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ABSTRACT

Graphene oxide (GO) has aroused the interest of the scientific community due to its
extraordinary properties and potential applications; for example, in biosensors, which are
analytical devices that can detect the presence of target molecules with high specificity and
sensitivity.
Particularly, GO has been demonstrated to be an excellent photoluminescence quencher,
this property is very useful in the development of biosensing systems based on fluorescence
resonance energy transfer (FRET). Additionally, it has been reported that the effect of
fluorescence quenching is more efficient when GO is reduced. This effect could be directly
used to enhance the analytical performance of a FRET–based biosensing system.
In the present thesis, the effects generated in the analytical performance of a biosensing
platform due to the reduction of GO in three different samples are reported. This study was
divided into several stages, the first one consisted of making GO adhesion tests on the
surface of tissue culture treated (TCT) microplates, this in order to know the approximate
amount of GO that adheres to the surface after stages of washing with ultrapure water, the
results of this stage reveals that around 5 % of the concentration of GO used to cover the
TCT microplates surface remains on it after the washing stages. This information is relevant
to the next stage, because the amount of reducing agent, L-ascorbic acid (L-AA ) will depend
on this, since the suggested amounts of L-AA correspond to 1.75 and 3.5 times the
concentration of GO (1.75x [GO] and 3.5x [GO]). Once the reduction process was performed
on GO, photoluminescence quenching studies were performed, and these studies indicated
that, effectively, the reduction process generated changes in quenching values (ratio between
final and initial intensity, I0/If) from 0.32 to 0.40, and the photoluminescence quenching
saturation time from 32 to 25.68 minutes for GO and rGO respectively. Additionally, the
samples 4.1 GO and 4.1 rGO, displayed better adhesion and so enhance their abilities as a
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fluorescence quencher when high binding surface microplate surface was employed. The
changes of fluorescence quenching values were 0.74 and 0.40, 0.71 and 0.38 for 4.1GO and
4.1rGO samples, respectively. In 5.1 case the fluorescence quenching values were 0.68 and
0.39, 0.69 and 0.37 for 5.1 GO and rGO respectively.
Nowadays, biosensors have become indispensable tools for many fields, so it is necessary
to have reliable and efficient devices.
This work is highly relevant since the results presented here represent a first advance to
establish parameters that contribute to improving the analytical performance of a biosensing
platform, generating increasingly efficient devices in terms of sensitivity and assay time.
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General Objective
The main objective of this thesis is to evaluate the impact of the reduction of graphene
oxide on the analytical performance of a FRET-based biosensing platform.

Specifics Objectives


To perform studies of GO adhesion to determine the quantity of GO adhered onto
microwell plates.



To carry out reduction process in GO-decorated microwell plates.



To employ Raman spectroscopy to characterize the reduction process of GO.



To optimize a FRET-based biosensing platform using reduced GO.

 To evaluate the analytical performance of a FRET-based biosensing platform
targeting human Immunoglobulin-G (IgG).
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Important Note
The experimental development of this thesis was affected by the health contingency
situation the world is going through due to COVID-19. Some of the experiments scheduled
for 2020 could not be carried out.
The objectives (mentioned above) that could be achieved totally or partially will be
detailed below.
The study of GO adhesion onto microplate surface, the GO reduction process and its
characterization using Raman spectroscopy could be performed, as well as an optimization
of other reagents (such as the IgG-FITC photoluminescence probes).
However, part of our interest was to determine under which concentrations and reduction
levels the changes in the sensitivity and response time of the biosensing platform became
optimal. This exploration process was not possible because the access of laboratory has been
totally restricted, since March 17 of 2020 and continues until current date (early August
2020).

In conclusion, the specific objectives were carried out, however to generate a more
consistent study on the effects of the rGO on the analytical performance of the biosensing
system, it is required to perform these same experiments but considering other conditions
and parameters.
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INTRODUCTION
Due to its advantageous properties, graphene oxide (GO) has been widely used in the
biosensing field. One of the most promising property of GO for this field is the
photoluminescence quenching ability.

1

Using GO as a fluorescence quencher and bearing in mind the hypothesis that reduced
graphene oxide favors the analytical performance of a FRET-based biosensing system by
means of a more efficient quenching of fluorescence, we developed a biosensing platform
using GO and rGO as acceptors to optimize the sensitivity/assay time of a FRET-based
biosensing. L- ascorbic acid (L-AA) is used for the reduction process since L-AA has a mild
reductive ability and nontoxic property.
This thesis is divided in five fundamental chapters designed to describe all the important
aspects involved in the study of the analytical performance of a GO/rGO-FRET-based
biosensing platform.
Chapter 1. Theoretical framework: This chapter is devoted to offer an overview on
key concepts such as a biosensor, photoluminescence, FRET, G and GO and rGO. Particular
features on these concepts will be discussed in this section.
Chapter 2. State-of-the-art of FRET-GO/rGO based biosensors: This chapter
is dedicated to analyze the state-of-the-art regarding GO-FRET-based biosensors. It is
important to be aware of the research that is currently being done around this topic in order
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to know what kind of contribution is possible to generate by means of this thesis.
Chapter 3. Experimental set up: Herein, it is

offered a description of the

experimental procedures that were performed to study the impact of GO reduction on the
sensitivity/assay time of a biosensing system.
Chapter 4. Discussion and results: This chapter presents the analysis of the results
of the experiments carried out in the previous chapter. The analysis of results is important
since it allows defining which parameters are relevant to achieve the objective of the work.
Chapter 5. Conclusions: Overall Conclusions resulting from this thesis as well as the
corresponding contributions are summarized.
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CHAPTER 1.

THEORETICAL FRAMEWORK
1.1.Definition of a biosensor
Biosensors are analytical devices that can detect the presence of target molecules with
high selectivity and sensitivity. The selectivity in a biosensor is directly related to the ability
of an analytical procedure to detect a specific analyte between several substances in a
sample, this feature is of great importance since biosensors with low selectivity tend to
generate false positives, causing limited reliability and low efficiency in biomedical
applications, since biological samples are composed of numerous types of analytes that can
be confused as the target bioanalyte. 2 It is important to clarify that the concept of selectivity
is frequently used interchangeably with the concept of specificity, however, UIPA
(International Union of Police Associations) indicates: “A specific reaction or test is one that
occurs only with the substance of interest, while a selective reaction or test is one that can
occur with other substances but exhibits a degree of preference for the substance of interest.
Few reactions are specific, but many exhibit selectivity”.

3

On the other hand, biosensor sensitivity is related to the generation of a transduced signal
due to changes in the concentration of the bioanalytes. Biosensors with high sensitivity have
the ability to generate a signal from small fluctuations in the concentration of the
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bioanalytes. The minimum and maximum amount of analyte that can be detected by a
biosensor defines its limit of detection (LOD) or sensitivity. In a biosensing
system, sensitivity can play an important role, for example, in biomedicine a device with
high sensitivity can obtain early diagnosis of diseases.

3

The basic principle of biosensors involves three stages (see Figure 1), the first one consists
in the biological recognition or biorecognition which must be highly specific. The next stage
is the transduction process and it consists in the transformation of a biological activity in a
quantifiable signal to obtain information about changes of a certain physical magnitude, for
example, fluorescence intensity, pH changes, etc. Finally, the signal out is obtained and
interpreted.

4,5

Figure 1 Principle of biosensor (Optical biosensor). a) Sample. Substance to be analyzed that is likely to
contain the target analyte. b) Biorecognition. At this stage, molecular complexes (biorecognition elements)
highly related to the analyte are required. c) Transduction unit. Device responsible for converting the
measured biological activity in a signal quantified cable. d) Signal output. Measurable signal that contains
the information of whether or not the analyte is present in the sample
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1.2.Physical phenomena involved in FRET-based optical biosensing
1.2.1. Photoluminescence
Photoluminescence is the process in which the absorption of a photon by a molecule
(fluorophore), excites its electrons, promoting them to excited state. The transition of
this electron to its ground state is made through the emission of a photon.
Photoluminescence

phenomenon

is

classified

in

two

types,

fluorescence

and

phosphorescence, which depends on the nature of the excited states. When a transition
occurs between photoexcited specimens from their first excited singlet state to their ground
state, we are talking about fluorescence, while phosphorescence is the emission of light from
excited triplet states

When a substance passes to the excited state, it can go to the singlet state, an excited
state in which all its electrons are paired and the total spin is zero, or to the triplet state,
an excited state with a non-zero spin multiplicity.
The lifetime of ﬂuorescence typically ranges in the order of nanoseconds while the lifetime
of phosphorescence ranges in the order of milliseconds to seconds. This is because in
fluorescence the absorbed energy is quickly released, the excited electrons return to the
ground state almost instantly (ns). On the other hand, in phosphorescence phenomenon,
typically, the energy is released slowly, the excited electrons go through the intersystem
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crossing , passing through intermediate excited states that slow down the relaxation towards
the ground state and thus the release of the absorbed energy, which allows the
phosphorescent substances to continue emitting light, in some cases, for a few hours after
photon absorption.

