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ABSTRACT 
 

Biosensors are modern devices that can be employed in several contexts, such as health care, clinical 

diagnosis, food quality control, and environmental monitoring, among others. As a matter of fact, 

biosensors are convenient tools for infectious diseases diagnostics, because some of them meet the 

REASSURED (Real-time connectivity, Ease of specimen collection and environmental friendliness, 

Affordable, Specific, Sensitive, User-friendly, Rapid and robust, Equipment-free, and Delivered to 

the end-users) characteristics. Hence, biosensors represent as a powerful alternative to conventional 

diagnostic methods, such as microscopy, cell culture, immunoassays and nucleic-acid amplification. 

In this dissertation, a biosensing system targeting pathogen-related analytes was developed. The 

biosensing system comprises 96 microwell plates coated with graphene oxide, which performs as 

quencher of fluorescence from a specific immunoprobe. Such an immunoprobe is integrated by a 

fluorophore conjugated with a biorecognition element. The fluorescence of the immunoprobes that 

do not experiment immunoreactions (antibody-antigen) are deactivated by graphene oxide via non-

radiative energy transfer, whereas those immunoprobes undergoing immunoreactions preserve its 

photoluminescence due to the distance and the low affinity between the immunocomplex and the 

graphene oxide-coated surface. This biosensing system was proven effective in the detection of (i) E. 

coli, to determine contamination in industrial food samples. (ii)  Sialidase, to diagnose bacterial 

vaginosis and (iii) antibodies against SARS-CoV2 to determine COVID 19 seroconversion. The 

biosensing system was also proven useful with different matrixes (cauliflower extracts, vaginal swabs 

and human serum) to demonstrate that the overall approach is able to operate in real settings or real-

world applications, proving to be highly sensitive, efficient, rapid and cost-effective, as well. 

Additionally, based on the same biosensing strategy, it was developed a paper-based disposable test 

for bacterial vaginosis detection. Our paper-based test is carried out within 20 minutes and the sample 

volume was 6 µL. Besides, it was tested with 14 vaginal swabs specimens to discriminate clinical 

samples of women with normal microbiota from those undergoing bacterial vaginosis. All in all, the 

development of this biosensing principle based on optically active nanomaterials, as well as all the 

potential applications, both as platform and disposable device, have significant impact in food 

industry for prevention of gastrointestinal diseases that may lead even to death due to the consumption 

of contaminated E. coli food, determination of COVID-19 seroconversion for clinical and health 

services purposes, and clinical diagnosis of Bacterial Vaginosis avoiding the consequences of 

misdiagnosis of this disease.  
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CHAPTER 1. INTRODUCTION 
 

The term “biosensor” was coined by Karl Camman in 1977[1], although an early approach of biosensor 

was introduced in 1962 to monitor blood gas levels during surgery by Clark and Lyons.[2] Biosensors 

are defined by the International Union of Pure and Applied Chemistry (IUPAC) as “a device that uses 

specific biochemical reactions mediated by isolated enzymes, immunosystems, tissues, organelles or 

whole cells to detect chemical compounds usually by electrical, thermal or optical signals”.[3] 

Biosensors are characterized by their ease of use, high performance, low response time, and they 

overcome the human error. In the last years the REASSURED (Real-time connectivity, Ease of 

specimen collection and environmental friendliness, Affordable, Specific, Sensitive, User-friendly, 

Rapid and robust, Equipment-free, and Delivered to the end-users)[4] criteria in biosensors is 

imperative for future diagnostic systems, given the rapid progress in digital technology and mobile 

health. This would enable the diagnostic systems to provide real-time information for disease control 

strategies, enhance the effectiveness of healthcare systems, and ultimately lead to better patient 

outcomes.[4] Figure 1.1 illustrates the workflow generally performed in biosensors. Biosensors 

comprise a biorecognition element that recognize the analyte and a transducer system that converts 

the bio-recognition event into a measurable signal.[5] These important elements will be detailed later.  

In recent years the field of biosensors has been revolutionized by the integration of nanotechnology. 

Due to its stunning properties, nanomaterials  in the field of biosensing can offer excellent 

characteristics including a large surface-to-volume ratio, manifestation of biological transduction and 

signaling mechanisms, and electro-chemical/photonic properties.[6] Hereupon some nanomaterials 

and its influence in biosensors will be described. In the following section basic concepts employed or 

developed in this thesis are briefly introduced. 

 

Figure 1.1. Biosensing process 
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A. Basic concepts 
 

1. Biorecognition element 

 

Biorecognition element is the part of the biosensor which interacts with the target analyte. Specificity 

and selectivity of biosensors depend directly on the biorecognition element, because it is in charge of 

the capture of the target analyte. Analyte can be defined as the interest component of the analyzed 

sample,  or the bio-chemical species that are targeted to measure/detect.[1,6] 

There are several biological elements that can be used, but the most common biorecognition elements 

used in biosensors are:  

• Antibodies 

Antibodies are proteins that provide immunity and are generated by immune system cells in 

response to the presence of antigens, such as pathogenic bacteria or viruses. These proteins 

consist of Y-shaped molecules that selectively attach to an antigen, which may also serve as 

an analyte in biosensing, owing to their geometric compatibility as a lock-and-key 

combination.[7] 

 

• Aptamers 

Aptamers are oligonucleotides acid that bind to a specific target molecule. Aptamers are 

usually created by selecting them from a large random sequence pool.[8] 

 

• Enzymes 

An enzyme is a molecule composed of one or more amino acid chains that acts as a catalyst 

in living organisms, regulating the rate at which chemical reactions proceed without itself 

being altered in the process. The amino acid sequence determines the characteristic folding 

patterns of the protein structure, which is essential to enzyme specificity. 

 

• Nucleic acids 

Nucleic acids are polynucleotide chains in which ribonucleotides and deoxyribonucleotides 

are the monomeric units. The nucleic acids structures involve nitrogenous bases which only 

interact with its complementary base, this characteristic allow to use nucleic acids as 

biorecognition element of target genes.[9]  

2. Transduction mechanisms 

 

A transducer converts one form of energy to another. In biosensors, transducer converts the 

biorecognition event into a measurable signal. Typically, biosensors employ optical, electrochemical 

transduction mechanisms.[1,3,10]  

• Optical biosensors 

Optical biosensors detect biological or chemical responses and report it as change in any 

optical signals change, including but not limited to absorption, fluorescence, refractive index, 

polarization, amplitude, phase, etc. Optical biosensors exploit the interaction of the optical 

field with a biorecognition element following an optical detection technique such as 
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evanescent-wave-based fluorescence, surface-enhanced Raman spectroscopy, reflectometric 

interference spectroscopy, colorimetric detection, optical coherence tomography, surface 

plasmon resonance, slot waveguides, fluorescence optical sensors and metamaterials.[1,10] 

 

• Electrochemical biosensors 

Electrochemical biosensors combine the sensitivity of electroanalytical methods with the 

inherent bioselectivity of the biological component. The biological component in the sensor 

recognizes its analyte resulting in a catalytic or binding event that ultimately produces an 

electrical signal monitored by a transducer that is proportional to analyte concentration.[11] 

 

3. Nanotechnology 

 

Nanotechnology is the technology implemented at the nanoscale in the real world. Nanotechnology 

includes the control and restructuring of matter at the atomic and molecular levels in sizes below 100 

nm, these materials are known as nanomaterials and exhibit dramatic changes in properties. 

Biosensors integrates with nanomaterials are called nano-biosensors; biosensors have a wide range 

of bioanalytical applications in fields such as bio-imaging, diagnostics, drug administration and 

treatment.[6,12,13] 

Nanomaterials 

 

Mechanical, chemical, structural and electrical properties of nanomaterials used biosensors help to 

overcome challenges based on the sensitivity and detection limit of devices. Nanomaterials are 

promising candidates due to the possibility to immobilize an enhanced quantity of bioreceptor units 

at reduced volumes and even to act itself as transduction element.[1,12,13] Nanomaterials include 

structures such as metal nanoparticles, semiconductor quantum dots, polymer nanoparticles, carbon 

nanotubes, graphene among others.[14] Below is described some of the main nanomaterials used in 

this research work.  

a) Quantum Dots (QD) 

QDs are semiconductor nanocrystals with unique optical and electrical properties which have a 

diameter between 2 and 10 nm. The composition of Quantum Dots (QDs) comprises of a core 

composed atoms of group II-VI such as Cadmium Selenide (CdSe) or group III-V atoms from the 

periodic table such as Indium Phosphide. Additionally, a semiconductor shell is incorporated to 

encapsulate the core, commonly Zinc Sulfide (ZnS), to enhance the optical properties, stability, and 

reduce cytotoxicity. Furthermore, an organic coating is applied to convert the nanoparticle into a 

hydrophilic compound to facilitate conjugation with biomolecules. QDs emit different wavelengths 

of visible light, depending on the size of the QD.[15] 

b) Graphene oxide 

Graphene is a flat array one atom thick of sp2-bonded carbon atoms ordered in a two-dimensional 

hexagonal lattice. Graphene oxide (GO) has a similar atomic structure but possesses oxygen-

containing functional groups (See Figure 1.2). Since GO exhibit innovative mechanical, electrical, 

thermal and optical properties; besides, GO displays advantageous characteristics to be used in 

biosensing platforms owing to the easy conjugation with biomolecules due to its heterogeneous 

chemical and electronic structure. Due to its electronic properties graphene is a highly efficient 
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quencher of fluorophores capabilities. GO can be proposed as a universal highly efficient long-range 

quencher. [16,17] 

 

Figure 1.2. Graphene and Graphene Oxide structure. Adapted with permission.[17] Copyright 

2010, Wiley-VCH. 

4. FRET 

 

“Föster (or fluorescence) resonance energy transfer (FRET) is a phenomenon in which photo 

excitation energy is transferred from a donor fluorophore to an acceptor molecule.”[16,18] The 

efficiency of the process depends on (i) the distance between donor and acceptor, (ii) the spectral 

characteristics of the donor and acceptor and their relative orientation. Optimal coupling of the 

transient electromagnetic fields can be achieved when they are in a collinear arrangement while 

parallel arrangement of the transition dipoles reduces the FRET efficiency and perpendicular 

orientation avoids FRET. Distances around 2-6 nm can be measured in a typical FRET phenomenon, 

but using GO as acceptor the fluorescence quenching can be observable at distances up to 30 nm; that 

is, this 2D material can enhance the efficiency of the phenomenon.[16] 

5. Infectious diseases 

Infectious diseases are commonly caused by pathogenic microorganisms such as viruses, bacteria, 

parasites and fungi. Compared with other health threats, infectious diseases can be exponentially 

spread all over the world rapidly causing significant morbidity and mortality and threatening the 

general public health and, potentially, the economy. Diagnosis is a key tool to hold back infectious 

diseases spread, to order an appropriated and effective medical treatment and  to improve global 

health. [19–21] Usually, these health conditions are diagnosed through a variety of laboratory-based 

tests including microscopy, cell culture, immunoassays (ELISA) and nucleic-acid amplification 

(PCR), although these conventional methods are useful and effective, are time-consuming and require 

centralized laboratories, skilled personnel and bulky equipment.[20,22] 

6. Cell culture 

Cell culture are laboratory methods that facilitate the proliferation of eukaryotic or prokaryotic cells 

in physiological conditions. Its origin can be found in the early 20th century when it was employed 

to study tissue growth and maturation, virus biology and vaccine development, the role of genes in 

disease and health, and the use of large-scale hybrid cell lines to generate biopharmaceuticals. Cell 

culture methods are time consuming whereby the method is rapidly losing its place and its relative 

significance in the diagnosis of human diseases because of the need of an immediate and accurate 
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clinical diagnostic for early and effective intervention. Besides, cell culture required expertise and 

trained technologists as well as sophisticated equipment.[23,24] 

7. ELISA 

Enzyme-linked immunosorbent assay (ELISA), is the most reliable and accurate type of 

immunoassay, known as the golden standard of immunoassays. This immunological test is highly 

sensitive and is primarily used to detect and quantify a range of substances, including antigens, 

antibodies, hormones, glycoproteins, and proteins. The detection of these products is accomplished 

by complexing antibodies and antigens to produce a measurable result. Typically, these 

immunoassays are performed in 96-well polystyrene plates coated to bind protein very strongly. 

ELISA testing involves a variety of components such as primary and/or secondary detection 

antibodies, analyte/antigen, coating antibody/antigen, buffer, wash, and substrate/chromogen, 

depending on the type of ELISA being performed. Besides, ELISA require several steps such as 

coating, blocking, detection and final read. There are four major types of ELISA: 1) Direct, 2) 

Indirect, 3) Sandwich, and 4) Competitive. [25] 

8. PCR 

PCR is the most well-developed molecular technique up to now. PCR is a laboratory technique that 

utilizes enzymes to amplify short regions of DNA invitro. This process requires prior knowledge of 

some portions of the target DNA sequence, which are then used to design specific oligonucleotide 

primers that will bind to the target sequence.[26] 

B. Biosensing technology proposal. 
 

1. Biosensing system based on 96 microwell plate targeting pathogen-related analyte. 

As a potential alternative for conventional detection methods, in our research group we have proposed 

a biosensing platform targeting pathogen-related analytes, that comprises 96 microwells coated with 

GO and require a bioprobe that is a biorecognition element conjugated with a fluorophore. Based on 

FRET, the fluorescence of the immunoprobes that do not experiment immunoreactions are 

deactivated by graphene oxide via non-radiative energy transfer, whereas those immunoprobes 

undergoing immunoreactions preserve its photoluminescence due to the distance and the low affinity 

between the immunocomplex and the graphene oxide-coated surface. The biosensing platform have 

been tested with analytes such as (i) E. coli to determine contamination in industrial food sample[27], 

(ii) Sialidase to diagnose bacterial vaginosis[22] and (iii) COVID-19 antibodies to determine COVID-

19 seroconversion.[28] This biosensing platform has been demonstrated to be successful with real 

samples, which supports its potential applications in real-world. In the next chapters this technology 

will be described in detail, explaining methodology, outcomes and discussing it. 

