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Preface

Abstract

Immunoassays are nowadays a crucial tool for diagnostics, drug development, and
environmental monitoring. However, most immunoassay methods involve cumbersome
procedures such as washing, blocking, or separation steps, and in general, require many
bioreagents for their operation. In this thesis, �a single-step immunosensing platform
based on the �uorescence quenching capability of graphene oxide (GO) and the versatile
format o�ered by the famous 96 microwell plates was developed�. This approach was
used for the detection of clinically relevant proteins such as Human immunoglobulin G
(H-IgG), Prostate Speci�c Antigen (PSA), and Heat Shock Protein 72 (Hsp72). Our
immunosensing method exploits a single antibody conjugated with a �uorophore (F-Ab).
The �uorescence intensity of F-Ab (a donor) can be strongly quenched when F-Ab is
incubated within GO-covered microwell surfaces (an acceptor) via non-radiative energy
transfer. However, when the analyte is added, the formation of immunocomplexes involves
non-covalent intermolecular interactions such as hydrogen bonding, electrostatic interac-
tions, hydrophobic, and Van der Waals forces. We hypothesize that such intermolecular
interactions hinder the a�nity between immunocomplexes and GO-covered microwell
surfaces, and as a consequence, in the proposed biosensing platform, the aforementioned
non-radiative energy transfer is not observable upon immunocomplexes formation. More-
over, we proved that the studied immunosensing platform can be successfully employed
to monitor the association process occurring between proteins, and therefore, determine
binding kinetic constants whose values obtained match with those values reported in
the literature and by the respective suppliers. All in all, we developed a single-step im-
munosensing platform where the biodetection can be monitored in real-time, avoiding
cumbersome procedures like washing, separation, or blocking steps, and it is a relatively
cost-e�ective system as the assay is around 0.47 USD per test at the laboratory scale.
Furthermore, our outstanding immunosensing platform is a potential method for the
clinical diagnosis of prostate cancer and acute kidney injury, as demonstrated here via
the analysis of real samples. In addition, as the association process is monitored, this
technology can be used for the determination of the antibody a�nity, or in biochem-
istry studies where the understanding of structure/function relationships are in function
of protein-protein interactions, or even in the validation of potential biomarkers where
binding kinetic parameters are relevant.

Objectives

General Objective

PhD Thesis Centro de Investigaciones en Óptica | 1



2 LIST OF TABLES

To develop and validate an immunosensing platform based on the quenching of �uo-
rescence caused by Graphene oxide, and detect clinically relevant proteins (e.g. Human
immunoglobulin G, Prostate Speci�c Antigen, Heat shock protein 72, and antibodies
against SARS-CoV-2).

Speci�c Objectives

� To review the literature about optical-based immunosensor approaches that employ
graphene oxide to understand the advantages that provide this material in the
detection of diverse clinically relevant proteins.

� To apply the immunosensing platform for the detection of proteins in real samples.

� To carry out the respective validation parameters of analytical methods such as
limits of detection and quanti�cation, precision, and the analytical range of detec-
tion.

� To utilize di�erent �uorophores like QDs and Fluorescein isothiocyanate (FITC) to
validate that the immunosensing platform can operate with diverse �uorophores.

� To demonstrate that the immunosensing method can be used for the determination
of binding kinetic constants.

Academic and scienti�c achievements derived from this

PhD thesis

Publications

1. Ortiz-Riaño, E.J., Mancera-Zapata, D.L., Ulloa-Ramírez, M., Arce-Vega, F., Morales-
Narváez, E., 2022. Measurement of Protein Kinetics Using a Liquid Phase-Based
Biosensing Platform. Anal. Chem. (Front Cover Article)

2. Ortiz-Riaño, E.J., Avila-Huerta, M.D., Mancera-Zapata, D.L., Morales-Narváez,
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Chapter 1

Theoretical Framework

The sensor �eld emerged due to the need for early medical diagnosis and the detection
of some bacteria that a�ect the environment.1 Over the last 20 years, the interest in
the development of new biosensors that permit the early detection of several diseases to
treat them on time has increased. Optical biosensors used optical techniques to identify
chemical or biological species.2 These biosensors o�er great advantages such as high sen-
sitivity and speci�city, and also the possibility of remote sensing. For these reasons, it is
important to describe what are biosensors.

1.1 Optical Biosensors

1.1.1 What is a biosensor?

A de�nition of a sensor might be �anything that responds to an external input�.3 Another
de�nition a little bit precise is �a device that receives a stimulus and responds with an

electrical signal�.4 Thereby, the de�nition of sensor seems to be subject to the perspectives
of the applications. Therefore, in areas such as biomedical engineering or medical physics
these de�nitions are not convenient due to a device that only reveals the presence or
absence of a physical parameter would be more a detector than a sensor. So, a more
suitable de�nition for application in these areas might be �a device that responds to a
physical input of interest with a recordable, functionally related output that usually is
electrical or optical�.3 In the biomedical �eld �physical input� also encloses the biological,
chemical, and biochemical species.

Often, sensor and transductor are both used in the context of measurement systems
which generate a certain degree of confusion. A good de�nition of a transductor is �a de-

vice that converts any type of energy into another, being the latter, in general, electrical�.3

Then, a sensor satis�ed this de�nition and might be described as a transductor. Some-
what, the di�erence between a sensor and a transductor is that the sensor collects infor-
mation from the real world and converts that information into an electrical signal whereas
the transductor just transforms energy from one form to another.5

So, it can be said that a biosensor is an analytical device that can detect chemical,
biological, or biochemical species and even microorganisms.1 In general, biosensors used
a biological biorecognition element that detects the presence of an analyte and makes a
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6 1 Theoretical Framework

physical or chemical response, which is transformed into an optical or electrical signal.
Biosensors have a vast range of applications such as clinical diagnostics, pharmaceutical
development, environmental monitoring, and food quality monitoring among others.

1.1.2 Basic elements of a biosensor

Now the main objective is to describe the basic elements involved in biosensing, in gen-
eral. Figure 1-1 depicts these basic elements that constitute a biosensor. First, the
sampling unit is where the analyte, to be detected, is placed. Then, the biorecognition
unit is where the biological biorecognition element is located and it binds with a speci�c
analyte providing high speci�city. The biorecognition element can be an antibody, an
enzyme, a biomimetic material, or even cells. The stimulation unit is also important
because it extracts a response from the biodetection which might be, in general, optical
or electrical.1 In the transduction process, the chemical or physical response, obtained
from the biological biorecognition, is transformed into these optical or electrical signals
that are read by the detection unit.

Talking about optical biosensors, it is evident that the stimulation is in the form of an
optical input. Therefore, in the transduction process, there is a change in the amplitude
(intensity), polarization, phase, or frequency of the input light.4 Frequently, the sensitiv-
ity and selectivity of a biosensor could be improved by immobilizing the biorecognition
element onto an optical element such as a �uorophore, optical �ber, etcetera.1 Indeed,
many of the biorecognition elements used in biosensing (commercially) are found already
conjugated with diverse �uorophores to improve the parameters previously mentioned.

Figure 1-1. Units of a biosensor. a) sampling, b) stimulation, c) biorecognition, d) transduction, e)
detection.
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1.1.3 Biorecognition

Previously, it was mentioned some of the elements that could work as biological biorecog-
nition elements: antibodies, enzymes, biomimetic materials, or cells. The most important
characteristic of these elements is their great selectivity to recognize a speci�c analyte.
Indeed, the speci�city of the biorecognition element is pivotal for the biosensing �eld.
The molecular bioreceptors most used for biorecognition in biosensing are described here.
Currently, there are a lot of molecular bioreceptors used in biosensing such as peptides
or polymers.

Enzymes: are organic molecules that are considered biological catalysts. The cata-
lysts are molecules that accelerate chemical reactions.6 The speci�city of an enzyme with
its respective reactant (substrate) is unique. That is, an enzyme acts over a speci�c sub-
strate, which, is chemically modi�ed to be transformed into one or more products.1 This
unique speci�city of enzymes is what makes them excellent candidates to be biorecognition
elements. The speci�c bind sites where substrates adhere to enzymes are known as active
sites.6 Moreover, the interaction between analytes/substrates with enzymes can provide
optical transduction by producing a product that absorbs at a di�erent wavelength.1

Antibodies: there are proteins that, given their highly speci�c aminoacid sequence,
adhere to determined analytes or antigens. The association of antibody-analyte pair also
can be described as a lock (antibody) that can only open with a speci�c key (analyte)
combination, as depicted in �gure 1-2. The speci�city of antibodies makes them excellent
candidates to be used as biorecognition elements. Also, an optical transducer (such as a
�uorophore) can be used to tag antibodies.

Lectins: they also are proteins that bind to oligosaccharides and some glycoproteins
such as immunoglobulins.1 For that reason, the lectins are used as a biorecognition el-
ement for this class of molecules. These proteins are employed in biosensors for the
detection of glucose.

DNA: it is known that DNA (Deoxyribonucleic Acid) is a macromolecule with an
essential biological importance because it constitutes the fundamental deposit of genetic
information.6 DNA is composed of double-polynucleotide helicoidal chains which bind
via four nucleobases (Guanine, Cytosine, Adenine, and Thymine). The complementarity
principle of DNA makes it an exceptional biorecognition element to detect pair bases of
DNA or RNA.

Figure 1-2. Lock-Key representation for the antibody-analyte association.

PhD Thesis Centro de Investigaciones en Óptica | 7



8 1 Theoretical Framework

1.1.4 Optical transduction

The transduction process in a biosensor consists of transforming the biological activity
that has been measured by the biorecognition element into a quanti�able signal such as
a current, a voltage, or an optical signal.4 Particularly for optical biosensors, there are
a long variety of optical manifestations (transductions) that are summarized in Table
1-1. As previously mentioned, the transduction process consists of the variation of some
parameters of the incident light like the phase, the intensity, or the frequency. Phase
variations could be due to changes in the real part of the refractive index that could
express as a change in the polarization of light, in the optical �eld distribution (due to a
particular interference), or an alteration in the features of propagation for instance in an
optical �ber.1

On the other hand, intensity changes are related to some loss mechanisms such as
re�ection, absorption, or transmission. The changes in frequency could be due to phe-
nomena like stokes shift, Raman scattering, or non-linear optical interactions for example
second-harmonic generation.4

Table 1-1. Overall forms of optical transduction.

Formsof Optical Transduction
Phase Changes IntensityChanges Frequency Changes

Are produced by
variations in the
refraction index.

Absorption Propagation

They are principally
due to Stokes shifts
thanks to di�erent

phenomena:

Theyare due to any loss mechanism by
transmission.

Fluorescence,Raman
scattering, or

nonlinear optics.

1.1.5 Detection methods used in biosensing

There are many sensing methods employed in the detection of analytes in a biosen-
sor. Therefore, it cannot be said that existed a preferential method in the biosensing
area.7 Some of the most used approaches in the biosensing area are surface plasmon res-
onance (SPR), enzyme-linked immunosorbent assay (ELISA), high-performance a�nity
chromatography, and radioligand binding assay, among others.1 Although many biosens-
ing methods are available, all can be classi�ed into two groups: label-free methods and
label-based methods.1

Label-based detection: A label is understood as a foreign molecule that is chemically
bound to a biorecognition element, and that can transmit information from molecular
events.7 The labels either �uorescent, chemiluminescent, or nanoparticles frequently in-
volved covalent or non-covalent interactions between certain chemical groups (such as
hydrogen bonds, electrostatic interactions, π-e�ects, or Van der Waals forces). Particu-
larly, detection methods based on �uorescent labels are the most used due to they are easy
to use, they are stable, and also because they o�er good sensitivity and resolution.8 Cur-
rently, there are a lot of �uorescent labels available such as quantum dots, small organic
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molecules, several �uorophores, and even �uorescent proteins.1 All of these �uorescent
molecules are biofunctionalized for di�erent applications which made them excellent can-
didates in the biosensing area.

Label-free detection: is based on molecular biophysical properties such as refraction in-
dex, molecular weight, or frequency to monitor interaction related to the biorecognition.8

The great advantage of these methods is that the detection can be made in real-time. So,
many techniques can be used and the choice depends on the application.

1.2 Physical phenomena involved in optical biosensors

1.2.1 Fluorescence

Over the last 30 years, the use of �uorescence in biological science has increased considerably.9

Indeed, not only in biology but also in areas like biochemistry or biophysics �uorescence
has been used as a fundamental tool of investigation. Currently, there are a lot of lumi-
nescence techniques for the development of research in diverse areas of science. For this
reason, it is important to talk about luminescence, particularly �uorescence.

Luminescence is the light emission of any substance from its electronically excited
states.9 Formally, luminescence is divided into two categories: �uorescence and phos-
phorescence which depend on the nature of the excited state. A general de�nition of
�uorescence would be the emission of light, from an atom or molecule, as a consequence
of the absorption of electromagnetic radiation. This de�nition also would be correct for
phosphorescence, so a better de�nition is necessary. Another de�nition for �uorescence is
the transition of photoexcited specimens from the �rst excited singlet state to the ground
state.10 In the excited singlet states, the electron is paired (by an opposite spin) to a sec-
ond electron in the ground state and therefore return to the ground state is spin allowed
and occurs rapidly followed by the emission of a photon of less energy than the absorbed
one. In contrast, phosphorescence is the emission of light from triplet excited states in
which electron spin has the same orientation that the electron in the ground state.11

Fluorescence lifetimes are typically in nanoseconds due to transitions to the ground state
are spin allowed whereas phosphorescence lifetimes are in milliseconds to seconds.

The process that happened between the absorption and emission of light typically is
represented in Jablonski diagrams. Figure 1-3, depicts one of these diagrams where are
represented the mechanisms of �uorescence and phosphorescence. At room temperature,
the thermal energy is not enough to populate excited vibrational states. For this rea-
son, the emission and absorption of light, frequently, occur from molecules with lower
vibrational energy.9,11 When a photon is absorbed, a �uorophore is excited until a high
vibrational level either from S1 or S2 where (with a few rare exceptions) the �uorophore
rapidly relaxes to the lower vibrational level of S1. This process is known as internal
conversion, see �gure 1-3. Some molecules in the state S1 can go to spin conversion to
the triplet state T1 in a process known as intersystem crossing, the mechanism of the
phosphorescence.10,11
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1.2.2 Quenching of �uorescence

The quenching of �uorescence is any chemical and/or physical process in which the inten-
sity of a given signal decreases.10,11 Diverse are the mechanisms that could produce the
quenching for instance energy transfer, molecular rearrangements, or collisional quench-
ing among others. Particularly, the concern in this part is to describe the quenching
produced by collisional encounters between an excited-state �uorophore and some other
molecule, which is called the quencher. This is known as collisional or dynamic quenching.

A fundamental requirement of collisional quenching is that must have physical contact
between the quencher and the �uorophore.9 Then, when such contact occurs, the excited-
state �uorophore returns to the ground state without the emission of a photon and, in
general, without any permanent change in the molecule. This is a time-dependent process,
meaning that to the contact between the quencher and the �uorophore occurs, some time
must pass. Exist another type of quenching known as static quenching. This process
occurs when �uorophores form non-�uorescent complexes with quenchers.9,11 So, in both
collisional and static mechanisms, physical contact must exist between the quencher and
the excited-state �uorophore for the quenching of �uorescence intensity occurs.

Figure 1-3. Jablonski Diagram.

1.2.3 Fluorescence Resonance Energy Transfer: FRET

Another process that takes place during the excited state of a �uorophore is the Fluo-
rescence Resonance Energy Transfer FRET. This phenomenon occurs when the emission
spectrum of a �uorophore known as the donor overlaps with the absorption spectrum
of another molecule known as the acceptor.9 Thus, the donor, electronically excited,
can transfer its absorption energy to the acceptor in a non-radiative way by long-range
dipole-dipole interactions. So, the theory to describe the FRET phenomenon consists
of shaping a �uorophore as an oscitant dipole that can exchange energy with another
dipole of similar frequencies.9,10 The classic mechanics is enough to explain correctly this
phenomenon.

The transfer of non-radiative energy occurs at distances bigger than solvent e�ects of
short-range.12 As mentioned previously, dynamic or static quenching demand molecular
contact whereas FRET does not require such molecular contact. Moreover, the acceptor
does not necessarily need to be �uorescent. The acceptor might be �uorescent but di�er-
ent from the donor; it not might be �uorescent and di�erent from the donor; it may be
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�uorescent and the same that the donor. The energy transfer rate depends on di�erent
parameters such as the scope of spectral overlap between the emission spectrum of the
donor and the absorption spectrum of the acceptor, the quantum yield of the donor, the
relative orientation of the dipoles of both the donor and the acceptor and the distance
between them.9,10,12 FRET phenomenon manifests with a decrease in the �uorescence in-
tensity (emitted by the �uorophore) and a reduction of the excited-state lifetime.12 Last,
the distance in which 50 % of the excitation energy is transferred to the acceptor is known
as the Förster distance R0 and, typically, is between a range of 20 to 60 Å.9,10

1.2.4 Comparison between FRET and static and dynamic quench-
ing

As described previously, the quenching of �uorescence can occur via the FRET phe-
nomenon, dynamic or static processes, but how these processes can be distinguished?
Somehow has already been shown a bit the di�erence when it was argued that the
quenching, both the dynamic and the static, molecular contact is needed, unlike the
FRET phenomenon that does not require such molecular contact. As a consequence, the
range of quenching (dynamic and static) is sensitive to molecular factors that a�ect the
contact probability for instance the interaction between charges.9 In contrast, as FRET
does not require molecular contact, this phenomenon is due to interactions through space
and it is not a�ected by molecular factors.

In other words, the principal di�erence is that the quenching (dynamic and static)
is due to short-range interactions between the �uorophore and the quencher whereas
FRET is caused by long-range polar interactions within the donor and the acceptor.9,10

When the quencher makes contact with the excited �uorophore, its exciting electron or
electrons return to the ground state and the energy is dissipated as heat. How in dynamic
and static quenching there is molecular contact, the electron clouds of both molecules
interact with each other. These interactions between electron clouds are usually known as
electron exchange or exchange interactions due to electrons can move within molecules at
these short distances.10 In contrast, considering a Förster distance of 30 Å, this distance
would be so huge for a direct interaction between electron clouds. So, FRET is e�ective
for relatively long distances whereas dynamic and static quenching are e�cient in short
distances, which means when electron clouds are inside of 2 Å.9,10,12

1.3 Graphene and its derivate: Graphene Oxide

Graphene is a bidimensional layer of carbon atoms binding by sp2 hybridization arranged
in a hexagonal network.13,14 Graphite consisted of in�nite sheets of Graphene stacked
one on top of another, so, it is said that graphene is the fundamental unit of Graphite,
as depicted in �gure 1-4. Since its discovery, it has attracted the attention of several
�elds such as physics, chemistry, and materials science due to its astounding properties.
Indeed, graphene not only has been a central topic in fundamental science but also
has been a target for cutting-edge applications. The Nobel Prize in physics 2010 was
awarded to Andre Geim and Konstantin Novaselov for their theoretical contributions to
the understanding of this great material. The electrochemical and electronic properties

PhD Thesis Centro de Investigaciones en Óptica | 11
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of Graphene, and its derivatives, strongly depend on its structure.13 Due to every sheet
of this material is �nite, its composition is based on a basal sheet and edges. Indeed,
there are two types of edges: zigzag and armchair, which are shown in Figure 1-4. These
classes of structures have a profound in�uence on the electrochemical and electronic
properties of Graphene and its derivatives.13,14 Single-sheet Graphene is considered a
gapless semiconductor (solids in which the conduction and valence bands meet at the
Fermi level).13

Graphene can be oxidated by strong oxidants such as potassium permanganate (KMnO4)
or sulfuric acid (H2SO4) thus obtaining graphene oxide (GO).14 So, the oxidation pro-
duces a graphene layer randomly binding with functional groups containing oxygen atoms.
Carbon atoms are covalently bonded to the oxygen atoms, converting them from the sp2-
hybridized state (in graphene) into the sp3-hybridized state.15 These oxygen-containing
functional groups might be considered defects introduced into the ideal Graphene sheet
converting the electronic structure of gapless semiconductor into an insulator. GO ac-
quires unique properties that graphene does not possess such as hydrophilicity and a
tunable bandgap, the latter responsible for the electronic and optical properties of this
material.15 The atomic ratio C/O changes to some extent, but for samples of GO su�-
ciently oxidated, this proportion is 2:1 approximately.13 Just like Graphene, the lateral
size of GO can vary from hundreds of nanometers to hundreds of micrometers due to
more atoms of both oxygen and carbon accumulated. The truly 2D form of GO can only
exist in suspensions where it is completely exfoliated to single-layer sheets, and also, such
layers are negatively charged thanks to the formation of an electrical double layer in the
GO/water interface.15 On the other hand, GO chemical composition depends on both its
structure and its environment.14 Indeed, its chemical structure is not fully understood
and is still under investigation.