6

The processes that occur between absorption and light emission are typically represented
on a Jablonski diagram, (see figure 2).

Figure 2 Typical Jablonski diagram to illustrate photoluminescent processes. The labels S0, S1 and S2 refer
to the baseline singlet state, first singlet excited states and second singlet excited states, respectively,
similarly T1 represents the first triplet excited state.

1.2.2. Fluorescence resonance energy transfer (FRET)
FRET is a widely used phenomenon in different fields such as medical diagnosis,
biosensing systems, optical imaging, DNA analysis. It is also useful for measuring distances
between molecules, protein interaction and many others applications.

7

It is an electrodynamic phenomenon based on non-radiative transfer of energy between
two molecules, an excited donor molecule and an acceptor molecule, the energy transfer can
only occur if the emission spectrum of the donor overlaps the absorption spectrum of the
Tesis de Maestría
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acceptor, that is, the vibrational transitions in the donor display the same energy as the
corresponding transitions in the acceptor molecule (see Figure 3).

6

In order to simplify FRET interpretation, it is interesting to contemplate the J. Perrin
theory, where an excited molecule is considered as a classical mechanical oscillator and
energy transfer as a mechanical coupling between two pendulums, where the pendulum set
in motion (donor) transfers its energy to the second one (acceptor).

8

It is important to note the abbreviation of FRET corresponds to ﬂuorescence resonance
energy transfer, this expression is a little confusing because it is not the fluorescence that is
transferred but the resonance energy of the excited donor.

8

To avoid this situation, in

certain literature, FRET is defined as Förster Resonance, energy transfer.

Figure 3 FRET a. Integral overlap between the emission spectrum of the donor and the absorption of the
acceptor. b. Energy level scheme of donor and acceptor molecules showing the coupled transitions.

Energy transfer phenomenon can occur principally through two mechanisms, dipole-dipole
interaction (Coulombic interaction) and

intermolecular orbital overlapping (electron

exchange)7.
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When resonance energy transfer (RET) occurs, the electron in the excited donor (D*)
returns to the ground state. Simultaneously an electron in the acceptor (A) goes into a
higher excited-state orbital. If the acceptor is fluorescent it may then emit. If the acceptor
is no fluorescent the energy is dissipated by other mechanism, as heat for example.

9

In general, the efficiency of RET depends to the sixth power of the distance between
donor and acceptor and their relative orientation.

9

Typically, rate of transfer of excitation

energy is given by the next expression:
1 𝑅0 6
𝜅𝑇 (𝑟) = ( ) ( )
𝜏𝑑 𝑟

(1)

However, in the case of graphene, its nature as a 2 dimensional dipole modiﬁes the
expression (1) to an 𝑟 4 dependence.

10,11

Here, 𝜏𝑑 is the fluorescence lifetime of the donor when the acceptor is absent, 𝑟 is the
distance between the centers of the donor of acceptor molecule and 𝑅0 represents the
distance at which 50% of the excitation energy is transferred to the acceptor, it is denoted
as a Förster distance. 6 In RET, the distance is relatively large compared to the size of the
molecule, so the energy transfer can be considered as a through-space interaction, that is,
RET does not require molecular contact between donor and acceptor molecules.

12

The resonance transition phenomenon is also related to the efficiency in energy transfer.
Thus, the more overlap of spectra, a donor increases the possibility to transfer energy to the
acceptor. 6 Overlap integral, J(λ), between the donor and the acceptor stands for the overlap
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of spectra is given by
∞

𝐽(𝜆) = ∫ 𝐹𝐷 (𝜆)𝜖𝐴 (𝜆)𝜆4 𝑑𝜆

(2)

0

where 𝐹𝐷 (𝜆) is the normalized emission spectrum of the donor, 𝜖𝐴 (𝜆) corresponds to
molar absorption coefficient of the acceptor and λ is the wavelength 6.
Non-radiative transfer has eﬀects on the characteristics of ﬂuorescence emission from the
donor. If the distance between donor and acceptor is very small (few Angstroms), the
molecules come into contact and the electron clouds of these molecules are able to interact.
The interactions between orbitals are usually called electron exchange because electrons
can move between the molecules at short distances, 9 electron exchange is only one of several
mechanisms for the fluorescence quenching, being fluorescence quenching defined by
𝐼𝑓
⁄𝐼
0
This ratio represents the attenuation of fluorescence intensity in a specific time frame.
Here 𝐼𝑓 corresponds to the final intensity and 𝐼0 corresponds to initial intensity.

1.2.3. Graphene, graphene oxide (GO) and reduce graphene oxide

(rGO)
Graphene is a carbon material. Due to its atomic thickness, it is considered a 2D material.
It can be described as a planar sheet with several carbon atoms organized in a honeycomb
arrangement which is the primary structure to build the others carbon allotropes (see Figure
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6). If at least 10 of graphene sheets are stacked, we can obtain a 3D structure known as
graphite, 0D fullerenes if we wrap up a sheet or 1D nanotubes if we rolled it into.

Figure 4 Some of Carbon allotropes. Adapted with permission.

14

13

Copyright © 2012, Springer Nature.

In order to understand more about the graphene structure, it is important to know the
electronic configuration of the carbon atom and the different types of bonding involved.
Figure 5 shows the electronic configuration of carbon in the ground states, excited state and
sp2 hybridization.
.
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Figure 5 Electronic configuration of carbon a. In the ground state, 1𝑠 and 2𝑠 subshells are completely filled
and their electrons are not available for bonding. b. In the excited state, one of the electrons in the 2𝑠
subshell is promoted to 2𝑝 subshell, therefore we have four unpaired electrons i.e. one unpaired electron in
each of the 2𝑠, 2𝑝𝑥 , 2𝑝𝑦 and 2𝑝𝑧 orbitals. c. 𝑠𝑝2 hybridization occurs and the electrons in the orbitals 2𝑠,
2𝑝𝑥 , 2𝑝𝑦 are involve.

The sp2 hybridized orbitals form strong σ−bonds in the plane of graphene with bond angles
of 120°, and the remaining one electron in the 2pz orbitals forms the extended π−bond and
it is able to participate with the free electrons from the other atoms. These π-bonds are
responsible to give graphene the extraordinary electronic properties, such as electron
transport 15.
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Figure 6 Molecular orbitals of graphene

On the other hand, when graphene is modified with functional groups such as hydroxyl,
epoxyl, carbonyl and carboxyl groups (see Figure 7), the graphene oxide (GO) is obtained.
There are various methods to synthetize GO, the Hummer method is usually employed. The
presence of ionic groups such as O− and COO− in GO/rGO makes it possible to interact
electrostatically with charged proteins or DNA, 4.

Figure 7 Structures of graphene, graphene oxide (GO) and reduced graphene oxide.
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A great advantage of GO is the fact that we can control the oxidation level to optimize
the optical, thermal or electrical properties, specifically, in solar cells, for example, different
levels of oxidation have been studied to find the optimal relation C/O which indicates the
number of oxygen atoms for each carbon atom, to enhance the power conversion efficiencies
(PCE).4 In optical biosensing, such as a FRET-based biosensing, there is a hypothesis which
stablishes that reduced graphene oxide favors the analytical performance of a biosensing
system, so the possibility to use reduced GO as acceptor in this type of biosensor must be
considered 16.
Additionally, the oxidation level can be reflected in the band gap between the lowest
unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO)
as shown in Figure 8. The dispersed oxygen functional groups of GO make it an electronic
insulator, while the absences of these groups in G make it a high charge mobility material.
17

To shed light on the lattice as well as electronic band structure of graphene, GO and
rGO, it is necessary to understand how the transformation of GO to rGO leads to high
photoexcitation response.
The ordered hexagonal lattice of graphene becomes disordered by oxygen defects
produced during chemical oxidization process.
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Figure 8 Electronic band structure of GO, rGO and G respectively. Essentially, the band gap represents the
minimum energy that is required to excite an electron from the valence band to the conduction band, in
organic materials, HOMO (highest occupied molecular orbital) and LUMO (lowest un-occupied molecular
orbital), respectively. Graphene normally has a band gap of zero, however, oxygenation processes can
modulate the width of this energy gap.

The quantity of disorder-induced states declines after reduction owing to deoxygenation.
This structural modification is attributed to the reduction of oxygen functional groups and
gradual recovery of the conjugations between carbon atoms during the reduction process.
The reduction process leads to increased charge carrier mobility, higher absorption, a tunable
bandgap where photo responsivity can be controlled by controlling the defects and oxygen
groups.

18, 19, 20

Characterization techniques
As previously mentioned, graphene and its derivatives have a wide variety of properties
that can be used for the development of new applications, therefore, it is imperative to have
techniques to identify them. Some of the most used techniques are:
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Scanning electron microscopy (SEM): This technique has a higher resolution
than the optical microscope, since it works with a beam of focused electrons that
interact with the atoms in the sample. To take a conventional SEM image, the sample
is required to be conductive at least on the surface. The fundamental objective of
this technique is to obtain a clear image of the thin film of the 2D materials.



