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ABSTRACT 
 

Computational methods can be employed at various stages in the 

development of different types of chemical sensors. The use of theoretical tools 

can drastically accelerate the development process of new sensors, as well as 

helping to obtain a more robust, cheaper, and selective end product. This thesis 

discusses the employment of different computational chemistry methods in the 

design of chemical sensors. The first approach deals with the study of 

electrochemical sensors. Initially, the density functional theory (DFT) method 

was employed to perform the design of a molecularly imprinted polymer (MIP) 

for detection of the drug of abuse MDMA. This theoretical method was used to 

simulate several steps in the synthesis of a MIP in addition to selectivity tests. 

The set of computational analyses obtained constitutes a very useful protocol to 

predict the optimal experimental conditions, saving time and financial resources 

in the process.  Still in the electrochemical sensors approach, an electrochemical 

sensor based on the same MIP technology was developed for detection of 

progesterone and 17-β Estradiol. The developed material responded to the 

concentrations of the analytes in the ranges from 10 to 50 µM, and also has a 

single current range response, which improves the selectivity of the material. 

The second chemical sensor approach addressed in this thesis was spectroscopic 

probes. In this part, both computational methods based on classical mechanics 

such as molecular dynamics (MD) and quantum methods such as DFT were 

employed to explore the photochemical and spectroscopic properties of the 

ciprofloxacin molecule. From the calculations performed, it was possible to 

observe the changes that can occur in the UV-Vis, fluorescence and fluorine19 

NMR spectra of the antibacterial agent when it interacts with the human 

topoisomerase-II beta enzyme. Such results indicate a possibility of using 

ciprofloxacin as a spectroscopic probe for cancer detection, since this enzyme is 

related to the disease. From all the tests performed, it can be concluded that 

computational methods are able to predict many properties and behaviors that 

can be useful in the design of new chemical sensors. The manipulation of 

molecules and systems in a theoretical way can assist in obtaining crucial 

information that often cannot be obtained experimentally. Moreover, it is also 

possible to conclude that chemical sensors are an extremely useful and versatile 

technology that can be developed for various purposes.  

 

 
 

Keywords: Electrochemical sensors. MIPs. Spectroscopic probe. Computational 

design. Ciprofloxacin.  
 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

RESUMO 

 

De maneira ampla, os métodos computacionais podem ser empregados 

em diversas etapas do desenvolvimento de diferentes tipos sensores químicos. O 

uso de ferramentas teóricas pode acelerar drasticamente o processo de 

desenvolvimento de novos sensores, além de auxiliar na obtenção de um produto 

final mais resistente, barato e seletivo. Esta tese discute o emprego de diferentes 