Figure 1-4. A. Graphene and Graphite; B. Type of edges in Graphene.

Due to its plane shape and chemical structure, graphene has some advantages over
other nanomaterials for biosensing applications. For instance, the atomic thickness of
a sheet and its high surface-to-volume ratio makes this material very sensitive to local
environmental changes, being a very important candidate to improve the sensitivity of an-
alytes detection, an aspect so important in the performance of a biosensor.16 Furthermore,
GO and Graphene can be conjugated with biomolecules via hydrophobic interactions and
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π−π stacking showing excellent biocompatibility.17 Experimental and theoretical studies
have shown that both Graphene and GO are highly e�cient quenchers of photolumi-
nescence being exceptional candidates for FRET-based biosensors.17,18 In sum, due to
the excellent properties of graphene and GO including a heterogeneous chemical and
electronic structure, the ability to be suspended in the liquid phase and form colloidal
suspensions in water, and the possibility to be tuned as a conductor, semiconductor, or
insulator; graphene-based biosensors have several advantages over nanomaterials-based
biosensor.16

1.4 Validation parameters of analytical methods

1.4.1 Linear regression: Linear least-squares method

Linear regression is a mathematical model used to approximate the dependence relation-
ship between an independent variable x and a dependent variable y.19 The method most
employed for this end is the Linear Squares Approximation in which it is assumed that
y errors are bigger than x errors. Then, the purpose of this approximation is that the
sum of vertical distances squares between each experimental point and the straight-line
�t be minimal. This vertical distance is known as residual.20 Equations for the slope m

and the y-intercept b that minimize the sum of residuals are the following,
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n
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where n is the total amount of data in the �tting. With these equations, we can obtain
a straight line that better �ts to set of experimental data. For the reliability of results is
necessary to know the uncertainty of both m and b which are in terms of the uncertainty
of y-values.21The uncertainty expressions for equations 1-1 and 1-2 are the following,
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where sm and sb is an estimation of the uncertainty (standard deviation) to the slope
and the intercept, respectively. sy is the y-values uncertainty which is de�ned as:

sy =

√∑
(d2i )

n− 2
(1-5)
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Where di are residual values. The coe�cient of determination is fundamental in linear
regression analysis since indicates the goodness of the �tting.21 Values of this parameter
are between 0 and 1 so values close to 1 indicate that the �tting is good to the set of
experimental data. The coe�cient of determination is given by:

R2 =
(n
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(xiyi)−

∑
xi

∑
yi)

2

(n
∑

(x2
i )− (

∑
xi)2)− (n

∑
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=
s2xy
s2xs

2
y

(1-6)

Where s2x and s2y are the x and y standard deviation, respectively. The covariance of
(x,y) is given by s2xy.Then, we have all the equations needed for the Linear least-squares
method.

1.4.2 Calibration curves

In an analytical method, a calibration curve represents the method's response to known
concentrations of an analyte.20,21 So, the curve is constructed from serial dilutions which
are obtained from a stock solution. The dilution that contains all the reactive involves in
the analytical method, except the analyte, is known as the blank and has an important
role since measures the response of the analytical method either to impurities present in
reactive or its behavior in absence of the analyte. The calibration curves determine the
set of concentrations suitable to the quanti�cation of a particular analyte, that is, allow
establishing the linear range of detection. The linearity of calibration curves is reported in
the Literature as a requirement for the validation calculus of a given analytical method.20

When data does not show a linear relation, a mathematical transformation, in general
logarithmic, is made to obtain a linear relation of data. The linear interval might vary
from one matrix (the constituents, apart from the analyte, of the given sample) to another
due to the di�erent interferences present in every matrix.

1.4.3 Limit of detection, quanti�cation, and analytical range

The parameters that validate the quality of an analytical method are the sensitivity, the
time needed to detect, the ease of analysis, and the cost of the method.22 Also, the limit
of detection LOD and quanti�cation LOQ are of vital importance to analyzing the e�-
ciency of the method.20 LOD and LOQ are terms that denote the minimal concentration
detectable by the analytical method. LOD refers to the minimal analyte concentration de-
tectable without the consideration of another parameter. On the other hand, LOQ refers
to the minimal analyte concentration detectable with acceptable levels of precision and
accuracy under determined assay conditions.20,22 The most used methods to determine
these parameters are via signal-to-noise relation and the blank method. In particular, in
this case, the blank method was used to obtain LOD and LOQ. So, this method requires
a good performance of the blank replicates for reliable results. The expression to estimate
LOD is the following:

LOD = LoB + 3(SDLowanalyteconcentration) (1-7)

Where LoB (LoB = ∆Bl + 1.645(SDBl)) is the limit of the blank and is the behavior
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resulting from blank replicates. ∆Bl is the average of the blank and SDBl its standard
deviation. SDLowanalyteconcentration is the standard deviation of the lowest concentration
of analyte detected. The value obtained by equation 1-7 is interpolated on the lineal
equation obtained from �tting and this LOD is �nally determined. The equation to
determine LOQ is given by:

LOQ = ∆Bl + 10(SDBl) (1-8)

Likewise, the value is interpolated on the linear equation to obtain LOQ. On the other
hand, the analytical range is de�ned as the interval of concentration where the analyte
can be detected while maintaining linearity.20

1.4.4 Precision and sensitivity

The precision is de�ned as the dispersion obtained from repeated measurements of the
same homogeneous sample.23 In general, the precision is expressed via the coe�cient of
variation CV and the less this value is, the more precise will be the measurements. The
equation used to determine CV is,

CV =
SD

∆x
100% (1-9)

where SD is the standard deviation and ∆x is the average. On the other hand, sen-
sitivity is the capacity of an analytical method to distinguish little variations of analyte
concentrations.20 Usually, the sensitivity is related to the slope: the bigger the slope value
is, the more sensitive will have the analytical method.
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Chapter 2

Optical biosensor approaches based on

graphene oxide, state of the art

Graphene oxide has been used in the last years in the development of optical biosensing
approaches due to its outstanding optical and chemical features. In this chapter, a revision
of the literature was made to determine the role of Graphene oxide in the development of
optical biosensing approaches. The advantages and disadvantages of each optical method,
the detection mechanism, and its respective potential applications in medical diagnosis
are described.

2.1 Photoelectrochemical-based biosensors

The photoelectrochemical mechanism (PEC) is based on the conversion of photons into
electricity resulting from the separation of electric charges, and subsequently, charge
transfer just after photon absorption during the irradiation.1 This is a low-cost ana-
lytical method that involves charge transfer processes between a photoactive material,
the analyte (to be detected), and an electrode that is under constant light irradiation.
Light sources in photoelectrochemical methods are used as excitation agents whereas the
electric current is determined as the detection signal output. In this process, three proce-
dures are involved i) light absorption by a light-harvesting semiconductor, ii) generation
of photoexcited charge carriers; electrons e− and holes h+, and iii) separation of photoex-
cited charge carriers to the respective terminals.1 In a conventional photoelectrochemical
biosensor, the presence of the target biomolecule (the analyte) induces an increase of the
photocurrent after the oxidation, so such photocurrent generated is directly proportional
to the amount of analyte.

An important and distinguished aspect of graphene-based photoelectrochemical biosen-
sors is the high sensitivity that provides.2,3 These biosensors have been used for the
detection of di�erent clinically relevant analytes such as tumoral biomarkers3,4, heart
failure related biomarker5, bacterial infections biomarker6, prostate cancer biomarker7

and also for the detection of toxins; for instance, microcystin-LR.2 The majority who
use this biosensing method report limits of detection in the order of pg mL−1, see table
4-1, high sensitivity in the detection of such analytes and excellent speci�city important
characteristics in biosensing applications.
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A photoelectrochemical biosensor was developed for the detection of alpha-fetoprotein
(AFP) which is a protein that normally only is produced in the developing fetus. When
this protein is found in adults, it can serve as a tumoral marker.3 In this approach, a photo-
electrochemical electrode based on reduced graphene oxide was fabricated which provides
a high surface area and a stable pathway for electron transport. The antibody, anti-AFP,
is then immobilized onto the electrode and the AFP analyte was conjugated with the
polymer PFBT (synthesized by authors) and glucose oxidase (AFP-PFBT-GOD). So,
when AFP-PFBT-GOD adheres to the electrode-reduced-GO, PFBT dots can absorb
visible light which results in the migration of photogenerated electrons to the electrode,
and hence an electric signal is registered. The authors reported that the PEC biosensor
based on reduced GO exhibited a linear detection range of 0.05-100 ng mL−1 and a LOD
of 0.05 ng mL−1 re�ecting the extremely high sensitivity of the biosensor.3 Other photo-
electrochemical biosensor was designed for the detection of AFP where the electrode also
was covered with reduced GO and then the AFP analyte and graphite carbon nitrate
were immobilized onto the electrode surface. Bovine serum albumin is added to avoid
non-speci�c interaction and then horseradish peroxidase-labeled antibody was captured
onto the sensing interface. The PEC signal originated from graphite carbon nitrate which
is an excellent photoactive material and the signal was ampli�ed by the electrode-reduced
GO-covered electrode. The biosensor showed a linear detection range of 1-40 pg mL−1

with an ultralow LOD of 1 pg mL−1. So, the second proposal showed a lower LOD for
AFP detection.4

Heart failure is the de�ciency of the heart to maintain the body's blood circulation.5

The amino-terminal pro-B-type natriuretic peptide (NT-pro BNP) is one of the most im-
portant biomarkers for the diagnosis of lower-degree heart failure.5 A sandwich-type PEC
biosensor was constructed for the detection of NT-pro BNP where �ower-like Bi2WO6/Ag2S
nanoparticles were employed as PEC matrix, and GO and polydopamine composite as
signal labels. Here, the GO helps to amplify the photocurrent signal due to its bril-
liant conductivity speeding up the electron transfer. The linear response of the biosensor
ranged from 0.1 pg mL−1 to 100 ng mL−1 with a LOD of 0.03 pg mL−1. Moreover, the
PEC biosensor exhibited high stability and selectivity.

Another sandwich-type PEC biosensor was designed for the detection of the prostate-
speci�c antigen where reduced GO-doped with BiVO4, which are photovoltaic materials
with high electrical conductivity, were integrated into a capacitor circuit for the pho-
tocurrent generation when hydrogen peroxide is presented. The capture antibody is
immobilized onto the surface of a microplate whereas the detection antibody is conjugate
with gold nanoparticles and glucose oxidase. So, the oxidation of glucose produces H2O2

which acts as a co-reaction reagent to trigger the chemiluminescence of peroxyoxalate
whose light induces a transient current that increases with the target Prostate-speci�c
antigen concentration.7 The biosensor detects the analyte in the linear range of 10-80 pg
mL−1 with a LOD of 3 pg mL−1.

PEC biosensors also have been constructed for the detection of di�erent mycotoxins
(fungal pathogens) for instance ochratoxin A. Ag/AgCl nanoparticles conjugated with
reduced GO were employed as photoactive material which showed superior photocurrent
response and stability under visible light irradiation.8 Reduced GO nanosheets serve
as the substrate for in situ growth of Ag/AgCl nanoparticles and improve the charge
separation as well as transportation. The photocurrent increased with the concentration
of ochratoxin A, and the dynamic range of detection was from 0.05 to 300 nM with a
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LOD of 0.01 nM. This PEC biosensor also showed high sensitivity with good intra-assay
precision and excellent reproducibility.

Some of the advantages that PEC biosensors possess are the high sensitivity since the
majority of proposals found in the literature report LOD from ng mL−1 to pg mL−1,
diverse electrode surfaces can be used for their development, excellent selectivity, and
accuracy. Moreover, most papers highlight the reproducibility of the immunoassay which
is fundamental in biosensing applications. However, the principal disadvantages of PEC
biosensors include (i) the requirement of multiple reagents and special equipment for their
operation, (ii) cumbersome procedures with multiple washing and blocking steps, and (iii)
photocorrosion can hinder analyte detection. Table 2-1 resumes some characteristics of
PEC biosensors found in the literature.

2.2 Photoluminescence quenching-based biosensors

These type of biosensors are based on the FRET phenomenon and occurs when the
emission spectrum of a �uorophore, known as the donor, overlaps with the absorption
spectrum of another molecule, known as the acceptor.10 Thus, the donor, electronically
excited, can transfer its absorption energy to the acceptor in a non-radiative way by
long-range dipole-dipole interactions. Thus, when biorecognition occurs (such as the
antibody-analyte association), changes in the photoluminescence intensity are produced
which might act as an indicator that reveals such biorecognition. The FRET phenomenon
is described in detail in section 1.2.3. Photoluminescence quenching-based biosensors are
easy to use, low cost, and o�er excellent selectivity regarding analyte detection in real
samples.11 Some applications performed under this approach include the detection of
biomarkers for bacterial infections,12 food allergens,13 viruses,14and also has been used
for the determination of microRNA15 and immunoglobulins such as IgG.16 Fluorescence
nowadays is one of the methods more used in the biosensing area due to the high sensi-
tivity that o�ers.11

A �uorescence biosensor was constructed for the detection of methicillin-resistant
Staphylococcus aureus (MRSA). This bacterial strain is responsible for diverse diseases
including skin infection, food poisoning, gastroenteritis, and pneumonia.17 Carboxy-
�uorescein-labeled single-stranded DNA was used as a capture and signal probe. Then,
this capture and signal probe was adsorbed onto the GO surface via π- π stacking inter-
actions which resulted in the �uorescence quenching of the probe. So, when the analyte
is introduced, the �uorescence is restored since the probe is completely released from the
GO surface. This biosensing proposal showed a linear range from 1 to 40 nmol L−1 with
a LOD of 0.5 nmol L−1. Moreover, the authors reported that the biosensor exhibits high
sensitivity and selectivity with potential clinical detection of drug-resistant strains.

Food allergies have become a public health concern in food safety due to their signif-
icant e�ect on people's morbidity and the cost of medical treatments.13 A micro�uidic
biosensor based on the quenching and recovery of �uorescence was developed for the
detection of Ara h 1 (is a seed storage protein from Arachis hypogaea) allergen. QDs-
aptamer functionalized GO is used as a biosensing probe, and in absence of the analyte
the �uorescence provided by QDs is quenched, and so, when the analyte is added such
�uorescence is recovered since QDs-aptamer conjugates are desorbed from the GO sur-
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Table 2-1. Summary of the revised graphene-based PEC biosensors.

Graphene
type

Advantages Disadvantages
Analyte
detected

LOD Ref

Reduced
GO

High sensitivity
and reliability.

Multiple washing and
blocking steps.

Several reagents for
its operation.

Procalcitonin
0.15 pg mL-1 6

Reduced
GO

Multiple electrode
surfaces Can be

used.

Excellent accuracy
and selectivity.

Multiple reagents for
its operation.

Multiple cumbersome
procedures.

Ochratoxin A,
a�atoxin B1

and zearalenone.

0.59, 0.17,and
0.6 pg mL-1,
respectively.

9

Reduced
GO

Excellent selectivity,
acceptable reproduc-
ibility, and stability.

Multiple washing and
blocking steps.

Analyte immobilization.

Alpha-fetoprotein. 1 pg mL-1 4

Reduced
GO

High sensitivity,
good reproducibility,
and satisfactory

accuracy.

Multiple washing
and blocking steps.

Multiple reagents
for its operation.

Ochratoxin A.
4 pg mL-1 8

GO

High sensitivity
and selectivity.

Excellent stability
and satisfactory
reproducibility.

Immobilization of
the antibody.

Multiple washing and
blocking steps.

Multiple reagents for
its operation.

Amino-terminal pro-
B-type natriuretic

peptide.
0.03 pg mL-1 5

Reduced
GO

Good reproducibility,
precision, and high

speci�city.

Multiple reagents for
its operation.

Multiple washing and
blocking steps.

Multiple cumbersome
procedures.

Prostate-speci�c
antigen 3 pg mL-1 7

Reduced
GO

High detection sensitivity
and good reliability.

Multiple reagents for
its operation.

Multiple washing and
blocking steps.

Alpha-fetoprotein. 0.05 ng mL-1 3

GO

High selectivity,
reproducibility, and
speci�city in real

samples.

Multiple washing and
blocking steps.

Multiple cumbersome
procedures.

Microcystin-LR 0.011 pM 2
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face. The linear range for Ara h 1 detection goes from 200 to 2000 ng mL−1 with a LOD
of 56 ng mL−1. This biosensor has the potential for on-site determination for rapidly
detecting food allergens with high selectivity and sensitivity.

A �uorescence-based biosensor was fabricated for the detection of ferritin (is the prin-
cipal protein that storages, transports and releases iron in a controlled manner) which
is a biomarker that brings information about anemia and oxidative stress.18 Amine-
functionalized graphene-QDs conjugated with anti-ferritin antibodies were the biosensing
probe in this method. Apart from the excellent photoluminescence quenching capacity
of Graphene-based materials, they also have the ability to adsorb some molecules such
as proteins and nucleic acids via π-stacking interactions or chemical coupling. Thus,
Graphene facilitates the immobilization of antibodies on its surface. The graphene-QDs
�uorescence is quenched by methyl orange, and the �uorescence is recovered when the
analyte is added. The biosensor showed a linear range for ferritin detection from 10 to
4000 ng mL−1 with a LOD of 0.723 ng mL−1 and an R2 of 0.994. The biosensor response
was recorded in both standards as well as human serum samples.

Another interesting �uorescence-based biosensor was constructed for the detection of
microRNA let-7a.15 Carbon dots were conjugated to the end of a single-stranded fuel DNA
and afterward were absorbed onto the surface of GO through π-π stacking interactions,
which results in the quenching of �uorescence. When the analyte is added, the complex
carbon dots-fuel DNA was desorbed from the GO surface, and so the �uorescence was
restored due to two successive toehold-mediated strand displacement reactions on double-
stranded DNA-modi�ed gold nanoparticles.15 The linear range for the detection of target
DNA goes from 0.01 to 1 nM with a LOD of 7.8 pM. The principal advantages of the
biosensor proposed were the signal ampli�cation strategy, excellent sensitivity for analyte
detection, and GO increases the biocompatibility since can adsorb multiple antibodies
onto its surface.