 

2. Disposable biosensor for Bacterial Vaginosis diagnosis. 

Disposable biosensors are affordable and easy-to-use devices for a single measurement, which are 

now integrated into our daily life, for example, in pregnancy or fertility tests and wearable blood 

glucometers.[29] Microfluidic paper-based analytical devices (µPADs) have a wide range of 

applications as disposable biosensors. These devices are promising tools for medical diagnostics and 

environmental monitoring and can be used at the point-of care (POC).[30,31] We report a novel 

microfluidic paper-based analytical device for Bacterial Vaginosis (BV) diagnosis. Sialidase, a 

biomarker overexpressed in BV, was detected by exploiting a biosensing mechanism explained 
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previously, via no radiative energy transfer. Immunoprobes that do not experience immunoreactions 

lose their fluorescence due to graphene oxide quenching capabilities. On the other hand, 

immunoprobes that undergo immunoreactions maintain their photoluminescence because of the 

distance and low affinity between the immunocomplex and the surface coated with graphene oxide. 

Our paper-based test was typically carried out within 20 minutes and the sample volume was 6 µL. 

Besides, it was tested with 14 vaginal swabs specimens to discriminate clinical samples of women 

with normal microbiota from those undergoing BV. Our disposable device empowers a new tool to 

prevent the consequences of asymptomatic or misdiagnosed BV. Chapter 4 details the operation of 

the device as well as the results and the correspondent discussion. 
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CHAPTER 2. Real-Time Photoluminescent Biosensing Based on 

Graphene Oxide-Coated Microplates: A Rapid Pathogen Detection 

Platform 
 

Pathogenic bacterial outbreak is a major threat to safety and human health and the environment. In 

response to this safety issue, is presented a suitable single-step, wash-free, and real-time bacterial 

detection platform operating with a single antibody to detect Escherichia coli (E. coli) and prevent 

bacterial contamination. This biosensing technology get advantage of the quenching capabilities of 

the graphene oxide (GO), using a 96 microwell plate coated with GO and photoluminescent 

bioprobes.  Because of the quenching capabilities of the GO, using nonradiative energy transfer, 

microwell coated with graphene oxide can deactivate the photoluminescence of the bioprobes that are 

not experimenting immunoreactions via antibody-analyte affinity. Otherwise, when the bioprobes are 

experimenting immunoreactions, they preserve their photoluminescence because of the distance and 

the low affinity between the immunocomplex bioprobe-analyte and microwells coated with GO. The 

biosensig platform calibrated with E. coli samples exhibiting concentrations between 0 and 106 CFU 

mL-1 obtained a limit of detection of ~ 2 CFU mL-1 with an optimal time response of 30 minutes. 

Then, the biosensing platform was tested with industrial food samples obtained from “La Próxima 

Estación”, a Mexican company devoted to produce frozen fruits and vegetables. In this chapter, the 

development of the biosensing technology targeting E. coli will be described in detail, as well as the 

followed methods and the outcomes.  

A. Introduction 
Pathogenic bacterial outbreaks are responsible for the highest numbers of hospitalization and deaths 

compared to those of viral or chemical origin. Due to it, bacterial contamination represents a major 

concern to safety and human health and environment.  Additionally, this problem continues growing 

because of bacterial antibiotic is evolving, and this issue may become more deadly than cancer-related 

diseases, unless specific actions are taken. One of these actions might be the development and use of 

efficient methods of bacterial detection. Hence, timely detection of bacteria is crucial in 

environmental monitoring, food quality assessment, and clinical diagnostic testing.[27] 

Although the conventional techniques employed for pathogenic bacterial detection are highly 

effective and consistent, they frequently require highly specialized technical skills, high-cost, 

cumbersome procedures, and time consuming (up to 72h). These techniques for pathogenic bacteria 

detection includes culture- based methods (microbiological plating, microscopic visualization, 

biochemical tests), and other biomolecular methods such as enzyme-linked immunosorbent assay 

(ELISA) and polymerase chain reaction (PCR). Under this context, the use of nanomaterials for the 

development of detection alternatives continues increasing. Some of these nanomaterials exhibit 

exceptional optical properties, that can be used for the development of optical biosensing platforms. 

Literature highlights optically active nanoparticles, carbon-based materials, and metal−organic 

frameworks as innovative platforms facilitating fast, highly sensitive, and selective biosensing 

targeting bacteria. In addition, the application of nanotechnology in biosensing for the identification 

of pathogenic-related analytes may be suitable adapted to high-throughput formats for single-step 

assays.[27] 

Based on this background, we propose a biosensing platform based on graphene oxide (GO) 

quenching capabilities and the use of a photoluminescent bioprobe (PBP), which comprises quantum 
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dots (QD) nanocrystals conjugated with antibodies anti-E. coli. The use of QD nanocrystals in 

biosensing, have been proven advantageous due to their highly efficient fluorescence, size-tunable 

Gaussian emission spectrum, excellent stability against photobleaching, large Stokes shift, and 

minimal background signal. The platform proposed for the biosensing technology is a 96 microwell 

plates coated with GO in the microwell surface. These 96 microwell plates are widely used for clinical 

diagnostics and allow for the analysis of several samples at the same time, giving the high-throughput 

characteristic to the proposed biosensing platform.  As a single-step biosensing system via no 

radiative energy transfer, which is a spectral and distance-dependent phenomenon, microwells coated 

with GO deactivate the photoluminescence of those PBP that do not experiment immunoreactions via 

antibody-analyte affinity. Nevertheless, those PBP that experiment immunoreactions preserve their 

photoluminescence due to the distance and low affinity between the complex (PBP-analyte) and the 

GO-coated microwell. The biosensing concept of the highly sensitive and selective bacterial detection 

platform is illustrated in Figure 2.1.[27] 

 

Figure 2.1. A. Schematic representation of the general procedure to coat microwell plates with GO.  

(i) microplates decorated with GO via hydrophilic interactions. (ii) Microplates coated with GO, a 

ready-to-use bacterial detection platform. B. Operational principle of the proposed single-step, 

wash-free, and real-time bacterial detection platform.  Using nonradiative energy transfer, microwell 

coated with GO can deactivate the photoluminescence of the bioprobes that are not experimenting 

immunoreactions via antibody-analyte affinity. Otherwise, when bioprobes are experimenting 

immunoreactions, they preserve their photoluminescence because of the distance and the low affinity 

between the immunocomplex bioprobe-analyte and microwells coated with GO. Adapted with 

permission.[27] Copyright 2020, ACS. 
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B. Experimental Methods 

 

Reagents and equipment 

All the reagents were selected, purchased and carefully handled according to the data sheets provided 

by the suppliers.  Table 2-1 summarizes the supplier and specifications of each reagent.  

Table 2-1. Reagent suppliers and specifications 

Reagent Supplier Specifications 

Monolayer GO aqueous 

suspension 
Angstron Materials 

lateral size ∼500 nm, 

carbon/oxygen ratio ∼1 

Sterilized culture-treated 96-

well black plates 
Costar bottom and lid of polystyrene 

Bovine serum albumin (BSA) Sigma- Aldrich - 

Tween 20 Sigma- Aldrich - 

Phosphate-buffered saline 

(PBS) tablets 
Sigma- Aldrich - 

Biotinylated polyclonal anti-

Escherichia coli antibody 
Abcam 

ab68451, exhibit ∼4− 8 

molecules of biotin per 

antibody molecule 

Streptavidin quantum dot 655 Life Technologies 
QDs have ∼5−10 molecules of 

streptavidin per nanocrystal. 

bacterial strains 

Obtained and treated 

following previously reported 

methods 

- 

Milli-Q system Millipore >18.2 MΩcm−1 

 

The photoluminescence measurements were performed using a Cytation5 multimode reader 

(BioTek). 

Buffers 

Buffers are solutions that contain a mixture of a weak acid and its conjugated base to maintain pH, 

which prevents biomolecules changes and avoid ionic changes.[32]  

Phosphate Buffered Saline (PBS) was used to perform dilutions of different reagents such as the 

sample and bioprobe dilutions. Besides, PBS is used as the blank or control sample. PBS is a water-

based salt solution containing disodium hydrogen phosphate, sodium chloride and, in some 

formulations, potassium chloride and potassium dihydrogen phosphate. It is prepared with 200 mL 

of ultrapure water and one PBS tablet from Sigma-Aldrich. Immunobuffer is used to promote Ab-QD 

conjugation or immunolabeling, this buffer facilitates interaction between biotinylated antibodies and 

streptavidin-QD.[33–35] It is prepared using PBS supplemented with 0.5% Tween 20 (v/v) and 1% 

Bovine Serum Albumin (BSA) (w/v). This buffer needs storage at 4-8°C. 

Production of GO coated microwells. 

According to the supplier, the microplates employed have functional groups at the bottom of each 

microwell which give to the surface hydrophilic properties. Since GO also have oxygen functional 

groups, that is hydrophilic domains, these microplates can be decorated with GO via hydrophilic 
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interactions using different concentrations of GO aqueous suspensions (from 1100 to 1600 μgmL−1). 

Each microwell was incubated overnight with 100 μL or GO suspension and then washed at least 

three times using ultrapure water to remove the GO overage that was not attached to the microwell 

surface. After the washing stage, the microplate is ready to be used for single step bacterial 

biodetection, or to be stored at room temperature being stable in terms of quenching capabilities at 

least for two weeks.  

In optimal conditions the microwell coatings were prepared with GO concentrated at 1200 μg mL−1. 

PBP conjugation 

Photoluminescent bioprobe (PBP) comprises quantum dots (QDs) nanocrystals conjugated with 

antibodies anti-E. coli. This conjugation was performed by mixing 100μL of streptavidin-QDs 

concentrated at 9 nM with 100μL of biotinylated anti-E. coli concentrated at 72 µg mL-1. The mix 

was diluted in immunobuffer during 45 min of mixing at 650 rpm. Then it was diluated again, this 

time in PBS to reach the optimized concentration, [QD]= 0.1125 nM and [Ab] = 0.90 μg mL−1. 

Binding of biotin with streptavidin is one of the strongest noncovalent biological interactions in 

nature. The high affinity between this pair is a result from many factors such as the formation of 

multiple hydrogen bonds and van der Waals interactions. [36,37] 

Single step biosensing targeting E. coli.  

Inside each microwell, it is possible to analyze one sample by adding 100 µL of the sample and 100 

µL of the PBP. For each sample, three parallel experiments were performed to evaluate the concerning 

precision. The readout of the photoluminescence was realized using Cytation5, a multimodal reader 

that includes filter- and monochromator-based fluorescence detection, luminescence, and UV-Vis 

absorbance detection by Biotek, photoluminescence readout was taken every five minutes for 120 

minutes (excitation wavelength: 365nm, emission wavelength 660± 20nm). Limit of detection was 

computed as the read of the mean of the blank samples plus three times its standard deviation, 

interpolating then this value in the respective calibration curve equation. In optimized conditions, 

PBP is concentrated at [QD]= 0.0562 nM and [Ab] = 0.45 μg mL−1 in microwell where “Ab” 

represents the employed antibody anti-E. coli. 

Specificity  

To demonstrate the specificity of the bacterial detection platform, we designed and performed an 

experiment using a Salmonella typhimurium strain as an interference model. Although the specificity 

of the employed antibody is guaranteed by the manufacturer, we tested the bacterial detection 

platform targeting E. coli with different concentrations of this nontarget bacteria (S. Thyphi.), ranging 

from 5 to 106 CFU mL–1. We also analyzed other samples containing (i) a relatively low concentration 

of E. coli (103 CFU mL–1) and a relatively high concentration of Salmonella (105 CFU mL–1) and (ii) 

relatively high concentrations of both strains (both concentrated at 105 CFU mL–1 in the same sample). 

Preparation of Industrial Samples  

Industrial samples of cauliflower were analyzed to demonstrate that the biosensing technology is 

useful to detect bacteria in real food matrix. These cauliflower samples were provided by “La próxima 

estación S.P.R.deR.L.”, a Mexican company dedicated to process frozen fruits and vegetables. Prior 

to analysis with the proposed bacterial biosensing platform, the samples were analyzed using 3M 

Petrifilm E.coli/ Coliform Count (EC) Plates via culture-based method. These samples were prepared 
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using a relationship 1/10 (w/v) in PBS and were processed in a sterile plastic bag and homogenized 

using a Stomacher. After this process, the samples were diluted using a relationship of 1/40 to be 

analyzed via the proposed technology. Statistical comparison of positive and negative samples was 

performed via two-way analysis of variance. 

C. Results and discussions 
Both, bioreagents and nanomaterials are required to be systematically optimized, taking in 

consideration the best performance of the biosensing system quenching of fluorescence ratio (If/I0) 

and the concentration of the reagents.  

For the microwell plates coated with graphene oxide, is important to optimize the GO concentration 

to determine which concentration exhibits the best performance in terms of quenching of fluorescence 

ratio. Quenching fluorescence ratio is defined as If/I0, where If is the photoluminescence intensity of 

PBP at time f (generally from 5 to 120 min), and I0 is the photoluminescence intensity of PBP at time 

0. Quenching fluorescence ratio can be interrogated in real-time, this is extraordinary in label-based 

optical biosensing because real-time interrogation is usually an advantage of label-free optical 

biosensors. As mentioned in the experimental methods, microwells were coated with GO with 

different concentrations ranging from 1100 to 1600 µg mL-1. QDs were diluted at 0.1 nM to evaluate 

such a quenching ratio. Figure 2.2 shows the trend in the quenching ratio according to the evaluated 

GO concentration, the lower If/I0 ratio was observed using GO at 1100 μg mL–1, whereas the highest 

quenching ratio was observed using GO at 1200–1400 μg mL–1. Microwells coated with GO at 1600 

μg mL–1 exhibited a less effective quenching phenomenon when compared with that obtained with 

GO at 1200–1400 μg mL–1 in terms of the If/I0 ratio, we explain this saturation behavior given mass-

transport limitations, thereby microwells prepared with GO at 1600 μg mL–1 saturated such a 

decoration process. 

 

Figure 2.2.  Microplates coated with GO at different concentrations and their QDs quenching 

capabilities in terms of the If/I0 ratio. A. Real-time interrogation. B. Performance of the studied 

photoluminescence quenching across different times. The error bars represent the standard deviation 

of three parallel experiments. QDs were used at [QD] = 0.1 nM. Adapted with permission.[27] 

Copyright 2020, ACS. 

To confirm the optimum concentration of GO to obtain the highest photoluminescence quenching 

ratio, we performed an assay using [QD]=0.1nM and [Ab]=1.25 µg mL-1. PBP mixed with Samples 

of E. coli at different concentration ranging from 0 to 106 CFU mL-1 and microwells coated with GO 

at several concentrations (1100 to 1400 μg mL–1). Figure 2.3 shows that microwells coated with GO 

at 1200 μg mL–1 gives If/I0 values proportional to the analyte concentration, proving that the proposed 
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biosensing system is technically feasible. Based on this outcome, GO at 1200 μg mL–1 was chosen as 

optimal. 