métodos de química computacional no design de sensores químicos. A primeira 

abordagem trata do estudo de sensores eletroquímicos. Inicialmente, o método 

de teoria do funcional da densidade (DFT) foi empregado para realizar o design 

de um polímero molecularmente impresso (PIM) para detecção da droga de 

abuso MDMA. O referido método teórico foi utilizado para simular diversas 

etapas da síntese de um PIM, além de testes de seletividade. O conjunto de 

análises computacionais obtidos constitui um protocolo muito útil para predizer 

as condições experimentais ótimas, economizando tempo e recursos financeiros 

no processo.  Ainda na abordagem dos sensores eletroquímicos, foi 

desenvolvido um sensor eletroquímico baseado na mesma tecnologia de MIP, 

para detecção de progesterona e 17-β Estradiol. O material desenvolvido 

respondeu às concentrações dos analitos nas faixas de 10 a 50 µM, além de 

possuir resposta em faixa de corrente única, o que melhora a seletividade do 

material. A segunda abordagem de sensor químico tratada nesta tese foram as 

sondas espectroscópicas. Nesta parte, foram empregados tanto métodos 

computacionais baseados na mecânica clássica, como a dinâmica molecular 

(DM) quanto métodos quânticos como o DFT, para explorar as propriedades 

fotoquímicas e espectroscópicas da molécula de ciprofloxacina. A partir dos 

cálculos realizados, foi possível observar as mudanças que podem ocorrer nos 

espectros de UV-Vis, de fluorescência e de RMN de flúor19 do agente 

antibacteriano quando este interage com a enzima topoisomerase-II beta 

humana. Tais resultados indicam uma possibilidade de uso da ciprofloxacina 

como sonda espectroscópica para detecção de câncer, uma vez que esta enzima 

está relacionada à doença. A partir de todos os testes realizados, é possível 

concluir que os métodos computacionais são capazes de predizer muitas 

propriedades e comportamentos que podem ser úteis no design de sensores 

químicos. A manipulação de moléculas e sistemas de forma teórica pode auxiliar 

na obtenção de informações cruciais, que muitas vezes não podem ser obtidas de 

forma experimental. Além disso, é possível concluir também que os sensores 

químicos constituem uma tecnologia extremamente útil e versátil, podendo ser 

desenvolvidos para diversas finalidades.  

 

 

 

Palavras-chave: Sensor eletroquímico. MIPs. Sonda espectroscópica. Design 

computacional. Ciprofloxacina.  
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1. GENERAL INTRODUCTION 

 

The need to monitor biologically important molecules is one of the many 

justifications for the development of new chemical sensors (LI, Q. Y. et al., 2022). 

Chemical sensors are molecules or measuring devices used in various types of 

analysis, which allows the real-time monitoring and in situ information capture, since 

they require minimal manipulation of the studied system. In addition, they have 

several other advantages, such as portability, ease of automation, and the possibility of 

miniaturization (LOWINSOHN; BERTOTTI, 2006; YANG, B. et al., 2016). A 

traditional chemical sensor is basically composed of a recognition material, a 

transducer, and a detector that will interpret the signal. For selective recognition, 

molecules or materials that can react specifically with the target molecule are 

employed, generating a signal that allows its identification or quantification. This 

received signal is maximized to minimize environmental effects on detection 

(LOWINSOHN; BERTOTTI, 2006).   

In most cases, the development of chemical sensors requires a high amount of 

financial resources and time in their production, since the process is quite complex, 

and the final product can still present low selectivity and stability, especially with 

sensors that use biological macromolecules as recognition part (SALES; RAMALHO, 

2020). Additionally, other aspects must be considered such as sensor regeneration that 

may be laborious, making reuse unfeasible or even impossible. Besides all these 

disadvantages, there is also the problem of biocompatibility with sensors for in vivo 

use (ASADIAN; GHALKHANI; SHAHROKHIAN, 2019). Thus, a chemical sensor 

cheap, simple to obtain and stable, easy to handle and made by means of 

biocompatible material is of great interest not only for medical applications but in 

various industrial processes. It should be kept in mind, however, that obtaining a 

material or compound with most of these advantages is difficult. In order to develop a 

chemical sensor many possible and available resources should be evaluated 

(PENDLEY; LINDNER, 2017). 

In this sense, computational chemistry tools can drastically accelerate the 

chemical sensor design. With the help of computational modeling techniques, it is 

possible to control the desired properties to develop chemical sensors of high 
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selectivity, which is advantageous when compared to the process of obtaining sensors 

based on chemical intuition (COWEN; KARIM; PILETSKY, 2016; VIVEIROS et al., 

2017). Additionally, computational methods are able to make predictions more 

effectively, avoiding the use of empirical testing methods, which saves time and 

financial resources (PILETSKY et al., 2001). For this purpose, both quantum 

(FONSECA; NASCIMENTO; BORGES, 2016) and classical (VIVEIROS et al., 

2017) methods can be employed. 
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2. JUSTIFICATION 

 

The central part of a chemical or biosensor is the recognition element, called 

receptor, which is responsible for specifically recognizing and binding the target 

molecule in a complex sample. The recognition element is in close contact with the 

transducer. To rationally design better recognition elements, it is important to obtain 

the maximum of information at the molecular level as possible. In this context, 

computational chemistry techniques can be very useful to design new sensors 

(HAUPT; MOSBACH, 2000; KHAN; PAL; KRUPADAM, 2015; SALES; 

RAMALHO, 2020). 