Campylobacter jejuni is the pathogen responsible for severe gastroenteritis, a bacterial
infection known as campylobacteriosis.12 A �uorescence-based biosensor was constructed
for the detection of Campylobacter jejuni in which the biosensing probe consists of poly-
clonal antibodies conjugated with graphene QDs, and such probe interacts with GO. In
absence of bacteria cells, the �uorescence remains o� due to π-π stacking interactions
between graphene QDs and the GO quencher. But when bacteria cells are present, the
speci�c binding of them with antibodies-labeled graphene QDs leads to generating a dis-
tance between graphene QDs and GO, and as a consequence, the �uorescence is recovered.
The linear range for bacterial detection goes from 10 to 106 CFU mL−1 with a LOD of
10 CFU mL−1.

To sum up, �uorescence quenching-based biosensors bring some advantages such as
high sensitivity, good speci�city regarding analyte detection in standard and real samples,
simple operation, fast response, and multiple analyses. Moreover, in general not require
secondary recognition antibodies for their development. However, the principal disadvan-
tages include multiple washing and separation steps and require special instrumentation
for their construction. Table 2-2 summarizes some characteristics of �uorescence-based
biosensors found in the literature.
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Table 2-2. Highlights for every photoluminescence quenching-based biosensor.

Graphene
type

Advantages Disadvantages
Analyte
detected

LOD Ref

GO

Retained stability/
sensitivity toward NS1

without impact
from interferents.

Antibody immobilization.

Involves cumbersome
procedures.

Non-structural
1 protein. 0.48 ng mL-1 14

GO

High selectivity and
sensitivity, and the
ability to perform at
the minimum time.

Involves cumbersome
procedures.

Multiple washing
steps.

Campylobacter
jejuni. 10 CFU mL-1 12

GO

One-step `turn on'
homogenous assay.

High sensitivity
and selectivity.

Not complicated probe
immobilization or
tedious procedures.

Multiple washing
and blocking steps.

Peanut allergen
Ara h1. 56 ng mL-1 13

GO
High sensitivity and
good speci�city.

This biosensing system
requires multiple reagents

for its operation.
Ferritin. 0.723 ng mL-1 18

GO
Not require secondary
recognition antibodies. Multiple washing steps. IgG 4.67 pmol mL-1 16

GO

The excellent �uorescence
quenching ability of GO
signi�cantly reduced the
background signal for
improved sensitivity.

Multiple reagents for
its operation.

The biosensing system
requires washing and

blocking steps.

Micro-RNA 7.8 pM 15

GO
High sensitivity and
good speci�city.

Multiple reagents for
its operation.

Multiple cumbersome
procedures.

Matrix metallo-
proteinases 2 40 ng mL-1 19

GO
Rapid, sensitive, and
selective �uorescent

biosensor.

Multiple washing and
blocking steps.

Methicillin-resistant
Staphylococcus

aureus

0.5 nM 17
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2.3 Surface Plasmon Resonance (SPR)-based biosen-

sors

Surface plasmons are electromagnetic waves that propagate throughout an interface be-
tween the conductor and dielectric materials.11 in general, the excitation of surface plas-
mons is not made directly. The method used for the generation of surface plasmons is
known as Kretschmann attenuated total re�ectance. This con�guration consists of a slide
that is decorated with a thin metal �lm, generally gold or silver nanoparticles. Thus, a
biorecognition element can be immobilized onto the metal �lm surface.11 The slide is
now coupled to a prism through an index-matching �uid or a polymer layer. Then, a
polarized laser beam is directed at the prism and the light that is re�ected (over metal
�lm) is collected in a detector. So, re�ectivity changes concerning the angle or the wave-
length provide a signal. When the biorecognition element immobilized binds with the
analyte a further shift of the SPR coupling angle occurs.11 This method is used in the
immunosensing of diverse analytes. SPR-based biosensors are widely used in clinical di-
agnostics, environmental monitoring, and food quality due to the real-time monitoring
and the good sensitivity that o�er. Moreover, is a label-free technique.

Immunoglobulin G (IgG) is a protein that has been under constant study due to its
usefulness as a potential biomarker in diseases such as Parkinson's,20 or multiple sclerosis21

due to its important role in the immunocompetence process, so optimal detection of
this molecule is pivotal for clinical treatments. A dual-channel �ber-optics SPR-based
biosensor was constructed for the detection of Human-IgG in which one sensing channel is
coated with a bilayer of GO and Au.22 Then, Goat anti-Human-IgG is immobilized onto
GO/Au bilayer surface. The GO contributes to improving the loading of biomolecules
and the immunological response. Human-IgG is labeled with Au nanoparticles which act
as an ampli�cation tag to enhance the SPR sensing response. The second sensing channel
is coated with a layer of Ag acting as a reference channel to eliminate measurement errors
caused by non-speci�c binding and cross-sensitivity. The biosensor has a high refractive
index sensitivity with 13.592 nm/RIU and a LOD of 15 nm mL−1.

Other �ber-optics SPR-based biosensor was constructed for the detection of Human-
IgG.23 First, a gold layer was �xed onto the sensor surface and then a layer of GO was
coated onto the gold �lm surface. The abundant functional groups and large surface area
facilitate that GO can adsorb more antibodies onto its surface. The gold/GO layer is
modi�ed with staphylococcal protein A to improve the sensitivity of the biosensor. the
linear range of the biosensor for Human-IgG detection goes from 30 to 100 µg mL−1

with a LOD of 0.5 µg mL−1. The principal advantages of this biosensor include easy
fabrication, high sensitivity, label-free, and rapid response.

Others �ber-optics SPR-based biosensors were constructed for the detection of IgG.24,25

In the �rst, gold nanoparticles are deposited onto the sensing zone (the unclad portion),
and afterward, a layer of GO is also deposited. This gold nanoparticles/GO composite
is employed as the signal ampli�cation element. Again, due to the abundant carboxylic
groups present in the GO surface, more anti-IgG can be immobilized. So, antibodies are
immobilized and the biosensor is ready to detect the analyte (IgG). The linear range of
the biosensor for IgG detection goes from 0.1 to 1000 ng mL−1 with a LOD of 0.038 ng
mL−1. A sandwich-type biosensor where GO is also used to immobilize the antibody
for the detection of IgG was designed.25 The LOD obtained was 1.88 ng mL−1, which is
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260-fold lower than obtained by routine SPR biosensor with a sandwich-type assay.

An SPR-based biosensor was developed for the immunoassay of pregnancy-associated
plasma protein A2 (PAPPA2) in human plasma.26 The carboxyl-GO composite is used to
modulate and enhance the work function, conductivity properties, and plasmon electric
�eld for liquid interfaces. Moreover, the carboxyl groups contributed to improving the
electron transfer between the gold electrode and carboxyl-GO. So, the electric �eld can be
enhanced due to electron transfer. PAPPA2 analyte was detected in the linear range of
0.1 pg mL−1 to 10 ng mL−1 with a LOD of 0.1 pg mL−1. The biosensor has high sensitivity
and a�nity which is demonstrated by the high association rate constant obtained 3.1 x109

M−1s−1. This biosensing proposal has the advantage of improving the SPR sensitivity
without the need for ampli�cation steps. For the detection of human cardiac myoglobin
in serum samples was constructed a micro�uidic SPR-based biosensor in which a gold
�lm is modi�ed with L-cysteine-graphene hydrogel. Then, speci�c cardiac myoglobin
antibodies are in-situ functionalized onto the L-cysteine-graphene surface via EDC-NHS
chemistry.27 The biosensor can detect the analyte in serum samples in the linear range
of 0.01-1000 ng mL−1 with a LOD of 10 pg mL−1. Also, it has high sensitivity and good
a�nity which is demonstrated by association and dissociation rate constants obtained
4.93 ± 0.2 x105 M−1s−1 and 1.37 ± 0.08 x10−4 s−1, respectively. Finally, the intra-assay
precision calculated was 8 % for standard samples and 9 % for real serum samples.

The SPR-based biosensors have the advantages of being a label-free technique, the
biodetection can be monitored in real-time, high detection sensitivity, small sample size
requirement, sensor chips can be reused, and biomolecular binding interaction can be
determined by this technique. Despite these advantages, the principal limitations of
SPR technology include the immobilization of antibodies requiring special orientation for
biodetection, non-speci�c binding events can occur, SPR instrumentation and chips are
in general expensive, and limitation of mass transportation. On the other hand, GO has
extraordinary physical and chemical properties such as high electrical conductivity, excel-
lent speci�c surface area, and stability.28,29 Moreover, the biocompatibility characteristic
of GO is due to the presence of oxygen functional groups that facilitate the adsorption
of molecules such as DNA, glucose, amino acids, and antibodies onto its surface through
π-π stacking, hydrophobic interaction, and hydrogen bonding.30
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Table 2-3. Highlights for SPR-based biosensors.

Graphene
type

Advantages Disadvantages
Analyte
detected

LOD Ref

GO
Excellent sensitivity

and selectivity.

Multiple washing and
blocking steps.

Multiple cumbersome
procedures.

Multiple reagents for
its operation.

H-IgG 1.88 ng mL-1 25

GO
A label-free immunoassay
without ampli�cation steps
to enhance SPR sensitivity.

Multiple washing and
blocking steps.

Multiple cumbersome
procedures.

Pregnancy-
associated

plasma protein
A2.

0.01 pg mL-1 26

Graphene

Real-time monitoring and
label-free approach.

High sensitivity and
good speci�city.

Multiple cumbersome
procedures.

Multiple washing and
blocking steps.

Human cardiac
myoglobin. 10 pg mL-1 27

GO

Small size, ease of
fabrication, high

sensitivity, label-free,
and rapid response.

Antibody immobilization.

Multiple washing and
blocking steps.

Multiple cumbersome
procedures.

H-IgG 0.5 µg mL-1 23

GO

Label-free detection.

High sensitivity and
good speci�city.

Multiple washing and
blocking steps.

Antibody immobilization.

Pig-IgG 37.5 ng mL-1 31

GO
High sensitivity, accuracy,
and temperature insensitive.

Multiple cumbersome
procedures.

Antibody immobilization.

Multiple reagents for
its operation.

H-IgG 15 ng mL-1 22

GO

Satisfactory immunological
speci�city in human blood.

No need for nanoparticle-
induced signal ampli�cation.

Label-free, real-time
monitoring, and sensitive

immunoassay.

Antibody immobilization.

Multiple washing and
blocking steps.

D-dimer 5.08 ng mL-1 32

GO
Good reproducibility,
high sensitivity, and
real-time monitoring.

Antibody immobilization.

Multiple reagents for
its operation.

IgG 0.038 ng mL-1 24
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Chapter 3

The immunosensing platform for the

detection of H-IgG and PSA

In this chapter is described the immunosensing platform which is based on the photo-
luminescence quenching capabilities of GO-covered microwell plates. The quenching of
�uorescence is consequence of the highly e�cient nonradiative energy transfer occurring
between GO (acceptor) and photoluminescence �uorophores (donors). We found that �u-
orescence intensity of �uorophores-labeled antibodies (that is, the biosensing probes) are
strongly quenched by GO-coated microwells whereas biosensing probe complex with its
respective analyte is weakly quenched by the same surface due to low a�nity and relative
long distance between the biosensing probe-analyte complexes and GO-covered microw-
ells. This immunosensing platform was used for the detection of Human immunoglobulin
G and Prostate speci�c antigen.

3.1 Introduction

3.1.1 The operational principle of the proposed immunosensing
platform

The operational principle of the immunosensing platform is based on the following hypoth-
esis: the more analyte concentration, the less quenching of �uorescence of the biosensing
probe (�uorophore-Antibody complex). In contrast, the blank (no analyte) undergoes the
maximum quenching of �uorescence, see �gure 3-1A. Graphene oxide (GO), which is an
excellent quencher of �uorescence, has been observed to exhibit a high a�nity with pro-
teins that are not forming immunocomplexes.1,2 Hence, the �uorescence intensity of F-Ab
(�uorophore-labeled protein) (a donor) can be strongly quenched when F-Ab is incubated
within GO-covered microwell surfaces (an acceptor) via non-radiative energy transfer (a
phenomenon e�ciently occurring when the distance between donor and acceptor is below
20 nm).3 However, the formation of immunocomplexes involves non-covalent intermolec-
ular interactions such as hydrogen bonding, electrostatic interactions, hydrophobic, and
Van der Waals forces.4 We hypothesize that such intermolecular interactions hinder the
a�nity between immunocomplexes and GO-covered microwell surfaces, and as a conse-
quence, in the proposed biosensing platform, the aforementioned non-radiative energy
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transfer is not observable upon immunocomplexes development, as depicted in �gure 3-
1B. Moreover, the analyte acts as a spacer between F-Ab and the GO-covered microwell
surface, hence, upon immunocomplexes formation, the distance between donor and ac-
ceptor does not facilitate non-radiative energy transfer. The immunosensing platform
proposed is based on 96-well tissue culture treated black plates with clear �at bottom
(Costar, catalog number 3603).

Figure 3-1. The operational principle of the immunosensing platform. A. The maximum quenching of
�uorescence is reached by the blank. B. The quenching of �uorescence is inversely proportional to the

analyte concentration.

3.1.2 Clinical relevance of Human immunoglobulin G (H-IgG)

This protein has been under constant study due to its usefulness in the diagnosis of di�er-
ent diseases. For example, metastatic melanoma is a type of skin cancer that is caused by
exposure to ultraviolet radiation. Checkpoint Inhibitors is the therapy most used to treat,
and improve the survival of metastatic melanoma. However, biomarkers that predict the
response to therapy are needed. H-IgG is involved in the immunocompetence process
which means the capacity of produced a normal immune response after the exposition
to an antigen. As Checkpoint Inhibitors require a functional immune response, H-IgG is
capitalized on to correlate with antitumor response, in doing so, H-IgG is used as a pre-
dictor of the success of the therapy in patients with metastatic melanoma.5 Alzheimer's
disease is the most common form of dementia which in the last decades has increased
around the world. Peptoids are synthetic molecules that can replicate the biological be-
havior of antigens so they are surrogates that may bind selectively to antibodies raised
against antigens which are responsible of trigger the Alzheimer's disease state. Indeed,
di�erent methodologies have been developed which used these Peptoids to search for IgG
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antibodies that are plentiful in the serum of patients with Alzheimer's disease.6 H-IgG
has also been used as a potential biomarker in diseases such as Parkinson's,7 or mul-
tiple sclerosis8 due to its important role in the immunocompetence process, so optimal
detection of this molecule is pivotal for clinical diagnosis and treatment.

3.1.3 Clinical relevance of Prostate Speci�c Antigen (PSA

The Prostate Speci�c Antigen PSA is a glycoprotein that is exclusively synthesized by
Prostate cells. Its principal physiological function is dissolving the seminal coagulum (se-
men). Small quantities of PSA are present in the serum of men with a healthy prostate,
and on the contrary, in men with prostate disorders, such PSA levels start to increment.
Prostate cancer (PCa) is the principal men's cancer in developed countries (about 15 %)
compared with 4 % in developing countries. The factors involved in developing clinical
PCa are the pattern of sexual behavior, alcohol consumption, exposure to ultraviolet
radiation, and chronic in�ammation.9 Reference values for normal PSA levels in serum
di�er from laboratory to laboratory but currently, the normal value accepted according
to the European Association of Urology is ≤ 4 ng mL−1. Thus, the higher the value,
the more likely is the existence of PCa. However, elevated levels of PSA in serum not
only are associated with PCa but also such increases might be related to other prostate
disorders including prostatitis.10 Some studies have evinced that the treatment of pro-
statitis decreases the PSA levels in the serum of men with that disorder.11 The tissue
in�ammation of the prostate gland is known as prostatitis. It is classi�ed into four cat-
egories acute, chronic, asymptomatic in�ammatory prostatitis, and chronic pelvic pain
syndrome. Benign Prostatic Hyperplasia (BPH) is another prostate disorder that may
increase the PSA level in men's serum. BPH is an increase in the size of the prostate
gland. Altogether, PSA might be considered a biomarker not only for prostate cancer
diagnosis but also for the prognosis of prostatitis or Benign prostatic hyperplasia.

3.2 Experimental section

3.2.1 GO-coated microwells (GOµw) plates

The �rst step consisted of coating the polystyrene bottom of every microwell with GO.
To this end, 100 µL of GO (at a speci�c concentration that depends on the analyte
to be detected) is added per microwell and then, left overnight at gently shaking. In
general, every microplate is left for about 15 hours. After that, three washing steps with
ultrapure water are made to remove the excess GO that did not adhere to the microwell
surface. Figure 3-2B shows a representation of a microwell after washing steps. An
important question in this step is Why does GO adhere to every microwell surface of
the plate? The answer lies in the composition of the microplates and the chemistry of
GO. The surface charge of every microwell is altered by a treatment known as Enhanced
Tissue Culture-treated surfaces. This treatment is made by the manufacturer to improve
the attachment and growth of fastidious organisms (organisms that only grow when
speci�c nutrients are included in their medium). Particularly in the employed plates
(Costar, catalog number 3603), the microwells have a net negative surface charge due to
oxygen-containing functional groups (about 9-17 % oxygen atoms) incorporated in the
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polystyrene surface.12 As a consequence, surfaces are more hydrophilic. On the other
hand, GO has a negative charge in aqueous solution, the property of hydrophilicity, and
also exhibits hydroxyl groups, among other oxygen-containing groups.13 All in all, GO
can attach to the microwell surface via hydrophilic interactions and hydrogen bonding.
Figure 3-2A shows the charge con�guration of GO and a microwell surface. This �gure
depicts the GO that adheres to the microwell surface after washing steps.

Figure 3-2. Process of GO adhesion to polystyrene surface of a microwell. Black dots depict the
carbon atoms and green ones the oxygen atoms conforming hexagonal structure of GO A. GO can

attach to the microwell surface via hydrophilic interactions and hydrogen bonding. B. GO that adheres
after washing steps.

3.2.2 Experimental procedure for biodetection

Figure 3-3 depicts the experimental steps to perform the immunoassay. PanelA of Figure
3-3 shows a microwell whose surface is covered with GO (GOµW) and then is ready for an
immunosensing experiment. Generally, 50-100 µL of the respective analyte to be detected
is added in the GOµW, panel B of Figure 3-3. Then, 50-100 µL of the immunosensing
probe is also added, panel C. The liquid is mixed to homogenize. Afterward, the plate is
introduced to a microplate reader and the �uorescence intensity is recorded in a kinetic
analysis for two hours with readings, in general, every 5 minutes, panel F. Usually, seven
analyte concentrations and a blank (without analyte) are tested per experiment. The
blank has huge importance not only to monitor the overall immunoassay performance,
since it reaches the maximum quenching of �uorescence, but also to build the calibra-
tion curves, panel D. Three replicates per sample are evaluated in every experiment.
During the kinetic analysis, the association process starts which means the formation of
analyte-biosensing probe immunocomplexes, so the quenching of �uorescence reveals the
biorecognition following the operational principle described previously, panel E.
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Figure 3-3. Experimental procedure. A. GO-coated microwell GOµW. B. GOµW with the analyte.
C. GOµW with the analyte and the immunosensing probe. D. GOµW with the blank (no analyte)
where the maximum quenching of �uorescence is reached. E. Formation of immunocomplexes: the

process of association. F. microplate reader in which the kinetic analysis is carried out.