 

Figure 2.3. Real-time performance of the proposed bacterial detection platform GO at different 

concentrations. A-B. Microwells coated with GO at 1100 µg mL-1 as bacterial detection platform. C-

D. Microwells coated with GO at 1200 µg mL-1 as bacterial detection platform. E-F. Microwells 

coated with GO at 1400 µg mL-1 as bacterial detection platform. The error bars represent the 

standard deviation of three parallel experiments. PBP concentrated at [QD] = 0.1 nM and [Ab] = 

1.25µg mL-1. Adapted with permission.[27] Copyright 2020, ACS. 

To optimize the concentration of PBP in term of sensitivity and variability and reach the most efficient 

behavior of the biosensing system, we used [QD] = 0.1125 nM and different concentrations of 

antibodies anti-E. coli (Ab) such as 1.5, 1.25, and 0.9 μg mL–1, respectively. The results obtained 

using these different concentrations of PBP are shown in Figure 2. 4. PBP with a final concentration 

of QDs-antibody at 0.1125 nM and 0.9 μg mL–1, respectively, were observed to offer the best 
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analytical performance in terms of both sensitivity and coefficient of variation (CV). In those 

experiments performed with QDs-antibody conjugates at 0.1125 nM and 0.9 μg mL–1, respectively, 

the CVs range from 0.39 to 12.43%, which according to the literature, this level of precision is 

acceptable for immunoassays[38], see Table 2-2.  

 

Figure 2.4. Real-time performance of the proposed bacterial detection platform using PBP at 

different concentrations. A-B. PBP prepared with [QD] = 0.1125 nM and [Ab] = 1.25µg mL-1. C-D. 

PBP prepared with [QD] = 0.1125 nM and [Ab] = 1.5 µg mL-1. E-F. PBP prepared with [QD] = 

0.1125 nM and [Ab] = 0.90 µg mL-1. Microplate coated with GO at 1200 µg mL-1. The error bars 

represent the standard deviation of three parallel experiments. Adapted with permission.[27] 

Copyright 2020, ACS. 
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Table 2-2. CVs of the optimized biosensing system using E. coli as model analyte. PBP prepared 

with [QD] = 0.1125 nM and [Ab] = 0.90 µg mL-1. Adapted with permission.[27] Copyright 2020, 

ACS. 

[E. coli] 

(CFU mL-1) 

CV 

(15 

min) 

CV 

(30  

min) 

CV 

(45 

min) 

CV 

(60 

min) 

CV 

(75 

min) 

CV 

(90 

min) 

CV 

(105 

min) 

CV 

(120 

min) 

0 2.12% 0.49% 3.53% 1.45% 3.02% 3.21% 2.07% 2.98% 

5 3.66% 2.31% 6.03% 4.62% 6.43% 9.34% 11.56% 10.15% 

10 0.39% 2.57% 1.45% 3.11% 3.35% 3.21% 1.59% 1.66% 

102 3.26% 1.22% 3.55% 2.80% 1.65% 2.29% 1.48% 3.00% 

103 3.34% 3.93% 4.04% 5.99% 8.23% 11.39% 11.05% 12.43% 

104 9.63% 6.43% 8.69% 8.67% 8.88% 8.67% 9.26% 6.48% 

105 2.67% 2.54% 2.40% 2.72% 3.26% 2.48% 2.98% 2.25% 

106 3.15% 3.85% 4.22% 1.75% 3.44% 2.89% 1.74% 2.12% 

 

Figure 2.5 summarizes the results of the proposed technology operating in optimal conditions. The 

bacterial detection platform was noted to exhibit a modulated sensitivity within the first 45 min of 

analysis, reaching its best performance at 30 min, and at the same time the limit of detection accounted 

for 2 CFU mL–1, which is competitive when compared with that of other recently developed bacterial 

detection platforms (i.e., ranging from 1 to 1000 CFU mL–1).[39–41] 

With these results in mind, we decided to prove the selectivity of the bacterial detection platform 

through the assay detailed in experimental methods section.  Figure 2.5A-B shows that the samples 

containing only Salmonella in any concentration behave as blank samples in terms of If/I0. Hence, 

Salmonella is not generating any cross interference. 
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Figure 2.5. Selectivity of the proposed bacterial detection platform operating in optimal conditions. 

A-B. Real-time performance of the biosensing system with different concentrations of Salmonella as 

a potential interference. C-D. Real-time performance of the analysis of samples containing E. coli 

and Salmonella at different concentrations. Blank samples were also included as a reference. PBP 

prepared with [QD] = 0.1125 nM and [Ab] = 0.90 µg mL-1. Using GO at 1200 µg mL-1. The error 

bars represent the standard deviation of three parallel experiments. Adapted with permission.[27] 

Copyright 2020, ACS. 
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Figure 2.6. Bacterial detection platform operating in optimal conditions. PLBs were prepared with 

[QD] = 0.1125 nM and [Ab] = 0.90 μg mL–1. Microplates coated with GO at 1200 μg mL–1. A. Real-

time quenching profile of different E. coli concentrations. B. The calibration curve resulting at 30 

min of the assay. The error bars represent the standard deviation of three parallel experiments. C. 

Evolution of the sensitivity of the assay in terms of 1/slope values (The lower 1/slope the higher 

sensitivity). Adapted with permission.[27] Copyright 2020, ACS. 

To prove that the proposed biosensing technology is useful beyond the controlled conditions of the 

laboratory, as a proof-of-concept, we analyzed industrial samples of cauliflower using the developed 

bacterial detection platform. As mentioned in the experimental methods section, all the cauliflower 

samples were provided and previously classified via culture-based methods as negative or positive 

for E. coli by “La próxima estación”.  We used four negative and four positive samples, which were 

classified as positive and negative using the proposed bacterial detection technology, Figure 2.7 

shows the classification of the samples at different times. If/I0 ratio from negative samples is 

equivalent to If/I0 from blank sample. Staring from this classification, we performed a statistical 

analysis where the resultant If/I0 values of the two groups of samples were reported to be statistically 
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different, reaching the lower P value ∼30 min of the assay (P = 0.004), see Figure 2.8 and Table 2-3. 

P value was obtained by means of an unpaired T-student test.  The employed confidence interval was 

95 %, thereby, the threshold related to the respective statistical significance of the P value is < 0.05. 

 

Figure 2.7. Statistical analysis of the analytical behavior of the proposed bacterial platform 

operating with industrial samples of cauliflower in terms of the resulting If/I0 ratio. Performance at 

15 (A), 30 (B), 45 (C), 60 (D), 75 (E), 90 (F), 105 (G) and 120 (H) minutes. The box plots show the 

median, 25th and 75th percentiles and the extreme values of the respective distribution of If/I0 values. 

Adapted with permission.[27] Copyright 2020, ACS. 
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Figure 2.8. Analysis of industrial samples of cauliflower via the proposed bacterial platform—a proof 

of concept. The samples were previously classified as negatives or positives via a culture-based 

method (four negative, Ni, and four positive samples, Pi, respectively). A. Real-time quenching profile 

of the analyzed samples. B. Analytical performance of the studied technology with real samples at 30 

min. The error bars represent the standard deviation of three parallel experiments. C. Distribution 

of the respective If/I0 values at 30 min of the assay. The box plots show the median, 25th, and 75th 

percentiles and the extreme values of the respective distribution. Adapted with permission.[27] 

Copyright 2020, ACS. 
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Table 2-3. Two-way analysis of variance of the analytical behavior of the proposed bacterial platform 

operating with industrial negative and positive samples of cauliflower in terms of the resulting If/I0 

ratios. 

Time (min) 
% of total 

variation 
P value Significant 

15 4.478 0.4253 ns 

30 58.74 0.0004 *** 

45 42.67 0.0022 ** 

60 25.72 0.0004 *** 

75 34.16 0.0112 * 

90 35.75 0.0127 * 

105 41.71 0.0044 ** 

120 31.32 0.0096 ** 

 

In this context, the proposed technology is potentially useful in high-throughput analysis of industrial 

samples of food. 

All in all, this chapter discussed a conceptually innovative and advantageous bacterial detection 

platform based on GO quenching capabilities. This bacterial detection platform was demonstrated to 

have several technological advantages such as avoiding the need of secondary antibodies; it is single 

step and wash free which provides a fast response and avoids cumbersome procedures; it uses a high 

throughput format with high sensitivity (around 2 CFU mL-1); it is cost-effective compared with the 

culture-based method used in the food industry ($2.50 USD), the cost per test is around $0.44 USD 

at laboratory scale (see Table 2-4). Besides, it is a transformative platform as GO is able to quench 

different fluorophores, and other pathogens can be detected by simply changing the involved 

antibody. 
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Table 2-4. Cost estimation 

Material 
Total 

volume 
Concentration Cost 

Volume 

per assay 

Used 

concentration 

Cost per 

assay 

Microwell 

plate 
96 wells N/A $5.00 3 wells N/A $0.17 

GO 1000 mL 5000 µg mL-1 $195.00 72 µL 1200 µg mL-1 $0.02 

Anti- E. 

coli (Ab) 
500 µL 4000 µg mL-1 $630.00 0.07 µL 0.9 µg mL-1 $0.09 

QD 200 µL 1 µM $690.00 0.034 µL 0.1125 nM $0.12 

PBS 100 tablets N/A $130.00 N/A N/A $0.01 

BSA 25 g N/A $930.00 N/A N/A $0.03 

Tween 20 100 mL N/A $40.00 N/A N/A $0.01 

TOTAL $0.44 
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CHAPTER 3. Facile Determination of COVID-19 Seroconversion 

via Nonradiative Energy Transfer 
 

During the COVID-19 pandemic, serological testing became paramount, since these tests are a 

significant tool to identify citizens with potential immunity, specific regions with herd immunity as 

well as monitoring immunity after vaccination. The development of fast, cost-effective and effective 

serological and clinical diagnostics tools is a major necessity to face pandemic scenarios. Hence, we 

proposed a high-throughput, fast, cost-effective, and straightforward technology aimed at the 

interrogation of COVID-19 seroconversion. Such a technology is mainly composed of a SARS-CoV-

2 spike receptor binding domain (RBD) recombinant protein as recognition element labeled with 

FITC. As a result, it is obtained a FITC-RBD bioprobe (F-RBD) intended to detect COVID-19 

antibodies. The aim of the F-RBD probe in the assay for COVID-19 seroconversion is to deactivate 

or preserve its fluorescence via nonradiative energy transfer. The nonradiative energy transfer occurs 

due to the presence of graphene oxide (GO) coated surface. Under this feature, the analysis of a 

sample clean of COVID-19 antibodies will deactivate the fluorescence in the bioprobe. On the 

contrary, a sample containing COVID-19 antibodies will preserve the fluorescence in the bioprobe. 

The reported COVID-19 seroconversion test offers optimum results within 42 minutes with a cost of 

less than 0.5 USD per test at laboratory scale. The technology was demonstrated to be useful for 

COVID-19 antibodies detection in clinal samples: 34 human serum samples were analyzed via the 

seroconversion assay described in this Chapter. These samples were successfully differentiated 

between positive and negative requiring only 1 µL of serum sample.  

 

A. Introduction 

 

SARS-CoV-2  

During the last three years the world has lived a catastrophic scenario: the COVID-19 pandemic. In 

December 2019, an outbreak of pneumonia of unknown origin was reported in Wuhan, China. The 

study and analysis of respiratory human samples, led to the isolation of a novel respiratory virus and 

its genome analysis showed a novel coronavirus related to SARS-CoV, named severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2). The global spread of SARS-CoV-2 and the 

thousands of deaths caused by coronavirus disease (COVID-19) led the World Health Organization 

(WHO) to declare a pandemic on 12 March 2020.[42,43] Experts agree that testing along with the risk 

management and the healthcare system is a pivotal response in all outbreaks and leads to lower 

mortality rates. In this context, biosensors are powerful tools for effective assessment of clinical 

progress and to provide alertness on severity or critical trends of infection.[42] 

It is possible to detect SARS-CoV-2-related infections throughout several biomolecules, which are 

shown in Figure 3.1. “Novel coronavirus exhibits spike proteins which are immunogenic; hence, the 

immune system is able to produce immunoglobulins to trigger an immune response against the 

pathogen.”[42] Immunoglobulin M (IgM) antibodies are produced during the first days of infection, 

between 4 and 10 days, and the immunoglobulin G (IgG) response is produced later (around 2 

weeks).[42] 
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Figure 3.1. Schematic representation illustrating the structure of SARS-CoV-2 and related targeting 

sites (biomolecules).  Adapted with permission.[42] Copyright 2020, Elsevier. 

The SARS-CoV-2 spike glycoprotein is a type I membrane protein (Figure 1a), which forms a trimer, 

anchored to the viral membrane by its transmembrane segment. The structure of the Spike protein 

includes receptor-binding domain (RBD) which is the site binding with the ACE 2 from the host 

(infected cell). [44,45] Due to this, the RBD from SARS-CoV-2 is commonly used for the development 

of serological tests. 

Determination of COVID-19 seroconversion 

A serological test can be defined as a laboratory test that checks for the presence of antibodies or 

other substances in a blood sample. Antibodies are proteins made by the immune system in response 

to a foreign substance or microorganism, such as a virus. Serology tests look for certain antibodies to 

see whether a person has been exposed to or infected with an infectious agent.[46] Specifically, 

determination of COVID-19 seroconversion, in a pandemic scenario, can be useful (i) for the 

detection of past infection, (ii) in convalescent plasma donation processes, (iii) for the evaluation of 

protection against later viral exposure and/or for contact tracing roles, (iv) for vaccine selection and 

prioritization, and (v) in future application to identify COVID-19 medical sequelae. Generally, a 

COVID-19 serological test determines an immune response against the spike (S) protein of SARS-

CoV-2.[28] 

Currently, there exist commercially accessible bioassays targeting COVID-19 antibodies, whose 

results can range from 10 min (Xiamen AmonMed Biotechnology) to 45 min (Cepheid Xpert Xpress). 

Their formats, requiring at least two bioreagents with capture and detection purposes, include 

colloidal gold/lateral flow immunoassays and fluorescence immunoassays (Goldsite diagnostics kit). 

