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ARTICLE INFO ABSTRACT

Keywords: Antibody biotinylation is a process of attaching biotin molecules to antibodies by chemically
Biot.inylat-ion modifying specific functional groups on the antibodies without altering their antigen recognition
Op“?a_l _blosensor specificity. Biotin, a small vitamin, forms a strong and specific interaction with the protein
i::f;t:;te}; streptavidin, resulting in a stable biotin-streptavidin (biotin-STV) complex. This biotin-STV

interaction is widely exploited in various biotechnological applications, including biosensors.
Biosensors are analytical devices that employ biological recognition elements, such as antibodies,
enzymes, or nucleic acids, to detect and quantify target analytes in a sample. Antibodies are
commonly used as recognition elements in biosensors due to their high specificity and affinity. In
this study, the antibody anti-Bovine Serum Albumin (aBSA) has been biotinylated at different
antibody:biotin ratios, and the stability of this labeling over time has been investigated.
Furthermore, the sensitivity of the biosensor for detecting the Bovine Serum Albumin (BSA)
protein has been compared using the biotinylated antibody and the non-biotinylated form,
showing a four-fold improvement in detection. This system was also compared with the Enzyme-
Linked ImmunoSorbent Assay (ELISA) technique. The advantages of using biotinylated antibodies
in biosensors include increased stability and reproducibility of the biorecognition layer, as well as
flexibility in sensor design, as different biotinylated antibodies can be utilized for diverse target
analytes without altering the sensor’s architecture.

1. Introduction

Due to the growing development of society, the advances made in the field of health have given fundamental importance to in vitro
detection methods worldwide. Good detection in a diagnosis is the first step to getting an effective treatment, and in this sense, new
analytical devices must have certain requirements such as sensitivity and specificity, which are crucial aspects. Some other charac-
teristics that they must have include portability, ease of use, speed, and cost-effectiveness [1].

Biosensors have all these characteristics and provide detection devices with numerous advantages over traditional laboratory

* Corresponding author. Group of Optics, Photonics, and Biophotonics, Center for Biomedical Technology (CTB), Universidad Politécnica de
Madrid, Parque Cientifico y Tecnoldgico de la UPM, Campus de Montegancedo, Pozuelo de Alarcén, 28223, Madrid, Spain.
E-mail address: mariafe.laguna@upm.es (M. Laguna).

https://doi.org/10.1016/j.heliyon.2023.e23123
Received 8 September 2023; Received in revised form 22 November 2023; Accepted 27 November 2023

Available online 2 December 2023
2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:mariafe.laguna@upm.es
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e23123
https://doi.org/10.1016/j.heliyon.2023.e23123
https://doi.org/10.1016/j.heliyon.2023.e23123
http://creativecommons.org/licenses/by-nc-nd/4.0/

A.M.M. Murillo et al. Heliyon 9 (2023) 23123

diagnostic methods. These advantages include sensitivity, speed, and rapid measurement, as well as their cost-effectiveness and ease of
use [1,2].

In recent decades, the development of biosensors has been increasing, both due to clinical needs in the detection of an analyte and
other areas, such as environmental applications. Specifically, in the last two years, due to the pandemic that has occurred worldwide,
the development of biosensors for SARS-CoV-2 (COVID-19) has been remarkable [3,4].

A biosensor is an analytical device that consists of a biological detection element (molecules for specific recognition) and a physical
transducer, which can be optical, mass-based, or electrochemical, among others. The interaction between them aims to transform the
obtained biological signal into a measurable response that can provide quantitative or semi-quantitative information, thanks to bio-
logical recognition [2,3,5].

Within the characteristics of biosensors, it is important for them to be specific and highly sensitive. Specificity depends on the
immobilized biorreceptors on the biosensor’s surface, and sensitivity depends on how optimized the immobilization process is [6].
Bioreceptors can include enzymes, aptamers, whole cells, or antibodies, among others. Among these, antibodies have a great
advantage due to their selectivity and sensitivity [1,2].

The use of antibodies facilitates the detection and quantification of the protein of interest in biological samples, but for this, it is
necessary for the antibodies to be immobilized on the surface in the correct orientation so that the biosensor has the highest possible
recognition capacity. Among the procedures described for the immobilization of antibodies, we find physical adsorption, plasma
treatment, covalent bonding, and affinity techniques, such as the biotin-streptavidin (biotin-STV) system [5,6].