3.2.3 Human-IgG and Anti-Human-IgG-FITC: general descrip-
tion

The biosensing probe used for the detection of Human-IgG is Anti-H-IgG-FITC. The spe-
ci�c antibody Anti-H-IgG is conjugated with the �uorophore Fluorescein Isothiocyanate
FITC. According to the datasheet provided by the supplier (Abcam, Cambridge, UK),
the cross-reactivity with other immunoglobulins or free light chains is less than 0.1 %.
The ratio Fluorophore/Antibody (is the average number of �uorophores conjugated by
each molecule of antibody) is 5. The standard concentration of this product is 1 mg mL−1.
Optimal excitation and emission wavelengths for FITC are 493 nm and 528 nm, respec-
tively. All of this information was important to establish the optimal biosensing probe
concentration. Human IgG is one, and the more plentiful, of �ve immunoglobulins found
in the human body. These immunoglobulins are puri�ed from human serum by several
techniques. The suppliers established the purity of Human-IgG (Cat No. I2511-10MG)
via Immunoelectrophoresis and High-Performance Liquid Chromatography HPLC. So,
according to the supplier, the Human-IgG purity is at least 95 %. The standard concen-
tration of this product is 4.87 mg mL−1.

3.2.4 PSA and Anti-PSA: general description

The speci�c antibody used is Anti-Prostate Speci�c Antigen [A67-B/E3], which is con-
jugated with biotin. Following the speci�cations provided by the supplier (Abcam), the
monoclonal antibody is free of unconjugated biotin. The stock concentration of Biotin
Anti-PSA is 1 mg mL−1, and its isotype is IgG1. Native Human Prostate Speci�c Anti-
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gen (cat. number ab78528) was also acquired from Abcam which has a purity of 96 %,
according to the datasheet furnished by the company. The stock concentration of PSA
reactive is 2.6 mg mL−1.

3.2.5 Conjugation of QDs with Anti-PSA

The QDs655 was acquired from TermoFisher Scienti�c which is conjugated (by covalent
bond) with Streptavidin. Following the datasheet, about 5 to 10 streptavidin molecules
are contained in each QD nanocrystal. Streptavidin-QDs655 are made from a nanometric
semiconductor material (CdSe) covered by a shell of additional semiconductor material
(ZnS) which improves the optical properties of Streptavidin-QDs conjugated. The stock
concentration of streptavidin-QDs655 is 1µM. On the other hand, it is known that strep-
tavidin has an extraordinary a�nity with biotin. Indeed, is one of the strongest non-
covalent interactions known in nature.14 So, conjugation of streptavidin-QDs with Biotin
Anti-PSA is possible by those non-covalent interactions. To this end, a streptavidin-
QDs655 concentration of 8 nM was mixed with biotin-Anti-PSA at µg mL−1 range con-
centrations. All conjugations were performed with immunobu�er (PBS + 0.5 % PBST
+ 1 % BSA) and allowing interaction by 45 minutes at a constant agitation rate of 650
rpm. Thus, the biosensing probe for PSA detection is QDs-Anti-PSA. The optimization
of this conjugation is described later on.

3.2.6 Indicators employed to evaluate the analytical behavior of
the biosensing platform

The limit of detection: is referring to the smallest speci�c analyte concentration that can
be reliably distinguished from the blank sample at whose detection is feasible. LOD is
obtained through equation 1-7 and it permits determining the minimum concentration of
analyte that can be detected by the immunosensing platform proposed.

Limit of quanti�cation: refers to the minimal analyte concentration detectable with
acceptable levels of precision and accuracy under determined assay conditions. In other
words, it permits establishing minimal analyte concentration detectable when acceptable
values of precision are obtained. LOQ is obtained through equation 1-8.

Dynamic range/Analytical range: it is related to the range of concentrations in which
an analyte can be quanti�ed by a determined analytical method.

Slope: it is related to the sensitivity which is the capacity of an analytical method
to distinguish little variations of analyte concentrations: the bigger the slope value, the
more sensitive the analytical method. So, the slope helps us to establish the interval
where the sensitivity is higher.

The coe�cient of variation: is related to the precision which is de�ned as the dispersion
obtained from repeated measurements of the same homogeneous sample. So, low values
of CV indicate that every analyte concentration tested is detected with high precision.
And therefore, the error will be minimal.

Coe�cient of determination (R2): it is a number between 0 and 1 that measures how
well a statistical model �ts the observed data. So, R2 indicates if the previous indicators
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obtained through the calibration curve are reliable. The closer to one the R2 value, the
more precise the �tting.

3.3 Results and discussion

3.3.1 The immunosensing platform targeting Human-IgG

The optimization process for GO and biosensing probe concentrations

H-IgG was the �rst analyte detected via our immunosensing platform since is a model
analyte in immunoassays. Conventional immunoassays are carried out from 2 to 6 hours,
so in our �rst experiment, a kinetic analysis of 5 hours was selected. The next step was
establishing the suitable GO concentration with which coated microwells of the plate.
In this context, an experiment with three GO concentrations of 800, 1600, and 3200
µg mL−1 was carried out. Biosensing probe concentrations selected for the experiment
were 0.25, 0.5, and 1 µg mL−1. Graphs in �gure 3-4 show the results of this quenching
experiment. The natural �uorescence decay of the �uorophore is revealed by the non-
GO-coated microwells.

Figure 3-4. Quenching of �uorescence experiments for GO optimization. A. Performance to
IgG-FITC of 1 µg mL-1. B. Performance to IgG-FITC of 0.5 µg mL-1 C. Performance to IgG-FITC of

0.25 µg mL-1.
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Figure 3-4 shows that after 2 hours (120 minutes) the quenching of �uorescence levels
did not change considerably. From this, kinetic analysis for 2 hours is appropriate for
every immunoassay. In general, the higher the GO concentration, the bigger the quench-
ing of �uorescence for the explored Biosensing probe concentrations. However, for the
biosensing probe concentration of 0.25 µg mL−1 quenching of �uorescence reached about
70 % regarding the initial �uorescence intensity value (I0). Although the microplate
reader gives �uorescence intensity in Relative Fluorescence Units RFU, we normalize
such intensities of �uorescence at a given time IF with respect to the initial value I0 just
as shown in �gure 3-4. So, from this experiment, we conclude that (i) kinetic analysis
of 2 hours is appropriate for every immunoassay, (ii) biosensing probe concentration of
0.25 µg mL−1 is suitable for optimal quenching of �uorescence, and (iii) the optimal GO
concentration to cover every microwell plate is 1600 µg mL−1 since e�ciently quench the
�uorescence intensity provided by biosensing probe concentration of 0.25 µg mL−1.

Analytical range for the detection for H-IgG

The next step is determining the analytical range for the detection of H-IgG. To this
end, an immunoassay with di�erent H-IgG concentrations (from 15 to 960 ng mL−1) and
the blank was made to analyze if this range of concentration is detectable following the
operational principle of detection, see Figure 3-5A. It was chosen relatively high and low
analyte concentrations that allow us to determine the optimal range for H-IgG detection.
The two highest H-IgG concentrations (480 and 960 ng mL−1) had a peculiar performance
since during the �rst 30 minutes there was an increase in �uorescence intensity. This
might be associated with the homogeneity of the liquid considering that the analyte
is added �rst and then the biosensing probe. To determine if this was the reason for
this behavior, another experiment was carried out in which a shaking parameter was
added. The microplate reader has the option of shaking the plate so this was selected
to improve the homogeneity in every microwell. Orbital shake mode at a velocity of 355
cpm was included in the kinetic analysis. Figure 3-5B depicts kinetic behavior for this
immunoassay. In e�ect, the shaking parameter helps to improve the homogeneity and so
the curve for every concentration shows the behavior expected.

Figure 3-5. A. kinetic curves for the determination of the optimal range of detection for H-IgG. B.
Shaking parameter helps to improve the homogeneity of the immunoassay.

Regarding H-IgG detection, just for the three highest concentrations (960, 480, and
240 ng mL−1), there is an interaction between the analyte and the biosensing probe
which is evident following the operational principle of detection, see section 3.1.1. In
other words, these three concentrations are separated from the blank. So, it is necessary
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to �nd the conditions that allow for the detection of low concentrations because this is
crucial in diagnostics, where generally it is mandatory to obtain low limits of detection
for early disease detection. With this in mind, a series of experiments where diverse
conditions were tested allowed us to determine that (i) the optimal concentration of the
biosensing probe is 0.125 µg mL−1 since can detect high and low concentrations of the
analyte, (iii) the H-IgG range that is detectable for the immunosensing platform is 9.37-
600 ng mL−1. Figure 3-6 shows the optimal conditions for H-IgG detection with the
immunosensing platform. So, H-IgG can be detected by the immunosensing platform
following the operational principle of detection: the higher the analyte concentration,
the lower the respective quenching of �uorescence, see Figure 3-6A. The graph of bars
depicted in �gure 3-6B let us observe the relationship between concentrations at various
times to determine the optimal time detection by calibration curves. Therefore, optimal
conditions of the biosensing platform for H-IgG detection are shown in Figure 3-6.

Figure 3-6. Analytical performance of immunosensing platform with optimal conditions for H-IgG
detection. A. Real-time kinetic analysis of di�erent concentrations of H-IgG and the blank, B.

Relation between concentrations at several intervals to determine the best sensitivity.

Limit of detection and quanti�cation

The �rst step to obtaining the LOD and LOQ is to construct the calibration curves graph
from bars graph 2-6B. It is important to clarify that the complete analysis of validation
was conducted for the experiment showed in �gure 3-6 that is where H-IgG was detected
with high sensitivity, in accordance with the operational principle of biodetection. A
calibration curve relates the signal response (the intensity of �uorescence) with every
concentration of the analyte at speci�c times. Before applying the linear regression to
the data, a logarithmic transformation was carried out (to the analyte concentrations in
the x-axis). Then, linear regression is applied to the data obtaining the curves shown in
the Figure 3-7. To determine the goodness of �tting, coe�cients of determination were
established from the equation 1-6, whose values are shown in table 3-1.

Table 3-1. Values of coe�cients of determination obtained for each �tting curve (for H-IgG detection).

Time (min) 5 10 15 30 45 60 90 120
R2 0.7046 0.9414 0.9207 0.9755 0.9752 0.9869 0.9731 0.9579
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As seen in Table 3-1, R2 values for 30, 45, 60, and 90 minutes are closer to 1 (when
compared with the other R2 values), which suggests that the linear �tting adjusts properly
to the data. Thus, linear parameters such as the slope m and the intersection with y-axis
b can be determined from equations 1-1 and 1-2. Also, uncertainties can be calculated
following equations 1-3 and 1-4. Table 3-2 shows values obtained for these parameters.
With these results, it can be determined the LOD and LOQ.

Figure 3-7. Calibrations curves for H-IgG at speci�c times.

Table 3-2. Values of linear regression with its respective uncertainties (for H-IgG detection).

Time (min) Slope y-intercept L. Equation
30 0.0519 ± 0.0036 0.5962 ± 0.007 y = 0.0519x + 0.5962
45 0.0622 ± 0.0044 0.5092 ± 0.0084 y = 0.0622x + 0.5092
60 0.0648 ± 0.0033 0.4516 ± 0.0063 y = 0.0648x + 0.4516
90 0.0671 ± 0.0049 0.3729 ± 0.0095 y = 0.0671x + 0.3729

Through the Equation 1-7 and performing an interpolation process in the resulting
linear equation, the LOD can be determined as follows,

XLOD =
(LoB + 3(SDLowconcentrationsample))− b

m
(3-1)

similarly, LOQ can be calculated through the expression:

XLOQ =
(∆Bl + 10(SDBl))− b

m
(3-2)

As a logarithmic transformation was made, it is necessary to carry out an exponential
transformation to �nally obtained the respective values of LOD = 10XLOD and LOQ =
10XLOQ . Table 3-3 displays LOD and LOQ values calculated. Taking into account R2 and
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LOD values, for 60 minutes of assay we have the best results. So, the resulting values
re�ected that H-IgG is detected e�ciently by the biosensing platform proposed.

Table 3-3. LOD and LOQ Values for H-IgG at respective times.

Time
(min)

[LOD]
ng ml-1

[LOQ]
ng ml-1

30 3.17 60.6
45 3.8 13.7
60 2.38 15.5
90 3.74 22.3

Intra-assay Precision

As three parallel replicates are measured by each analyte concentration, it can be deter-
mined the intra-assay precision of the biosensing platform for detection of H-IgG. The
present work takes the guidelines of the US Food and Drug Administration that indi-
cate a CV (coe�cient of variation) upper limit of 30 % can be accepted for biomarker
quanti�cation.15,16 Table 3-4 shows the values obtained at the respective time for each
H-IgG concentration. So, from Table 3-4, percentages go from 0.27 % to 5 % indicating
that intra-assays precision is high and suitable for biomarker quanti�cation.

Table 3-4. Precision values to each H-IgG concentration detected.

[H-IgG]
ng mL-1

30 min
CV %

45 min
CV %

60 min
CV %

90 min
CV %

Blank 1.37 1.26 1.53 2.10
9.37 0.27 2.10 0.69 2.18
37.5 3.49 1.72 2.35 1.16
75 0.44 1.29 1.59 0.93
150 3.24 3.98 3.04 3.10
300 0.92 1.19 1.0 0.89
600 3.71 1.96 4.80 3.93

3.3.2 The immunosensing platform targeting PSA detection

Optimization of GO concentration

Intending to validate that through the proposed immunosensing platform other clinically
relevant proteins can be detected; we designed a con�guration for the immunosensing of
PSA using QDs-Anti-PSA as the biosensing probe. To this end, the GO concentration
with which covered the surface of microwells should be determined. Three GO concentra-
tions 1200, 1400, and 1600 µg mL−1 were selected to this end following the experimental
procedure described in section 3.2.2. The range of PSA concentrations for this experi-
ment were 4.68, 9.37, 18.75, 37.5, 75, 150, and 300 ng mL−1. We established the �nal
constant concentration of 0.05 nM for the biosensing probe (QDs-Anti-PSA) since it pro-
vided enough �uorescence intensity for the system. Then, an experiment was carried out
following the experimental procedure for biodetection, previously described in section
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3.2.2. The results of this experiment are depicted in Figure 3-8. In terms of quenching of
�uorescence, the GO concentration of 1400 µg mL−1 was the one where the blank sample
reached the most e�cient levels. So, this concentration of GO is more adequate to cover
the surface of the microwells.

Figure 3-8. Optimization of the proposed immunosensing platform targeting PSA in terms of GO
concentration. Experimental evidence resultant from GOµWs covered with a concentration of A-B.
1200 µg mL−1. C-D. 1400 µg mL−1. E-F. 1600 µg mL−1. The concentration of the biosensing probe

was kept constant (QDs at c.a. 0.05 nM conjugated with the antibody at c.a. 0.125 µg mL−1).

Optimization of the biosensing probe targeting PSA

To continue with the optimization of the immunosensing platform for PSA detection,
experiments to select the best biosensing probe concentration were performed following
the experimental procedure described in section 3.2.2. The concentration of QDs was left
constant (0.05 nM) since provides the �uorescence intensity suitable so that the quenching
phenomenon caused by GO occurs e�ciently. Three Anti-PSA concentrations (60, 50,
and 28 ng mL−1) were conjugated with the QDs concentration to determine which one
provided the best analytical performance in terms of PSA detection. Such analytical
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performance was monitored in terms of normal levels of PSA in healthy men, described
in section 3.1.3, ≤ 4 ng mL−1, so the initial analyte range was from 300 to 4 ng mL−1.
Figure 3-9 shows the graphs obtained for each Anti-PSA concentration. According to
the operational principle of biodetection, the Anti-PSA concentration of 28 ng mL−1

generated better results than 60 and 50 ng mL−1 concentrations. Surprisingly, a rapid
saturation is observed with relatively low concentrations of PSA (from concentrations >
9.37 ng mL−1) as depicted in Figure 3-9E-F. From these results, new experiments should
be performed to establish the analytical range of PSA detection. Until now, 1400 µg mL−1

and 28 ng mL−1 are the optimal concentrations of GO and Anti-PSA (respectively) to be
used in the immunosensing platform targeting PSA detection due to the blank reaching
higher quenching levels compared to PSA concentrations indicating some of them were
detected.

Figure 3-9. Optimization of the proposed immunosensing platform targeting PSA in terms of
Ati-PSA concentration. Experimental behavior resultant from the antibody concentrated at A-B. 60
ng mL−1. C-D. 50 ng mL−1. E-F. 28 ng mL−1. All the GOµWs were produced with GO concentrated

at 1400 µg mL−1. The �nal concentration of QDs was kept constant (0.05 nM). The error bars
represent the standard deviation of three parallel experiments.
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Analytical range for the detection of PSA

After a series of experiments, it was determined that the analytical range of PSA detection
goes from 0.15 to 10 ng mL−1. Serial dilutions were made until obtaining seven PSA
concentrations. Figure 3-10 shows the optimal conditions for the detection of PSA. We
can resume that (i) GO concentration of 1400 µg mL−1 provided excellent quenching
levels for the employed biosensing probe concentration, (ii) conjugation of QDs at 0.05
nM with Anti-PSA at 28 ng mL−1 established the best biosensing probe to use in this
immunosensing platform, (iii) sensitivity to PSA detection is high as re�ected by the
slopes calculated, see table 3-6. We can now proceed to determine the LOD and LOQ
for PSA.

Figure 3-10. Analytical performance of immunosensing platform with optimal conditions for PSA
detection. A. Real-time kinetic analysis of di�erent concentrations of PSA and the blank, B. Relation

between concentrations at di�erent intervals to determine the best sensitivity.

Limit of detection and quanti�cation of PSA

Likewise, we constructed the calibration curves from Figure 3-10B which is the experiment
with the optimal immunoassay conditions for PSA detection since the biodetection is
achieved following the operational principle. Also, a logarithmic transformation is applied
to PSA concentrations in the x-axis. Then, the linear regression is carried out to the
respective data, obtaining the curves of Figure 3-11. Coe�cient of determination values
R2, which indicate the goodness of �tting, are shown in Table 3-5. In general, all values
are above 0.9 units indicating suitable �tting to experimental data. Therefore, LOD and
LOQ will be determined in all time intervals except for 30 minutes which was the only
interval below 0.9.

Table 3-5. Coe�cient of determination values resulting from each �tting curve (for PSA detection).

Time (min) 5 10 15 30 45 60 90 120
R2 0.9381 0.9303 0.9128 0.8631 0.9242 0.9459 0.9731 0.9677

Now, we need to establish the parameters of m and b, and so found the linear equation
that allows us to estimate LOD and LOQ at speci�c times. Table 3-6 displays m and
b values with their respective uncertainties calculated following equations described in
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section 1.4.1. LOD and LOQ can be determined through equations 3-1 and 3-2, respec-
tively.

Figure 3-11. Calibrations curves for PSA at speci�c times.

Table 3-6. Values of linear regression with its respective uncertainties (for PSA detection).

Time (min) Slope y-intercept L. Equation
5 0.0375 ± 0.0039 0.8217 ± 0.0080 y = 0.0375x + 0.8217
10 0.0592 ± 0.0066 0.7047 ± 0.0135 y = 0.0592x + 0.7047
15 0.0808 ± 0.0102 0.6175 ± 0.0208 y = 0.0808x + 0.6175
45 0.0868 ± 0.0101 0.4584 ± 0.0206 y = 0.0868x + 0.4584
60 0.0842 ± 0.0082 0.4294 ± 0.0167 y = 0.0842x + 0.4294
90 0.0938 ± 0.0063 0.3478 ± 0.0129 y = 0.0938x + 0.3478
120 0.0858 ± 0.0064 0.3105 ± 0.0130 y = 0.0858x + 0.3105

As a logarithmic transformation was made, it is necessary to carry out an exponential
transformation to �nally obtained the respective values of LOD = 10XLOD and LOQ =
10XLOQ . Table 3-7 displays LOD and LOQ values calculated. So, those values re�ected
the high sensitivity of the immunosensing platform proposed for the detection of PSA.
LOD and LOQ values are in concordance with the PSA concentrations examined.