Nevertheless, it would be a progress to add high-throughput, fast, cost-effective, and straightforward 

technologies to facilitate and enhance the efficiency of COVID-19 seroconversion bioassays. With 

the intention of adding these interesting characteristics to the COVID-19 seroconversion bioassays, 

we put forward fluorescein-tagged SARS-CoV-2 spike receptor-binding domain recombinant protein 

(F-RBD) to operate as a bioprobe for COVID-19 antibody (anti-RBD) biodetection. F-RBD bioprobe 

emits a strong fluorescence upon anti-RBD detection; meanwhile, F-RBD (donnor) fluorescence is 

deactivated by graphene oxide (GO)-decorated surfaces (acceptor) when COVID-19 antibodies are 

absent in the sample due to nonradiative energy transfer. The proposed bioassay technology is 

illustrated in the Figure 3.2. The determination of COVID-19 seroconversion is carried out in a 96-
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microwell plate platform. The bioassay can be interrogated in real time and offers a high-throughput 

and standard format widely employed in diagnostics.[28] 

 

 

Figure 3.2. Operational principle of the proposed bioassay for the determination of COVID-19 

seroconversion. Fluorescein tagged SARS-CoV-2 spike receptor-binding domain recombinant 

protein (F-RBD) is proposed as a bioprobe to determine the presence of COVID-19 antibodies. F-

RBD emits a strong fluorescence upon COVID-19 antibody detection, meanwhile F-RBD 

fluorescence is deactivated by graphene oxide-decorated surfaces, via nonradiative energy transfer, 

when COVID-19 antibodies are absent in the sample. Adapted with permission.[28] Copyright 2021, 

ACS. 

B. Experimental methods 
 

Reagents and equipment 

All the reagents were selected, purchased and carefully handled according to the data sheets provided 

by the suppliers.  Table 3-1 summarized the supplier and specification of each reagent used.  

Table 3-1. Reagent suppliers and specifications 

Reagent Supplier Specifications 

Monolayer GO aqueous 

suspension 
Global graphene group 

lateral size ∼500 nm, 

carbon/oxygen ratio ∼1 

Sterilized culture-treated 96-

well black plates 
Costar bottom and lid of polystyrene 

Phosphate-buffered saline 

(PBS) tablets 
Sigma- Aldrich - 

FITC Conjugation Kit (Fast)-

Lightning-Link 
Abcam ab188285 

SARS-CoV-2 Spike RBD 

Recombinant Protein 
SinoBiological Cat: 40592-VNAH 

SARS-CoV-2 Spike RBD 

Antibody 
SinoBiological Cat: 40592-T62 

Milli-Q system Millipore >18.2 MΩcm−1 
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The photoluminescence experiments were performed using a Cytation5 multimode reader (BioTek). 

Decoration of Polystyrene Surfaces with GO 

96 microwell plates were used as platform to carry out the bioassay to determine COVID-19 

seroconversion. The surface of each microwell is decorated with graphene oxide (GO). In each 

microwell, 100 μL of GO concentrated at 1200 μg mL−1 was introduce and gently shaken overnight 

at 650 rpm. After that, 3 washing steps were executed to eliminate the GO that did not adhere onto 

the microwell surface. The optimal concentration of GO to be incubated within the microplate should 

be carefully studied. [27,47] As explained in the previous chapter, the supplier of the microplates 

informed that microplates have functional groups at the bottom of each microwell which provide the 

surface with hydrophilic properties. Since GO also have oxygen functional groups, that is hydrophilic 

domains, these microplates can be decorated with GO via hydrophilic interactions. After this process 

the microwell surface is ready to perform the serological bioassay. 

 

Production of bioprobe F-RBD 

The bioprobe (F-RBD) required for the serological bioassay comprises fluorescein (FITC) conjugated 

with SARS-CoV-2 Spike RBD Recombinant Protein (RBD). RBD was obtained lyophilized from the 

supplier, reconstitution was performed with 100 μL of ultrapure water. The employed FITC 

conjugation kit allows for the covalent labeling of proteins with FITC by targeting amine groups. 

Following the instructions of the supplier, to conjugation of FITC with RBD, it was necessary to add 

10 μL of the respective modifier reagent in 100 μL of RBD and it was gently mixed. Then, the mix 

was added in the respective FITC vial, and the solution was mixed using a pipette. After that, the vial 

was incubated for 15 min in the dark at room temperature. Finally, 10 μL of the corresponding 

quencher reagent was gently mixed in the conjugation vial. After the mix was incubated for 5 min, 

F-RBD was ready to be employed as a photoluminescent probe. 

 

Detection of COVID-19 antibodies 

To perform the determination of COVID-19 antibodies (anti-RBD), 100 μL of the sample and 100 

μL of the bioprobe (F-RBD) were added in each GO decorated microwell. These solutions were 

prepared using PBS. Three parallel assays were performed to estimate the precision of each 

measurement. Blank samples were very important not only to monitor the overall behavior of the 

bioassay but also to build the calibration curve, which was crucial to obtain the limit of detection, 

which was estimated by interpolating the mean of the blank plus 1.645 times the standard deviation 

of the blank plus 1.645 times the standard deviation of the lowest concentration measured in the 

corresponding calibration curve. The fluorescence intensity related to the immunoassay was recorded 

via a kinetic analysis. Fluorescence intensity readout was taken every 90 seconds for 50 minutes. The 

probe, F-RBD, was excited at 485 ± 10 nm, and its photoluminescence was recorded with an emission 

centered at 528 ± 10 nm. 

 

Human serum samples 

Clinical samples were collected by our colleagues at Universidad Autońoma de Guerrero (Guerrero, 

Mexico). All subjects signed an informed consent based on the Helsinki declaration (2013). Samples 
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of pre-Covid-19 human sera were collected in 2014 and stored at −20 °C. Moreover, samples of 

human sera were collected from subjects who had a positive COVID-19 PCR test (at least 30 days 

prior to serum extraction). To avoid risks of infection, the samples were deactivated according to the 

literature.[48] 

In the analysis of the clinical samples 1 μL of the respective serum sample was diluted in 1999 μL of 

PBS. Then, using PBS, a second dilution at different levels was performed for each serum sample 

ranging from 1/8875 to 1/12500. For the analysis of the respective dilution, 100 μL of the dilution 

was added in a microwell decorated with GO and mixed with 100 μL of F-RBD, following the 

procedure described above.  

 

Statistical Analysis of sera sample testing 

A collection of 34 clinical samples were analyzed, 28 samples of pre-COVID-19 human sera and 6 

COVID-19 human sera samples from patients previously diagnosed by PCR test. All the box plots 

presented in this study exhibit the median and the extreme values of the corresponding distribution. 

The P values were derived from an unpaired Student t-test. The confidence interval used for the 

analysis was 95%, resulting in a threshold associated with the statistical significance of the P value 

of <0.05. 

 

C. Results and discussions 
Notice that in the proposed serological test, it is important to optimize the F-RBD and GO 

concentrations. The importance of optimizing these two concentrations relies on their roles; F-RBD 

as donor and GO coating as acceptor, both in the nonradiative process. The quenching ratio If/I0 is an 

indicator that can be used to determine the behavior of the biosensing system; where If represents the 

intensity of the fluorescence of F-RBD at time f, and I0 the intensity of the fluorescence of F-RBD at 

time 0. Hence, an If/I0 close to 1 indicates a weak quenching phenomenon, whereas an If/I0 close to 0 

suggests a strong quenching phenomenon. Based on previous research, using FITC as donor in 

nonradiative energy transfer,[47] we incubate the bioprobe F-RBD at 60 ng mL-1 in microwells 

decorated with different concentrations of GO (800, 1000, 1200, 1400 and 1600 µg mL-1) during 120 

minutes.  Figure III.3 shows the behavior obtained with each concentration of the bioprobe, using 

surfaces decorated with different concentrations of GO. In this series of experiments, a concentration 

of GO at 1200 μg mL−1 was found to be the minimum concentration of GO with the maximum 

quenching capabilities in a kinetic analysis performed across 120 min (see Figure 3.3A). Besides, 

surfaces decorated with GO at 1200 μg mL−1 offered less variability, this can be observed in the error 

bars depicted in Figure 3.3B-D.  Hence, GO concentrated at 1200 μg mL−1 was chosen as an optimal 

concertation for this approach.  

Then, we explored the behavior of the bioprobe F-RBD mixed with blank samples and anti-RBD 

samples at several concentrations ranging from 0.1 to 400 ng mL−1, interacting with GO decorated 

surface for 50 minutes. Figure 3.4 shows the behavior obtained from these interactions. It can be 

observed that anti-RBD samples exhibited a minimum quenching of F-RBD, whereas the blank 

sample induced a maximum quenching of F-RBD. Based on this experiment we confirmed that F-

RBD was useful as a photoluminescent probe to detect COVID-19 antibodies when they are incubated 

in GO-decorated surfaces. We explain this behavior starting from the fact that the interaction F-

RBD/Anti-RBD interferes between FITC (donor) and GO-decorated surface (acceptor), preventing 

the nonradiative energy transfer. When there is no interaction F-RBD/Anti-RBD, fluorescence 

intensity from F-RBD is quenched by GO-decorated surface.  
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Figure 3.3. Nonradiative energy transfer occurring between F-RBD (donor) and GO (acceptor). F-

RBD concentrated at 60 ng mL-1 incubated in microwells decorated with different concentrations of 

GO. A. Kinetic analysis during 120 min. B-D. Bar charts displaying the fluorescence quenching 

phenomenon at specific times and its variability (depicted by the corresponding error bars). The error 

bars represent de standard deviation of three parallel experiments. Adapted with permission.[28] 

Copyright 2021, ACS. 
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Figure 3.4. Analytical behavior of F-RBD incubated in GO-decorated surfaces at 1200 µg mL-1, 

when mixed with blank samples and different concentrations of antibody against SARS-CoV-2 Spike 

RBD (Anti-RBD). A. Kinetic analysis. B. Quenching of F-RBD at specific times. The error bars 

represent de standard deviation of three parallel experiments. Adapted with permission.[28] Copyright 

2021, ACS. 

Although the bioprobe F-RBD was proven useful for the serological bioassay, the explored range of 

anti-RBD (0.1 to 400 ng mL-1) triggered similar If/I0 levels across the explored time, suggesting a 

saturated analytical performance. From these results, we decided to restrict the analytical range of 

anti-RBD from 0.0039 to 0.5 ng mL−1. Figure 3.5 depicts the corresponding analytical performance 

where we observe that the sensitivity of the assay evolves across time, we evaluated the bioassay in 

terms of the inverse of slope of the calibration curve obtained for each time of observation, and its 

respective limit of detection. From the data obtained, the best sensitivity of the assay is achieved 

around 42 min within the proposed analysis, where the inverse slope is minimum ~48, and the 

estimated LOD is around 3 pg mL−1. Table 3-2 shows a summary of all the data obtained and used 

for the evaluation of each response time. 
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Figure 3.5. Experimental outcomes of the analytical performance of the biosensing platform 

targeting different levels of Anti-RBD (standard samples in PBS). A. Real-time analysis in terms of 

If/I0 ratio. B. Bar chart showing the analytical behavior of the assay at specific times. C. Calibration 

curve built with data obtained at 42 minutes of the assay. The error bars represent the standard 

deviation of three parallel experiments. Adapted with permission.[28] Copyright 2021, ACS. 
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Table 3-2. Analytical data and coefficient of variation (CV) of the explored biosensing system with 

optimized reagent concentrations.  Adapted with permission.[28] Copyright 2021, ACS. 

Time 3 6 9 12 15 24 33 42 45 48 

1/slope 66.73 87.03 64.65 59.55 73.63 61.68 53.26 48.45 53.37 42.84 

LOD 

(ng mL-1) 

0.095 - 1.7x10
-4 

0.161 2.66 0.46 7.56x10-4 2.22x1

0-3 

1x10-

3 

4.17x10-3 

[Anti-RBD] 

(ng mL-1) 

C.V % 

Blank 1.759 3.746 0.081 2.36 2.304 2.428 0.702 1.074 0.871 1.446 

0.0039 0.944 0.896 1.655 0.649 1.661 1.372 1.518 1.64 1.049 4.912 

0.0156 3.394 2.735 1.835 2.769 4.874 5.609 6.677 6.174 6.229 5.975 

0.0625 0.895 0.213 1.153 1.625 0.987 0.795 0.406 1.337 2.845 0.808 

0.125 3.47 1.234 1.703 1.737 2.32 1.748 3.025 2.381 3.909 2.42 

0.25 1.685 2.306 2.718 1.122 2.629 1.566 3.37 1.395 2.05 1.223 

0.5 2.854 4.211 3.186 4.581 2.372 4.99 2.028 3.11 1.811 4.229 

 

Enzyme-linked immunoabsorbent assay (ELISA) is consider as gold standard when it comes to 

immunoassays. ELISA usually offer limits of detection on the order of pg to ng mL−1.[49] In general, 

the limit of detection of our proposed technology not only is comparable with the commercially 

available gold standard test, but surpasses other immunoassays targeting COVID-19 antibodies 

reported by FITC, which offer limits of detection of tens (25-43) of ng mL-1.[50] 

For each analyzed sample, we performed three parallel experiments to investigate the intra-assay 

variability in terms of coefficient of variation (CV) which accounted from 0.8 to 6.7%, see Table 3-

2.  
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We also evaluated the inter-assay variability in terms of CV, using three different GO decorated 

microplates and executing the experiment three times in the same conditions, the results show that 

the respective variability (CV) ranged from 2.9 to 6.8% (see Table 3-3). According to the literature, 

our serological bioassay offers a variability that meets the criteria recommended for clinical analyses, 

that is, a variability below 15%.[38] We are convinced that the proposed technology is cost effective, 

after the estimation of cost of each reagent taking in consideration the cost of importation of some 

reagents in our region, the cost of each test (considering 3 parallel assays) accounts for 0.47 USD, at 

laboratory scale, see Table 3-4.  

Table 3-3. Evaluation of the inter-assay precision of the proposed technology. Adapted with 

permission.[28] Copyright 2021, ACS. 