The use of computational tools in rational design of chemical sensors can help 

in the prediction of the most proper recognition elements (FONSECA; 

NASCIMENTO; BORGES, 2016), and also for the best size (NICHOLLS et al., 

2015), molar ratio (KHAN; PAL; KRUPADAM, 2015), prevalent molecular 

interactions (FONSECA; NASCIMENTO; BORGES, 2016), energy (LV et al., 2008), 

selectivity (GHOSH et al., 2017) and the best solvent to be employed both in synthesis 

and in analysis (KHAN; PAL; KRUPADAM, 2015). A lot of this information cannot 

be obtained experimentally, and for some experimental data, there is a significant cost 

in many cases. In this way, computational methods have advantages of low cost, time 

saving, clinical and environmental safety as no disposal of chemicals is needed 

(ABDEL GHANI et al., 2016).  
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3. OBJECTIVE 

3.1. General 

To explore applications of several computational chemistry methods to 

rationalize the chemical sensors design, employing both molecular mechanics and 

quantum mechanics methods.  

 

3.2. Specific 

-  To perform a rational design for the Molecularly Imprinted Polymer (MIP) 

preparation, for 3,4-methylenedioxymethamphetamine (MDMA) detection, employing 

computational chemistry methods. 

 

-  To synthesize a hybrid material consisting of molecularly imprinted polymer 

(MIP) and magnetic nanoparticles, as a recognizable part of an electronic system used 

as a sensor for progesterone and 17-β Estradiol. 

 

- To investigate theoretically, the behavior of ciprofloxacin (CPX) in the 

human topoisomerase-II β (hTOPO-II) active site, evaluating how this interaction 

affects the 19F NMR chemical shift of CPX to propose the use of CPX as a 

spectroscopic NMR probe for cancer diagnosis.   

 

- To analyze theoretically the potential of ciprofloxacin as a dual UV-

Vis/fluorescent probe to be used in cancer diagnosis.  
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PART II- THEORETICAL 

BACKGROUND 
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1. CHEMICAL SENSORS 

 

The modern era is an era of science and technology, which strongly influences 

all aspects of life (KUMAR; PATHAK; CHAUDHARY, 2021). The new generation 

of sensing technologies is closely related to the development of new functional 

synthetic materials, both of which have a direct impact on expanding the hardware 

capabilities available today (SWAGER, 2018). A simpler physical manifestation of the 

term "technology" comes as a simple, user-friendly device, with the design and 

development of a smart equipment capable of optimal performance at reduced costs 

and guaranteed wide deployment (KUMAR; PATHAK; CHAUDHARY, 2021). The 

emergence of nanoscience and nanotechnology have provided more and more 

resources for measurement techniques as well. In addition, the current moment is 

opening new horizons for researchers in the field of sensing technologies, allowing the 

development of chemical sensors that are increasingly efficient and technological 

(ASADIAN; GHALKHANI; SHAHROKHIAN, 2019; WANG, C. et al., 2022). 

The origin of the word “sensor” comes from the Latin sentire, to feel 

(SIMÕES; XAVIER, 2017). Considering the semantics of the word, sensors have the 

attribute of feeling into their surrounding environment to define a coupling 

relationship. Now, in a more pragmatic interpretation, the term "sensor" can cover 

many definitions. According to the International Union of Pure and Applied Chemistry 

(IUPAC), a chemical sensor is “a device that transforms chemical information, 

ranging from the con-centration of a specific sample component to total composition 

analysis, into an analytically useful signal. The chemical information, mentioned 

above, may originate from a chemical reaction of a molecule or from a physical 

property of the system investigated” (LEIBL et al., 2021). Usually, a sensor is defined 

as a device that responds to a physical stimulus, and as a result transmits an electrical 

impulse aimed at measuring some change in any intrinsic property of the constituent 

material, whose magnitude is normally proportional to this change. This stimulus can 

be as light intensity or wavelength, heat, motion, pressure, magnetic signal, chemical 

composition, or even sound (HILLBERG; BRAIN; ALLENDER, 2005; SIMÕES; 