21

X-ray photoelectron spectroscopy (XPS) This method is used to determine
and study the chemical components of surfaces, especially to characterize the
concentration and link it to dopant heteroatoms such as oxygen. Graphene quality
characterization is carried out by means of the elementary relationship between the
weight percent of carbon and oxygen (C/O). GO is an electrical insulator and the
C/O ratio oscillates around 2, after reduction processes the rGO becomes conductive,
so the C/O ratio increases.



22

Fourier Transform Infrared Spectroscopy (FTIR) This technique uses the
normal modes of vibrations to provide molecular information. It is more efficient for
polar molecules in which the vibrational modes are antisymmetric. The vibrational
modes of a molecule are unique, therefore, FTIR allows the identification of organic
components and structures from their absorption of infrared radiation.
FTIR allows monitoring the reduction process, showing the characteristic bands of
the hybridizations and functional groups of oxygen that may be present in the
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material.


23

Raman spectroscopy

This technique is a non-invasive tool and it is highly

sensitive to vibrations in the structure and intramolecular bonds. Raman
spectroscopy is widely used to obtain structural information of carbon materials.
Typically, graphene derivatives Raman spectra exhibit two main bands, D and G.
The first one (D band), provides information on the structural defects of sp2 carbon
and is located at approximately 1350 cm-1. On the other hand, the G band is directly
related to the vibrational mode in the plane of the sp 2 system and it is generally
located at 1587 cm-1.
Using the ratio of peak intensities ID/IG, from Raman spectra, it is possible to characterize
the level of disorder in graphene, thereby the level of reduction in graphene oxide.

21 24

1.3.Operating mechanism of FRET-GO/rGO based biosensor
Biosensors which work with the fluorescence quenching mechanism, are based on the
phenomenon of FRET, herein, a donor and an acceptor group are involved, this effect is
directly related to the bio-recognition process. This process occurs when the donor's emission
spectrum overlaps with the absorption spectrum of the acceptor and the molecular orbitals
are close enough to interact. In this type of biosensing mechanism, GO is the molecular
acceptor and a molecular donor is any fluorophore that has the complementary spectral
profile and orientation, FITC (fluorescein isothiocyanate) is usually employed.25 Figure 9
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shows the spectral overlapping between the absorbance spectra of three different types of
GO and the FITC emission spectrum.

Figure 9 Spectral overlapping of the different graphene oxide samples and FITC molecule.

When biorecognition occurs (antibody-antigen association), changes in fluorescence
intensities are generated, in other words, fluorescence quenching acts as a bio-recognition
indicator. Hence, fluorescence quenching represents a powerful tool to get information in the
biosensing field (Figure 10).
The operating mechanism of the biosensing platform is based on considering that in the
absence of the analyte, a maximum fluorescence quenching will be experienced.
This quenching is due to the interaction between GO and the FITC fluorophore, such
interaction is known as Förster resonance energy transfer (FRET), with FITC being the
donor molecule and GO the acceptor molecule. This non-radiative energy transfer, increases
over time due to increased interactions between fluorophore FITC and GO.
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However, when the analyte is present, after a certain time, the fluorescence quenching
will be proportional to the concentration of the analyte present. It can be considered that,
the analyte acts as a “spacer” between the fluorophore and the GO, such that, the higher
the concentration of the analyte the higher the number of analyte probe complexes; likewise,
the higher the separation between the GO and the FITC.

Figure 10 Operational principle of the proposed single-step, wash-free and real-time bacterial detection
platform. Graphene oxide-coated microplates are conceived to deactivate the photoluminescence of those
(Photoluminescent bioprobe) PLBs that are not undergoing immunoreactions via non-radiative energy
transfer. Adapted with permission from 27, Copyright © 2020, American Chemical Society.
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CHAPTER 2.

GO PROPERTIES AND ITS ROLE IN THE
OPTICAL BIOSENSING FIELD: STATE OF
THE ART
Currently, optical biosensing systems have become a fundamental tool in the development
of studies related to health care, analysis of food, safety and protection as well as
environmental monitoring, among others. Hence, highly sensitive systems are crucial in this
field.

26

Since, Andre Geim and Konstantin Novoselov earned the Nobel Prize in Physics, in 2010,
due their theoretical contributions to the understanding of graphene, the interest of the
scientific community towards this material has increased remarkably.

27

An interesting fact about graphene and its derivatives in general, is that their properties
can be enhanced according to the requirements of a given application. This makes graphene
and its derivatives versatile and potentially useful materials in biosensing as well as other
scientific fields.

28

One of the ways in which the properties of graphene can be modified is mainly through
three structural parameters, its lateral size, number of layers and degrees of oxidation.
Some studies have revealed that the optical properties of GO, such as, optical
transmittance can be controlled according to the number of layers or just applying an
external electric field on a monolayer.29
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based on electrochromic or optoelectronic mechanisms.

32 33

Additionally, studies have shown that the modulation of fluorescence is related with
number of GO layers, however, the results obtained by the researchers contradict each other,
whereas one investigation performed in 2010 indicates that the quenching efficiency increases
with layer numbers,

34

other experiment carried out in 2013, states that the quenching

factor decreases from monolayer to 2–4 layers graphene.

35

Until now, is not possible to

establish a clear relationship between the modulation of fluorescence quenching and the
number of layers of the GO.
Furthermore, the lateral size of the GO is an important structural parameter in the
development of biosensing platforms. Studies have presented experimental evidence that GO
flakes with a certain lateral size can be more or less efficient as fluorescence quenchers

36

Additionally, from a study on the interaction of DNA and GO with different lateral sizes, it
was concluded that DNA presented a better adsorption for GO with lateral size of the order
of nm than μm, this is a useful parameter for the design of biosensing platforms which
require a quick response.

37

In the design of biosensors, the study between the interaction of GO and cells, pathogens
and other biological elements is very important since it is of great relevance for biomedical
applications (therapy, bioimaging, drug administration).
In addition, the oxidation degree of GO, can be modulated by different chemical methods
that provide GO samples with different structural features resposables of new properties.
Some studies have revealed that distribution of functional groups of oxygen is directly
related to the physicochemical properties,
41

thermal conductivity,

42

38,39

for example, photoluminescent emission,

fluorescence quenching ability,

43

40

among other properties of GO

Modulation of photoluminescence quenching through oxidation levels requires extensive
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work, since parameters such as the number of layers and the lateral size must be controlled.
2.1.Biosensors with FRET approach
One of the most promising properties of GO and of particular relevance to the
development of this thesis is the photoluminescence quenching,

44

many researchers are

taking advantage of this effect to developed biosensors using the fluorescence quenching
approach.

45 46

As already mentioned, functional groups on the surface and edge of GO have an important
role in fluorescence quenching of a fluorophore. 47 The scientific community has been working
a lot to find the advantages of reduced graphene oxide in several applications. A study
performed in 2017 has shown that after reduction process the quenching efficiency of GO
increases significantly.
So the hypothesis that reduced graphene oxide favors the analytical performance of a
biosensing system by means of a more efficient quenching of fluorescence, is supported by
this literature.
Commonly, protein detection has been one of the applications of FRET-based biosensors,
requiring for this an acceptor donor pair.48,49
Since FRET generates a real-time fluorescent signal that changes spatially and temporally
with the distribution of the fluorescent substance, it has served as a strategy in the design
of different biosensors for disease diagnosis, drug detection and other biological applications.
45,46,50–52

Figure 10 shows some GO-based biosensors with fluorescence quenching approach.

Additionally, the most relevant aspects of these and some of G/GO-based biosensors found
in the literature are summarized in Table 1.
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Figure 11 Some biosensor with FRET approach A. Operational principle of the proposed single-step, washfree and real-time bacterial detection platform. Adapted with permission from 45, Copyright © 2020
American Chemical Society. B. Lateral flow device based on NRET for pathogen detection. Adapted with
permission from 53 Copyright 2015, American Chemical Society. C. GO-coated Nano paper immunosensing
platform for protein detection. Adapted with permission from 54 Copyright © 2017, Wiley-VCH. D.
Biosensor consisting of a polyethylene glycol (PEG) coating containing two types of antibody. One
conjugated with GO and the second conjugated with a fluorophore. Adapted with permission from 55
Copyright © 2016, RSC.

Table 1. GO-based biosensors with fluorescence quenching approach.

Graphene type

Highlighted properties

Single-step, wash-free, and
Graphene Oxide
real-time bacterial detection
(GO)
platform
Graphene Oxide Quick and virtually universal
(GO)
single-step immunosensing
Tesis de Maestría

Analyte

Detection limit

Yea
Ref
r

Escherichia Coli
bacteria

2 CFU mL–1

2020

45

Human –IgG/
Prostate specific

0.02 - 2.56 µg mL− 1 2020

46
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Highlighted properties
platform is reported.