[Anti-RBD] 

(ng mL-1) 

Mean 

(If/I0) 

SD CV % 

blank 0.676 0.031 4.62 

0.015 0.715 0.021 2.939 

0.031 0.717 0.046 6.48 

0.062 0.731 0.043 5.94 

0.125 0.713 0.048 6.794 

0.25 0.7 0.036 5.11 

0.5 0.73 0.026 3.628 

1 0.737 0.044 5.99 
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Table 3-4. Cost estimation 

 Stock 

quantity 

Stock 

concentration 

Cost Volume 

per test 

Required 

concentration 

Cost per 

test 

Plate 96 wells N/A $ 4.7 3 wells N/A $ 0.15 

Graphene 

oxide 

1000 mL 5000 µg mL-1 $ 200.00 79.2 µL 1200 µg mL-1 $ 0.015 

PBS 100 

tablets 

N/A $ 117.49 1/192 

tablet 

N/A $ 0.0058 

FITC 

(conjugation 

kit) 

3 kits N/A $ 571.73 N/A N/A N/A 

RBD 100 µg N/A $ 650.86 N/A N/A N/A 

F-RBD 120 µL 833.33 µg mL-

1 

$ 841.44 0.043 

µL 

0.12 µg mL-1 $ 0.3 

Total per test $ 0.47 

 

After the optimization and evaluation of the serological test, we set out to test the performance of the 

proposed bioassay using clinical samples of human serum to demonstrate the relevance and potential 

real application of the generated technology. As mentioned above, two groups of samples were used 

for the study, one group includes serum samples collected in 2014 (pre-COVID-19) an the other 

comprises sera collected from COVID-19 subjects (positive by PCR). Based on the limit of detection 

offered by our technology and the minimum dilution utilized in commercially available ELISA kits 

targeting COVID-19 antibodies (~1/6400)[51], we carried out some experiments to determine the 

optimum serum dilution for our assay. According to the methods explained in experimental methods 

section, we mixed 100 µL of the probe with 100 µL of the respective serum sample at different 

dilution factors. We analyzed, 4 pre-COVID-19 samples and 2 samples from COVID-19 subjects at 

dilution factors of 1/8875, 1/9000, 1/10000, 1/11000, 1/11250, 1/11500 and 1/12500, with the 

intention to compare the mean If/I0 ratio obtained from each group and determine the respective 

statistical significance, it should be remembered that we expect to If/I0 ratio from pre-COVID-19 

samples be equivalent to If/I0 ratio blank samples. We estimated the P value associated to each dilution 

factor throughout an analysis of 48 minutes, interrogating the performance of the assay in real-time 

every 3 minutes, see Figures A1-A7 in Appendix I. In this series of experiments, the lower P values 

were found at a dilution factor of 1/11500, specifically accounting for 0.0021 at 42 min of the assay. 

To confirm the outcomes, we decided to increase the number of pre-COVID-19 samples to 14 serum 

samples, and to continue using 2 samples from COVID-19, to be analyzed at dilution factors of 

1/11875, 1/12000, 1/12125, 1/12200 and 1/12250. In this new series of experiments, the lower P 

values were found at a dilution factor of 1/12200, specifically accounting for <0.0001 at 15 min and 

other times of the assay (18, 21 and 24 min), see Figure A8-A12 in the Appendix I. After this dilution 

exploration, we decided to analyze the whole sera collection, analyzing 28 pre-COVID-19 samples 

and 6 samples from COVID-19 patients at dilution factors of 1/12125 and 1/12200, for 50 min. The 

lower P value was found at a dilution factor of 1/12200, <0.0001 (see Table A-1 and A-2 in Appendix 

I), at 12 min of the analysis (see Figures A13-A14 in Appendix I), these outcomes are in good 

agreement with previous series of experiments and the data obtained at optimum conditions regarding 

the analytical sensitivity. Figure III.6 shows the box plot corresponding to the analysis of the whole 

sera collection using a dilution factor of 1/12200 at 42 minutes. The serum samples were successfully 

differentiated without data overlapping between the resulting If/I0 values of the two groups and 

considering an If/I0 ratio around 0.767 as a threshold to determine a positive or negative result of the 
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test, no false negative/positive results were determined. Such a threshold was established through the 

average resulting from the higher If/I0 value of the group of pre-COVID-19 samples and the lower 

If/I0 value of the group of samples from COVID-19 subjects. 

 

Figure 3.6. Box plot of sera sample collection analysis in optimal conditions at 42 min of the assay.  

Dilution factor: 1/12200. 28 pre-COVID-19 samples and 6 samples from COVID-19 subjects were 

assayed. The box plots display the median and the extreme values of the respective distribution. The 

employed confidence interval was 95 %. Adapted with permission.[28] Copyright 2021, ACS. 

 

The proposed technology was demonstrated to be a potential tool for clinical diagnosis offering a 

qualitative result, reporting immunoglobulins binding to F-RBD; however, it is important to discuss 

the limitations of this development, as quantitative detection of levels of COVID-19 antibodies in 

serum samples is restricted. For example, all the serum samples from COVID-19 subjects yielded 

If/I0 values exceeding the dynamic range of the optimized calibration curve, we think that this 

behavior with clinical samples is due to the presence of different immunoglobulins (A, E, M) in 

COVID-19 positive samples, whereas the calibration curve was performed using exclusively  

immunoglobulin G (Anti-RBD), this could result in different interactions that may interfere in the 

proposed non-radiative energy transfer-based biosensing mechanism. Besides, using serum samples 

involves the manipulation of a complex matrix, in which we can find diglycerides, triglycerides, 

phospholipids, fatty acids, steroids and steroid derivatives among other components,[52]these 

molecules may also interfere and does not allow to interpolate If/I0 values from serum samples within 

If/I0 values resulting from the analysis of standard samples for quantitative purposes. For further 

investigation a partnership with a clinical institution would be necessary to perform an advanced and 

reliable clinical evaluation of the proposed test. 

All in all, this chapter reported the use of the SARS-CoV-2 Spike RBD recombinant protein (RBD) 

labeled with FITC as photoluminescent biorecognition probe targeting COVID-19 antibodies (anti-

RBD) when incubated in GO-coated surfaces. Avoiding the employment of two bioreagents with 

capture and detection purposes, blocking and washing steps, we are offering a qualitative approach 

to determine COVID-19 seroconversion in a high-throughput, fast (42 min) and cost-effective (0.47 

USD per test, at laboratory scale) that was demonstrated efficient for the facile determination of 

COVID-19 seroconversion.  Finally, it is worth noting that the proposed test can be transferred to on-

site applications using miniaturized technologies involving microfluidics and/or paper-based 

analytical devices. 
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CHAPTER 4. Disposable Device for Bacterial Vaginosis 

Detection 
 

Clinical testing devices at the point of care have become necessity goods, intended to prevent the 

spread of several infectious diseases. Bacterial vaginosis (BV) is an infectious disease that commonly 

affects reproductive-age women and predisposes the infection of sexually transmitted diseases. For 

women infected with BV is usual to present an asymptomatic infection case, which can lead to several 

complications such as pelvic inflammatory conditions, postpartum endometritis and preterm labor 

and it is hard to diagnose because the conventional methods of BV diagnosis involve microscope 

analysis of vaginal swab samples, it thus requires highly trained personnel. As a potential alternative, 

a novel microfluidic paper-based analytical device for BV diagnosis is proposed. Sialidase is an 

enzyme overexpressed in BV patients, that is why detection of sialidase can promote the timely 

diagnosis of BV. The sialidase overexpression can be detected by exploiting an immunosensing 

mechanism previously pioneered by our team. As was detailed in Chapter 2 and Chapter 3, this 

technology employs a graphene oxide-coated surface as quencher of fluorescence. The fluorescence 

of the immunoprobes that do not experiment immunoreactions (antibody-antigen) is deactivated by 

graphene oxide via non-radiative energy transfer, whereas those immunoprobes undergoing 

immunoreactions preserve their photoluminescence due to the distance and the low affinity between 

the immunocomplex and the graphene oxide-coated surface. Our paper-based device offers results 

withing 20 minutes, using only 6 µL of the sample to analyze. To remark the relevance of the 

developed device, the approach was tested with 14 vaginal swabs specimens to discriminate clinical 

samples of women with normal microbiota from those undergoing BV. Our device potentially can 

become in an important tool to diagnose and prevent BV consequences.  

A. Introduction 
 

Microfluidic paper-based analytical devices 

Microfluidic paper-based analytical devices (μPADs), as a promising analytical platform, have gain 

significant interest for the scientific community in the last decade. μPADs present several advantages 

in comparison with traditional microfluidic systems, such as easy fabrication, economical cost, ability 

to drive and manipulate flow without equipment, capability of storing reagents for various 

applications, minimal sample requirement and good sensitivity, selectivity and accuracy.[30,53] μPADs 

are very useful for point of care devices or health care devices applied in several fields such as 

diagnostics, biological, food safety, environmental, electrochemical among others. [54] 

Historically, paper-based microfluidics were introduced to the scientific world by Whitesides’ group 

at Harvard University, they presented the first device comprised of a protein-glucose assay patterned 

by lithography method in paper. But previously, in 1949, Muller and Clegg reported the fabrication 

of a paraffin-patterned paper, which is considered as the first-time to fabricate fluidic channels on 

paper and the first paper-based assay. In the following years, the evolution of μPADs that utilized 

various kinds of papers substrates, nowadays these substrates functionalized with various molecular 

probes like nanomaterials, biomolecules and several other range of probes like spin-crossover 

particles, quantum dots, metamaterials and aptamers to develop a broad range of μPADs.[54] 

https://www.sciencedirect.com/topics/chemistry/reaction-selectivity
https://www.sciencedirect.com/topics/chemistry/molecular-probe
https://www.sciencedirect.com/topics/chemistry/molecular-probe
https://www.sciencedirect.com/topics/chemistry/nanomaterial
https://www.sciencedirect.com/topics/chemistry/quantum-dot
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Talking about fabrication methods, several technologies and methods have been reported for the 

effective fabrication of μPADs. Fabrications methods of μPADs can be categorized into two: (i) 2-D 

shaping/cutting of paper and (ii) pattern drawing of hydrophilic/hydrophobic barriers on paper. Some 

of the traditional fabrication methods are laser cutting, photolithography, polydimethyl-siloxane 

(PDMS) stamping and printing, plasma treatment,  vapor phase deposition, screen printing, ink-jet 

printing and wax dipping/printing.[54] Wax-based fabrication technique is a low-cost method which 

uses non-toxic hydrophobization pattern reagents. These methods give some advantages such as rapid 

fabrication, suitable for mass production, high resolution, inexpensive reagent.[54] Wax-printed 

μPADs require two steps, printing wax on a paper and heat to melt the wax and impregnate the 

substrate to form the hydrophobic barriers, see Figure 4.1. 

 

Figure 4.1. Schematic representation of the process of the fabrication for wax screen-printing 

method. Adapted with permission.[55] Copyright 2011, Elsevier. 

Disposable Device for Bacterial Vaginosis Diagnosis 

In our daily live we use disposable biosensors, for example, in pregnancy or fertility tests and 

wearable blood glucometers. Disposable biosensors are affordable and easy-to-use devices for a 

single measurement.[29] As mentioned above, microfluidic paper-based biosensors might be excellent 

for a wide range of applications as disposable biosensors and can be used at the point of care (POC). 

µPADS are easy to manufacture and low-cost, the use of printing techniques eliminates the need of 

complex microfluidic components such as pumps and valves. [31,56] In general, µPADS have been 

used as biosensors to determine different analytes using optical and electrochemical transduction 

systems; for example, glucose, uric acid, antibody IgG, cancer biomarkers, Hepatitis C virus, Zika 

viral gene markers, E. coli, etc. [57–62] 

A usual affection of reproductive-age-women is bacterial vaginosis (BV) which is an infectious 

disease provoked by an alteration in vaginal microbiota. Generally, the symptoms of BV include 

moderate white-grayish vaginal secretion after sexual intercourse, fishy odor, vaginal discharge, and 

in some cases dysuria and dyspareunia. However, this infectious disease can be presented in an 

asymptomatic fashion and this condition may eventually lead to negative consequences in 

reproductive health, such as postpartum endometritis, pelvic inflammatory disease and predisposition 

to sexually transmitted diseases, including those caused by Chlamydia trachomatis, Neisseria 

gonorrhea, human papillomavirus and human immunodeficiency virus.[22,63,64] Typically, health 

https://www.sciencedirect.com/topics/chemistry/vapor-deposition-process
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professionals used an evaluation of Amsel[65] or Nugent [66] criteria to diagnose BV infection. 

However, patients might be misdiagnosed because of the lack of specialized analytical diagnostic 

tools or the strict application of the diagnostic criteria of the respective clinical indicator tests (white 

or grayish vaginal discharge, vaginal pH > 3.5, amine production, and the presence of clue cells).[22,64] 

A diverse community of anaerobic bacteria are involved in the alteration of microbiota, such as 

Prevotella, Bacteroides, Mobiluncus and Gardnerella, all of them produce hydrolytic enzymes such 

as sialidase. Hence, sialidase is a suitable biomarker for BV determination.[22,64] A very common 

technique for detection of sialidase in vaginal swabs is based on the enzymatic hydrolysis of 

methoxyphenyl acetyl muramic acid via sialidase, in this way initiating the formation of 

methoxyphenol, which is then measured. Usually, in this technique, methoxyphenol concentrations 

greater than 5.1 nM are considered as BV positive. As far as we know, only one commercially 

available test targeting sialidase exists, which is called OSOM BVBLUE (Sekisui Diagnostics, 

Burlington, MA).[67] Nevertheless, this test offers a multistep qualitative colorimetric result for the 

determination of SLD, which eventually leads to different levels of specificity and sensitivity.[22] In 

this context, our collaborative team from Universidad Autónoma de Guerrero, engineered a 

monoclonal antibody that recognizes sialidase with high specificity.[68] 

 As a potential tool to improve the diagnosis of this infectious disease, we proposed the development 

of a wax-printed µPAD to detect sialidase as BV biomarker, even in clinical samples. As detailed in 

chapter III and IV, our research group has developed a high throughput biosensing system that consist 

of photoluminescent bioprobes and  96 microwell plates modified with graphene oxide (GO), taking 

advantage of the capabilities of GO to quench fluorescence efficiently.[17,22,27] Using non-radiative 

energy transfer, GO-coated microwells deactivate the fluorescence of the bioprobes that are not 

establishing immunoreactions, as the distance between the bioprobes and GO allows for the dipole-

dipole interaction.[69] Whereas, fluorescent biorecognition probes showing immunoreactions preserve 

their photoluminescence because of the distance and the low affinity between the immunocomplex 

(biorecognition probe - analyte) and the GO-coated surface.[22,70–72] The distance between the FITC 