Table 3-7. LOD and LOQ Values for PSA at respective times.

Time
(min)

[LOD]
ng mL-1

[LOQ]
ng mL-1

5 0.033 20.98
10 0.12 133
15 0.165 8.58
45 0.31 0.5392
60 0.399 0.5558
90 0.049 0.3042
120 0.073 0.4749
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Intra-assay Precision

Table 3-8 shows the CV values obtained at respective times for every PSA concentration.
CV percentages go from 0.35 % to 17 % indicating that intra-assays precision is good for
PSA quanti�cation. Just for PSA concentration of 0.62 ng mL−1 CV values are relatively
high (compared with other concentrations) so the precision for that concentration is fewer
and therefore the variability was also higher for such concentration.

Table 3-8. Precision values to each PSA concentration detected.

[H-IgG]
ng mL-1

5 min
CV %

10 min
CV %

15 min
CV %

45 min
CV %

60 min
CV %

90 min
CV %

120 min
CV %

Blank 1.62 3.12 3.28 2.50 2.79 3.98 5.03
0.15 0.35 0.71 3.29 9.46 11.32 5.80 8.61
0.31 2.46 4.58 8.25 9.04 9.74 7.94 8.83
0.62 7.86 12.46 11.00 17.78 12.25 15.03 11.10
1.25 3.66 3.39 0.40 0.48 2.23 6.14 8.34
2.5 1.62 1.74 4.01 3.60 5.54 5.04 6.25
5 0.57 0.99 2.64 2.16 4.49 0.78 3.13
10 2.73 8.61 8.07 2.09 4.08 0.96 3.24

3.4 Conclusions

The proposed GO-based immunosensing platform possesses good transformative capabili-
ties for the detection of both H-IgG and PSA analytes. First, the immunosensing platform
enjoys a high sensitivity, following the operational principle, in the detection of mentioned
analytes as re�ected by low LODs obtained. Also, the detection of mentioned analytes
was reached before two hours whereas conventional assay times in ELISA are around
6 hours for the detection of H-IgG and PSA. The immunosensing platform is a highly
transformative approach since can operates not only with di�erent analytes but also with
organic dye-conjugated antibodies and streptavidin-QDs conjugated to biotinylated an-
tibodies due to the universal �uorescence quenching ability of GO this immunosensing
platform can work at di�erent wavelengths. Moreover, a single antibody conjugated
with a �uorophore is necessary for its operation avoiding cumbersome procedures such
as blocking, washing, or separation steps which contribute to save valuable time and
reagents. Lastly, this immunosensing platform can be used for high-throughput in vitro
diagnosis of clinical samples which indeed is the principal issue of the next chapter.
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Chapter 4

The immunosensing platform for the

detection of Hsp72 and antibodies

against SARS-CoV-2

This chapter outlines the procedures performed for the detection of Heat shock protein 72
and antibodies against SARS-CoV-2 using the �uorescence quenching-based immunosens-
ing platform. Additionally, urine and human serum samples were analyzed to demonstrate
the feasibility of the immunosensing platform for detecting analytes in real samples, serv-
ing as a proof-of-concept. The urine samples were supplied by Dr. Norma Bobadilla,
who works with patients diagnosed with acute kidney injury, while the human serum
samples were obtained from the Universidad Autónoma de Guerrero. All the experimen-
tal and statistical methods used to detect target analytes in real samples are thoroughly
discussed.

4.1 Introduction

4.1.1 Clinical relevance of Heat shock protein 72 (Hsp72)

Acute kidney injury (AKI) is a clinical syndrome in which the kidneys stop working
properly. In the last two decades, AKI has increased signi�cantly due to the rising in
obesity, diabetes, and hypertension.1 Despite recent advances in technical development
for clinical care, the rate of AKI mortality (which remains between 40 and 80 %) has
not been reduced in the last decades on account of the lack of sensitivity or speci�city in
the current tools used for early AKI detection. In general, AKI is diagnosed by a rise in
serum creatinine.2,3 However, diverse investigations have demonstrated that serum crea-
tinine levels rise too late, about 48 hours later, of ischemic insult (which is a disease in
which Blood vessels shrink and undergo apoptosis which results in poor blood �ow in the
kidneys), so early diagnosis of AKI cannot be made through serum creatinine levels.4,5

Therefore, is crucial the identi�cation of sensitive renal biomarkers which facilitates not
only the early diagnosis but also the monitoring of AKI. Likewise, ideal biomarkers are
those easily detectable and non-invasive. In response to AKI, di�erent mechanisms are
activated to regulate the resultant cell injury one of those is the up-regulation of heat
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shock proteins (Hsp) that helps to restore the homeostasis of cells. Speci�cally, the
Hsp70 family is constituted by four isoforms: Hsc70, Hsp72, mHsp75, and Grp78. It
was demonstrated that during AKI, Hsp72 is induced in renal tubules, and at the same
time, proximal tubular detachment is released into the urinary space, so urinary Hsp72
level served as an early biomarker to monitor and detect AKI induced by bilateral re-
nal ischemia/reperfusion.6 AKI also might be instigated by drugs such as cisplatin (a
chemotherapeutic agent used in the treatment of many tumors) or acetaminophen (an
analgesic agent widely used to reduce fever and alleviate mild pain) since such drugs are
eliminated by kidneys.7 All in all, Hsp72 is a novel biomarker for the early diagnosis of
AKI induced not only by ischemia/reperfusion but also by drug renal toxicity.

4.1.2 COVID-19 global pandemic

At the end of 2019, numerous cases of atypical pneumonia were detected in China, and
the viral agent responsible for such infection was quickly identi�ed, Severe Acute Respi-
ratory Syndrome Coronavirus 2 (SARS-CoV-2).8 In mid-March 2020, the World Health
Organization (WHO) proclaimed SARS-CoV-2, responsible for the Coronavirus disease
2019 (COVID-19), as a pandemic, unchaining catastrophic scenarios for economic, public
health, and social order. The WHO recommended the international community conduct
mass diagnostic testing to reduce virus transmission, avoiding then the saturation of the
health system. COVID-19 diagnostic testing is also a valuable resource for understanding
the modus operandi of this emerging infectious disease.9 Moreover, they play a crucial
role in deciding convenient decisions regarding the treatment and isolation of infected
individuals.

Generally, there are three testing approaches to detect COVID-19, (i) the gold stan-
dard in immunodetection: the Polymerase Chain Reaction (PCR) testing which is based
on the ampli�cation of speci�c DNA segments collected from nasopharyngeal samples.8

PCR testing ampli�es tiny portions of ribonucleic acid of SARS-CoV-2 which o�ers a high
sensitivity and speci�city biodetection. However, PCR testing just permits virus detec-
tion in a short period, generally during an acute COVID-19 infection. (ii) serological tests
that detect antibodies produced by the immune system as a defense mechanism against
COVID-19, speci�cally against the spike (S) protein of SARS-CoV-2.9 The immune sys-
tem produces during the �rst 7-10 days of infection the maximum levels of immunoglob-
ulin M (IgM), and after high levels of immunoglobulins G (IgG) directed against spike
S protein are produced. Serological tests are carried out directly from serum or human
blood, and there are many commercial tests available to detect qualitatively antibodies
produced against the spike (S) protein of SARS-CoV-2. (iii) the capture and detection
of the complete virus to determine the viral load via speci�c SARS-CoV-2 antibodies,
whose analysis can be performed through saliva or nasopharyngeal samples.8,9 Herein,
�uorescent-tagged SARS-CoV-2 spike receptor-binding domain recombinant protein F-
RBD was envisaged to operate as a biosensing probe for the detection of COVID-19
antibodies. The detection process is achieved following the operational principle and ex-
perimental procedure described in sections 3.1.1 and 3.2.2, respectively. This work was
funded by CONACYT (Grant No. 376135).
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4.2 Experimental section

4.2.1 Hsp72 and Anti-Hsp72: general description

The Hsp72 was purchased from Boston Biochem (cat 09956315C) and the Anti-Hsp72 was
produced by Dr. Norma Bobadilla and her group at the Molecular Physiology Unit, In-
stituto de Investigaciones Biomédicas, Universidad Nacional Autónoma de México. Anti-
Hsp72 is conjugated with biotin, with a stock concentration of 0.75 mg mL−1. On the
other hand, Hsp72 has a stock concentration of 0.5 mg mL−1. As mentioned previously,
Hsp72 is an isoform of the Hsp70 family. Heat shock proteins have important functional
characteristics such as crucial participation in protein folding, cell stress regulation, and
actively participating in cell signaling and immune responses.6,7

4.2.2 Conjugation of QDs and Anti-Hsp72

Streptavidin-QDs 655, whose properties were described in section 3.2.5, was conjugated
with Biotin-Anti-Hsp72 by non-covalent interactions mentioned in the same section. To
establish concentrations of both Streptavidin-QDs and Biotin-Anti-Hsp72 more suitable
for conjugation, an experiment was carried out. Firstly, several microwells of a high-
binding plate were decorated with 100 µL of Biotin-Anti-Hsp72 concentrated at 100 µg
mL-1 and left overnight to allow decoration of the sensing surface. After that, three
washing steps are made to the microwells with PBS containing Tween® detergent at
1 % (PBST), to remove the excess of Biotin-Anti-Hsp72 that did not attach onto the
microwell. Then, a blocking step is performed in each microwell with blocking bu�er (0.5
g milk powder (Nestlé) + 9mL PBS + 1 mL PBST) avoiding thus nonspeci�c bindings. To
this, 50 µL of blocking bu�er is added into microwells and left for 45 minutes at constant
shaking, 800 rpm. Five washing steps with PBST are also made to each microwell to
remove the excess of blocking reagent. Six Streptavidin-QDs concentrations (0.37, 0.75,
1.5, 3, 6 and 12 nM) were prepared and Biotin-Anti-Hsp72 at 100 µg mL−1 was also
prepared. Then, 50 µL of Streptavidin-QDs and 50 µL of Anti-Hsp72 at 100 µg mL−1

were added to the Anti-Hsp72-coated microwells. Speci�cally, two Anti-Hsp72-coated
microwells per concentration of streptavidin-QDs. Also was left interacting for 45 minutes
at constant shaking, 800 rpm. The last washing step is made, and 100 µL of PBS is added
to every microwell. The �uorescence intensity of microwells is measured by the Cytation 5
plate reader, and �gure 4-1 shows the �uorescence intensities measured. The �uorescence
signals indicate that there is an excess of Streptavidin-QDs since these start binding with
Biotin-Anti-Hsp72 attached to microwell surfaces. Compare with the reference sample (no
QDs present), just for Streptavidin-QDs concentration of 12 nM, there is a �uorescence
signal. So, from that concentration start to have an excess of QDs. We concluded that
an intermediate concentration of Streptavidin-QDs between 6 and 12 nM is suitable for
the optimal conjugation with Anti-Hsp72 at 100 µg mL-1. Particularly, we chose the
8 nM Streptavidin-QDs concentration for all the conjugation experiments. This was
the protocol also followed by the conjugation of Streptavidin-QDs and Biotin-Anti-PSA
described in section 3.2.5.
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4.2.3 The immunosensing platform targeting SARS-CoV-2 Spike
RBD Antibodies

This work headed by Dr. Eden Morales-Narváez was carried out by his students Mari-
ana Avila-Huerta and Edwin J. Ortiz-Riaño. My workmate Mariana conducted all the
experiments for the detection of SARS-CoV-2 spike RBD antibodies and also carried out
the experiments for the detection of COVID-19 antibodies in human serum samples. In
this context, I performed all the statistical analyses of human serum samples. So, I will
describe such statistical analyses of samples. Firstly, it is necessary to describe the opti-
mal immunosensing conditions for the detection of SARS-CoV-2 Spike RBD antibodies.
The GO concentration used to cover the surface of the microwells was 1200 µg mL−1.
The biosensing probe (F-RBD) concentration was 60 ng mL−1, and for the conjugation
process, a FITC conjugation kit (fast)-lightning-link (ab188285) was used to bind FITC
with SARS-CoV-2 Spike RBD Recombinant Protein (Cat: 40592-VNAH). The analytical
range for the analyte detection was 0.0039-0.5 ng mL−1. The kinetic analysis was for two
hours with �uorescence intensity readings every 3 minutes. The orbital shaking mode
with a velocity of 180 cpm was added to the kinetic analysis. The best sensitivity of the
assay was reached at 42 minutes, and LOD obtained at that time was 3 pg mL−1. The
results obtained from this work are published in the American Chemical Society journal,
ACS Sensors.10

Figure 4-1. Fluorescence signals resulted from the conjugation of Biotin-Anti-Hsp72 and di�erent
concentrations of Streptavidin-QDs. Just for the 12 nM concentration, there is a �uorescence signal.

4.2.4 Serum collection

Clinical samples were provided by the Universidad Autónoma de Guerrero. 28 serum
samples were negative, collected in 2014 and stored at -20 ◦C, and 6 were positives
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collected from subjects who had a positive COVID-19 PCR test (at least 30 days before
serum extraction). All the samples were deactivated following the procedures described
in the literature to avoid the risk of infection.11 These serum samples were obtained with
informed consent, as all subjects signed a document adhering to the ethical principles
of the Helsinki Declaration (2013). The dilutions of samples were made with PBS and
immunoassays with human serum samples were conducted following the experimental
procedure section 3.2.2. The only di�erence regarding the experimental procedure is that
kinetic analysis with human serum samples was made for 48 minutes with �uorescence
intensity readings every 3 minutes.

4.3 Results and discussion

4.3.1 The immunosensing platform targeting Hsp72

Optimization of GO concentration

As usual, we need to establish the suitable GO concentration which covers the surface of
plate microwells intending to obtain the best quenching of �uorescence. A kinetic analysis
was performed with four GO concentrations 1600, 1400, 1200, and 800 µg mL−1. Final
concentrations for QDs and Anti-Hsp72 were 0.05 nM and 625 ng mL−1, respectively.
Such QDs concentration was chosen since provided adequate �uorescence intensity to
the �uorescence quenching phenomenon occurs. Figure 4-2 depicts the results of kinetic
analysis for every GO concentration. Following the curves of Figure 4-2A, concentrations
of 1200 and 800 µg mL−1 reached more quenching of �uorescence. Particularly, the
GO concentration of 1200 µg mL−1 has lower levels of �uorescence which means a more
quenching phenomenon. So, this concentration is optimal to quench the �uorescence
intensity provided by the QDs concentration used.

Figure 4-2. Quenching of �uorescence experiment for GO optimization. A. Kinetic analysis for
�uorescence intensity behavior. B. graph of bars at di�erent time intervals.
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4.3.2 Optimization of biosensing probe

Knowing the GO concentration that is more convenient to be used in the immunosensing
platform, experiments were carried out to determine the proper concentration of Anti-
Hsp72, and so establish the optimal biosensing probe (the conjugation of QDs and Anti-
Hsp72). Seven serial concentrations of Hsp72 (0.156-10 ng mL−1), and the blank were
selected for the experiments. Three Anti-Hsp72 concentrations (312, 781, and 937 ng
mL−1) were conjugated with the QDs concentration to determine which ones provide
the best analytical performance in terms of Hsp72 detection. The experiments were
performed following the experimental procedure described in section 3.2.2. Figure 4-3
shows the results obtained from this experiment. In general, the analyte (Hsp72) was
detected by the three biosensing probe concentrations. However, the error is considerably
high for Anti-Hsp72 concentrations of 312 and 937 ng mL−1, just as depicted in graph
bars. The analytical performance provided by the Anti-Hsp72 concentration of 781 ng
mL−1 is better since the blank reached highly e�cient quenching levels which are in
concordance with the operational principle described in section 3.1.1. Nonetheless, error
levels for the blank are high, so is important to decrease the error since is vital in the
determination of LOD and LOQ. The last step is determining the analytical range in
which Hsp72 can be detected by the immunosensing platform.

Analytical range of detection for Hsp72

The analytical range for Hsp72 detection goes from 0.78 to 50 ng mL−1. Serial dilutions
were made to evaluate seven Hsp72 concentrations. Figure 4-4 depicts the immunosensing
platform targeting Hsp72 with optimal sensing conditions. The di�erence in quenching
levels between the blank and the highest analyte concentration is large, and as a conse-
quence, the sensitivity of this con�guration will be high. On the other hand, the error
in all analyte concentrations and the blank is small (less than 4 %, see table 4-4) which
suggests that all were detected with excellent precision. Now LOD and LOQ can be
determined from these results.

Limit of detection and quanti�cation

We need to construct the calibration curves to determine LOD and LOQ values. Figure
4-5 shows these curves for time intervals depicted in Figure 4-4B. A logarithmic transfor-
mation is performed to Hsp72 concentrations of the x-axis follow by the linear regression
�tting. Then, determination coe�cients R2 are calculated to determine the goodness of
�tting whose values are shown in Table 4-1. These R2 values re�ected the reliability of
linear �tting for all time intervals except for 5 minutes.

Table 4-1. Coe�cient of determination values resulting from each �tting curve.

Time (min) 5 10 15 30 45 60 90 120
R2 0.8859 0.9416 0.926 0.9585 0.9715 0.9759 0.9863 0.9781

We can proceed to establish the linear equation for each calibration curve through
equations described in section 1.4. Table 4-2 displays the correspondent linear param-
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Figure 4-3. Optimization of the proposed immunosensing platform targeting Hsp72 in terms of
Anti-Hsp72 concentration. Experimental behavior resultant from the antibody concentrated at A-B.
312 ng mL−1. C-D. 781 ng mL−1. E-F. 937 ng mL−1. All the GOµWs were produced with GO

concentrated at 1400 µg mL−1. The �nal concentration of QDs was kept constant (0.05 nM). The error
bars represent the standard deviation of three parallel experiments.

Figure 4-4. Analytical performance of immunosensing platform with optimal conditions for Hsp72
detection. A. Real-time kinetic analysis of di�erent concentrations of PSA and the blank, B. Relation

between concentrations at several intervals to determine the best sensitivity.
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eters (with their respective uncertainties) and equations. Thus, LOD and LOQ can be
calculated following equations 3-1 and 3-2. The linear parameters and therefore the linear
equation was not calculated to 5 minutes since the coe�cient of determination was poor
re�ecting not good �tting for that interval.

Figure 4-5. Calibrations curves for Hsp72 at speci�c times.

Table 4-2. Values of linear regression with its respective uncertainties.

Time (min) Slope y-intercept L. Equation
10 0.0775 ± 0.0078 0.8401 ± 0.0075 y = 0.0775x + 0.8401
15 0.1034 ± 0.0119 0.7976 ± 0.0113 y = 0.1034x + 0.7976
30 0.1414 ± 0.0120 0.716 ± 0.0114 y = 0.1414x + 0.716
45 0.159 ± 0.0111 0.658 ± 0.0105 y = 0.159x + 0.658
60 0.175 ± 0.0112 0.6064 ± 0.0106 y = 0.175x + 0.6064
90 0.1759 ± 0.0084 0.5409 ± 0.0080 y = 0.1759x + 0.5409
120 0.1682 ± 0.0102 0.4828 ± 0.0097 y = 0.1682x + 0.4828

The LOD and LOQ can be determined to take into account that a logarithmic transfor-
mation was made so it is necessary to carry out an exponential transformation to �nally
obtained the respective values of LOD = 10XLOD and LOQ = 10XLOQ . Table 4-3 shows
the values calculated for LOD and LOQ. Interestingly, LOQ values were considerably low
indicating an excellent sensitivity.