Graphene Oxide
(GO)

Graphene Oxide
(GO)

Graphene Oxide
(GO)

Graphene Oxide
(GO)

functionalized
graphene with
Carboxyl
residues
Colloidal
Graphene

Analyte

Detection limit

Yea
Ref
r

antigen (PSA)

1.35 ng mL− 1 in
Human
standard buffer and
Device low cost and easy use. immunoglobulin G
2018
6.36 ng mL− 1 in
(IgG)
human serum
Human
55 CFU mL− 1 for
Using a single antibody and immunoglobulin G
the bacterium and
without the need for washing (IgG) and The
2017
1.91 ng mL− 1 for the
steps
Escherichia Coli
immunoglobulin
bacteria
Human
High FRET efficiency (90%
immunoglobulin M 0.29 µg mL− 1
2016
approx.) .
(IgM)
10 CFU mL− 1 in
standard buffer and
Avoid the secondary
Escherichia Coli
100 CFU mL− 1 in 2015
antibodies.
bacteria
bottled water and
milk

Multiple analyte detection.

Chicken and mouse In the nanomolar
immunoglobulin
range

Reduces detection time by less
MC-LR
than 35 minutes

0.14 µg mL− 1

53

56

55

57

2014

58

2012

59

In most of the articles, the important characteristic of this material to improve the
sensitivity in biosensing system is highlighted due to its electrical conductivity, high rate of
electron transfer, ability to quenching photoluminescence and its high charge capacity, as
well as to immobilize enzymes. According to literature, GO has been employed in general as
a signal amplifier material or as an energy acceptor material.
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In this thesis, specifically, we will take advantage of the ability of GO as a fluorescence
quencher through FRET phenomenon. We pretend optimize the FRET phenomenon
through reducing GO and thus develop a more sensitive and efficient biosensing platform.
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CHAPTER 3.

EXPERIMENTAL METHODS
In order to achieve the objectives, set for this thesis, fluorescence quenching analyses were
performed on GO/rGO based-biosensing platforms. Principally, different types of GO/rGO
were employed as well as different concentrations of GO/rGO and IgG-FITC.
Previous to the kinetic fluorescence quenching analyses, studies such as GO adhesion on
microplate surfaces and characterization of the reduction process were performed and will
be described with more detail below. Importantly, this series of experiments is reported in
the article “Microwell plates coated with graphene oxide enable advantageous real-time
immunosensing platform”, Biosensors and Bioelectronics, 2020, 112319.

46

3.1.Reagents and Equipment.


Monolayer GO aqueous suspension was acquired from Angstron Materials (OH, USA),
lateral size around 500 nm, carbon/oxygen ratio around 1.



GO and rGO aqueous suspension synthetized by Laboratorio de Catálisis CFATA
research group, lateral size around 500 nm for GO and 220 nm for rGO. Carbon/oxygen
ratio for rGO 30:1.



Amino-functionalized 96 well black plates with bottom and lid of polystyrene were
purchased from Corning Inc. (Corning, NY, USA), (TCT microplates). 60



High binding 96 well plates with bottom and lid of polystyrene were purchased from
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Corning Inc. (Corning, NY, USA). (HB microplates).

61



Polyclonal anti-HIgG-FITC was purchased from Abcam (Cambridge, UK).



Phosphate buffered saline (PBS) tablets were purchased from Sigma-Aldrich (San Luis,
MI, USA).



L-AAscorbic acid (L-AA) was acquired from Sigma-Aldrich (Toluca, Mexico, Mexico).



Poly-L-Lysine coated glass slides were purchased from Polysciences Europe GmbH
(Hirschberg an der Bergstrasse, Germany).



All aqueous solutions were freshly prepared in ultrapure water, Milli-Q system (>18.2
MΩ cm−1, Millipore).



Photoluminescence experiments were performed in a Cytation 5 multi-mode reader
(BioTek, Winooski, VT, U.S.A.)



Raman spectra were recorded via Renishaw in Via Raman module for spectroscopic
analysis (Wotton-under-Edge, UK), which is coupled on a Leica DM 2500M microscope
in vertical configuration. A 50× objective (NA = 0.75) and blue excitation line (457 nm)
were employed in all experiments.
3.2.Characterization of GO adhesion
In this stage, the quantity of GO which remains adhered to microplates surface was

estimated. This information is relevant because it is associated with the amount of reducing
agent, L-AA (L-Ascorbic acid) required to begin the reduction process.

3.2.1. TCT plate and Poly-L-Lysine glass slide coating with GO
The first step was to prepare GO suspensions with concentrations of 300, 600, 1200, 1400
and 1600 μgmL-1. These suspensions were deposited on poly-L-lysine coated glass slides, as
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shown in Figure 12a. Moreover, GO suspensions concentrated at 1200, 1400 and 1600 μg/mL
were deposited within microwells formed with a silicone mask using poly-L-lysine coated
glass slides as a surface, according to the Figure 12b. These samples were incubated during
24 hours approximately. Washing were performed by adding and extracting 100 μL of
ultrapure water (usually three times) to remove excess of GO, which was not adhered to the
surface.

Figure 12 GO suspensions a. GO suspensions on Poly-L-Lysine coated glass slides. b. GO suspensions in a
silicone mask.

According to previous studies,

46

polystyrene produces relatively strong scattering

compared with the scattering produced by the low concentration of GO deposited onto
microplates, which does not allow to observe the Raman signal of GO adhered on the surface.
In order to avoid the polystyrene scattering, the experiment was transferred in poly-L-lysine
coated glass slides.
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3.2.2. Raman spectra analysis.
Herein, 10 spectral measurements were made for corresponding drop of GO concentration
(50, 100, 200, 300, 400, 600, 1200 µg mL-1). The spectral information was obtained once the
drops had dried at room temperature onto poly-L-lysine slides.
To estimate the amount of GO adhered on the surface, it was necessary to make a
calibration curve based on the results of Raman scattering intensity at D an G peaks.
Other poly-l-lysine glass slides were masked with microwell-like silicone gaskets and
incubated with GO at 1200 and 1600 µg mL-1 in order to produce GO microwell plates (as
described above) onto these glass slides coated with amino groups.
The Raman signature of these samples were also analyzed to perform an interpolation
within the resulting calibration curve, particularly using the resulting Raman scattering
intensity at D and G peaks.
3.3.Characterization of reduction process
Before starting the reduction process, it was necessary to have a TCT plate coated with
GO, a silicone mask and a poly-L-lysine coated glass slide.

TCT plate and poly-L-lysine glass slide coating with GO:
To carry out TCT plate coating, 100 μL of GO suspension were adhered in each well of
the plate, in particular, 1 to 6 columns, B, C and D rows were coated with 1200, 1600 and
2000 μg mL-1 respectively. After that, the plate is subjected to 600 rpm stirring during 12
hours. Once past this period, three washing stages were made with ultrapure water.
The same way to the process of GO adhesion described above, silicone mask and Poly-LLysine coated glass slide was employed to the incubation process according to the Figure
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12b.

Reduction process
To perform the reduction process of the GO via L-ascorbic acid (L-AA), 50 mg of L-AA
were added to 50 mL of ultrapure water. For 40 minutes the mixture remained under
vigorous stirring and 90 ° C. The concentration of a resultant aqueous dilution was 1000 μg
mL-1.
Herein, we used the L-AA concentration recommended and protocol of reduction by Jiali
Zhang e tal ,

62

which indicates that the amount of L-AA to be used should be 3.5 times the

concentration of GO (3.5×[GO]), in addition, we also decided to use half of this amount
according to the table 2 and 3.
Table 2.Conditions for the reduction process

Experiment
1
2
3
4

[LAA]
Time Temperature (°C)
(μg mL-1)
40 min
90
1.75 ×[GO]
48 h
Room temperature
40 min
90
3.5 ×[GO]
48 h
Room temperature

Note: During the reduction process the samples were under constant stirring at 350 rpm in all experiments.

Table 3.Amount of [L-AA] in function of [GO] adhered

Initial
[GO, µg mL-1]

Adhered
[GO, µg mL-1]

1200
1600
2000

60
80
100

[L-AA, µg mL-1]
required to reduction
1.75 x [GO]
3.5 x [GO]
105
210
140
280
175
350

To obtain the required [L-AA] shown in Table 4, the following mathematical expression
is used:
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𝐶𝑖 . 𝑉𝑖 = 𝐶𝑓 . 𝑉𝑓

(4)

This expression relates the final and initial volumes and concentrations in the process of
preparing an aqueous dilution. Table 4 and 5 show that the quantities extracted from the
first dilution of L-AA (1000 μg mL-1) and ultrapure water, in order to obtain the required
concentrations.