(from bioprobe) and the GO coated surface can be computed as the size of anti-sialidase plus the size 

of sialidase, that is 8.4 nm from an average antibody plus 4 nm from sialidase, that is 12.4 nm.[73,74] 
We are taking advantage of this wash-free technology to develop a disposable device for sialidase 

determination.[75] 

Other tests for BV diagnosis are based on catalytic reactions,[22] however, to the best of our 

knowledge, our approach represents the first paper-based immunoassay for BV diagnosis. The 

proposed device comprises a wax pattern printed onto a nitrocellulose membrane. The strip displays 

a Y-shaped pattern, including 3 zones of interest: i) the entrance, where the probe and the sample are 

drop-casted; ii) the control zone, that do not contain GO, where the biorecognition probe, composed 

by a monoclonal anti-sialidase monoclonal antibody conjugated with FITC fluorophore (FAS). FAS 

will preserve its conventional fluorescence because there is nothing in C area that modifies the 

fluorescence of the biorecognition probe, and iii) the test zone, which is the area coated with a GO 

film. Following the biosensing technology discussed in previous Chapters, the GO film from the test 

zone deactivates the fluorescence of those FAS that are not experimenting immunoreactions, whereas 

those FAS experimenting immunoreactions preserve their photoluminescence. Hence, the 

photoluminescence exhibited in the test zone by FAS is proportional to the analyte concentration, as 

illustrated in Figure 4.2.[75] 
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Figure 4.2. Schematic representation of the disposable device for BV diagnosis and its biosensing 

mechanism. In the control area (C), FAS preserves its fluorescent intensity, due to the lack of a 

reagent (such as GO) that can modify FAS fluorescence emission state. A. In the absence of 

immunoreactions in the assay, fluorescence intensity of FAS is quenched in the test zone (T) by the 

GO film via non-radiative energy transfer. B. When FAS experiments immunoreactions in the assay, 

the fluorescent intensity of FAS is preserved according to the analyte concentration, because of the 

distance between FITC and GO (>20 nm) and the low affinity between the immunocomplex and the 

GO film. Published under Creative Commons (CC by 4.0).[75] 

https://creativecommons.org/licenses/by/4.0/legalcode  

B. Experimental methods 
 

Materials and equipment 

All the materials and equipment used for this research were selected, purchased and carefully handled 

according to the data sheets provided by the suppliers. Table 4-1 summarizes the supplier and 

specification of each employed material.  

Fabrication of the paper-based biosensor 

The proposed paper-based biosensor is easy to fabricate. The printing process of the wax pattern onto 

the proposed paper-based device only requires two steps: (i) print the wax pattern onto the 

nitrocellulose membrane; (ii) heat the device using a hot plate at 150°C for 90 seconds (in order to 

form the required hydrophobic barriers). Once the device reaches the room temperature, this is ready 

to use. Due to the absorbent capabilities of nitrocellulose,[76] it is relatively effortless to coat this 

substrate with graphene oxide (GO). GO was diluted using ultrapure water supplemented with Tween 

20 at 0.05% to coat the substrate with GO. Deposition of GO was carried out by drop casting the GO 

suspension (concentrated at 500 µg mL-1) only onto the test zone, and heating the device at 45°C to 

speed up the water evaporation in which the GO was suspended. Up to 3 GO deposition (5 µL of GO, 

each deposition) steps were implemented and evaluated. Between each stage of GO deposition, it is 

necessary to wait for the device to dry (4 minutes) and drop cast then the GO suspension once again. 

After GO gets completely dried, the device is ready to perform the sialidase test.[75]  



46 
 

Table 4-1. Material and equipment: suppliers and specifications 

Material Supplier Specifications 

Nitrocellulose membrane Sartorius 1UN18ER100025NT 

Aqueous suspension of single 

layer GO 
Global Graphene Group 

S1319112702 

lateral size around 50 nm 

C/O ratio ~1 

Tween 20 Sigma-Aldrich P9416-100ML 

Phosphate buffer saline (PBS) 

tablets 
Sigma-Aldrich P4417-100TAB 

FITC Conjugation Kit Fast-

Lightning-Link 
abcam ab188285 

Anti-sialidase monoclonal 

Antibody 
- 

Produced by our colleagues at 

the Universidad Autónoma de 

Guerrero 

Sialidase peptide - 

produced by our team at the 

Universidad Autónoma de 

Guerrero 

Printer ColorQube 8085 Xerox - 

Hot plate StableTemp Cole-parmer - 

Cytation 5 multimodal reader Biotek - 

 

Image analysis 

ImageJ (version 1.53t, 24 August 2022) was used to analyze all the images. Figure 4.3 illustrate the 

areas of interest: i) control zone covered by the sample, ii) test zone covered by the sample and iii) 

clear nitrocellulose, as a background section. 

The quenching of fluorescence ratio (Q) was calculated according to Equation 1: 

𝑄 =  
𝐼𝑇−𝐼𝑅

𝐼𝐶−𝐼𝑅
  (Equation 1) 

where IT is the average pixel intensity in the test area, IC is the average pixel intensity in the control 

area and IR is the average pixel intensity of the background (nitrocellulose).[75]   
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Figure 4.3. Model depicting the employed image analysis method. IC: Average intensity of the pixels 

in the control area. IT: Average intensity of the pixels in the test area. IR: Average intensity of the 

pixels in the background area. Published under Creative Commons (CC by 4.0).[75] 

https://creativecommons.org/licenses/by/4.0/legalcode. 

Sialidase determination 

FITC conjugated with anti-Sialidase (FAS) and the sample to be analyzed were mixed and incubated 

in a microtube during 10 min using a 1:1 relationship. The final concentration of FAS was 80 µg mL-

1. 6µL of this mix was then added to the entrance of the device to reach the control and test zones. 

After 20 min, the respective image was recorded using a Cytation 5 imager from Biotek (excitation 

wavelength: 469/35 nm, emission filter: 525/39 nm). Eventually, the resultant images were analyzed 

using the method explained in the previous section and the respective fluorescence quenching ratio 

was calculated using Equation 1. All the samples were tested by triplicate to evaluate the resulting 

precision.[75]  

Vaginal swab sample preparation and analysis 

Vaginal swab samples were collected by “Servicio de Diagnóstico Integral en la detección Oportuna 

del Cáncer Cérvico Uterino” at Universidad Autónoma de Guerrero (Chilpancingo, Guerrero, 

Mexico). Signed consent was obtained from those women who participated in this research. The 

samples used in this research were previously analyzed by Amsel and Nugent criteria to compare our 

results with such standard diagnostic methods. To determine the optimal dilution factor to analyze 

real samples, two vaginal swab samples were tested, one of them from the normal microbiota (NM) 

group and the other one from BV group. Both samples were diluted in PBST (PBS supplemented 

with Tween 20 at 0.5% v/v) in a dilution factor range from 1:4 to 1:48 to determine which dilution 

factor offered the most significant difference in terms of statistic parameters (P value) between both 

group of samples. The optimization of such a dilution factor was performed using the 

photoluminescent quenching ratio (Q) of the resulting tests. In the Appendix II, Figure B1 shows the 

graph correspondent to this analysis and Table B-1 in Appendix II, summarizes the resultant P value 

of the t-test to estimate the statistical difference between the analyzed samples. 1:32 dilution factor 

exhibited the smallest P value (P = 0. 0141), which corresponds to the most significant difference 

between the NM and the BV group. To estimate the sialidase concentration of each analyzed sample, 

it was computed the interpolation of the corresponding Q value in the resulting calibration curve and 

multiplying by a factor of 32 (given the optimal dilution factor previously mentioned).[75] 
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Importantly, given the filtration capabilities of paper-based devices,[77] the vaginal swabs specimens 

were not centrifuged prior to analysis via the proposed disposable device.[75] 

C. Results 
 

Design and fluidic performance of the disposable device 

There are several parameters to consider in the design of the hydrophobic patterns of the proposed 

paper-based device, including the width and length of the channels, morphology of the circuit and its 

specific regions of interest (entrance, control and test zone), as well as the volume required to fill the 

circuit without fluid leakage. To determine the appropriate width channel, several multichannel 

designs were used. Each multichannel device consisted of five different width channels connected to 

a circular zone emerging from the center of another circular area.  The widths of the channels that 

were explored were 0.6, 0.8, 1, 1.3, 1.5, 2, 2.5 and 3 mm, and the diameter of the circular areas were 

2 and 6 mm, respectively. These couple of multichannel devices were tested using a volume of 10 µL 

of anthocyanin-dyed water to follow the flow of the sample throughout the microfluidic circuit. In 

both devices, it was observed that the liquid samples could not flow until the final area in the thinner 

channels (0.6 and 1 mm, respectively).  In the wider channels with those circles of 6mm, the sample 

could not fill the whole area. However, in those channels between 1.3 and 1.5 mm connected to the 2 

mm diameter circular area, the sample covered the interest area completely, but some outflows were 

observed. Given this microfluidic performance in the multichannel devices, we decided to use a 

channel width of 1.6 mm (slightly wider than the 1.5 mm tested) and circular areas with a diameter 

of around 3 mm to avoid outflows. Full details on the behavior of the sample flow in the discussed 

multichannel devices are included in Figure 4.4.[75]  

 

Figure 4.4. Optimization of the channel width. A. Front side of the device. Channel width assessment, 

from 1 to 3 mm (1, 1.5, 2, 2.5,3 mm). B. Back side of the device. Channel width evaluation, from 1 to 

3 mm. C. Front side of the device. Channel width optimization, from 1 to 1.5 mm (0.6, 0.8, 1, 1.3, 1.5 

mm). D. Back side of the device. Channel width evaluation, from 1 to 1.5 mm. Published under 

Creative Commons (CC by 4.0).[75] https://creativecommons.org/licenses/by/4.0/legalcode.  

Using the aforementioned channel width of 1.6 mm we design a first approach of our paper-based 

device design, which is shown in Figure 4.5, where the entrance, control, and test zones exhibit a 
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circular shape. From this design, some modifications were made to improve the flow of the sample 

throughout the microfluidic circuit and to avoid fluid outflows. Since the liquid sample contains the 

target analyte of the disposable biosensor, it is very important to reach the control and test zones of 

the circuit, but at the same time liquid leakage should be avoided. To promote fluid coverage in a 

larger area of the circuit, the surface tension of the employed liquid was modified by using PBST 

(PBS supplemented with Tween 20) to dilute the bioprobe (FAS). The concentration of Tween 20 

was optimized by evaluating the area of the circuit covered by the fluid, particularly the explored 

concentrations ranged from 0.1 to 0.5% (v/v). Figure 4.6 shows the flow of the sample using FAS 

diluted in PBS supplemented with different concentrations of Tween 20. From this behavior we can 

conclude that FAS diluted in PBS supplemented with Tween 20 at 0.5% (v/v) covered the largest 

area.[75]  

 

Figure 4.5. First approach of the design of the disposable device. Published under Creative 

Commons (CC by 4.0).[75] https://creativecommons.org/licenses/by/4.0/legalcode.  

Some other changes of the aforementioned parameters were modified to achieve an optimal 

microfluidic design, all these modifications are summarized in Table 4-2 with its corresponding 

micrographs presented in Figure 4.7. After this process, a disposable device with an optimal fluidic 

performance was achieved (without outflows and the largest area covered in the circuit), which is 

shown in Figure 4.8. The dimensions and specifications of the optimal design are the length of the 

trunk/branches of the Y shape was 4 mm, the width of the channels was 1.6 mm and the shape of the 

entrance, control and test zones was a trapeze with a long base of 5 mm.[75]   
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Table 4-2. Optimization of the design of the microfluidic circuit.   

# 

Entrance 

geometry 

Entrance 

width 

Trunk 

width 

Trunk 

length 

Branches 

width 

Branches 

length 

Control/Test 

geometry 

Control/Test 

width 

Volume 

(µL) 

Outflow 

Covered 

area 

A circle 5 1.6 7 1.6 7 circle 4 5 NO 65.18% 

B trapeze 5 1 4 1 4 circle 4 6 YES 85.35% 

C trapeze 5 1.2 4 1.2 4 circle 4 6 YES  75.86% 

D trapeze 5 1.6 4 1.6 4 circle 4 6 YES  65.81% 

E trapeze 5 1.2 4 1.2 4 trapeze 5 6 YES  76.60% 

F trapeze 5 1.4 4 1.4 4 trapeze 5 6 YES  79.99% 

G trapeze 5 1.6 4 1.6 4 trapeze 5 6 NO 75.22% 

H trapeze 5 1.6 4 1.6 4 trapeze 5 7 YES  84.04% 
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Figure 4.6. Optimization of the concentration of Tween 20 (concentration of the fluorescent probe, 

[FAS] = 10 ug mL-1). A. Fluorescence microscope images of the µPAD using a) 0.1%, b) 0.2%, c) 

0.3%, d) 0.4%, e) 0.5% of Tween 20. B. Percentage of the area covered by the sample with different 

concentrations of Tween 20. Published under Creative Commons (CC by 4.0).[75] 

https://creativecommons.org/licenses/by/4.0/legalcode.  

 

Figure 4.7. Optimization design of microfluidic circuit. See Table S1, each image corresponds to a 

row of such a Table S1. Published under Creative Commons (CC by 4.0).[75] 

https://creativecommons.org/licenses/by/4.0/legalcode.  
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Figure 4.8. Optimal design of the microfluidic circuit. Published under Creative Commons (CC by 

4.0).[75] https://creativecommons.org/licenses/by/4.0/legalcode.  