56 | Centro de Investigaciones en Óptica PhD Thesis



4.3 Results and discussion CIO

Table 4-3. LOD and LOQ Values for respective times.

Time
(min)

[LOD]
ng ml-1

[LOQ]
ng ml-1

10 0.83 2.60
15 1.26 0.70
30 0.94 1.51
45 0.57 1.91
60 0.89 3.82
90 0.68 3.05
120 0.77 3.05

Intra-assay precision

Finally, the precision was calculated for each Hsp72 dilution. Table 4-4 shows CV values
determined for every concentration at speci�c times. Such values go from 0.39 to 4.15 %
re�ecting the high intra-assay precision with which Hsp72 can be detected and quanti�ed.
This has important relevance to the detection and analysis of real samples which is
described below.

Table 4-4. Precision values to each Hsp72 concentration detected.

[Hsp72]
ng mL-1

10 min
CV %

15 min
CV %

30 min
CV %

45 min
CV %

60 min
CV %

90 min
CV %

120 min
CV %

Blank 0.86 0.39 1.38 2.17 3.26 3.58 3.89
0.78 1.38 3.85 3.86 1.92 3.54 2.62 4.15
1.56 2.47 1.68 1.87 2.50 1.35 1.01 1.86
3.12 1.72 2.29 1.97 3.42 2.01 0.69 1.99
6.25 3.92 2.77 2.49 3.53 6.41 6.22 6.78
12.5 3.09 1.77 1.79 0.81 1.24 1.16 1.89
25 2.93 1.92 0.83 0.68 0.71 0.73 2.96
50 0.23 0.73 0.82 2.45 2.90 2.40 1.37

4.3.3 Immunosensing of Hsp72 in urine samples

Urine samples were tested to analyze if Hsp72 can be detected in real samples by the
immunosensing platform proposed. As previously mentioned, urinary Hsp72 level served
as an early biomarker to monitor and detect AKI induced by bilateral renal ischemia\
reperfusion. The group headed by Dr. Norma Bobadilla demonstrated that normal
urine Hsp72 levels from healthy donors are 0.22 ± 0.07 whereas values from patients
diagnosed with AKI are ≥ 4.90 ± 1.5 ng mL−1.4 Patients who are hospitalized by AKI,
exhibit urinary levels of Hsp72 above 10 ng mL−1. Initially, Dra Norma sent us nine
urine samples from patients that were diagnosed with AKI. We collected other nine urine
samples from volunteers without kidney injuries. All experiments were conducted with
the optimal conditions for Hsp72 detection which are depicted in �gure 4-4. The kinetic
analysis also was for two hours with readings every 5 minutes. The next step was to
establish adequate sample dilution that permits distinguishing positive from negative
samples. The �rst dilution factor tested was 1/4, and then an experiment was carried
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out following the experimental procedure described in section 3.2.2. Figure 4-6 shows the
results of the immunoassay.

Figure 4-6. Dilution factor of 1/4. Photoluminescent behavior of QDs-Anti-Hsp72 incubated with
diluted urine samples in GO-covered surfaces at di�erent times of assay. The experiment was

performed with the optimal immunoassay condition for Hsp72 detection.

The intention of �gure 4-6 is to compare the �uorescence intensity levels (If / I0)
of the two groups: negative and positive samples. It is expected that If / I0 levels of
negative samples are lower compared with positives where Hsp72 is present. Following
the operational principle of biodetection (section 3.1.1), the more analyte concentration
(Hsp72), the less quenching of �uorescence of the biosensing probe. Figure 4-6 depicts
the �uorescence intensity levels (If / I0) for both groups of samples at four-time intervals:
45, 60, 90 y 120 minutes. These intervals were selected for analysis since R2 values (in
the calibration curve) are close to 1, so more con�dence will have the results for such
intervals. Although for 90 and 120 minutes majority of samples get together for both
positive and negative samples, there is no considerable di�erence in If / I0 levels between
the two groups. From this fact, we conducted another experiment with a dilution factor
of 1/6, and under the same experimental conditions described previously. The results of
this experiment are shown in �gure 4-7A. It is observed that at 90 and 120 minutes there
is a clear di�erence in If / I0 levels between negative and positive samples. Following
the behavior of negative samples, they get together reaching almost the same If / I0
level. On the contrary, positive samples are a little more dispersed which makes sense
since each sample has a determined level of Hsp72. So, with a dilution factor of 1/6, the
immunosensing platform is capable of detect Hsp72 in urine samples.

We decided to explore with a dilution factor of 1/8, and the performance of the ex-
periment is depicted in Figure 4-7B. The detection e�ciency decreased with this dilution
due to there is not a considerable di�erence in If / I0 levels between positive and neg-
ative samples. Thus, we concluded that the dilution factor of 1/6 is optimal to detect
urinary Hsp72 levels. The optimal time where both sample groups are more distant re-
garding If / I0 levels is at 90 minutes of assay, which was also in good agreement with
the aforementioned optimum conditions to achieve the highest analytical sensitivity in
Hsp72 detection. As mentioned before, these results helped to demonstrate that the im-
munosensing platform proposed is viable for immunodetection in real samples. Indeed,
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Figure 4-7. Photoluminescent behavior of QDs-Anti-Hsp72 incubated with diluted urine samples in
GO-covered surfaces at di�erent times of assay. A. dilution factor of 1/6, B. dilution factor of 1/8.

Experiments were performed with the optimal immunoassay condition for Hsp72 detection.

due to the global pandemic situation, the project could not continue since Dr Norma
could not continue sent us more real samples and necessary reagents.

Finally, we analyzed the detection performance of urinary Hsp72 at 90 minutes of
assay, which was the optimal immunoassay interval. The If / I0 levels of the blank and
the LOD are represented by dot lines in �gure 4-8. All negative AKI samples are below
the blank suggesting high concordance of results. On the other hand, AKI samples are
above LOD and below of Hsp72 concentration of 12 ng mL−1. The If / I0 levels of the
blank, LOD, and Hsp72 concentration were taken from the calibration curve, �gure 4-5.
This is just a qualitative analysis that permits arguing the coherence of results due to the
lack of experimentation with more urine samples related to AKI. All in all, urinary Hsp72
samples from patients diagnosed with AKI can be potentially tested by our immunoassay
proposal even at di�erent stages of AKI disease.

Figure 4-8. Dilution factor of 1/6. Photoluminescent behavior of QDs-Anti-Hsp72 incubated with
diluted urine samples in GO-covered surfaces at 90 minutes of assay. Dot lines represent If / I0 levels

of the blank, LOD, and Hsp72 concentration of 12 ng mL−1.
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4.3.4 Immunosensing of COVID-19 antibodies in human blood
serum

The human blood serum samples described above were tested to explore if COVID-19
antibodies can be detected by our biosensing platform. According to the LOD obtained
with our immunosensing proposal and the minimum COVID-19 antibodies dilution used
in available ELISA kits (∼1/6400),12 we decided to execute a series of experiments with
three dilution factors 1/6000, 1/7000, and 1/8000. For these experiments, four pre-
COVID-19 and two COVID-19 samples were tested, Figure 4-9 depicts the results pro-
vided by these assays. To compare the means of If / I0 levels of the two groups, we
performed an unpaired t-test which is a statistical method that compares the means of
two unmatched groups. The statistical signi�cance P is a parameter that refers to the
claim that a set of observed data are not the result of chance but can instead be at-
tributed to a speci�c cause. Particularly, the P-value indicates if there is a di�erence in
the means of If / I0 levels of the two groups (positive and negative samples): the lower
the P-value, the bigger the di�erence in the means of If / I0 levels of such groups. In
other words, COVID-19 samples should have greater If / I0 levels than pre-COVID-19
samples since there is an increased amount of antibodies produced against SARS-CoV-2,
following the operational principle of biodetection (section 3.1.1). The level at which one
can accept whether an event is statistically signi�cant is known as the con�dence level, so
if the P-value falls below the con�dence level, then the result is statistically signi�cant.
In this case, the con�dence level selected for the t-test was 95 % (P < 0.05). None of the
dilutions tested showed a P-value with a con�dence level, following the tables depicted
in �gure 4-9. However, dilution factors of 1/7000 and 1/8000 reached better P-values.

From previous results, we decided to conduct an immunoassay with 14 pre-COVID-19
and 6 COVID-19 samples diluted at 1/8875, and the performance of such immunoassay is
presented in �gure 4-10. There was a clear di�erence between the two groups in terms of If
/ I0 levels. Such di�erence is evident throughout the kinetic analysis of 48 minutes which
suggests that factor dilution of 1/8875 is better to avoid possible matrix interferences that
might hinder the biodetection. Equally, the unpaired t-test was applied and all P-values
fall below of con�dence level (< 0.05) re�ecting the statistical signi�cance between the
two groups regarding If / I0 levels and therefore the biodetection of COVID-19 speci�c
antibodies.

We conducted another immunoassay with the same pre-COVID-19 and COVID-19
samples but with a higher dilution factor: 1/11875. The intention was to explore if
biodetection improved by increasing the dilution factor whose results are shown in �gure
4-11. Concerning If / I0 level separation of the two groups, both dilution factors have
similar performance. P-values are also similar for the two dilution factors. Same way,
although there is a considerable di�erence in the means of If / I0 level of two groups with
both dilution factors 1/8875 and 1/11875, is needed that both groups are separated to
claim that we know the optimal dilution factor. Thanks to the fact that we obtained a
low LOD regarding SARS-CoV-2 antibodies detection (3 pg mL−1), it has been possible
to explore high dilutions factor without loose detection sensitivity.

The dilution factor of 1/12220 was also explored and the performance of this im-
munoassay is depicted in �gure 4-12. In this immunoassay, all pre-COVID-19 and
COVID-19 samples were tested and we observed that from 15 minutes of assay the sep-
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Figure 4-9. Performance of the assay with diluted sera throughout time (3 to 48 minutes). A.
analysis to dilution factor: 1/6000. B. analysis to dilution factor: 1/7000. C. analysis to dilution

factor: 1/8000. The box plots display the median and the extreme values of the respective distribution.

Figure 4-10. Performance of the assay with sera throughout time (3-48 minutes). Dilution factor:
1/8875. 12 pre-COVID-19 samples (N) and 6 COVID-19 subjects (P) were assayed. A. Analysis from 3

to 12 minutes. B. Analysis from 21 to 42 minutes.
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Figure 4-11. Performance of the assay with sera throughout time (3-48 minutes). Dilution factor:
1/11875. 12 pre-COVID-19 samples (N) and 6 COVID-19 subjects (P) were assayed. A. Analysis from

3 to 12 minutes. B. Analysis from 15 to 42 minutes.

aration between the two groups starts to be more evident and the maximum separation
in terms of the respective means of If / I0 level was reached at 42 minutes. The P-values
obtained with this dilution factor are lower from 12 minutes of analysis (< 0.0001) which
was in good agreement with the previous dilution factor assessment. So, these results
permit us to claim that the optimal dilution factor is around 1/12200. On the other
hand, the optimal immunosensing time is 42 minutes which is in concordance with the
best sensitivity for the detection of speci�c SARS-CoV-2 antibodies.10

Figure 4-12. Performance of the assay with sera throughout time (3-48 minutes). Dilution factor:
1/12200. 28 pre-COVID-19 samples (N) and 6 COVID-19 subjects (P) were assayed. A. Analysis from
3 to 12 minutes. B. Analysis from 15 to 24 minutes. C. Analysis from 27 to 36 minutes. D. Analysis

from 39 to 48 minutes.

We established an If / I0 around 0.767 as a threshold to determine a positive or negative
result at optimal immunosensing time (42 minutes), and no false negative/positive were
determined, as shown in the �gure 4-13. The threshold was calculated as the average of
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the higher If / I0 value of pre-COVID-19 samples and the lower If / I0 value of COVID-19
samples. Thus, we can argue that the immunosensing platform proposed is suitable for
the qualitative detection of antibodies against SARS-CoV-2 in serum samples. However,
a limiting factor is that the speci�c detection of COVID-19 antibodies in serum samples
through this approach may be restricted due to cross-reactivity with other antibodies for
instance IgA or IgM which are also present in the serum samples. The direct comparison
of serum samples (in optimal biosensing conditions) with the calibration curve, as done in
�gure 4-8 for Hsp72, was not possible since all the serum samples from COVID-19 subjects
yielded If / I0 values exceeding the dynamic range of the optimized calibration curve.
So, we attributed the last fact to the cross-reactivity with other immunoglobulins present
in serum samples whereas the calibration curve was solely performed with SARS-CoV-2
Spike RBD antibodies (immunoglobulins G).

4.4 Conclusions

The developed immunosensing platform can operate for the detection of several clinically
relevant proteins. Particularly, this fact was demonstrated through the utilization of the
GO-based immunosensing platform for the detection of H-IgG, PSA, Hsp72, and SARS-
CoV-2 Spike RBD Antibodies. Furthermore, diverse con�gurations of the biosensing
probe can be done for instance FITC or Streptavidin-QDs conjugate with antibodies (for
the immunosensing of proteins), or FICT conjugated with recombinant proteins (for the
immunoassay of antibodies), as far as we are concerned, has not been demonstrated to
operate as biosensing probe when incubated in GO-coated surfaces. Additionally, the
GO-based immunosensing platform can be used for the qualitative immunosensing in
real samples as was demonstrated in the assay of urinary Hsp72 samples from patients
diagnosed with AKI, even at di�erent stages of AKI disease, or the determination of
COVID-19 seroconversion from human serum samples with statistical signi�cance. Lastly,
our method has some advantages compared with the gold standard immunoassay method
ELISA which are resumed in table 4-5.

Table 4-5. Some advantages of our method regarding the ELISA technique.

Feature ELISA Our method
Antibodies needed At least two one

Steps involve Blocking, separation and washing One step
Time Around 6 hours Around 2 hours

Interrogation At the end Real-time
LOD ∼pg-ng mL-1 ∼pg-ng mL-1
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Chapter 5

Determination of protein-binding

constants via the developed

immunosensing system

Determination of macromolecular association is of fundamental importance in diverse
�elds of biomedical science such as drug development, gene editing, and diagnostics.
Therefore, the measurement of the mentioned binding constants is also important in
the biosensing �eld. Surface plasmon resonance is the technique widely used for the
determination of macromolecular interactions since it permits monitoring, in real-time,
association and dissociation processes. Herein, we demonstrated that the �uorescence
quenching-based immunosensing platform developed can be implemented also to moni-
tor the association process occurring between proteins, and therefore, determine binding
kinetic constants. We described all procedures performed to the determination of protein-
binding constants of three pairs of proteins including (i) H-IgG and �uorophore-labeled
anti-H-IgG, (ii) PSA and QDs-labeled anti-PSA, and (iii) antibodies against SARS-CoV-
2 and �uorophore-labeled SARS-CoV-2 spike receptor-binding domain recombinant pro-
tein.

5.1 Introduction

5.1.1 The practical relevance of binding kinetic constants

Measurement of binding kinetic constants is crucial in diverse biomedical applications
such as biosensing, where antibodies are employed, so antibody a�nity is fundamental
in quality control to ensure high sensitivity during analyte detection;1 in drug discovery,
the pharmacological e�ect/mode of action is determined through the speci�c associa-
tion of a drug with its respective receptor;2 in biochemistry, the understanding of struc-
ture/function relationships are in function of protein-protein interactions;3 in diagnostics,
the validation of potential biomarkers is made in terms of binding kinetics parameters.4

In general, binding kinetic constants are determined from ligand-binding type experi-
ments where saturation is often reached and the concentration of one reactant is varied.3

Quantitative analysis of binding kinetics constants is very important since it accounts for
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the strength of the resulting binding and determines the a�nity of such interaction.

Protein-protein association and dissociation rate constants are typically determined us-
ing SPR, a highly sensitive label-free technique, which allows for the real-time monitoring
of the binding event occurring in an immunoreaction (ex. antibody-antigen).5 However,
SPR technology possesses some limitations; for instance, (i) external factors (such as
temperature) may alter the refractive index and so contribute to false-positive signals,
(ii) the kinetic analysis can be a�ected by mass transport, (iii) inappropriate orientation
of the ligand onto the surface of sensor chip may hinder the analyte binding,6 and (iv)
the instrumentation and biochips, in general, are expensive. High-performance a�nity
chromatography is another technique used to study binding interactions in which the
a�nity column can be reused for several experiments, which is an important advantage
of this technique.7 However, the binding requires the immobilization of the biorecogni-
tion element, and therefore, validation protocols are needed to ensure that the protein
association happened correctly. Many other techniques have been used for the measure-
ment of binding kinetic constants. Table 5-1 summarizes these techniques, and also the
advantages and limitations of each method are mentioned.

5.1.2 The operational principle for measurement of binding ki-
netic constants

GO, which is an excellent quencher of �uorescence, has been observed to exhibit a high
a�nity with proteins that are not forming immunocomplexes.8 Hence, the �uorescence
intensity of F-Ab (�uorophore-labeled protein) (a donor) can be strongly quenched when
F-Ab is incubated within GO-covered microwell surfaces (an acceptor) via non-radiative
energy transfer (a phenomenon e�ciently occurring when the distance between donor
and acceptor is below 20 nm).9 However, the formation of immunocomplexes involves
non-covalent intermolecular interactions such as hydrogen bonding, electrostatic interac-
tions, hydrophobic, and Van der Waals forces.10 We hypothesize that such intermolecular
interactions hinder the a�nity between immunocomplexes and GO-covered microwell sur-
faces, and as a consequence, in the proposed biosensing platform, the aforementioned non-
radiative energy transfer is not e�cient upon immunocomplexes development. Moreover,
the analyte acts as a spacer between F-Ab and the GO-covered microwell surface, hence,
upon immunocomplexes formation, the distance between donor and acceptor does not fa-
cilitate non-radiative energy transfer. In other words, the F-Ab remain highly �uorescent
during protein association, whereas F-Ab that are not associated with their counterparts
are quenched by GO. Thus, this approach is intended for the assessment of the asso-
ciation phase occurring between two proteins. Particularly, we determined the binding
kinetic constants of three pairs of proteins: the interaction of (i) human immunoglobu-
lin G (H-IgG) with �uorophore-labeled Anti-H-IgG, (ii) Prostate-Speci�c Antigen (PSA)
with quantum dot-labeled Anti-PSA, and (iii) Anti-RBD with �uorophore-labeled SARS-
CoV-2 spike receptor-binding domain recombinant protein.

68 | Centro de Investigaciones en Óptica PhD Thesis



5.1 Introduction CIO

Table 5-1. Overview of di�erent methods for the determination of protein kinetics.

Analytical
technique

Label Advantages Limitations
Experimen-
tal steps

Ref

SPR Free

Real-time
measurements.

Highly sensitive.

Small volume and
sample are needed

Mass transport.

Bulky and
expensive

instrumentation.

Non-speci�c
binding to
surfaces.

Ligand immo-
bilization,
blocking
steps, and
sample
injection.

Glass surface
coated

with inert
metal (gold).

6

Bio-layer
interferometry

Free

Real-time
measurement.

Allows for the
measurement of
binding properties
in crude samples,
complex matrices,
and/or solvents.

Require special
instrumentation.

it can only be
applied to peptides
that present speci�c

types of amino
acids

in their sequence.

Multiple
washing

and blocking
steps.

Ligand immo-
bilization.

11

Acoustic
device

Free

Real-time
measurements.