Table 4. Quantities of L-AA and ultrapure to 1.75×[GO] reduction

[L-AA, µg mL-1] required

L-AA (μL)

Ultrapure water (μL)

105
140
175

126
168
210

1074
1032
990

Table 5. Quantities of L-AA an ultrapure to 3.5×[GO] reduction

[L-AA, µg mL-1] required L-AA (μL) Ultrapure water (μL)
210
280
350

252
336
420

948
864
780

Note: Each of the prepared solutions has a total volume of 1200 μL .

Once the diluted solutions for 1.75×[GO] and 3.5×[GO] reduction have been prepared,
200 μL of each solution are added per well of a TCT plate as shown in the Figure 13.
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Figure 13 L-AA addition representation in well plates.

In a similar way, 200 μL of each solution are added per well of a silicone mask (see Figure
14).

Figure 14 L-AA addition scheme in Poly-L-Lysine coated glass slide.

Finally, the TCT plate and the Poly-L-Lysine coated glass slide were under the conditions
detailed in table 3.
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Once the required time has elapsed (40 min or 48 h), washing steps were carried out in
order to extract the L-AA residues that have remained on the surfaces.
The TCT microplate was used to perform fluorescence quenching studies and evaluate
the analytical performance of the biosensing platform. On the other hand, Poly-L-Lysine
coated glass slides were employed to monitor the reduction process through Raman
Spectroscopy.
The changes in GO structure during the reduction process, can be evidenced in the
variation of the ID/IG ratio, ID and IG represent the area under the curve of D and G bands,
respectively.
To determine the area under the curve of these bands, the deconvolution process was
employed, this process consists of performing a decomposition of the peaks that overlap with
each other, thus extracting information from the peaks individually, in this case from the
peaks of the D and G bands characteristic of the raman spectrum of graphene oxide. In this
way, it is possible to determine the area under the curve of D and G bands individually and
obtain the ID/IG ratio.

GO and rGO-based Biosensing:
At this stage of experimental set up, photoluminescent probes were made of IgG-FITC.
A biorecognition probe composed of the human IgG antibody and the FITC fluorophore was
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used. In order to explore GO/rGO adhesion on other surfaces, besides TCT plates, High
binding plates were used. Additionally, to carry out fluorescence quenching analyses, the
spectrophotometer Cytation 5, BioTek was used.
3.3.1. Kinetic analysis of fluorescence quenching of FITC for different
concentrations of GO and bioprobe.
This experiment was designed to find the optimal concentrations of GO and IgG-FITC
to maximize fluorescence quenching and it was realized following the configuration presented
in Figure 15.

Figure 15 Schematic representation of TCTmicroplate coated with three different concentrations of GO and
four different of [IgG-FITC] bioprobe.

TCT plate GO coating and IgG-FITC bioprobe dilution processes were performed
similarly to the experiments described in 3.3.1 and using mathematical expression 4.
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3.3.2. Kinetics of fluorescence quenching of FITC for a fixed GO
Concentration and three different IgG-FITC bioprobe concentrations.
According to the results obtained in the previous stage, we employed a GO concentration
of 1600 μg mL-1 and biorecognition probe concentrations of 0.125, 0.25, 0.5, and 1 μg mL-1
as shown in Figure 16.
The bioprobe supplier indicates that the stock concentration of this product is 1 mgmL, so it was necessary to dilute the IgG-FITC bioprobe employing the serial dilution method.

1

For the dilution process, PBS (phosphate buffered saline) was used, to maintain the physicochemical conditions of the molecule.

Figure 16 Schematic representation of TCTmicroplate coated with [GO]=1600 μg mL-1 and four different

of IgG-FITC bioprobe concentrations. After adding the [IgG-FITC] bioprobe (100 μL per well),
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the TCT plate was introduced into the spectrophotometer, which had previously been configured
according to the parameters summarized in the table 6.

Table 6. Parameters configuration of the spectrophotometer Cytation 5, BioTek

λ
excitation
(nm)
485

Paramete
r to
measure
Fluorescenc
e emission

Type of
shaking

Shaking
frequency

Measurement
frequency

Total
measurement
time

Orbital

Every 4
minutes

Every 5 minutes

2 hours

Note: Orbital shaking can contribute to the homogenization of the solution in the wells.

3.3.3. Comparison of the kinetics of fluorescence quenching of FITC
between CFATA-UNAM samples and GO (commercially available)
As mentioned before, the objective of this work is to achieve an optimization in the
sensitivity/assay time of a biosensing system. Therefore, in this stage, studies of kinetic of
fluorescence quenching for different GO samples from different synthesis routes are carried
out. Here we used samples of GO and rGO synthesized by the Laboratorio de Catálisis
CFATA-UNAM research group. The samples have been labelled with numbers 4.1 and 5.1
to indicate that these correspond to two different types of GO.
Another adherence surface and different concentrations of GO and the IgG-FITC
bioprobe are also explored. Figure 17 shows the schematic representation for TCT and high
binding microplates.
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Figure 17 Schematic representation of TCT/High binding microplate coated with different samples and
concentrations of GO. One bioprobe concentration is used.

3.3.4. One Phase decay model
To perform a quantitative analysis of quenching kinetics, a nonlinear fit is used. In order
to find a theoretical model that fitted the experimental curves correctly, three different
nonlinear model were taken into account, however, a model denominated as one phase decay,
proved to be the most suitable since it did not present divergences and its χ2 parameter
presented values more closely to 1 than the other adjustments considered.

Figure 18 One phase decay model. 63

3.3.4.1. One phase decay parameters:Y0 is the Y value when X (time) is zero. It is
expressed in the same units as Y,
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Plateau is the Y value at infinite times, expressed in the same units as Y.



k is the rate constant, expressed in reciprocal of the X axis time units. If X is in minutes,
then k is expressed in inverse minutes.



Tau (x) is the time constant, expressed in the same units as the X axis. It is computed
as the reciprocal of K.
ln(2)



Half-life is in the time units of the X axis. It is computed as



In this case, the most relevant parameters are K, Tau and Plateau values.

𝑘

.

Herein, Plateau indicates the levels of fluorescence quenching, the k represents fluorescence
quenching saturation speed and Tau is the time when fluorescence quenching saturation takes
place.
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CHAPTER 4.

RESULTS AND DISCUSSION
In this chapter the results of the experiments developed in the experimental methods
chapter are reported. These results display some changes in the analytical performance of
the biosensing platform related to the reduction of GO, such changes and results will be
discussed below.

4.1.GO adhesion on TCT microplate surface

The microplates employed for this study were the TCT (tissue culture treated) type. The
polystyrene surface of this microplates has been previously modified by amino groups,
positively charged that favor the adhesion of cells to the surface.

60

On the other hand, the

GO in aqueous suspension presents a negative charge, 64 so its adhesion onto TCT microplate
surface is given, mainly by electrostatic interactions.
Results of adhesion studies obtained through Raman spectra analysis (Figure 18 and 19),
indicates a relationship between Raman intensity and GO concentration. Raman intensity
increases when GO concentration also does, however, in Figure 21 we can observe that the
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values corresponding to the concentration of 1400 do not follow the same behavior as the
concentrations 1200 and 1600 µg mL-1 with respect to the Raman intensity.

The explanation for this inconsistency, is related to the fact that some of the parameters
that had to remain fixed were altered by mistake during the spectrum acquisition.
Specifically, the size of the laser spot used to focus the samples with concentrations 1600
and 2000 µg mL-1 was different from that for the sample with concentration 1400 µg mL-1.
For this reason, the GO adhered values for 1400 µg mL-1 concentration were not taken
into account.

Figure 19 Raman spectra of different drop-coated GO concentrations (without washes stages)
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Figure 20 Raman spectra of the incubated samples after several washes.

The explanation for this inconsistency, is related to the fact that some of the parameters
that had to remain fixed were altered by mistake during the spectrum acquisition.
Specifically, the size of the laser spot used to focus the samples with concentrations 1600
and 2000 µg mL-1 was different from that for the sample with concentration 1400 µg mL-1.
Additionally, we made a linear interpolation (Figures 21 and 22), this adjustment
provided information about the amount of graphene adhered after the washing stages.
The peak values of the D and G bands in Figure 16 were replaced in the y variable of the
corresponding linear settings. The estimated GO concentration value is obtained solving the
linear equation for x.
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Figure 21 Calibration curve with G peak
intensities.

Figure 22 Calibration curve with G peak
intensities.

Table 7 and 8 show the estimated values obtained from the calibration curves for the D
and G peaks respectively.

Table 7. Estimation of GO adhered (D peaks intensity).

[GO]
(µg mL-1)

[GO Adhered]
(µg mL-1)

GO
Adhered
(%)

1600

71.473 ± 17.50

4.47

1400

44.128 ± 6.78

3.15

1200

67.626 ±9.59

5.63

Table 8. Estimation of GO adhered (G peaks intensity).

[GO]
(μg mL-1)

[GO Adhered]
(µg mL-1)

GO
Adhered
(%)

1600
71.674 ± 15.60
4.48
1400
45.38 ± 9.202
3.24
1200
61.45 ± 16.764
5.12
According to tables 7 and 8, around 5% of the incubated GO is attached onto the wells.
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This is information is relevant in order to proceed with the proposed reduction process
efficiently.