XAVIER, 2017). 
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Basically, a sensor is composed of a recognition material, a transducer and a 

detector, as can be seen in Figure 1. The recognition material is responsible for 

reacting to stimuli, which can be the amount, property or condition that is received and 

will be converted into an electrical signal. The transducer is the part responsible for 

converting that stimulus that was received into an electrical signal. Finally, the 

detector is responsible for identifying this electrical signal. Besides the basic parts, a 

sensor can also contain many other components, such as processors, other detectors 

and transducers, signal conditioners, processors, memory devices, data recorders, 

actuators, among others (FRADEN, 2015). For the selective recognition of molecules 

or materials that react specifically with the molecule of interest, recognition elements 

are generally employed and allow the signal transduction to the detector. This signal is 

then maximized in order to minimize errors (LOWINSOHN; BERTOTTI, 2006). 

 

Figure 1 ‒ Basic structure of a generic sensor. 

 

Sensors can be classified in many ways, one way to classify these sensors is 

based on some of their properties, such as the sensing material, the conversion 

phenomenon, field of application, stimulus type, among others (YURISH, 2017). In 

the case of chemical sensors, they are defined as materials that respond to stimuli 

produced by means of chemical reactions or any chemical compound, intended for the 

identification and quantification of chemical species (FRADEN, 2015). A chemical 

sensor can act either as an isolated device or as part of larger or more complex systems 

(HUSSAIN et al., 2021; LI, R. et al., 2018).   

The use of chemical sensors allows real-time monitoring and in situ 

information capture, since they require minimal manipulation of the system to be 
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studied (LOWINSOHN; BERTOTTI, 2006). Such devices have the potential to 

complement or even replace many of the classical analytical methods, having many 

advantages, such as easier sample preparation, reduced analysis costs, and the 

possibility of miniaturization of the systems, which favors the portability and use of 

this equipment (MERCANTE et al., 2017).  

The optimization process of a chemical sensor is closely related to the 

selectivity improvement process, which allows a more efficient detection of certain 

chemical species in complex samples, and consequently minimizes the manipulation 

of the sample (HILLBERG; BRAIN; ALLENDER, 2005). Furthermore, aspects 

related to robustness, sensitivity and stability of the chemical sensor should also be 

considered in the development of an efficient chemical sensor (LOWINSOHN and 

BERTOTTI, 2006). 

Considering the wide range of materials, technologies, and purposes that can 

be employed in the preparation of sensors that fall into the category of chemical 

sensors, there is no universally accepted method for categorizing the complete list of 

this type of detector (FRADEN, 2015). Usually, chemical sensors are divided into two 

main categories, one based on transduction methods and the other class based on 

implementation methods. The classification of chemical sensors based on transduction 

method can be further subdivided into those that measure electrical or electrochemical 

properties (SILAMBARASAN; MOON, 2022), those that measure a change in a 

physical property (YURISH, 2017), and finally those that rely on absorption or 

emission of optical or other wavelengths of electromagnetic radiation (TIKUM et al., 

2019).  

 

1.1. Chemical sensors based on spectroscopic signals 

 

One sensing technology that has been widely investigated in many fields, is the 

use of spectroscopic probes (SPs) (J LLOYD-HUGHES1 et al., 2021; LI, H.; MA, 

2018; XUE et al., 2021). SPs can be described as molecules that react with a specific 

target and this interaction results in changes in their spectroscopic properties, which in 

turn can identify this target  (ZHOU, J.; MA, 2016). The spectroscopic change can be 
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in chromogenic, fluorescent, or chemiluminescent properties (CHEN, X.; SUN; MA, 

2006). The increasing development and implementation of SPs can be attributed to the 

advantages of offering greater temporal and spatial sampling capability, as well as to 

the powerful ability of these compounds to improve analytical sensitivity. In addition, 

it is important to emphasize their special photochemical stability, unique electronic 

and self-assembly properties (SHI; MA, 2012; YU, Q. et al., 2021). The use of  SPs 

has gained a lot of prominence, especially in the field of medical diagnostics as a 

crucial part of molecular imaging (PEREIRA et al., 2019). Molecular imaging 

constitutes a powerful tool to investigate the intact living samples in real time with 

great spatial resolution by the use of synthetic SPs and biological imaging 

instrumentation (BRITTON, 2017). These probes are able to respond selectively to its 

intended target even in a complex system that contains a host of competing analyte 

(CHAN; DODANI; CHANG, 2012).  

