturing 

extraction was supposed to increase the recovery rate in complex food samples. This means, 

that during food processing, the soy protein becomes less accessible for this extraction and 

detection method. The signal height varies greatly between the different food sources. The 
