4.2.Characterization of reduction process.
Two routes were considered for the reduction process, the first one consisted in subjecting
the rGO coated microplate to a temperature of 90 °C for 40 minutes. The second route was
to leave the sample at room temperature for 48 hours (Table 2).
In the first case, no results were obtained, since, when performing the Raman spectroscopy
study, no graphene signal was presented. It is possible that this was such an aggressive
method that the GO adhered to the surface was removed in the reduction process.
On the other hand, for the second reduction route, Raman signal were obtained for
reductions 1.75 and 3.5 × [GO] the samples (see Figures 25 and 26).
Table 9 summarizes the results of the deconvolution of the GO Raman spectrum before
the reduction process, so that, the ID/IG ratio is taken as a point of comparison between the
ID/IG values of Tables 10 and 11.

Table 9. ID/IG ratios for GO (commercially available)

[GO] (μg.mL-1)
𝝌𝟐
ID/IG
0.96
0.996

Taken as a reference, the ID / IG relationship of table 9, it is possible to see in table 10
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and 11, that the reduced GO presents a decrease in this value, this allows us to show that
the reduction process is being effective.
Now, comparing the results between Tables 10 and 11, it is possible to determine that
the reduced GO by 3.5 × [GO] presents a greater consistency or regularity in the I D/IG
values than 1.75 × [GO]. This leads us to explore other reduction processes around 3.5
×[GO].

Table 10 ID/IG ratios for GO reduced by
1.75×[GO]

Table 11 ID/IG ratios for GO reduce by
3.5×[GO]

[rGO 1.75×]

[rGO 3.5×]

ID/IG

𝝌𝟐

60

0.730

0.983

80

0.860

100

0.895

-1

(μg mL )

ID/IG

𝝌𝟐

60

0.790

0.995

0.989

80

0.802

0.994

0.959

100

0.817

0.993

(μg mL-1)

Raman spectrum of each of the reduction processes are presented as well as the respective fitting
are shown in appendix, Figures A-1 and A-2, respectively.
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4.2.1. Kinetic fluorescence quenching at [GO]=1600 μg mL-1

Kinetics fluorescence quenching study is a very useful tool because it allows to determine
to what extent the fluorescence of a fluorophore, in this case FITC, is affected over time due
to the interaction with the GO. In other words, the kinetic quenching study can also indicate
about the fluorescence quenching capability of GO.
The study of the kinetics fluorescence quenching at a fixed concentration of GO and four
different concentrations of bioprobe (see Figure 23), confirms that [IgG-FITC] = 0.5 μg mL1

is the most efficient fluorescence quenching when the microplate is covered with [GO] =

1600 μg mL-1.
The analytical performance of this biosensing platform is our starting point, therefore,
the plateau parameter value (0.3248) and Tau parameter value (31.85) shown in Table 2
must be taken into account in order to compare and identify the effects caused after the
reduction of GO.
NOTE: It is important to clarify that photoluminescence quenching phenomenon was
measured by dividing the final photoluminescence intensity If (at 120 min) by the initial
photoluminescence intensity (I0 at 0 min). Hence, 𝐼𝑓 /𝐼0 values around 1 show a weak
photoluminescence quenching phenomenon, whereas 𝐼𝑓 /𝐼0 values around 0 prove a strong
photoluminescence quenching phenomenon.
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Figure 23 Kinetics of fluorescence quenching for FITC. Control ([IgG-FITC] = 0.125 μg mL-1).

Table 12. Fitting parameters for GO (before reduction process)

[GO]= 1600 μg.mL-1
[IgG-FITC]= μg.mL-1 Control

0.125

0.25

0.5

1

0.8725

0.4849

0.3982

0.3248

0.4698

K(au.min )

0.0257

0.0314

0.02915 0.0314

0.0300

Tau (min)

38.9105

31.8471 34.305

31.8471 33.33

0.7108

0.9717

0.9424

Plateau
-1

𝝌𝟐
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4.2.2. Kinetics with GO(commercial) after reduction process
After performing and characterizing the reduction process of commercial GO (Section
4.2), the kinetics fluorescence quenching experiments were made this in order to evidence
the fluorescence quenching ability of the reduced GO (rGO). Here we use two IgG-FITC
concentrations, 0.17 and 0.5 μg mL-1.
Figures 24 and 25 display the kinetics of fluorescence quenching of the biosensing
platforms coated with rGO generated by the 1.75 × [GO] and 3.5 × [GO] reduction processes
respectively.
According to the adjustment parameters related to the quenching ability shown in these
tables, there is no evidence of improvement with respect to the biosensor platform
corresponding to Figure 23. However, it is observed that the fluorescence quenching
saturation time is shorter than in the case of Figure 22, this value ranges from 31.847 min to
25.68 and 25.94 min.
Tables 13 and 14 contrast the reduction levels, leaving the concentration of the IgG-FITC
bioprobe as a constant parameter.
In table 13, no notable differences are observed between the effects generated by the rGO
reduced by 1.75 × [GO]and the one reduced by 3.5× [GO] this may also be due to the fact
that the concentration of the bioprobe is not the most adequate for the concentrations of
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rGO present in the surface. It is necessary to explore more reduction processes with new
amounts of L-AA and concentration of IgG-FITC.
Table 14 indicates that there was no improvement in the analytical performance parameters,
since for this case, the fluorescence quenching levels are on average of and the saturation
times exceed 30 min (rGO 3.5×[GO] case). Similar to the case shown in Table 13, more
tests should be performed with different concentrations of the bioprobe to optimize the
interaction between the bioprobe and the rGO.

Figure 24 Kinetics of fluorescence quenching for
1.75×[GO] reduction.

Figure 25 Kinetics of fluorescence quenching for
1.75×[GO] reduction.

Table 13. Comparison: Equal concentration of IgG-FITC and different reduction degree.

[GO]
(μg.mL-1)

[IgG-FITC]= 0.17 μg.mL-1
rGO 1.75×[GO]
rGO 3.5×[GO]
k
Tau
k
Plateau
Plateau
-1
(au.min )
(min)
(au.min-1)

Tau
(min)

1200

0.406

0.0364

27.51

0.4609

0.03855

25.94

1600

0.3917

0.0341

29.36

0.3695

0.03299

30.31

2000

0.4010

0.0389

25.68

0.409

0.03668

27.26
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Figure 26 Kinetics of fluorescence quenching for
1.75×[GO] reduction.

Figure 27 Kinetics of fluorescence quenching for
1.75×[GO] reduction.

.

Table 14. Comparison: Equal concentration of IgG-FITC and different reduction degree.

[GO]
(μg.mL-1)
1200
1600
2000

[IgG-FITC]=
rGO 1.75×[GO]
k
Tau
Plateau
(au.min-1)
(min)
0.4712
0.0333
30.04
0.4877
0.0325
30.80
0.4472
0.0313
31.99

0.5 μg.mL-1
rGO 3.5×[GO]
Plateau
0.4553
0.5152
0.4141

k

(au.min-1)
0.02757
0.03002
0.0305

Tau
(min)
36.28
33.31
32.78

Tables 15 and 16 present a comparison between the samples that were reduced under the
same reduction proportion (1.75 × [GO] or 3.5 × [GO]), and interact with different
concentrations of IgG-FITC in photoluminescent quenching.

From Table 17 it can be seen that, besides to the degrees of reduction, the relationship
between GO and IgG-FITC concentrations plays an important role in the analytical
performance of this biosensing platform. GO samples interacting with a concentration of
[IgG-FITC] = 0.17 exhibited better quenching values and shorter fluorescence quenching
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saturation time than those interacting with [IgG-FITC = 0.5].

Table 15. Comparison: Equal reduction degree and different concentration of IgG-FITC.

rGO 1.75×[GO]
[IgG-FITC μg.mL-1]
[GO]
(μg.mL-1)
1200
1600
2000

0.17
Plateau
0.406
0.3917
0.4010

0.5

k
-1

(au.min )
0.0364
0.0341
0.0389

Tau
(min)
27.51
29.36
25.68

Plateau
0.4712
0.4877
0.4472

k
-1

(au.min )
0.0333
0.0325
0.0313

Tau
(min)
30.04
30.80
31.99

Table 16. Comparison: Equal reduction degree and different concentration of IgG-FITC.
rGO 3.5×[GO]

[IgG-FITC μg.mL-1]
[GO]
(μg.mL-1)
1200
1600
2000

0.17
Plateau
0.4609
0.3695
0.409

0.5

k
-1

(au.min )
0.03855
0.03299
0.03668

Tau
(min)
25.94
30.31
27.26

Plateau
0.4553
0.5152
0.4141

k
-1

(au.min )
0.02757
0.03002
0.0305

Tau
(min)
36.28
33.31
32.78

4.3.Samples provided by Laboratorio de Catálisis CFATA-UNAM research
group
The quenching abilities of the samples 4.1, 5.1 GO and rGO provided by Laboratorio de
Catálisis CFATA-UNAM group were explored and compared with the commercial GO.
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Onto TCT microplate surface

In figure 28 it can be seen that 4.1 rGO has better abilities as a fluorescence quencher
than 4.1GO, which agrees with the hypothesis established for this work.
Table 17 shows the fitting parameters for samples 4.1GO and 4.1rGO when the microplate
with the TCT surface was employed. From this table, it can be seen that for [GO] = 1200
μgmL-1 and improvement in quenching abilities is more evident with respect to the nonreduced sample from 0.73 to 0.72. Regarding the saturation time of photoluminescence
quenching, it goes from 33.05 minutes to 27.6 min after reduction.
Table 18, no notable change was observed between these samples due to reduction
process.