Generally, SPs are composed of three parts, which are the spectroscopic half 

and the recognition half, and the binding part that connects the first two. The most 

common reaction mechanisms employed in SP design strategies are the protonation-

deprotonation mechanism, complexation, cleavage and formation of covalent bond, 

non-covalent (supramolecular) interactions and redox reactions. In addition, design 

strategies of SP are chosen according to the different purposes of detection. For 

example, to detect analytes with redox properties, redox-based spectroscopic probes 

can be designed, while to detect physical environmental factors, such as viscosity, 

polarity or temperature; the environment-sensitive spectroscopic probes are more 

suitable (LI, X. et al., 2014). Beyond all of this information, other important 

assignment in the SP design is to identify the best reactions that have high 

chemoselectivity, biorthogonality and fast rate. This is important once that for SP to be 

suitable for detection and imaging applications, the reaction must proceed with 

suitable kinetics under biological constraints or that have short lifetimes (YANG, 

YOUJUN et al., 2010).   

Among the various photophysical processes in which the SP can be based, 

fluorescence sensing is attractive for its potentially very high sensitivity, excellent 

temporal-spatial resolution and fairly simple technical implementation (NIU et al., 

2015). There are three basic kinds of SP response modes in fluorescence spectroscopy, 
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which are the on-off mode, in which there is a decrease of fluorescence intensity of the 

probe; the off-on, in which there is an increase of the fluorescence intensity; and the 

ratiometric response, which refers to a shift in the emission or excitation spectra of a 

probe upon reaction with an analyte. As can be seen, each kind of probe has its own 

advantage and drawback, and the correct choice of the design strategy is the key point 

in the SP development (ZHOU, J.; MA, 2016). 

Many are the applications of these molecules in different areas. Just in the 

beginning of 2022, more than 200 researches were developed in order to aim the 

design of fluorescent probes (ANALYTICS, 2022), and the molecular targets range 

from ions (AHMED, N. et al., 2022; CUI et al., 2022; GUO et al., 2022; XIANG et 

al., 2022; ZHANG, C.; PAN; HE, 2022) to biological macromolecules (LI, Y. et al., 

2022; LIU, D. et al., 2022; YAN et al., 2022).  

 Speaking more in depth about probes for biological applications, the 

implementation of this technique has enabled in situ and real-time monitoring of many 

biological processes (CHEN, X.; SUN; MA, 2006) . In this context, several inhibitors 

have been developed and tested as fluorescent probes, aiming the identification 

(KANAGARAJ et al., 2020; LEE, Y.-A. et al., 2018), localization (LIU, H.-W. et al., 

2017; YU, Q. et al., 2021), tracing (MA et al., 2020), imaging (HONG et al., 2019; 

WANG, HUAIMIN et al., 2018) and possibly the treatment of many diseases (TANG 

et al., 2019). Regarding the latter, a very promising example worths mentioning are 

the PI3K inhibitors. Phosphoinositide 3-kinases (PI3Ks), also called 

phosphatidylinositol 3-kinases, are a family of enzymes known to be related to several 

types of cancer (JANKU; YAP; MERIC-BERNSTAM, 2018). Based on this relevant 

feature, some PI3K inhibitors with specific spectroscopic properties that can be used 

as probes for early cancer diagnosis have been proposed, as a case of Pt complexes 

(PEREIRA et al., 2019). Some other applications for SPs can be found in Figure 2. 
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Figure 2 ‒ Representative bioimaging applications with reaction-based small-

molecule fluorescent probes for highly reactive species and metal ions. 

Source: (CHAN; DODANI; CHANG, 2012). 

Legend: (A) Detection of H2S in mammalian cells with SFP-2 (QIAN et al., 2011). 