Optimization of the fluorescence quenching  

The quenching of fluorescence derived from the nonradiative energy transfer between the GO film 

(acceptor) and the FAS (donor) in the disposable device, was evaluated using several concentrations 

of FAS (from 40 to 100 ng mL-1) in devices with one, two, and three depositions of GO concentrated 

at 500 µg mL-1 in the test area. Figure B2 in Appendix II is shown the analysis of this series of 

experiments, where we can observe that using 3 depositions of GO, the device reached the higher 

quenching ratio in the test zone, which considering Equation 1 accounts from 0.15 to 0.55. The 

optimal concentration of the bioprobe was [FAS] = 80 µg mL-1, which exhibited a similar 

fluorescence intensity in the control zone when compared with the highest concentration of FAS (100 

µg mL-1). Besides, in the test zone [FAS] = 80 µg mL-1 showed the maximum (optimal) quenching 

ratio (Q) using 3 depositions of GO, which is around 0.15 units.[75] 

Biosensing performance 

It is worth to remember that the design of the microfluidic circuit was optimized to ensure that (i) the 

sample reached the zones of interests (control and test zone, respectively) and (ii) the quenching of 

fluorescence via non-radiative energy transfer between FAS (donor) and GO film (acceptor) was 

optimal. After the design and optimization process, we verified that the biosensing mechanism 

previously developed using polystyrene microwell plates could be transferred into the proposed 

paper-based device. For that purpose, we drop casted samples containing the analyte at different 

concentrations in the microfluidic device and we successfully noted that the fluorescence intensity 

was proportional to the analyte concentration. With this information we built a calibration curve by 

analyzing standard samples of sialidase at different concentrations, particularly from 0.3 to 4.8 ng 

mL-1, see Figure B3 in Appendix II. Figure 4.9 illustrates the analytical performance of the device, 

which was modeled as a two-phase exponential decay equation. The quenching ratio (Q) is inversely 

proportional to the analyte concentration, that is, the higher the analyte concentration the lower the Q 

ratio. In fact, in the test zone of each device, it can be observed that the higher the analyte 

concentration the higher the fluorescence intensity until reaching a saturation state, in particular at 

those concentrations higher than 2.4 ng mL-1. The calibration curve shown in Figure 4.9B exhibited 
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a limit of detection of 0.2 ng mL-1. The limit of detection was obtained by interpolating the mean of 

the blank plus three times its standard deviation in the respective equation of the calibration curve. 
Precision, in terms of coefficient of variation (CV), was estimated using 3 devices measuring the 

same analyte concentration and accounts from 4.91 to 14.69 %. The biggest rate of variability was 

observed in the sample concentrated at 0.6 ng mL-1 with a CV of 14.69% and the lower rate of 

variability was observed in the blank sample with 4.91% of CV. Table B-2 in Appendix II summarizes 

the CVs exhibited by each measured concentration.[75]  It is worth mentioning that according to the 

literature, this precision is acceptable in immunoassays.[38,78] 

 

Figure 4.9. Analytical behavior of the disposable device. A. Bar chart of the fluorescence quenching 

ratio, Q. Images below the x axis show the fluorescence in the test zone of the respective disposable 

device. B. The resulting calibration curve. Error bars represent the standard deviation of three 

parallel experiments. Published under Creative Commons (CC by 4.0).[75] 

https://creativecommons.org/licenses/by/4.0/legalcode.  
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Vaginal swab sample analysis 

To prove the proposed disposable device as a potential BV diagnosis tool, it is necessary to perform 

the analysis of real samples using the proposed device. To this end, we tested the behavior of our 

disposable device by analyzing 14 vaginal swabs previously studied and determined as BV positive 

or NM via Amsel and Nugent criteria. In Amsel criteria, the presence of at least 3 criteria (white or 

grayish vaginal discharge, vaginal pH > 3.5, amine production, and the presence of “clue cells”) is 

considered as a BV positive case. The Nugent score is a standardized scored system, which is based 

on the classification of Gram-positive rods and lactobacilli (i.e., normal flora) and Gram-negative or 

Gram-variable morphotypes (BV flora). A score is then assigned to these observations accordingly: 

0 to 3 (normal flora), 4 to 6 (intermediate or mixed flora), and 7 to 10 (BV).[22,64] Figure 4.10 shows 

the analytical behavior of the analyzed clinical samples.[75]  

 

Figure 4.10. Analysis of clinical samples (vaginal swabs), dilution factor 1:32. 9 samples of NM 

cases and 5 samples of BV cases were analyzed. A. Distribution of the analyzed groups. B. 

Fluorescence micrographs of the NM samples tested. C. Fluorescence micrographs of the BV samples 

tested. Published under Creative Commons (CC by 4.0).[75] 

https://creativecommons.org/licenses/by/4.0/legalcode.  

In general, the samples from NM patients exhibited a Sialidase concentration lower than 25.1 ng mL-

1, and the samples from BV patients displayed a concentration higher than 25.1 ng mL-1, which is 

consistent with an immunoassay previously reported.[22] Likewise, low sialidase concentrations (< 

25.1 ng mL-1) are related to those samples with 0-3 Nugent score and 1-2 Amsel criteria, whereas 

high sialidase concentrations (>25.1 ng mL-1) correspond to a 7-10 Nugent score and more than 2 

Amsel criteria. Table 4-4 and Table 4-5 compare the results obtained with the proposed biosensing 

device and the previous results obtained through Amsel and Nugent criteria.[75] 

Regarding the variability, the CV (resulting from 3 parallel assays) of those disposable devices tested 

with NM samples accounted from 3.14 to 14.75 %, whereas the CV of those disposable devices tested 

with BV samples ranged from 3.48 to 11.31%, see Table B-3 in Appendix II.[75]  
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Table 4-3. NM samples.  Comparison of Amsel/Nugent criteria and the concentration measured 

though the proposed device. *MC µPAD: Concentration measured with the µPAD biosensor 

Sample 

Nugent 

score 

Amsel 

Diagnostic 

µPAD 

(Q ratio) 

MC µPAD 

(ng mL-1) 

NM 1 0-3 1-2 0.199 ± 0.0147 6.016  

NM 2 0-3 1-2 0.283 ± 0.023 20.992  

NM 3 0-3 3-4 0.194 ± 0.0248 5.548 

NM 4 0-3 1-2 0.158 ± 0.0042 2.808 

NM 5 0-3 1-2 0.218 ± 0.0100 8.216 

NM 6 0-3 0 0.262 ± 0.0158 16.067 

NM 7 0-3 0 0.329 ± 0.0486 32.116 

NM 8 0-3 1-2 0.232 ± 0.0148 10.433 

NM 9 0-3 0 0.235 ± 0.0257 10.823 

 

Table 4-4. BV samples.  Comparison of Amsel/Nugent criteria and the concentration measured 

though the proposed device. *MC µPAD: Measured concentration with the µPAD biosensor 

 

Sample 

Nugent 

score 

Amsel 

Diagnostic 

µPAD 

(Q ratio) 

MC µPAD 

(ng mL-1) 

BV 1 7-10 3 - 4 0.329 ± 0.026 32.086 

BV 2 7-10 3 - 4 0.300 ± 0.0111 25.117 

BV 3 7-10 1-2 0.534 ± 0.0186 82.460 

BV 4 7-10 

Not 

performed 

0.393 ± 0.0351 47.742 

BV 5 7-10 1 – 2 0.329 ± 0.0271 32.130 
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In Figure IV.6 and Table IV-2 is observable that only one NM sample is overlapping the BV group, 

which could be considered a false positive case within the explored samples, however, due to the 

limited availability of clinical samples (n = 14), a robust determination of the respective clinical 

sensitivity or specificity of the developed device is out of the scope of this thesis. Besides, there is a 

possibility that this misdiagnose may come from the conventional criteria (Amsel or Nugent) because 

of a human error or an asymptomatic case. Importantly, at laboratory scale, the disposable device had 

an estimated cost of $1.85 USD (see Table 4.5).[75] 

Table 4-5. Estimation of the cost 

 

 
Total 

volume 

Concentration Cost Volume per 

device 

Required 

concentration 

Cost per 

device 

Nitrocellulose 100 m N/A $       290.00 0.025 m N/A $       0.0725 

Wax 264000 

devices 

N/A $       130.00 1 device N/A $       0.0005 

GO 1 L 5000 µg mL-1 $       210.00 1.5 µL 500 µg mL-1 $       0.0003 

FAS 120 µL 833.33 µg mL-1 $       375.00 0.57 µL 160 µg mL-1 $            1.78 

PBS 100 tablets N/A $       130.00 6 µL N/A $       0.0002 

Tween 20 1 L N/A $       100.00 0.03 µL N/A $   0.000003 

     
Total per 

device 

$       1.8548 

*FAS: Antibody conjugated with FITC. The cost of 100µL of [Anti-sialidase] = 1 mgmL-1 is $55.00 

USD. The cost of FITC conjugation kit is $320.00 USD. 

In this chapter it was detailed the process to engineer a competitive-cost disposable device with 

potential application at the POC taking advantage of an immunosensing technology that only requires 

a single antibody to capture and detect the analyte. As future work, we aim to develop a paper-based 

fluorescence reader designed for FITC,[79]  which will allow for the employment of the disposable 

device at the POC. Moreover, using Amsel and Nugent criteria as conventional methods for BV 

diagnosis as comparison methods, the device was proven useful to analyze clinical samples and 

discriminate between NM and BV cases.[75] 
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CHAPTER 5. Conclusions 
 

This thesis dissertation highlights a novel biosensing principle which was proven useful to determine 

a set of pathogen-related analytes. Such an operation principle is based on nonradiative energy 

transfer through dipolar interactions between a donor and an acceptor material. Taking advantage of 

this biosensing principle, we developed three biosensing technologies: (i) a biosensing platform 

targeting E. coli in industrial food samples, (ii) a COVID-19 serological test, proven useful for clinical 

serum samples analysis and (iii) a disposable biosensor for Bacterial vaginosis diagnosis, tested with 

clinical swab samples.  

The biosensing platform targeting pathogen related analytes, used both for determination of E. coli 

in food samples and COVID-19 serological test exhibit several advantages such as real-time 

interrogation capabilities while avoiding time-consuming methods, single-step and wash-free process 

eliminating the need of cumbersome procedures, besides, it uses a single antibody eliminating the 

need for capture or secondary antibodies and saving expensive bioreagents. It has a standard format 

suitable for high-throughput applications and high sensitivity. Furthermore, the reported biosensing 

technology is transformative as GO can quench different fluorophores, and different analytes can be 

detected by simply changing the involved antibody or biorecognition element, this advantage was 

exploit during this research project, to determine different analytes such as E. coli, antibodies anti-

RBD and Sialidase. The biosensing platform offers wide applicability for industrial food sample 

analysis as well as clinical samples. Moreover, the proposed test can be transferred to on-site 

applications using miniaturized technologies involving microfluidics and/or paper-based analytical 

devices, this device was designed, developed and evaluated for Sialidase detection. 

The bacterial detection platform based on microwells coated with GO and using QDs conjugated with 

antibodies anti-E.coli, was developed, evaluated and found to have several advantages, this setup 

provide a fast response (within 30 minutes) and high sensitivity (up to 2 CFU mL-1). Besides the 

bacterial detection platform was able to successfully discriminate between negative and positive 

industrial E.coli samples, this ability to analyze samples in real matrixes highlights the importance of 

the biosensing platform because this demonstrates a real-world application of the investigated 

technology.  

Generally, GO-based photoluminescent biosensing systems rely on bioprobes made of 

oligonucleotides or antibodies complexed with fluorophores. In particular, for COVID-19 serological 

test reported, the platform employs fluorescence-tagged SARS-CoV-2 spike receptor-binding domain 

recombinant protein (F-RBD) as bioprobes which can be quenched in the absence of the analyte. The 

serological test is fast-response (around 42 min) and cost-effective (0.47 USD per test at laboratory 

scale). Besides, the serological test demonstrates to be a potential tool in a clinical scenario, because 

it is able to discriminate between samples containing anti-RBD and samples pre-COVID-19. 

We used our innovative immunosensing technology that only requires a single antibody for both 

capturing and detecting the analyte to engineer a low-cost disposable device that has the potential for 

point-of-care (POC) application. Our disposable device was optimized for sensitive and rapid 

detection of Sialidase as BV biomarker within just 20 minutes and had a laboratory-scale estimated 

cost of $1.85 USD. As future work, we aim to develop a paper-based fluorescence reader to enable 

POC use of the device.[79] Comparing with conventional Amsel and Nugent criteria for BV diagnosis, 

the device demonstrate to be effective analyzing clinical samples and differentiating between normal 

microbiota and BV cases. This disposable device can be useful for timely detection and monitoring 

of BV therapy, as well as identifying asymptomatic cases to prevent its consequences. Additionally, 

this transformative device can be used for detecting other analytes by simply modifying the 

biorecognition element linked to a fluorophore. 
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FINAL REMARKS AND PERSPECTIVE 
 

Biosensors are relevant tools for various applications. In this work, we focus on the detection of 

analytes related to infectious diseases. Therefore, the biosensing platforms and the biosensor device 

detailed in this study are relevant in the prevention of infection transmission, as well as the timely 

diagnosis of these diseases. In most cases, timely diagnosis of infections can prevent serious 

consequences and the spread of the infection, besides aid in the timely selection of treatment. 

During the pandemic, the importance of diagnostic testing to avoid the spread of infectious diseases 

has become evident to the general community. All the tools we have relied on as a society during this 

context have been scientific developments, from the decoding of the SARS-CoV-2 genome, PCR 

diagnostic tests, to vaccines with different mechanisms of operation, among others. The presented 

work promotes the development of useful biosensors for the real world, and although they are efficient 

tools, these tools can be improved, and must be adapted to future world, for example to integrated it 

to artificial intelligent and modern electronic devices. Therefore, in addition to the obtained results, 

this work contributes to the future development of new tools and the consolidation of the existing 

ones, because we demonstrate that the operating principle is efficient in real applications, and this can 

be use as basis for de development of more devices and solutions. 

The operation of the reported biosensors is based on the use of optically active nanomaterials, which 

means we take advantage of the radiation-matter interaction as a transduction method for the detection 

of chemical-biological analytes. For the characterization and reading of the developed biosensors, we 

used a spectrometer, an instrument that allows us to measure different properties of light, in this case, 

fluorescence and absorption. 

The developed technology is based on the use of graphene oxide, a nanomaterial with specific optical 

properties. By implementing these optically active nanomaterials in biosensor development, we can 

improve the sensitivity and effectiveness of detection, for example, using graphene oxide we enhance 

the quenching of fluorescence. 

The 96-well biosensing platform coated with graphene oxide is highly adaptable, as changing the 

biorecognition element allows the detection of different analytes for a wide range of applications. 

Besides, we demonstrate that the technology can be applied to a paper-based device. 

In the case of the presented biosensor device, in addition to retaining the characteristics of the 96-

well biosensing platform, we are talking about an advancement not only in science but also in 

technology. Successfully transferring the technology to a ready-to-use paper-based device represents 

a further step in the journey from the laboratory to the industry. We could even consider it as the 

development of a potentially commercial product. 

In summary, the advancement of this biosensing principle utilizing optically active nanomaterials, as 

well as its potential as a platform and disposable device, has a noteworthy influence on various areas, 

including the food industry for prevention of gastrointestinal diseases, determination of COVID-19 

seroconversion for clinical and health services, and the clinical diagnosis of Bacterial Vaginosis, 

thereby mitigating the risks associated with misdiagnosis. Moreover, the adaptable operating 

principle holds promise for other pertinent applications. 
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Figure A1. Performance of the assay with diluted sera throughout time (3 to 48 min). Dilution factor: 

1/8875. 4 pre-COVID-19 samples (n) and 2 samples from COVID-19 subjects (p) were assayed. A. 