Figure 28 Kinetics of fluorescence quenching using samples of 4.1 GO and 4.1 rGOon TCT microplate
surface
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Table 17. Comparison: Equal concentration of IgG-FITC and different reduction degree of 4.1 samples onto
TCT microplate surface.

[GO]
(μg.mL-1)
1200
1600
2000

[IgG-FITC]= 0.125 μg.mL-1
Plateau
0.7297
0.7348
0.7565

4.1GO
k (au.min-1)
0.03026
0.03552
0.03826

Tau (min)
33.05
28.15
26.14

Plateau
0.717
0.7368
0.736

4.1 rGO
k (au.min-1)
0.03622
0.03792
0.03104

Tau (min)
27.61
26.37
32.21

In this case, figure 24 indicates that the 5.1rGO sample did not exhibit an improvement
in quenching ability of 5.1GO according to the hypothesis.
Regarding the fitting parameters of the 5.1 GO and 5.1rGO samples, showed in Table
18, no notable change was observed between these samples due to reduction process.

Figure 29 Kinetics of fluorescence quenching using samples of 5.1 GO and 5.1 rGO
on TCT microplate surface.
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Table 18. Comparison: Equal concentration of IgG-FITC and different reduction degree of 5.1 samples onto
TCT microplate surface.

[GO]
(μg.mL-1)
1200
1600
2000



[IgG-FITC]= 0.125 μg.mL-1
Plateau
0.68
0.653
0.7118

5.1GO
k (au.min-1)
0.03734
0.04182
0.04904

Tau (min)
26.78
23.91
20.39

Plateau
0.6887
0.6952
0.7075

5.1 rGO
k (au.min-1)
0.03464
0.03132
0.03815

Tau (min)
28.87
31.93
26.21

Onto high binding surface

Now, in the case that the surface covered was high binding type, the fitting parameters
presented in Tables 19 and 20, besides to indicate improvements in the quenching abilities,
have fluorescence saturation times between 10-12, These times are the smallest of the
experiments performed until now.
It is important not to overlook that in Figures 30 and 31, the fluorescence quenching
presents a rapid saturation compared to previous experiments, this is reflected in the Tau.
parameter of the table 19 and 20.
The improvement in saturation times is directly related to the interaction or affinity
between this surface and the GO and rGO samples.
According to the information presented by the manufacturer, the high binding surface is
designed for hydrophobic and ionic interactions. This surface is negatively charged, which
is a bit contradictory, because GO in aqueous solution has a negative net charge and should
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not be related, at least electrostatically, so it is possible to attribute this affinity to other
characteristics such as lateral size or the degree of reduction of these samples.

Figure 30 Kinetics of fluorescence quenching using samplesof 4.1 GO and 4.1rGOon High binding microplate
surface

Table 19. Comparison: Equal concentration of IgG-FITC and different reduction degree of 4.1samples onto
High binding microplate surface.

[GO]
(μg.mL-1)

Plateau

[IgG-FITC]= 0.125 μg.mL-1
4.1GO
4.1 rGO
k
Tau
k
Plateau
-1
(au.min )
(min)
(au.min-1)

Tau
(min)

1200

0.4094

0.08305

12.04

0.3914

0.06985

14.32

1600

0.3917

0.09066

11.03

0.4477

0.09477

10.55

2000

0.4176

0.08267

12.10

0.4445

0.08004

12.49
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Figure 31 Kinetics of fluorescence quenching using samples of 5.1 GO and 5.1rGOon High binding
microplate surface
Table 20. Comparison: Equal concentration of IgG-FITC and different reduction degree of 5.1samples onto
High binding microplate surface.

[GO]
(μg.mL-1)
1200
1600
2000

Tesis de Maestría

Plateau
0.399
0.3475
0.3933

[IgG-FITC]= 0.125 μg.mL-1
5.1GO
5.1 rGO
k
k
Tau
Plateau
-1
(au.min )
(au.min-1)
(min)
0.07705
0.08328
0.08289

12.98
12.01
12.06

0.3779
0.422
0.3938

0.07426
0.08976
0.07665
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(min)
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11.14
13.05
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CHAPTER 5.

CONCLUSIONS



In the present work, the effects generated in the analytical performance of a
biosensing platform due to the reduction of GO (commercially available) and
samples of GO and rGO provided by the Laboratorio de Catálisis CFATA-UNAM
research group were analyzed and evidenced.



The results in this work are relevant because from them, an experimental route can
be outlined in order to explore new parameters and thus to achieve an optimization
in the analytical performance of the biosensing platform.



Besides to the levels of GO reduction, the affinity between surfaces (TCT and High
binding) and GO as well as concentrations of GO / IgG-FITC were also taken into
account, since these have an effect on photoluminescence quenching of FITC and
the analytical performance in general.



The best experiment of photoluminescence quenching performed with the GO
(commercially available) onto TCT microplate surface, indicated that its quenching
ability corresponded to a value of 0.32 and a photoluminescence quenching
saturation time of 32 min, after the reduction process the quenching value was 0.40
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and the photoluminescence quenching saturation time was reduced to 25.68 min.
This decrement is directly related with the improvement in the analytical
performance associated to the assay time since it will allow to obtain faster results.



On the other hand, the samples provided by the CFATA-UNAM research group
displayed lower affinity to the TCT surface, a fact that was reflected in a decrease
in the fluorescence quenching ability, when the TCT surface was replaced by the
High binding surface, the fluorescence quenching values changed from 0.74 to 0.4
and 0.71 to 0.38 form 4.1GO and 4.1rGO samples respectively. In 5.1 case the
fluorescence quenching values were from 0.68 to 0.39 and 0.69 to 0.37 for 5.1 GO
and rGO, respectively. Conversely, GO (commercially available) presented a higher
affinity for the TCT surface displaying better fluorescence quenching ability. In
TCT the quenching value were 0.32, while on the High binding surface the value
was 0.43. Here we have an evidence that exist structural differences between GO
(commercially available) sample and those synthesized by the Laboratorio de
Catálisis CFATA-UNAM research group.



Additionally, on TCT and High binding microplate surface the reduced 4.1GO has
advantages over the 4.1GO regarding the quenching ability and photoluminescence
saturation time as established by the hypothesis. While the sample 4.1 rGO presents
in its best experiment a value of 0.71 units of quenching, the sample of 4.1 GO, also
in its best experiment presents values of 0.74. In addition, regarding the fluorescence
saturation time, 4.1 GO offers photoluminescence saturation times of 33 minutes
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while 4.1 rGO of 27 min.



In the case of 5.1GO and 5.1 rGO samples, they did not exhibit the behavior
according to the hypothesis, however the fluorescence quenching values show that
5.1GO/rGO samples are more efficient than 4.1GO/rGO samples, since the
quenching values on TCT/High binding microplate surface were 0.68/0.39 and
0.69/0.37 for 5.1 GO and 5.1 rGO correspondingly, for 4.1 GO and 4.1 rGO the
quenching values were 0.74/0.40 and 0.71/0.38 respectively.



Respect

with

assay

time,

5.1

GO/rGO

exhibited,

more

efficiency

in

photoluminescence quenching saturation time than 4.1GO/rGO. In the best
experiment performed to 5.1GO and 5.1 rGO on TCT/High binding microplate
surface the times obtained were 23/12 and 28/11 minutes, for 4.1GO an4.1rGO the
times were 33/11 and 27/10.55 minutes.



Finally, in order to compare how effective our reduction process was with respect
to samples 4.1 and 5.1 rGO, it was observed that in the best experiments in which
microplates with high binding surface were used, the levels of quenching for these
samples were 0.39 and 0.35 (4.1 and 5.1 rGO respectively), while for the rGO
(commercially available) on TCT microplate surface the quenching values were 0.36.
Additionally, for each of the fluorescence values presented above, the corresponding
times were 11 and 12 minutes while for the rGO (commercially available), the time
was 30 min. In other words, although the rGO has abilities as a photoluminescence
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quencher, it does not reach the saturation of the photoluminescence quenching as
quickly as was evidenced in the reduced samples of Laboratorio de Catálisis
CFATA-UNAM research group.