(B) Visualizing accumulation of mercury pools in zebrafish with a spirorhodamine-based 

probe (SUNG-KYUN KO et al., 2006). (C) Visualization of myeloperoxidase-derived HOCl 

in a mouse model for peritonitis with SNAPF (SHEPHERD, J. et al., 2007). (D) Levels of NO 

in a rat kidney visualized with DAC-P (EITA SASAKI et al., 2005) (E) Imaging of Saos-2 

cells with phosphotyrosine-based probe (WANG, HUAIMIN et al., 2018). (F) ATP detection 

in HeLa cells with rhodamine-based probe (TIKUM et al., 2019). 

 

1.1.1. Fluorescence Spectroscopy 

 

Although some famous figures in science have studied this phenomenon in the 

past, it was in the year 1852 that British physicist G. G. Stokes began to determine the 

nature of fluorescent emission. Stokes published some interesting results involving 

several samples, both organic, using a quinine solution, and inorganic, using the 

mineral fluorite (STOKES, 1852). His reports were based on earlier results presented 

by J. Herschel (HERSCHEL, 1843, 1845), who describes that the quinine solution 

shows an arc of pale blue light when sunlight enters the tube. Stokes also observed that 

the mineral fluorite exhibits fluorescence when illuminated with ultraviolet light, 

employing the word "fluorescence" for the first time (STOKES, 1852; VALEUR; 

ARIO; BERBERAN-SANTOS, 2011). 
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Like quinine, many other compounds can not only absorb light, but also emit 

part of the absorbed light at different wavelengths (GODBEY, 2014). Fluorescent 

molecules, also called fluorophores, have a wide range of applications being used in 

detergents, fluorescent lighting, synthetic fibers in credit cards, banknotes, fluorine in 

toothpastes among others (GARCÍA et al., 2012). 

If a molecule absorbs a photon with an adequate amount of energy, many 

photophysical events can occur, such as phosphorescence, internal conversion (IC) or 

vibrational relaxation, intersystem crossing (ISC), or fluorescence, both shown in the 

Jablonski diagram for organic molecules (Figure 3). The figure is an example of the 

general scheme of a Jablonski Diagram showing the formation of an excited state S1 or 

S2, which can decay to the ground state S0 while maintaining the singlet state. This 

decay can be radiative resulting in the photophysical process of fluorescence or non-

radiative, which are the IC process. The diagram also shows that decay from a triplet 

state T1 formed earlier by ISC energy transfer, which can occur with the emission of a 

photon by the process called phosphorescence (LAKOWICZ, 2006). 

 

Figure 3 ‒ Simplified Jablonski diagram for organic molecules. 

 

Legend: In the figure, the abbreviations S0, S1, and S2 correspond to the fundamental, 

first, and second excited states, respectively. T1 corresponds to the first triplet state. The 

acronym IC corresponds to the internal crossing process, and ISC corresponds to the 

intersystem crossing phenomenon. 
 

Each of the above processes occurs with a certain probability given by the 

decay rate constants (k). This decay rate is inversely proportional to the lifetime of the 
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photophysical process, also called the average length of time (τ) for a set of molecules 

to decay from one state to another. In the case of fluorescence, the lifetime is an 

intrinsic property and therefore, regardless of the measurement method, it can be 

considered a state function since it does not depend on the initial perturbation 

conditions of the system. The fluorescence lifetime is understood as the time required 

for a population of excited fluorophores to decrease exponentially to N/e through 

energy loss via fluorescence and other non-radiative processes (BEREZIN; 

ACHILEFU, 2010).  

The processes described above are called photophysical processes, since there 

is electronic excitation of a molecule by absorption of radiation, and this process does 

not result in chemical changes in the molecule. There are also chemical reactions that 

occur due to the absorption of UV, Vis or IR radiation. In this case, the process is 

called photochemical (LIU, SIMIN; KOKOT; WILL, 2009). The presence of certain 

functional groups that are sensitive to light brings great probabilities for inducing a 

photochemical process. The main functional groups that exhibit photoreactivity are the 

carbonyl group, aryl chloride, nitroaromatic group, n-oxides, weakened C-H bonds, 

sulfide groups, alkenes, phenolic groups and polyenes, mainly with conjugated double 

bonds (GRANIZO, 2012). 