The micro�uidic
module for multi-

sample
integration,

rapid analysis,
and

reduced sample
consumption.

Easy to assemble
and use.

SAW sensors are
sensitive to a
variety of
parameters.

The sensing system
may not work

e�ciently due to
in biological
solution

the intensity of
acoustic waves can

decrease.

Require
special

materials such
as gold,
quartz,
and

polydimethy
lsiloxane for

the
chip

con�guration.

12
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Electro-
chemical

Free

Good
reproducibility
and sensitivity

Easy to assemble
and use.

The small
amplitude

perturbation from
the steady state
makes it a non-
destructive
technique.

Several
requirements
are needed to

obtain
a valid impedance

spectrum.

The accuracy of
EIS measurement
depends not only
on the technical
precision of the
instrumentation
but also on the

operating
procedures

Needs speci�c
surface

architecture
Such as
electrodes
coated with

gold.

Diverse
washing,

electrochemical
polishing, and

blocking
steps.

13,14

Capacitive Free

Portability,
rapidity,

and real-time
measurement.

Needs speci�c
surface architecture.

Instability to detect
small molecules,
reusability, and
su�cient stability
for repetitive
measurements.

Lack of su�cient
selectivity for
application in
real samples.

Needs speci�c
surface

architecture
Such as
electrodes
coated with

gold.

Diverse
washing,

electrochemical
polishing,

and
blocking
steps.

14
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Optical �ber GO

High compactness
and potential

miniaturization.

High compatibility
with

optoelectronic
devices.

Multiplexing and
remote

measurement
capability as the
signal is spectrally

modulated.

Measurement
accuracy is

limited because
of its broad line

width at full-width
at half maximum.

Needs speci�c
surface

architecture.

Require special
instrumentation.

Photosensi-
tive

silicate �ber
whose core is
doped with
germanium.

Several
washing
steps.

15,16

Chro-
mogenic
assay

Peptide
labeling

Good speci�city
in complex
matrices.

Require special
instrumentation,
and in general,

is very expensive.
Complicated
procedures.

Diverse
washing

and blocking
steps.

17

Microme-
chanical
resonators

Free

Extreme
sensitivity,

fast response,
low cost, and the
small amount of
sample required
for operation.

Non-speci�c
absorption makes
measurement inter-
pretation di�cult.

Diverse
washing

and blocking
steps.

Gold and
silicon

nitride are
used

on the surface
chip.

Ligand immo-
bilization.

18
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Chemilumi-
nescent

Free

Real-time
measurement.

Simple
manipulation,

low cost, and high
speed.

It avoids the
decrease
of a�nity
resulting
from steric
hindrance,

occupation of the
antigenic

determinants,
and deactivation
of antibodies.

Lack of su�cient
selectivity and
sensitivity to

various
physicochemical

factors.

CL emission
intensities

are sensitive to a
variety of

environmental
factors such as
temperature,

solvent,
ionic strength, pH,

and
other species

present
in the system.

Diverse
washing

and blocking
steps.

19

Photolumi-
nescence

ZnO-
nanorods

Good sensitivity.

Portable
immunosensor.

Needs speci�c
surface

architecture.

Complicated
procedures

The glass
surface

is coated with
ZnO-nanorods
and protein

A.

Ligand
immobilization.

20

Fluorescence
Fluores-
cence
labeling

High sensitivity,
accuracy, and

rapidity.

Require special
instrumentation.

Complicated
procedures.

Few optical
components

are
needed due to
the use of
SMFC.

Multiple
cleaning

and blocking
steps.

21
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Ellipsometry Free
High sensitivity
and accuracy.

Require special
instrumentation.
Complicated
procedures.

Gold and
Chromium
are used on

the
surface chip

Multiple
cleaning

and blocking
steps.

22

Fluorescence
Fluores-
cence
labeling

Real-time and
in vivo

measurements.

Good sensitivity.

Cumbersome
procedures

Diverse
washing

and blocking
steps.

23

Radioligand
Radioli-
gand
labeling

Sensitivity and
minimal

modi�cation of
the

chemical structure
of the ligand.

Every compound
of interest must be
custom synthesized
and labeled with a
radioisotope which
is cost and time
prohibitive.

Multiple
incubation
and blocking

steps.

24

Isothermal
titration

Free

Non-destructive
technique.

Allows for the
measurement of
binding properties
in crude samples,
complex matrices,
and/or solvents

A large amount of
sample is needed.

It is a slow
technique with
low throughput.

Multiple
washing

and blocking
steps.

25

Fluorescence
quenching

Fluores-
cence
labeling

Real-time
measurements.

High sensitivity,
accuracy, and

rapidity.

low cost and a
small amount

of sample required
for operation.

Requires special
instrumentation

such
as a microplate

reader.

Single-step
immunosensing.

This
work
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5.2 Experimental section

The experimental protocols for the immunoassays targeting H-IgG and PSA are described
in the experimental section of Chapter three, and for immunoassays of Hsp72 and anti-
bodies against SARS-CoV-2 such experimental protocols are mentioned in Chapter four.

5.2.1 Immunoassay

Generally, 100 µL of the biosensing probe and 100 µL of the protein counterpart were
added. FITC-Anti-H-IgG was added at a �nal concentration of 0.125 µg mL−1, QD-
Anti-PSA was added at a �nal concentration of 0.028 µg mL−1, and F-RBD was added
at a �nal concentration of 0.06 µg mL−1. The liquid was then mixed to homogenize
the content of the microwells. Afterward, the intensity of �uorescence is recorded by
interrogating the �uorescence in each microwell every 5 minutes via a kinetic analysis of
two hours. In general, seven serial dilutions of the protein counterpart were analyzed.
Blank samples were also assayed as a control in each immunoassay. All the experiments
were carried out in the microplate reader Cytation 5 (Biotek), at room temperature.

5.2.2 Open-source software

We also developed a graphical User Interface (GUI) in python for the determination of
Binding kinetics constants. The data resulting from the association process is loaded
in the GUI and automatically the binding constants can be calculated. Our software
to determine binding kinetic constants of proteins is publicly available via https://

github.com\/BioNanosensors/GUI-Kinetics-Protein.git. All the details related to
the installation and operation of this software are available in the same link.

5.3 Results and discussion

5.3.1 The theoretical model of binding kinetic constants

As depicted in table 5-1, many techniques have been used for the determination of the
a�nity and kinetics of an interaction between two biomolecules. The a�nity describes
how strong the interaction is between two biomolecules, and is expressed via the equilib-
rium dissociation constant KD.3 This parameter is the concentration of ligand at which
half the ligand-binding sites on the protein are occupied in the system at equilibrium (In a
biochemical reaction, equilibrium is the state in which the proteins, ligands, and protein-
ligand complexes are at a point where there is no observable change in the properties of
the system), and it is de�ned as

KD =
Kd

Ka

(5-1)

hence, the smaller the KD, the greater the a�nity between biomolecules. On the
other hand, kinetic is related to how fast the interaction happens (the association rate
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constant Ka), and also how speci�c the interaction is between two biomolecules (the
dissociation rate constant Kd).26 The association rate constant describes the rate at which
the forward reaction is taking place so that the protein-ligand complex is formed. This
rate is dependent on the concentration of the protein and ligand and it is measured in
terms of M−1 s−1. On the contrary, the dissociation rate constant describes the rate of
the backward reaction depicting the rate at which the complexes dissociate into separate
proteins and ligands. This rate is independent of the concentration of the free proteins
and ligands in the system, and it is measured in s−1.

Following the model proposed by Oshannessy and colleagues,27 the interaction between
a protein P and its respective antibody L can be described as,

L+ P ↔ LP (5-2)

so, the rate of formation of the product, LP, at time t is described as follows

d[LP ]

dt
= Ka[L][P ]−Kd[LP ] (5-3)

after some reaction time, P = [P0] � [LP] so Eq 5-3 can be written as

d[LP ]

dt
= Ka[L]([P0]− [LP ])−Kd[LP ] (5-4)

where P0 is the initial concentration of protein at time t = 0. The observed signal R is
proportional to the formation of immunocomplexes LP. In our immunosensing platform, R
is the signal provided by the respective quenching of �uorescence (for example, the signal
provided by the interaction (immunocomplex formation) of an analyte concentration and
its respective �uorophore-labeled antibody). Rmax is the maximum value of the explored
signal, that is, in our particular case, the maximum quenching of �uorescence reached by
the blank sample. So, we have that

dR

dt
= Ka[C]([Rmax −R]−Kd[R] (5-5)

C is the concentration of the respective analyte and dR/dt is the rate of immunocom-
plexes formation (biosensing probe-analyte). [Rmax� R] is equivalent to the number of
unoccupied binding sites in the biosensing probe. Rearranging equation 5-5 we have that

dR

dt
= CKaRmax − (CKa +Kd)R (5-6)

Rearranging,

∫
dt =

∫
dR

CKaRmax − (CKa +Kd)R
(5-7)

Integrating we obtained the following expression for R
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R =
CKaRmax(1− e−(CKa+Kd)t)

CKa +Kd

(5-8)

From this expression, it is di�cult to calculate Ka and Kd since both are unknown.
So, de�ning ks as

ks = CKa +Kd (5-9)

Equation 5-8 takes the form

R =
CKaRmax(1− e−kst)

ks
(5-10)

Finally, we obtained an expression to calculate Ka

Ka =
ksR

CRmax(1− e−kst)
(5-11)

And so, Kd can be determined from equation 5-9. Through our �uorescence quenching-
based immunosensing platform the association process is followed, for this reason, the
association rate constant can be directly determined and Kd and KD are calculated from
equations 5-9 and 5-1, respectively.

5.3.2 Development and operation of GUI

Important Note: This application was developed in collaboration with Dr. Fernando
Arce-Vega at Centro de Investigaciones en Óptica.

The �rst steps consist in load the �le (.xlsx or .csv) with R values measured at given
intervals. Figure 5-1 shows how the information used by the GUI should be organized.
In the �rst column, the values of time must be in seconds. Then, the next columns
contain the measurements of R, which is represented by the quenching of �uorescence
in our biosensing platform, and the ultimate row contains the information of analyte
concentrations in molar units. Therefore, each column includes the quenching signal R
for every reading time and the respective analyte concentration.

When the user clicks on the calculate button, the application computes the calibration
curves of the quenching signals R �nding a mathematical model that �ts the data pro-
vided. Given the exponential nature of quenching signals R, the one-phase association
model was used, which is described by the following equation:

Rt = R0 + (Plateau−R0)(1− ekst) (5-12)

where Rt is the quenching signal expressed in arbitrary units, Plateau is the R-value
at in�nite times, ks is the rate constants (expressed in reciprocal of the X-axis time units,
If X is in seconds, then K is expressed in inverse seconds), and R0 is the value of R at
time 0. The optimization algorithm used by the GUI to �t the curves and determine
the plateau, ks, and R0 variables is the Lavender-Marquardt,28 which is implemented
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in the SciPy library.29 The algorithm iteratively adjusts these variables to reduce the
least-squares function:

Figure 5-1. Organization of the information for the determination of binding kinetic constants
through the GUI.

arminβ

n∑
i=1

[Ri − f(ti, β)]
2 (5-13)

where β are the arguments plateau, ks, and R0 of the one-phase association function
f, and n is the number of measurements. Once these variables have been calculated, the
application displays on the right widget a �gure with the calibration curves in continuous
lines and dashed lines for the R signals and saves a .png image inside the output folder.
In addition, the application displays on the left widget the parameters obtained from
the one-phase association model and the R2 metric of the predictions regarding the R
signals using the scikit-learn librar,30 then the application saves these values in the text
�le. After the Plateau, ks, and R0 variables have been obtained for all the signals, the
next step of the application is to calculate the Span and Rmax variables. Span is a vector
composed of the di�erence between R0 and Plateau signals, and Rmax is the maximum
value of the Span vector computed as:

span = R0 − Plateau

Rmax = max(span)

So, the GUI calculates the binding kinetic constants from equations 5-1, 5-9, and 5-11.
Finally, the application computes the absolute error to determine the relative error of
measurements using the equations:
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Errabs =

√∑n
i=1[Ai − Ā]2

n(n− 1)
(5-14)

Errrel =
Errabs

Ā
(5-15)

Errabs is the absolute error of the measurements, Errrel is the relative error of the mea-
surements, Ā is the average of measurements A, and n the number of measurements. The
relative error of the measurements is expressed in parentheses using a plus-minus symbol
± in the graphical interface. Finally, this information is displayed in the left widget and
saved in the text �le, along with the time in seconds that the process of determining the
binding kinetic constants required. The procedure for the installation of GUI is described
in detail at https://github.com/BioNanosensors/GUI-Kinetics-Protein.git.

5.3.3 Determination of binding kinetic constants for H-IgG

According to the operational principle of the proposed immunosensing platform (de-
scribed in section 5.1.2.), we employed the quenching signal R as the indicator of the
association between a protein P and an antibody L. Figure 5-2a depicts the row data ob-
tained (under optimal biosensing conditions) for the detection of H-IgG. The �uorescence
intensity If/I0 decreases throughout the kinetics analysis, and therefore, the quenching
signal increases, see �gure 5-2b. The quenching signal is obtained through the transfor-
mation R = (1 - If/I0), where If is the �uorescence intensity in the studied microwell
at time f and I0 is the intensity of �uorescence in the explored microwell at time 0.
Therefore, R values close to 1 suggest a strong quenching of �uorescence, and on the
contrary, R values close to 0 indicate a weak quenching phenomenon. We concluded that
the quenching of �uorescence is inversely proportional to the analyte concentration, that
is the lower the analyte concentration, the higher the R values. Following this, Rmax is
then reached by blank samples (no analyte).

Figure 5-2. A. Raw data of the interaction between H-IgG and F-Anti-H-IgG. B. Association curves
for the measurement of H-IgG binding constants.

Obtaining typical association curves for H-IgG, through GUI developed we obtained
the parameters of the one-phase association �tting which are shown in table 5-2. The
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analyte concentrations used in the experiments were transformed to molarity because of
the units of binding constants.

Table 5-2. Parameters resulting from the one-phase association, human immunoglobulin G (H-IgG) �
�uorophore-labeled Anti-H-IgG.

Concentration
(ng mL-1)

Blank 9.37 37.5 75 150 300 600

Molarity (nM) Blank 0.125 0.24 0.48 0.97 1.94 3.89
R0 0.022 0.027 0.029 0.029 0.025 0.038 0.027
Plateau 0.664 0.64 0.593 0.556 0.542 0.568 0.504
Ks (s-1) 0.028 0.025 0.024 0.024 0.023 0.019 0.021
R2 0.997 0.996 0.995 0.995 0.995 0.994 0.994

So, the GUI has all parameters necessary to calculate the binding kinetic constants Ka

, Kd and KD. The values of such constants for every H-IgG concentration are resumed
in table 5-3. The average value of KD represent the a�nity of anti-H-IgG to H-IgG. As
seen in table 5-3, each binding constant was computed with its respective error.

Table 5-3. Binding kinetic constants of H-IgG � �uorophore-labeled Anti-H-IgG.

[H-IgG];
(nM)

Ka(M
-1s-1) Kd(s

-1) KD(M)

0.125 2.93 x1008 (±0.06) 6.9 x10-03 (±0.16) 4.15 x10-11 (±0.32)
0.24 6.52 x1007 (±0.06) 8.1 x10-03 (±0.12) 2.02 x10-10 (±0.29)
0.48 2.91 x1007 (±0.06) 8.97 x10-03 (±0.1) 4.79 x10-10 (±0.27)
0.97 1.39 x1007 (±0.06) 9.31 x10-03 (±0.09) 1.05 x10-09 (±0.27)
1.94 5.39 x1006 (±0.07) 7.78 x10-03 (±0.09) 2.15 x10-09 (±0.22)
3.89 2.88 x1006 (±0.06) 9.76 x10-03 (±0.07) 5.03 x10-09 (±0.23)
Average 6.83 x1007 (±0.67) 8.47 x10-03 (±0.05) 1.49 x10-09 (±0.51)

The resultant KD values were benchmarked with data found in the literature and the
value provided by the respective bioreagent suppliers. So, for anti-H-IgG, the reported KD

range from 2 to 13 nM whereas the value of KD obtained with our �uorescence quenching-
based immunosensing platform was 1.49 nM, see table 5-4. Bioreagent suppliers do not
provide any KD value for anti-H-IgG. Table 5-4 also brings information regarding the
methods employed to the determination of KD.

Table 5-4. KD reported values in the literature for anti-H-IgG associations.

KD (nM) 2 4.2 13.26 5 12 1.49
Detection
Method

SPR SPR
Photonic

Crystal-sensor SPR
Di�erence

interferometer
Quenching of
�uorescence

Reference 31 32 33 34 35 This work
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5.3.4 Determination of binding kinetic constants for PSA

Figure 5-3a depicts the row data obtained (under optimal biosensing conditions) for
the detection of PSA. The association process for each PSA concentration in terms of
quenching signal R=(1-If )/I0 is depicted in �gure 5-3b.

Figure 5-3. A. Raw data of the interaction between PSA and QDs-Anti-PSA. B. Association curves
for the measurement of PSA binding constants.

Now through the GUI developed, the parameters of the one-phase association �tting
are calculated which are shown in table 5-5. The PSA range was smaller than H-IgG,
and the �uorophore used for the conjugation with Anti-PSA was QDs. Same way, PSA
concentrations were transformed to molarity due to the units of binding constants.

Table 5-5. Parameters resulting from the one-phase association, PSA � QDs-labeled Anti-PSA.

Concentration
(ng mL-1)

Blank 0.15 0.32 0.62 1.25 2.5 5 10

Molarity (nM) Blank 0.031 0.062 0.125 0.25 0.5 1 2
R0 0.081 0.033 0.039 0.035 0.06 0.048 0.033 0.022
Plateau 0.686 0.622 0.521 0.541 0.512 0.486 0.47 0.499
ks(s

-1) 0.032 0.031 0.037 0.031 0.023 0.021 0.024 0.016
R2 0.957 0.986 0.962 0.978 0.974 0.977 0.952 0.984

So, the GUI has all parameters necessary for the calculation of binding kinetic con-
stants which are presented in table 5-6. Each binding constant is computed with its
respective error following the equations 5-14 and 5-15.

80 | Centro de Investigaciones en Óptica PhD Thesis



5.3 Results and discussion CIO

Table 5-6. Binding kinetic constants of PSA � QDs-labeled Anti-PSA.

[PSA];
(nM)

Ka(M
-1s-1) Kd(s

-1) KD(M)

0.031 8.06 x1008 (±0.05) 6.08 x10-03 (±0.23) 1.42 x10-11 (±0.39)
0.062 4.22 x1008 (±0.05) 1.08 x10-02 (±0.12) 3.64 x10-11 (±0.27)
0.125 1.77 x1008 (±0.05) 9.31 x10-03 (±0.13) 7.95 x10-11 (±0.28)
0.25 5.67 x1007 (±0.06) 8.73 x10-03 (±0.09) 2.08 x10-10 (±0.21)
0.5 2.32 x1007 (±0.06) 9.08 x10-03 (±0.07) 5.36 x10-10 (±0.21)
1 1.33 x1007 (±0.06) 1.04 x10-02 (±0.08) 1.15 x10-09 (±0.25)
2 3.91 x1006 (±0.07) 7.95 x10-03 (±0.07) 3.21 x10-09 (±0.23)
Average 2.14 x1008 (±0.54) 8.91 x10-03 (±0.06) 7.49 x10-10 (±0.58)

The KD values for anti-PSA reported in the existing literature range from 0.23 to 21.7
nM, and the value reported by the bioreagent suppliers was 0.54 nM, see table 5-7. The
KD value calculated by the GUI was 0.74 nM, which is in the same order as that reported
by the suppliers. Also, the detection methods used in each paper for the determination
of binding kinetic constants are shown.