This biotin-STV system is based on the interaction of biotin (vitamin B7 with a molecular weight of 244.31 g/mol) [7] with STV (a
homotetrameric protein derived from the bacterium Streptomyces avidinii with a molecular weight of 56 g/mol). STV is capable of
binding four biotin molecules, amplifying the signal, and increasing detection sensitivity [8,9]. This system is widely used today in
many immunoassays and for diagnostic purposes because it exhibits the highest non-covalent affinity known, with a K, = 105 M~!
[9-11], allowing the development of highly specific biosensors for protein identification and quantification [11]. Furthermore, this
interaction shows high stability as it is resistant to extreme pH, temperature, and other denaturing agents, as well as enzymatic
degradation, thereby expanding the conditions under which immunoassays can be performed highlighting its versatility as one of its
advantages [7-9].

Immunoassays based on this technique require a prior biotinylation process of the antibodies, which involves the attachment of
biotin molecules through enzymatic or chemical processes [8], being able to bind to different functional groups such as amines or
carboxyls [12]. Additionally, this binding usually does not affect the biological activity or physical characteristics of the molecule [9].
One of the chemical methods of biotinylation involves the use of N-hydroxysuccinimide (NHS) esters of biotin, due to its simplicity as it
only involves the mixing of this compound, which, when activated, efficiently reacts with primary amines of the lysine residues to form
stable amide bonds [6,13,14].

It is essential that these antibodies are immobilized with good orientation on the surface of biosensors, and for this, there are
different methods. The most conventional ones often result in poor utilization of the surface due to the way antibodies are organized.
Therefore, once biotinylated, they can be anchored to the surface through interaction with STV, increasing the effective surface area as
this reaction provides a flexible linkage between the surface and the immunoglobulin [7,12]. The sensitivity of the sensor is dependent
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Fig. 1. Schematic of the detection system. In the upper part of the figure, it is possible to appreciate the KIT used in these tests and a detail of the
cell. On the left side is the reading platform used. The lower part of the image shows a schematic of how this biosensor works.
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on the orientation of the antibodies in the immobilization process [6].

The application of this system based on biotin-streptavidin interaction is widely distributed in the field of biosensors not only for
the immobilization of antibodies but also, for example, in the electrochemical detection of proteases as biomarkers, which are an
important therapeutic target in different diseases [15], in the detection of human papillomavirus [16], or in the biofunctionalization of
quantum dots to detect dengue markers [17]. Also, among the most recent biosensors that have used this system is the detection of viral
DNA in breast cancer [18] or of salmonella bacteria in milk [19].

Optical label-free biosensors are a type of biosensor with advantages over the label process. Our research group has developed a
biosensor called Biophotonic Sensing Cells (BICELLs) and are based on two Fabry-Perot interferometers previously reported [20-22],
whose interferometric signal is obtained using the previously validated Interferometric Optical Detection Method (IODM) (Fig. 1) [23,
24]. This detection method is based on the Increase Relative Optical Power (IROP%) previously described [21,24].

The objective of this work is the establishment of a biotinylating protocol to increase the recognition sensitivity and amplify the
signal of the employed optical biosensor. This is a novelty since this system has never before been used as a sensitivity enhancement
associated with the IODM and the IROP (%) signal unit. This is an important step in the improvement of this type of biosensor and the
method in terms of sensitivity and detection limit in order to expand its applications. For this purpose, antibodies were biotinylated
with different ratios of biotin NHS ester, this biotinylation was quantified, and a stability study was conducted under different storage
conditions using the Enzyme-Linked ImmunoSorbent Assay (ELISA) technique. Finally, the detection level of the biosensor was
compared using the biotin-STV system and direct immobilization of antibody using oxygen plasma, quantifying the Bovine Serum
Albumin (BSA) protein.

2. Materials and methods
2.1. aBSA biotination protocol

The anti-BSA («BSA) antibody biotinylation (Sigma-Aldrich, St. Louis, MO, USA)) was carried out using the compound EZ-Link
Sulfo-NHS-Biotin (ThermoFisher Scientific, Waltham, MA USA). For this, 100 pL of the antibody at a concentration of 6.2 mg/mL
was mixed with different molar ratios of 10 mM biotin, specifically testing the ratios of 1:10, 1:20, and 1:50 to adjust the number of
incorporated biotins. This mixture was incubated for 40 min at room temperature (RT) and then left for 1 h at 4 °C with agitation.

Next, to remove unbound biotins, the mixture was passed through Zeba Spin Desalting Columns with a molecular weight cut-off of
7 kDa (ThermoFisher Scientific). The biotinylated antibody obtained (aBSA-biotin) after passing through the column had a concen-
tration of 0.62 mg/mL.