Analysis from 3 to 12 min, respectively. B. Analysis from 15 to 24 min, respectively. C. Analysis from 

27 to 36 min, respectively. D. Analysis from 39 to 48 min, respectively. The box plots display the 

median and the extreme values of the respective distribution. P values were obtained by means of an 

unpaired T-student test.  The employed confidence interval was 95 %. Adapted with permission.[28] 

Copyright 2021, ACS. 
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Figure A2. Performance of the assay with diluted sera throughout time (3 to 48 min). Dilution factor: 

1/9000. 4 pre-COVID-19 samples (n) and 2 samples from COVID-19 subjects (p) were assayed. A. 

Analysis from 3 to 12 min, respectively. B. Analysis from 15 to 24 min, respectively. C. Analysis from 

27 to 36 min, respectively. D. Analysis from 39 to 48 min, respectively. The box plots display the 

median and the extreme values of the respective distribution. P values were obtained by means of an 

unpaired T-student test.  The employed confidence interval was 95 %. Adapted with permission.[28] 

Copyright 2021, ACS. 
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Figure A3. Performance of the assay with diluted sera throughout time (3 to 48 min). Dilution factor: 

1/10000. 4 pre-COVID-19 samples (n) and 2 samples from COVID-19 subjects (p) were assayed. A. 

Analysis from 3 to 12 min, respectively. B. Analysis from 15 to 24 min, respectively. C. Analysis from 

27 to 36 min, respectively. D. Analysis from 39 to 48 min, respectively. The box plots display the 

median and the extreme values of the respective distribution. P values were obtained by means of an 

unpaired T-student test.  The employed confidence interval was 95 %. Adapted with permission.[28] 

Copyright 2021, ACS. 
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Figure A4. Performance of the assay with diluted sera throughout time (3 to 48 min). Dilution factor: 

1/11000. 4 pre-COVID-19 samples (n) and 2 samples from COVID-19 subjects (p) were assayed. A. 

Analysis from 3 to 12 min, respectively. B. Analysis from 15 to 24 min, respectively. C. Analysis from 

27 to 36 min, respectively. D. Analysis from 39 to 48 min, respectively. The box plots display the 

median and the extreme values of the respective distribution. P values were obtained by means of an 

unpaired T-student test.  The employed confidence interval was 95 %. Adapted with permission.[28] 

Copyright 2021, ACS. 
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Figure A5. Performance of the assay with diluted sera throughout time (3 to 48 min). Dilution factor: 

1/11250. 4 pre-COVID-19 samples (n) and 2 samples from COVID-19 subjects (p) were assayed. A. 

Analysis from 3 to 12 min, respectively. B. Analysis from 15 to 24 min, respectively. C. Analysis from 

27 to 36 min, respectively. D. Analysis from 39 to 48 min, respectively. The box plots display the 

median and the extreme values of the respective distribution. P values were obtained by means of an 

unpaired T-student test.  The employed confidence interval was 95 %. Adapted with permission.[28] 

Copyright 2021, ACS. 
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Figure A6. Performance of the assay with diluted sera throughout time (3 to 48 min). Dilution factor: 

1/11500. 4 pre-COVID-19 samples (n) and 2 samples from COVID-19 subjects (p) were assayed. A. 

Analysis from 3 to 12 min, respectively. B. Analysis from 15 to 24 min, respectively. C. Analysis from 

27 to 36 min, respectively. D. Analysis from 39 to 48 min, respectively. The box plots display the 

median and the extreme values of the respective distribution. P values were obtained by means of an 

unpaired T-student test.  The employed confidence interval was 95 %. Adapted with permission.[28] 

Copyright 2021, ACS. 
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Figure A7. Performance of the assay with diluted sera throughout time (3 to 48 min). Dilution factor: 

1/12500. 4 pre-COVID-19 samples (n) and 2 samples from COVID-19 subjects (p) were assayed. A. 

Analysis from 3 to 12 min, respectively. B. Analysis from 15 to 24 min, respectively. C. Analysis from 

27 to 36 min, respectively. D. Analysis from 39 to 48 min, respectively. The box plots display the 

median and the extreme values of the respective distribution. P values were obtained by means of an 

unpaired T-student test.  The employed confidence interval was 95 %. Adapted with permission.[28] 

Copyright 2021, ACS. 
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Figure A8. Performance of the assay with diluted sera throughout time (3 to 48 min). Dilution factor: 

1/11875. 14 pre-COVID-19 samples (n) and 2 samples from COVID-19 subjects (p) were assayed. 

A. Analysis from 3 to 12 min, respectively. B. Analysis from 15 to 24 min, respectively. C. Analysis 

from 27 to 36 min, respectively. D. Analysis from 39 to 48 min, respectively. The box plots display 

the median and the extreme values of the respective distribution. P values were obtained by means of 

an unpaired T-student test.  The employed confidence interval was 95 %. Adapted with permission.[28] 

Copyright 2021, ACS. 
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Figure A9. Performance of the assay with diluted sera throughout time (3 to 48 min). Dilution factor: 

1/12000. 14 pre-COVID-19 samples (n) and 2 samples from COVID-19 subjects (p) were assayed. 

A. Analysis from 3 to 12 min, respectively. B. Analysis from 15 to 24 min, respectively. C. Analysis 

from 27 to 36 min, respectively. D. Analysis from 39 to 48 min, respectively. The box plots display 

the median and the extreme values of the respective distribution. P values were obtained by means of 

an unpaired T-student test.  The employed confidence interval was 95 %. Adapted with permission.[28] 

Copyright 2021, ACS. 

 



72 
 

 

Figure A10. Performance of the assay with diluted sera throughout time (3 to 48 min). Dilution 

factor: 1/12125. 14 pre-COVID-19 samples (n) and 2 samples from COVID-19 subjects (p) were 

assayed. A. Analysis from 3 to 12 min, respectively. B. Analysis from 15 to 24 min, respectively. C. 

Analysis from 27 to 36 min, respectively. D. Analysis from 39 to 48 min, respectively. The box plots 

display the median and the extreme values of the respective distribution. P values were obtained by 

means of an unpaired T-student test.  The employed confidence interval was 95 %. Adapted with 

permission.[28] Copyright 2021, ACS. 

 



73 
 

 

Figure A11. Performance of the assay with diluted sera throughout time (3 to 48 min). Dilution 

factor: 1/12200. 14 pre-COVID-19 samples (n) and 2 samples from COVID-19 subjects (p) were 

assayed. A. Analysis from 3 to 12 min, respectively. B. Analysis from 15 to 24 min, respectively. C. 

Analysis from 27 to 36 min, respectively. D. Analysis from 39 to 48 min, respectively. The box plots 

display the median and the extreme values of the respective distribution. P values were obtained by 

means of an unpaired T-student test.  The employed confidence interval was 95 %. Adapted with 

permission.[28] Copyright 2021, ACS. 
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Figure A12. Performance of the assay with diluted sera throughout time (3 to 48 min). Dilution 

factor: 1/12250. 14 pre-COVID-19 samples (n) and 2 samples from COVID-19 subjects (p) were 

assayed. A. Analysis from 3 to 12 min, respectively. B. Analysis from 15 to 24 min, respectively. C. 

Analysis from 27 to 36 min, respectively. D. Analysis from 39 to 48 min, respectively. The box plots 

display the median and the extreme values of the respective distribution. P values were obtained by 

means of an unpaired T-student test.  The employed confidence interval was 95 %. Adapted with 

permission.[28] Copyright 2021, ACS. 
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Figure A13. Performance of the assay with diluted sera throughout time (3 to 48 min). Dilution 

factor: 1/12125. 28 pre-COVID-19 samples (n) and 6 samples from COVID-19 subjects (p) were 

assayed. A. Analysis from 3 to 12 min, respectively. B. Analysis from 15 to 24 min, respectively. C. 

Analysis from 27 to 36 min, respectively. D. Analysis from 39 to 48 min, respectively. The box plots 

display the median and the extreme values of the respective distribution. P values were obtained by 

means of an unpaired T-student test.  The employed confidence interval was 95 %. Adapted with 

permission.[28] Copyright 2021, ACS. 
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Figure A14. Performance of the assay with diluted sera throughout time (3 to 48 min). Dilution 

factor: 1/12200. 28 pre-COVID-19 samples (n) and 6 samples from COVID-19 subjects (p) were 

assayed. A. Analysis from 3 to 12 min, respectively. B. Analysis from 15 to 24 min, respectively. C. 

Analysis from 27 to 36 min, respectively. D. Analysis from 39 to 48 min, respectively. The box plots 

display the median and the extreme values of the respective distribution. P values were obtained by 

means of an unpaired T-student test.  The employed confidence interval was 95 %. Adapted with 

permission.[28] Copyright 2021, ACS. 
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Table A-1. Performance of the assay with diluted sera throughout time (3 to 48 min). Dilution factor: 

1/12125. 28 pre-COVID-19 samples (n) and 6 samples from COVID-19 subjects (p) were assayed. 

Adapted with permission.[28] Copyright 2021, ACS. 

1/12125 

Time Mean P Mean of group n – Mean of group p 

3n 0.961 
0.0087 0.0203 ± 0.00727 

3p 0.981 

6n 0.941 
0.0024 0.026 ± 0.00788 

6p 0.967 

9n 0.914 
0.0045 0.0316 ± 0.0103 

9p 0.946 

12n 0.893 
0.0022 0.0368 ± 0.0111 

12p 0.93 

15n 0.87 
0.0002 0.0414 ± 0.00983 

15p 0.912 

18n 0.86 
0.0112 0.031 ± 0.0115 

18p 0.891 

21n 0.839 
0.0047 0.0394 ± 0.013 

21p 0.879 

24n 0.821 
0.0016 0.044 ± 0.0128 

24p 0.865 

27n 0.811 
0.0031 0.0472 ± 0.0147 

27p 0.858 

30n 0.792 
0.0013 0.0507 ± 0.0144 

30p 0.843 

33n 0.781 
0.0017 0.0502 ± 0.0147 

33p 0.832 

36n 0.771 
0.0039 0.0464 ± 0.0149 

36p 0.817 

39n 0.756 
0.002 0.0519 ± 0.0154 

39p 0.808 

42n 0.746 
0.0029 0.0546 ± 0.0169 

42p 0.8 

45n 0.731 
0.001 0.0553 ± 0.0152 

45p 0.786 

48n 0.722 
0.0029 0.0562 ± 0.0174 

48p 0.779 
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Table A-2. Performance of the assay with diluted sera throughout time (3 to 48 min). Dilution factor: 

1/12200. 28 pre-COVID-19 samples (n) and 6 samples from COVID-19 subjects (p) were assayed. 

Adapted with permission.[28] Copyright 2021, ACS. 

1/12200 

Time Mean P Mean of group n – Mean of group p 

3n 0.965 
0.7646 -0.00235 ± 0.00779 

3p 0.963 

6n 0.94 
0.448 0.00634 ± 0.00826 

6p 0.947 

9n 0.918 
0.1345 0.0117 ± 0.00763 

9p 0.93 

12n 0.895 
<0.0001 0.0348 ± 0.00781 

12p 0.93 

15n 0.874 
<0.0001 0.0459 ± 0.00712 

15p 0.92 

18n 0.854 
<0.0001 0.0461 ± 0.00774 

18p 0.9 

21n 0.838 
<0.0001 0.0492 ± 0.00803 

21p 0.887 

24n 0.821 
<0.0001 0.0579 ± 0.00946 

24p 0.879 

27n 0.806 
<0.0001 0.0477 ± 0.00889 

27p 0.854 

30n 0.787 
<0.0001 0.0498 ± 0.0096 

30p 0.837 

33n 0.767 
<0.0001 0.0659 ± 0.0112 

33p 0.833 

36n 0.762 
<0.0001 0.0605 ± 0.0111 

36p 0.822 

39n 0.751 
<0.0001 0.0594 ± 0.011 

39p 0.81 

42n 0.728 
<0.0001 0.0666 ± 0.0111 

42p 0.795 

45n 0.724 
<0.0001 0.0643 ± 0.0109 

45p 0.788 

48n 0.712 
<0.0001 0.0615 ± 0.0116 

48p 0.773 
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Figure B1. Evaluation of different dilution factors of the clinical samples. NM, normal microbiota 

sample. BV, bacterial vaginosis sample. 

 

Figure B2. FAS and GO optimization. 0, 1, 2 and 3 layers of 5µL of GO concentrated at 500 µg mL-

1 were used for each FAS concentration explored. A. Evaluation of the fluorescence quenching in 

terms of the Q ratio (see Eq. 1) in those devices tested with [FAS] = 40 µg mL-1. B. Q ratio in those 

devices tested with [FAS] = 60µg mL-1. C. Q ratio in the devices tested with [FAS] = 80µg mL-1. D. 

Q ratio in those devices tested with [FAS] = 100µg mL-1.  
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Figure B3. Quantitative performance of the proposed disposable device.  FAS was employed at 80 

µg mL-1 and 3 layers of GO concentrated at 500 µg mL-1 were deposited in the corresponding device. 

Dynamic range from 0.3 to 4.8 ng mL-1. 

Table B-1. The resulting P values (corresponding to a t-test) to determine the optimal dilution 

factor of the vaginal swab samples. 

Dilution p 

1:4 0.0311 

1:8 0.4196 

1:16 0.4370 

1:20 0.7697 

1:32 0.0141 

1:40 0.0724 

1:48 0.0246 
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Table B-2. CVs of the disposable biosensor testing standard samples. 

[Sialidase], 

(ng mL-1) 

CV 

0 4.91% 

0.3 11.05% 

0.6 14.69% 

1.2 7.31% 

2.4 7.69% 

4.8 7.12% 

 

Table B-3. CVs of the disposable biosensor testing clinical samples. 

Sample CV 

NM 1 11.33% 

NM 2 8.13% 

NM 3 13.59% 

NM 4  3.14% 

NM 5 4.82% 

NM 6 6.02% 

NM 7 14.75% 

NM 8 4.59% 

NM 9 9.78% 

BV 1 10.90% 

BV 2  11.31% 

BV 3 3.48% 
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BV 4 9.99% 

BV 5 7.49% 
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Appendix III 
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