Table 5-7. KD values reported in the literature for Anti-PSA association.

KD(nM) 0.23, 0.61 3.7 21.7, 17.5
0.5, 1.1,

0.3
0.54 0.74

Antibody
tested

P001D
and

P008P

A67-B/E3
(Used by us)

Ab10187
and

Ab10185

60-8A2,
22-1A2
and

22-8A2

A67-B/E3 A67-B/E3

Manufacturer The authors Abcam Abcam The authors Abcam Abcam
Detection
Method

SPR
Immunometric

assay SPR
Titration
ELISA

OI-RD
measurement

Quenching of
�uorescence

Reference 36 37 38 39 Supplier This work

5.3.5 Determination of binding kinetic constant for antibodies
against SARS-CoV-2

The association curves of the interaction of antibodies against the RBD region of SARS-
CoV-2 and F-RBD are depicted in �gure 5-4. As mentioned previously, in this im-
munoassay con�guration the RBD recombinant protein of SARS-CoV-2 is conjugated
with �uorophore FITC and the antibodies against this recombinant protein are detected.

The results obtained from the one-phase association �tting, performed with the GUI,
are shown in table 5-8. The range of concentrations of antibodies against SARS-CoV-2
are lower in order of pM.
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Figure 5-4. A. Raw data of the interaction between antibodies against SARS-CoV-2 (anti-RBD) and
FITC-RBD. B. Association curves for the measurement of anti-RBD binding constants.

Table 5-8. Parameters resulting from the one-phase association, Anti-RBD � �uorophore-labeled
SARS-CoV-2 spike receptor-binding domain recombinant protein.

concentration
(ng ml-1)

Blank 0.03 0.062 0.12 0.25 0.5 1 2

Molarity (pM) Blank 0.21 0.42 0.85 1.71 3.42 6.85 13.7
R0 0.011 0.002 0.003 0.003 0.017 0.006 0.002 0.005
Plateau 0.568 0.574 0.567 0.538 0.497 0.489 0.514 0.494
Ks (s

-1) 0.026 0.019 0.022 0.021 0.025 0.024 0.018 0.020
R2 0.994 0.989 0.998 0.999 0.997 0.996 0.996 0.997

The values obtained of Ka, Kd and KD for every analyte concentration are shown in
table 5-9. The a�nity of anti-RBD antibodies is high as evidenced by the average value
of KD.

Table 5-9. Binding kinetic constants of Anti-RBD��uorophore-labeled SARS-CoV-2 spike
receptor-binding domain recombinant protein.

[Anti-RBD];
(pM)

Ka(M
-1s-1) Kd(s

-1) KD(M)

0.21 5.79 x1010 (±0.06) 6.89 x10-03 (±0.1) 2.83 x10-13 (±0.31)
0.42 3.57 x1010 (±0.06) 7.3 x10-03 (±0.11) 5.05 x10-13 (±0.33)
0.85 1.6 x1010 (±0.06) 7.95 x10-03 (±0.09) 1.16 x10-12 (±0.31)
1.71 9.26 x1009 (±0.05) 9.27 x10-03 (±0.08) 1.82 x10-12 (±0.25)
3.42 4.22 x1009 (±0.06) 9.53 x10-03 (±0.08) 4.64 x10-12 (±0.31)
6.85 1.4 x1009 (±0.06) 7.97 x10-03 (±0.07) 1.37 x10-11 (±0.32)
13.7 8.27 x1008 (±0.06) 8.92 x10-03 (±0.07) 2.86 x10-11 (±0.41)
Average 1.76 x1010 (±0.45) 8.26 x10-03 (±0.04) 7.26 x10-12 (±0.54)

For antibodies against SARS-Cov-2, the KD values reported in the literature range
from nM order to pM order, see table 5-10. In addition, the supplier reports a KD

value of 6 pM, whereas our immunosensing platform measured a KD value of 7.54 pM.
Therefore, the KD values measured through our approach are consistent with those of
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existing literature and even with those provided by the manufacturers. Figure 5-5 depicts
all the information provided by the GUI developed. On the right side, the calibration
curves are represented by continuous lines, and dashed lines are the experimental data.
On the top left side, the parameters obtained from the one-phase association model, and
on the bottom left side the binding kinetic constants, with their respective errors, and
the coe�cient of determination R2 are presented.

Table 5-10. KD reported values in the literature for the association of antibodies against the
SARS-CoV-2 spike receptor-binding domain.

KD(nM)
0.996, 3.34,

5,17
0.027 0.006 0.00754

Antibody tested
5F8, 3F11 and

2F2 CT-P59 40592-R001 40592-T62

Manufacturer The authors The authors Sino Biological Sino Biological

Detection Method SPR SPR Octet RED System
Quenching of
�uorescence

Reference 40 41 Sino Biological This work

Figure 5-5. Parameters calculated by the GUI. The application was developed by Dr. Fernando Arce
Vega.

5.3.6 Determination of the inter-assay variability in the measure-
ment of binding kinetic constants

Intending to validate our approach at the interassay level, we assessed the variability of
our immunosensing platform for the determination of binding kinetics constants. The
experiments for such validation were performed using the pair H-IgG and F-anti-H-IgG.
Three experiments were conducted, and the results are shown in �gure 5-6. Experi-
ments show similar performance regarding the studied protein association. Table 5-11
establishes the values of binding kinetic constants for each experiment.
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Figure 5-6. Experiments were performed in di�erent microwell plates using the protein pair H-IgG
and F-Anti-H-IgG as a model. A. First experiment. B. Second experiment. C. Third experiment.

Table 5-11. Binding kinetic constants of H-IgG � �uorophore-labeled Anti-H-IgG across di�erent
plates (inter-assay evaluation).

[H-IgG];
(nM)

Ka(M
-1s-1) Kd(s

-1) KD(M)

Plate 1
0.125 3.47 x1008 (±0.05) 6.28 x10-03 (±0.2) 3.55 x10-11 (±0.34)
0.24 7.66 x1007 (±0.06) 8.43 x10-03 (±0.17) 2.4 x10-10 (±0.31)
0.48 3.1 x1007 (±0.06) 7.07 x10-03 (±0.16) 3.71 x10-10 (±0.31)
0.97 1.52 x1007 (±0.07) 7.82 x10-03 (±0.16) 1.44 x10-09 (±0.35)
1.94 7.38 x1006 (±0.06) 7.89 x10-03 (±0.13) 1.71 x10-09 (±0.32)
3.89 3.39 x1006 (±0.06) 9.82 x10-03 (±0.1) 3.86 x10-09 (±0.23)
Average 8.02 x1007 (±0.68) 7.89 x10-03 (±0.04) 1.06 x10-09 (±0.48)
Plate 2
0.125 3.4 x1008 (±0.06) 7.25 x10-03 (±0.16) 3.87 x10-11 (±0.33)
0.24 6.29 x1007 (±0.06) 7.35 x10-03 (±0.16) 2.6 x10-10 (±0.3)
0.48 3.52 x1007 (±0.06) 8.64 x10-03 (±0.12) 3.95 x10-10 (±0.28)
0.97 1.45 x1007 (±0.06) 9.63 x10-03 (±0.09) 1.54 x10-09 (±0.26)
1.94 6.18 x1006 (±0.07) 8.73 x10-03 (±0.09) 1.6 x10-09 (±0.28)
3.89 2.74 x1006 (±0.07) 8.03 x10-03 (±0.09) 4.48 x10-09 (±0.24)
Average 7.69 x1007 (±0.66) 8.27 x10-03 (±0.04) 1.15 x10-09 (±0.5)
Plate 3
0.125 2.84 x1008 (±0.05) 6.94 x10-03 (±0.17) 4.38 x10-11 (±0.31)
0.24 7.44 x1007 (±0.06) 7.77 x10-03 (±0.13) 2.04 x10-10 (±0.33)
0.48 3.97 x1007 (±0.05) 8.53 x10-03 (±0.16) 4.82 x10-10 (±0.31)
0.97 1.32 x1007 (±0.06) 8.45 x10-03 (±0.14) 1.19 x10-10 (±0.25)
1.94 7.56 x1006 (±0.06) 8.17 x10-03 (±0.1) 1.51 x10-09 (±0.31)
3.89 2.65 x1006 (±0.06) 9.01 x10-03 (±0.07) 4.49 x10-09 (±0.32)
Average 7.03 x1007 (±0.67) 8.14 x10-03 (\pm0.02) 1.14 x10-09 (±0.54)

To establish the inter-assay variability, it was estimated the coe�cient of variation at
the inter-assay level, whose results are shown in Table 5-12. As observed, such CV values
did not exceed 20 %, thus, this variability is acceptable for immunoassays. Also, the drug
and food administration recommended that a CV upper limit of 30 % can be accepted
in those parameters obtained with immunoassays.42,43
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Table 5-12. Coe�cient of variation values at the inter-assay level: binding kinetics constants for
H-IgG.

[H-IgG]
(nM)

Ka(CV %) Kd (CV %) KD (CV %)

0.125 10.62 7.30 10.60
0.24 10.36 6.93 12.11
0.48 12.27 10.83 14.19
0.97 7.22 10.61 12.99
1.94 10.69 5.17 6.30
3.89 13.89 9.97 8.37
Average 10.62 7.30 10.60

5.3.7 Assessment of the temporal stability of GO adhesion onto
microwell surfaces

The stability of the adhesion of GO onto the surface of the microplates was also evalu-
ated. First, half of a plate was covered with a GO concentration of 1600 µg mL−1 and
left overnight at constant agitation (600 rpm). Then, three washing steps were made
to remove the excess GO that did not attach to the microwell surface. The employed
probe to evaluate the performance of quenching of �uorescence was FITC-Anti-IgG at
a concentration of 0.125 µg mL−1. The intensity of �uorescence was recorded every �ve
minutes in kinetic analysis for 2 hours. Non-GO-coated microwells were also included as
a control revealing the photobleaching or natural decay of the probe in each experiment.
These series of experiments were conducted from 1 to 31 days and the average resulting
from two plates was plotted, Figure 5-7 depicts these results, panels A and B represent
the kinetic results from Day 1 to Day 31 for the control experiment and GO-modi�ed
microwells, respectively. Panel C shows the percentage of intensity of natural decay of the
probe (without GO). Panel D shows the percentage of quenching of �uorescence caused
by GO. All in all, the natural decay levels are below 20 % whereas the quenching of
�uorescence levels are between 50 to 60 %. So, GO adhesion remains relatively stable for
at least one month.

5.4 Conclusions

It was demonstrated that the proposed �uorescence quenching-based immunosensing
platform is not only a versatile method for the detection of diverse proteins o�ering
a sensitivity from the picomolar to the nanomolar range but is also a method useful for
the measurement of binding kinetic constants. Moreover, results obtained according to
GUI developed to binding data are in concordance with values reported in the litera-
ture and provided by the respective suppliers. Such reported data were measured with
well-established methods such as SPR or immunoa�nity chromatography, which brings
credibility to our method for binding kinetic analysis. However, di�erent from such con-
ventional techniques, our method does not require cumbersome procedures like blocking
separation or washing steps. Since the interrogation occurs in the liquid phase, the
biorecognition element does not need special orientation. In addition, biofunctionaliza-
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tion of the sensing surface Is not required. Lastly, in general, the instrumentation needed
in SPR or immunoa�nity chromatography techniques is expensive, whereas our proposal
is relatively cost-e�ective as the assay is around 0.47 USD per test, at a laboratory scale.44

Figure 5-7. A. Kinetic behavior of the photoluminescent probe in nude microwells (without GO). B.
Kinetic behavior of the probe across days in GO-modi�ed microwells. C. Natural decay percentages for
�uorophore without GO. D. Quenching of �uorescence percentages caused by GO to the �uorophore.
The error bars represent the standard deviation resulting from the inter-assay analysis of two plates (3

microwells per plate) analyzed on di�erent days.
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Final Remarks and Outlook

We developed a novel �uorescence quenching-based immunosensing platform for the de-
tection of clinically relevant proteins such as Human immunoglobulin G, Prostate Speci�c
Antigen, Heat Shock Protein 72, and antibodies against SARS-CoV-2. The quenching of
�uorescence is caused by Förster resonance energy transfer FRET between graphene ox-
ide (the acceptor) and the respective �uorophore (the donor) used in each con�guration.
In general, the quenching e�ciency was around 60 to 70 % for FITC �uorophore and 50
to 60 % for QDs. So, the immunosensing platform is not limited to a speci�c �uorophore,
and therefore diverse can be used for the detection of proteins. This is on account of
the broad absorption spectrum of GO (with an absorption peak at about 233 nm1) since
FRET occurs where the absorption spectrum of the acceptor overlaps with the emission
spectrum of the donor.

H-IgG was the �rst analyte employed in the immunosensing platform. H-IgG was
detected in the dynamic range from 9.37 to 600 ng mL−1, with a concentration of the
biosensing probe (Anti-H-IgG-FITC) of 0.125 µg mL−1, GO concentration of 1600 µg
mL−1, and a volume of 200 µL per microwell (100 µL of the biosensing probe and 100 µL
of each analyte concentration). The optimal time of assay was 60 minutes since both the
coe�cient of determination of the linear �tting and LOD were the highest of intervals
analyzed 0.98 and 2.38 ng mL−1, respectively. The LOQ obtained was 15.5 ng mL−1

and the coe�cient of variation percentages go from 0.69 to 4.8 % re�ecting an excellent
intra-assay precision. The Prostate Speci�c Antigen PSA is a protein used as a biomarker
of prostate cancer. Biotin Anti-PSA concentrated at 28 ng mL−1 was conjugated with
Streptavidin-QDs concentrated at 0.05 nM forming then the biosensing probe for the
assay of PSA. The concentration of GO used was 1400 µg mL−1 and the dynamic range
of PSA goes from 0.15 to 10 ng mL−1. The optimal assay time for PSA detection was 90
minutes with a LOD and LOQ of 0.049 and 0.3 ng mL−1, respectively. The intra-assay
precision was excellent with percentages less than 15 %. For Heat Shock Protein 72 the
dynamic range of detection goes from 0.78 to 50 ng mL−1, with an optimal assay time
of 90 minutes obtaining a LOD and LOQ of 0.68 and 3.05 ng mL−1, respectively. The
intra-assay precision percentages were below 4 %. So, it was possible to obtain excellent
limits of detection and quanti�cation for every analyte analyzed which is the fundamental
importance in the development of immunosensing systems. In addition, it is a highly
transformative approach since can operates not only with di�erent analytes but also
with organic dye-conjugated antibodies and streptavidin-QDs conjugated to biotinylated
antibodies due to the universal �uorescence quenching ability of GO this immunosensing
platform can work at di�erent wavelengths. Moreover, a single antibody conjugated
with a �uorophore is necessary for its operation avoiding cumbersome procedures such
as blocking, washing, or separation steps which contribute to saving valuable time and
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reagents. Intra-assay precision was obtained for every analyte tested and, in general,
percentages do not exceed 15 %, indicating high precision in measurements, and therefore
low dispersion of data.

Additionally, the GO-based immunosensing platform can be used for the qualitative
immunosensing of real samples as demonstrated in the assay of urinary Hsp72 sam-
ples from patients diagnosed with AKI, even at di�erent stages of AKI disease, or the
determination of COVID-19 seroconversion from human serum samples with statistical
signi�cance. We could qualitatively classify the urine samples where all negative samples
were below the blank sample whereas AKI samples (positive samples) are above LOD
and below of Hsp72 concentration of 12 ng mL−1. These results were obtained at the
optimal assay time for Hsp72 detection which was 90 minutes. This is just a qualitative
analysis that permits arguing the coherence of results due to the lack of experimentation
with more urine samples related to AKI. All in all, urinary Hsp72 samples from patients
diagnosed with AKI can be potentially tested by our immunoassay proposal even at
di�erent stages of AKI disease. On the other hand, we can argue that the immunosens-
ing platform proposed is also suitable for the qualitative detection of antibodies against
SARS-CoV-2 in serum samples. However, a limiting factor is that the speci�c detection
of COVID-19 antibodies in serum samples through this approach may be restricted due
to cross-reactivity with other antibodies for instance IgA or IgM which are also present
in the serum samples.2 The direct comparison of serum samples (in optimal biosensing
conditions) with the calibration curve, as done for Hsp72, was not possible since all the
serum samples from COVID-19 subjects yielded If/I0 values exceeding the dynamic range
of the optimized calibration curve.

Compared with the gold standard of the immunoassays ELISA, our immunosensing
platform just need a single antibody for the capture and detection process whereas in
ELISA at least two antibodies are involved. Also, that method includes some cumbersome
procedures like washing, blocking, and separation steps and our proposal is a single-step
method. In general, LOD obtained with our method are in the same order that ELISA
from ng mL−1 to pg mL−1, but with our proposal, the interrogation process can be
followed in real-time whereas ELISA can be made at the end of the process.

Importantly, our immunosensing method is also useful for the measurement of binding
kinetic constants. Moreover, results obtained (according to the GUI developed to bind-
ing data) were in concordance with values reported in the literature and provided by the
respective suppliers. Such reported data were measured with well-established methods
such as SPR or immunoa�nity chromatography, which brings credibility to our method
for binding kinetic analysis. However, di�erent from such conventional techniques, our
method does not require cumbersome procedures like blocking separation or washing
steps. Since the interrogation occurs in the liquid phase, the biorecognition element does
not need special orientation, and it does not require the biofunctionalization of the sensing
surface. The variability of our immunosensing platform for the determination of binding
kinetics constants at the interassay level was assessed. CV values did not exceed 20 %,
thus, this variability is acceptable for immunoassays. Lastly, in general, the instrumenta-
tion needed in SPR or immunoa�nity chromatography techniques is expensive, whereas
our proposal is relatively cost-e�ective as the assay is around 0.47 USD per test, at a
laboratory scale.

The period during the natural course of a disease where symptoms are not yet ap-

94 | Centro de Investigaciones en Óptica PhD Thesis



5.5 References CIO

parent, but the disease is biologically present is known as the preclinical phase. In the
last years, the interest for discover biomarkers that permit the early diagnosis of diseases
has increased. In this work was mentioned that PSA and Hsp72 are biomarkers used
for the preclinical diagnosis of Prostate cancer and Acute Kidney Injury, respectively.
It was mentioned that normal PSA levels in the blood are ≤ 4 ng mL-1, and normal
urinary levels of Hsp72 are ≤ 4.9 ng mL-1. Through our �uorescence quenching-based
immunosensing platform we could detect such analytes with LOD values below these val-
ues. Therefore, it is a potential method for the preclinical diagnosis of prostate cancer and
AKI. On the other hand, our immunosensing platform also has the potential to monitor
the association process of proteins, and consequently, can be used in biosensing for the
determination of the antibody a�nity, in biochemistry studies where the understanding of
structure/function relationships are in function of protein-protein interactions, or even in
the validation of potential biomarkers which are made in terms of binding kinetic parame-
ters. Future work is related to applying the �uorescence quenching-based immunosensing
platform for the detection of more clinically relevant proteins, and testing such proteins
in real samples to improve the validation of the method in the preclinical scenario and
have more statistical results contributing to such validation. Likewise, transferring the
technique to point-of-care testing devices is an important step since these types of devices
are frequently used in the healthcare industry and are performed outside of the laboratory
setting.
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