To verify biotinylation, yield, and differences between ratios, it was quantified using the Pierce Biotin Quantitation Kit (Ther-
moFisher Scientific). For this, 160 uL of Phosphate Buffer Saline (PBS) (Sigma-Aldrich) were mixed with 10 uL of the HABA (4-
hydroxyazobenzene-2-carboxylic acid)-Avidin compound, and after 15 min, the absorbance was read at 500 nm (Asop HABA/Avidin).
Then, 20 pL of biotinylated antibody was added to each of the ratios in triplicate, and as a positive control, biotinylated Horseradish
Peroxidase (HRP) enzyme was used. After 15 min, the absorbance at 500 nm was read again (Asoo HABA/Avidin/biotin sample). Using
these data, the number of biotins bound to the antibody was calculated using the HABA Calculator available on Thermofisher Scientific
website (https://www.thermofisher.com/es/es/home/life-science/protein-biology/protein-labeling-crosslinking/biotinylation/
biotin-quantitation-kits/haba-calculator.html).

2.2. Verification ELISA assays

ELISA plates (ThermoFisher Scientific) were coated with 50 pL of BSA (Sigma-Aldrich) at different concentrations from 3.2 x 10~*
pg/mL to 5 pg/mL in 1/5 dilutions in carbonate buffer at pH 9.6 (Sigma-Aldrich) overnight at 4 °C and then blocked with casein
hydrolysate 1x (1 h at RT). After three washes with PBS-Tween 0.05 % (Sigma-Aldrich) plates were incubated with 50 pL of rabbit
polyclonal antibody against BSA (1:1500, Sigma-Aldrich) for 1 h at RT as positive control and 50 pL aBSA-biotin at 1:5000 in the same
conditions. After washing, plates were incubated with anti-Rabbit-HRP (aRabbit-HRP) conjugate antibody (1:12,000, Sigma-Aldrich)
in the wells incubated with the «aBSA, and with STV-HRP at 0.2 mg/mL for wells with the aBSA-biotin for 1 h at RT and washed three
times. Finally, 3,3,5,5 tetrametilbenzidina (TMB) substrate was added into each well and color development monitored with an ELISA
plate reader (Tecan Magellan F50) at 450 nm. Measurements were made in triplicates.

2.3. ELISA stability studies

The biotinylated oBSA at different ratios was stored in a refrigerator at 4 °C and in a freezer at —20 °C to study the stability of the
biotinylation process and compare which is the best storage method. For this purpose, ELISAs were performed at 15, 30, and 90 days
after being stored under both conditions, following the same procedure described earlier.
2.4. Biosensor tests with and without biotin-STV system

The assays were performed in 65-cell KITs. Each of the sensing cells, called BICELLs [20] [-] [22], has a diameter of 200 pm and is

based on a SiO layer and a thin layer of SU-8 resin. To carry out the immobilizations, the surface is activated using O, plasma for 45 s
at 40 W, and then the aBSA antibody is incubated at a concentration of 0.62 pg/mL (1.5 puL/cell) for 3 h at 37 °C in a humid chamber,
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followed by overnight incubation at 4 °C. In parallel, the immobilization of STV is also performed at a concentration of 500 pg/mL (1.5
pL/cell) under the same conditions. Subsequently, a washing step is performed with H,0 miliQ (H20mQ), followed by drying with
filtered compressed air. In the KIT incubated with the antibody, BSA protein is incubated at different concentrations (ranging from
1000 pg/mL to 3.9 pg/mL) with a volume of 1.5 pL and left for 2 h at 37 °C in a humid chamber. For the KIT incubated with STV, the
aBSA-biotin antibody at a ratio of 20 and a concentration of 0.62 pg/mL (1.5 pL/cell) is then incubated for 2 h at 37 °C in a humid
chamber. Finally, the same concentration range as the KIT without STV is incubated. After this final incubation, the KITs are washed
with HoOmQ and dried with filtered compressed air. After each immobilization step, the KITs were read on the readout platform to
obtain IROP (%) measurements, which are well established and widely referenced [4,21,24].