The lateral size of GO flakes and the C/O ratio, these values would be of great
relevance to deeply understand the obtained results and thus optimize the properties
of these samples.
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OUTLOOK
With the aim of achieving a complete study on the effects that the reduction of GO
generates in a biosensing platform, we intend to continue with the experimental route
that had been constructed once the contingency period ends.

Nowadays, biosensors are widely used tools in various fields as a medic, food analysis
and environmental monitoring, etc., it is highly relevant to have devices that offer
reliable results, low cost and with a short response time for rapid result. We consider
that the experimental evidence of this project, such as enhancement in fluorescence
quenching or the decrease in photoluminescence saturation time due to the reduction
process on GO samples, can be relevant to optimize the sensitivity and assay time of
GO / rGO-based biosensors.
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CHAPTER 6. APPENDIX
6.1.Raman Spectrum of reduced GO

Figure A- 1: Raman spectrum of 1.75×[GO]
reduction process with D, and G band fitting

Tesis de Maestría

Figure A- 2 Raman spectrum of 1.75×[GO]
reduction process with D, and G band fitting
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6.2.Kinetic fluorescence quenching for different [GO] and [IgG-FITC].

Figures A-4 to A-6 show the behavior of fluorescence quenching for different [GO] and
[IgG-FITC]. From this, it is possible to evidence that the highest quenching of fluorescence
occurs for [GO] = 1600 μg mL-1 and [IgG-FITC] = 0.5 μg mL-1 case (from Figure 28),
however the biorecognition probe presents better stability for a concentration of 0.75 μg mL1

.

[GO]
(μg mL-1)
Control
1200
1600
2000

I /I
f

0

0.65
0.43
0.43
0.46

Figure A- 3 Kinetic fluorescence quenching
a. Kinetics of fluorescence quenching for different[GO] and [IgG-FITC] = 0.25 μg mL-1. b. Kinetic
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fluorescence quenching bar graphs.

[GO]
(μg mL-1)
Control
1200
1600
2000

I /I
f

0

0.77
0.46
0.39
0.53

Figure A- 4Kinetics of fluorescence quenching a. Kinetics of fluorescence quenching for different[GO] and
[IgG-FITC] = 0.5 μg mL-1. b. Kinetic fluorescence quenching bar graphs
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[GO]
(μg mL-1)
Control
1200
1600
2000

I /I
f

0

0.83
0.41
0.45
0.46

Figure A- 5Kinetics of fluorescence quenching a. Kinetics of fluorescence quenching for different[GO] and
[IgG-FITC] = 0.75 μg mL-1. b. Fluorescence quenching bar graphs.
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6.3.Kinetic fluorescence quenching at [GO]=1600 μg mL-1 (bar graphs)

Figure A- 6 Kinetics of fluorescence quenching bar graphs.

6.4.Kinetic fluorescence quenching (bar graphs)

Figure A- 7 Fluorescence quenching bar graphs.

Tesis de Maestría

Centro de Investigaciones en Óptica

| 84

Figure A- 8 Fluorescence quenching bar graphs.

Figure A- 9 . Fluorescence quenching bar graphs.

.
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Figure A- 10 Fluorescence quenching bar graphs.

6.5. Laboratorio de Catálisis CFATA-UNAM

Sample

I /I

Control
5.1 GO
5.1 rGO
4.1 GO
4.1r GO
GO

0.86

f

0

0.58
0.62
0.65
0.55
0.48

Figure A- 11 Kinetics of fluorescence quenching for different samples of GO/rGO on TCT microplate
surface. b. Fluorescence quenching bar graphs. ([IgG-FITC]=0.125 µg mL-1)
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4.1 GO/rGO sample

[4.1 GO]
(μg mL-1)
(Control)
1200
1600
2000

If/I0
0.86
0.74
0.74
0.75

Figure A- 12 Kinetics of fluorescence quenching for different concentrations of 4.1GO on TCT microplate
surface. b. Fluorescence quenching bar graphs. ([IgG-FITC]=0.125 µg mL-1)

[4.1 rGO]
(μg mL-1)
Control
1200
1600
2000
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If/I0
0.86
0.71
0.73
0.73
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Figure A- 13 Kinetics of fluorescence quenching for different concentrations of 4.1GO on TCT microplate
surface. b. Fluorescence quenching bar graphs. ([IgG-FITC] =0.125 µg mL-1)

Figure A- 14 Kinetics of fluorescence quenching using samples of 4.1 GO and 4.1 rGO on
TCT microplate surface. b. Fluorescence quenching bar graphs. ([GO] = 1200 µg mL-1, [IgGFITC]=0.125 µg mL-1)
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5.1 GO/rGO sample
For this sample, the photoluminescence quenching results showed in Figure A-15 for
different concentrations of 5.1 GO and [IgG-FITC] = 0.125 µg. mL-1 indicated that 1200 µg
mL-1 is the concentration most efficient quencher.

[5.1GO]
(μg mL-1)
(Control)
1200
1600
2000

I /I
f

0

0.86
0.67
0.66
0.71

Figure A- 15 Kinetics of fluorescence quenching using samples of 5.1GO and 5.1rGO on TCT microplate
surface. b. Fluorescence quenching bar graphs. ([IgG-FITC] =0.125 µg mL-1)
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[5.1rGO]
(μg mL-1)
(Control)
1200
1600
2000

I /I
f

0

0.86
0.69
0.70
0.70

Figure A- 16 Kinetics of fluorescence quenching using samples of 5.1GO and 5.1rGO on TCT microplate
surface. b. Fluorescence quenching bar graphs. ([IgG-FITC] =0.125 µg mL-1)

According to the results showed above, the GO/rGO samples synthesized by the CFATA
research group presented greater efficiency in in the attaching process when these were
adhered to the high binding surface than to the TCT surface. This is reflected in the fact
that the abilities as fluorescence quencher enhance when the surface employed was that of
high binding.
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6.5.1. High binding microplate surface
According to Figure A-17a, the study on the surface of high binding microplates, indicates
a similarity between the quenching of the coated surfaces with the GO concentrations of
1200 and 1600 μg mL-1. Fluorescence quenching in this surface is no better than on the
polystyrene surfaces of the TCT microplates, at least for the GO commercial case.
Additionally, the surface covered with the GO concentration of 2000 μg mL-1 presents
an inefficient quenching.
The error bars in Figure A-17 b, display the instability of the system when this surface
is covered with commercial GO.

[GO]
(μg mL-1)
(Control)
1200
1600
2000
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I /I
f

0

0.87
0.43
0.44
0.78
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Figure A- 17 a. Kinetics of fluorescence quenching for different samples of GO/rGO on high binding
microplate surface. b. Fluorescence quenching bar graphs. ([IgG-FITC] =0.125 µg mL-1)
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4.1 GO/rGO and 5.1 GO/rGO samples (bar graphs).

Figure A- 18 Kinetics of fluorescence quenching using samples of 4.1 GO and 4.1rGO on High binding
microplate surface. b. Fluorescence quenching bar graphs. ([GO] = 1200 µg mL-1, [IgG-FITC] =0.125 µg
mL-1)

Figure A- 19 Kinetics of fluorescence quenching using samples of 5.1GO and 5.1 rGO on High binding
microplate surface. b. Fluorescence quenching bar graphs. ([GO] = 1200 µg mL-1, [IgG-FITC]=0.125 µg mL1
)
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6.6.Fitting parameter χ2
TCT microplate surface

4.1[GO]
(μg.mL-1)

4.1[rGO]
(μg.mL-1)

1200

1600

2000

𝝌𝟐

0.9112

0.9085

0.9334

5.1[GO]
(μg.mL-1)

1200

1600

2000

0.924

0.8518

0.8718

𝝌𝟐

𝝌𝟐

1200

1600

2000

𝝌𝟐

0.8744

0.8713

0.9172

5.1[rGO]
(μg.mL-1)

1200

1600

2000

0.9272

0.8914

0.9212

High binding microplate surface

4.1[GO]
(μg.mL-1)

𝝌𝟐

5.1[GO]
(μg.mL-1)

𝝌𝟐
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1200

1600

2000

4.1[rGO]
(μg.mL-1)

0.9557

0.9688

0.982

𝝌𝟐

1200

1600

2000

0.9603

0.8871

0.9659

5.1[rGO]
(μg.mL-1)

𝝌𝟐

1200

1600

2000

0.9799

0.9872

0.9871

1200

1600

2000

0.9897

0.9279

0.9873
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rGO (commercially available)
1.75×[GO] - [IgG-FITC, μg. mL-1]

𝝌𝟐

[GO]
(μg.mL-1)

0.5

0.17

1200
1600

0.9846
0.8748

0.9693
0.9792

2000

0.95

0.9427
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3.5×[GO] - [IgG-FITC, μg. mL-1]
[GO]
(μg.mL-1)

𝝌𝟐

1200

0.5
0.9794

0.17
0.9855

1600

0.959

0.9773

2000

0.9474

0.9863
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