2.5. Correlation between IODM and ELISA

To compare the sensitivity obtained in the biosensor using the biotin-STV system, a sandwich-type ELISA was performed. For this,
the aBSA antibody (Thermofisher Scientific) was immobilized on the plate at a 1:1000 dilution in carbonate buffer (50 pL/well) and
left overnight at 4 °C. After three washes with 0.05 % PBS-Tween (200 pL/well per wash), the surface was blocked with 1x casein
hydrolysate (200 pL/well) for 1 h at RT. The same wash was performed, and BSA protein at different concentrations (ranging from 15
pg/mL to 0.03 pg/mL) (100 pL/well) was incubated for 2 h at RT. Three washes were performed, and «aBSA-biotin (Sigma-Aldrich) at a
1:1500 dilution (50 pL/well) was incubated for 2 h at RT. Finally, after the washes, streptavidin-HRP at 0.2 pg/mL (100 pL/well) was
incubated for 1 h at RT. It was developed with TMB substrate (75 pL/well) and the reaction was stopped with 2 N HCI (75 pL/well). The
obtained color was measured at 450 nm.

3. Results
3.1. Biotinylated antibody quantitation

Once the aBSA antibody was biotinylated with different molar excesses of biotin (10, 20, and 50), it was quantified using the Pierce
Biotin Quantitation Kit. The HABA reagent in this kit allows for an estimation of the molar ratio of biotin per protein because when the
biotinylated sample is mixed with the HABA-Avidin compound, biotin competes with HABA for binding sites on avidin. Due to its high
affinity, biotin displaces HABA, resulting in a proportional decrease in absorbance at 500 nm. In this way, the absorbance of the
reagent at 500 nm was measured before and after mixing it with the aBSA-biotin samples at different ratios. The results are shown in
Table 1.

Based on the results, it can be observed that the 20 ratio has the highest number of biotin molecules per antibody molecule (6 in this
case). There is only a one-biotin molecule difference compared to the 50 ratio, but since it is an amplification system, this difference
could be significant. On the other hand, the 10 ratio turned out to be a very low ratio, as it only added one biotin molecule per antibody
molecule. Similarly, these results help us verify the biotinylation protocol and quantify the biotinylation process. The data acquired is
confirmed through the positive control results aligning with the product specification sheets. The reason why fewer biotin molecules
were added in the 50 ratio than in the 20 ratio may be due to a competitiveness between these molecules because of the high con-
centration. It also corresponds to what was expected based on the specifications of the product used.

To verify the proper functioning of the biotinylated antibodies and determine which of the three ratios provides the best signal,
direct ELISAs were performed (Fig. 2A). As a positive control, another direct ELISA was conducted using the aBSA antibody without
biotinylation, recognizing the protein (Fig. 2C). In this way, we also tested the proper functioning of the protein-antibody pair (BSA-
oBSA).

Comparing Fig. 2B and D, it can be observed that a higher absorbance signal is obtained when using the biotinylated antibodies, due
to the signal amplification that the system undergoes, being almost three times higher. On the other hand, if we compare the signals
obtained in the ELISAs performed with aBSA-biotin at the three ratios in Fig. 2B, a higher signal is observed when using the bio-
tinylated antibody at a ratio of 20, which also coincides with the quantification data since it is the antibody with the highest number of
attached biotin molecules. Based on these results, the antibody biotinylated at a ratio of 10 was not used for any subsequent exper-
iments since the signal obtained with it in this initial assay is minimal.

Table 1
Results obtained using the Pierce Biotin Quantitation Kit.
Positive control Ratio 10 Ratio 20 Ratio 50

INITIAL ABSORBANCE (500NM) 0.655 0.6841 0.6419 0.6543
FINAL ABSORBANCE (500NM) 0.552 0.6015 0.6001 0.6159
AABSORBANCE (500NM) 0.103 0.0826 0.0418 0.0384
MOLECULAR WEIGHT (G/MOL) 40,000 150,000 150,000 150,000
CONCENTRATION (MG/ML) 1 6.2 6.2 6.2
BIOTIN MOLECULES PER IGG MOLECULE 2 1 6 S5
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Fig. 2. A) Description of the protocol followed in the direct ELISA for the BSA detection with the aBSA-biotin. B) Data obtained using the ELISA
technique, where absorbance at 450 nm is represented based on the BSA concentration in pg/mL for the signals obtained from the three biotinylated
antibodies at different ratios (10, 20, and 50). C) Detailed outline of the protocol followed in the indirect ELISA for the detection of BSA with the
non-biotinylated aBSA. D) Representation of the signals obtained in the direct ELISA, as a positive control, of the absorbance versus the concen-
tration of BSA in pg/mL.

3.2. Stability of biotinylated antibody

To test the stability of biotinylation over time and determine the best way to store it, the biotinylated antibody at different ratios
was aliquoted and stored under two different storage conditions, at 4 °C and —20 °C. ELISAs were performed at 15, 30, and 90 days.
Comparing Fig. 3A and B, as in previous results, it is observed that the signals are higher when using the «BSA antibody biotinylated at
aratio of 20. Additionally, it is observed that the signal decreases over time for both conditions, obtaining a higher signal in both cases
when the antibody is stored at —20 °C. Therefore, biotinylation remains stable for 90 days since the protocol was carried out,
considering that there is a slight decrease in the signal, and the best way to preserve it is at —20 °C.

3.3. Evaluation of biotinyilated antibody on interferometric biosensor

Once their functionality was tested and the optimal ratio for the biotinylation protocol was selected, we proceeded to perform the
experiments on the KITs. For this purpose, 65-cell KITs were used, and their surfaces were activated using an oxygen plasma process. In
some KITs, the surface was biofunctionalized with streptavidin, while in others, the aBSA antibody was directly immobilized as control
(Fig. 4A). After all the incubation and protein recognition steps, the AIROP (%) signals were compared depending on the type of assay.
As observed in Fig. 4B, the signals for the detection of BSA protein at different concentrations are higher when the surface has been
coated with streptavidin. Therefore, we have greater sensitivity in the sensor, being able to detect up to 3.9 pg/mL of BSA (5.9 ng total)
compared to 15.62 pg/mL (23 ng total) detected without using the biotin-STV system. In this case, detection is improved almost
fourfold.

3.4. Comparison IODM technique with ELISA technique
In order to compare the two techniques (ELISA and IODM), a sandwich ELISA was performed, where the ELISA plate was coated

with an antibody to detect different concentrations of the BSA protein, similar to the assay conducted in the KITs. In Fig. 5, we can
observe the results obtained in this ELISA for a concentration range between 15 pg/mL to 0.03 pg/mL.
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Fig. 3. A) Representation of the absorbance signal at 450 nm versus the concentration of immobilized BSA in pg/mL for the «aBSA-biotin antibody at
aratio of 20. B) Depiction of the absorbance signal at 450 nm versus the concentration of immobilized BSA in pg/mL for the «BSA-biotin antibody at
a ratio of 50.

Due to the significant difference in the volume used for incubation between the ELISA (50 pL) and IODM (1.5 pL), instead of
comparing concentrations, we compare the total amount of BSA in pg determined with both techniques. In this way, 100 pL at 15 pg/
mL would be equivalent to a total of 1.5 pg of BSA, which corresponds to the first measured concentration in the KIT, which is 1.5 pL at
1000 pg/mL, resulting in a total of 1.5 pg. Dilutions are then performed in a similar manner to obtain the linearity in both cases.

The results obtained through IODM under the same conditions as the ELISA are shown in Fig. 4. The comparison shows that the
experimental points corresponding with confidence levels at 95 % approximately.

On the other hand, this technology allows us, thanks to the improvement with the biotin-STV system, to reach detection limits
comparable to ELISA. It is important to note that in this way, we are detecting directly without the need for secondary antibodies or
chemical developers, which saves steps, time, and reagents in protein concentration determination.

4. Conclusions

In this study, a IODM technique developed in previous works was used to evaluate the improvement in sensitivity of biosensors
using the biotin-STV system. To achieve this, a biotinylation protocol was first established with the appropriate ratio for our appli-
cation, with a ratio of 20 yielding the best results. The stability of antibody biotinylation was determined to be 90 days or potentially
longer, and storage conditions were set at —20 °C to ensure better long-term performance.

Furthermore, it was demonstrated that the sensitivity was improved due to better antibody orientation facilitated by the biotin-STV
system. This resulted in a more effective sensing surface capable of detecting lower concentrations, achieving an almost fourfold
improvement (from 5.9 ng compared to 23 ng total) in sensitivity compared to the biosensor without the streptavidin-coated surface.
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Fig. 5. Comparison between the signals obtained from the biosensor when the surface is coated with streptavidin and the sandwich ELISA for a total
amount of BSA in pg.

Finally, in comparison to ELISA, the biosensor based in interferometric technique exhibited a wider linear range and was capable of
reaching the detection limits of the ELISA technique. It offers several advantages, such as direct detection without the use of secondary
antibodies or chemical developers, reduced steps in the protocol, time and reagents used. Therefore, this system could be employed to
determine different biomarkers since a universal surface is achieved in the biosensor through the immobilization of streptavidin (STV),
it becomes possible to biofunctionalize it with the biotinylated antibody of interest for each application.
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