 

1.1.2. Nuclear Magnetic Resonance Spectroscopy (NMR) 

 

Besides the fluorescence technique, another spectroscopic technique that is 

widely used as a basis for developing SPs is the Nuclear Magnetic Resonance (NMR) 

spectroscopy. NMR spectroscopy is one of the most powerful tools currently available 

not only for determining structural and other properties of molecules, but also in many 

fields of science, where it is increasingly being considered as a tool, especially in the 

clinical context (HATZAKIS, 2019; SEDAGHAT DOOST et al., 2019; SPEYER; 

BALEJA, 2021). Together with liquid chromatography-mass spectrometry (LC-MS) 

and Fourier Transform ion cyclotron resonance (FT-MS), NMR is one of the most 

important spectroscopic techniques applied for analysis of metabolic profiling 

(SERKOVA; NIEMANN, 2006). NMR technique has a variety of applications ranging 
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from materials, biological sciences and food sciences to medicine (GHOSH et al., 

2017; GLADDEN, 1994; HATZAKIS, 2019; RAMALHO; TAFT , 2005).  

This technique was first developed in 1946 in Stanford and M.I.T. by the 

physicists Felix Bloch and Edward Purcell and their collaborators (BLOCH, 1946; 

PURCELL; TORREY; POUND, 1946), who received the Nobel Prize (EDWARDS, 

2019; WÜTHRICH, 1995, 2003). Some phenomena in NMR can be explained only 

using quantum mechanics, but the basis of the theory can be understood through the 

principles of classical mechanics and magnetism. The phenomenon of nuclear 

magnetic resonance is based on the fact that the nucleus of some atoms has magnetic 

properties, which in the presence of an external magnetic field, behave in such a way 

that chemical information can be obtained (PELLECCHIA; SEM; WÜTHRICH, 

2002). 

In order to start, it is necessary to explain some basic concepts such as the 

nuclear spin property. Generally, atomic nuclei contain protons and neutrons except 

for the 1H atom. Such core constituents have an intrinsic angular momentum and this 

property is called spin. There is a quantized number of spin states that can be adopted 

for each nuclear spin. This number of allowed states is determined by the quantum 

number of nuclear spin I. For each nucleus, there are 2I + 1 allowed states. In a 

nucleus, the pairs of protons or neutrons when aligned makes that the spins of these 

particles to cancel each other. Thus, there is not cancellation of spins when there are 

unpaired protons or neutrons in the nucleus, i.e. when the atomic number or atomic 

mass has odd number. Similarly, nuclei with even numbers of protons and neutrons 

have zero nuclear spin (HATZAKIS, 2019; PYKETT et al., 1982). With this in mind, 

it is already possible to anticipate that only some nuclei will be active in NMR, which 

are those that do not have null spin. 

Due to the fact that there is distribution of electric charges, the rotation of these 

particles around some axis generates a magnetic field. This means that each nucleus 

can then be considered a magnetic dipole, or magnet (VEEMAN, 1997). Thus, the 

nucleus has a magnetic moment µ generated by its charge and spin. In the absence of 

an external magnetic field, the dipoles orientation is random, and all spin states have 

the same energy, which is said to be degenerate. Also, in a group of atoms all spin 

states must be almost equally occupied and must have allowed spins. However, in the 
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presence of a uniform magnetic field, called B0, these dipoles reorient themselves 

aligning with or opposite the field. This means that the previously degenerate spin 

states split into two states of unequal energy, and the particles will be arranged in these 

two states according to the Boltzman distribution. Continuing with the example of the 

1H nucleus, the state spin +1/2 is the state that is aligned with the field, and thus has 

the least energy (PAVIA, 2015). 

In addition, when an external magnetic field is applied, the nucleus begins to 

precess, that is, to change of direction on its own rotation axis, with angular frequency 

ω, as can be seen in Figure 4. The frequency intensity is proportional to the magnetic 

field. Therefore, the more intense is the applied magnetic field, the higher is the 

frequency.  

 

Figure 4 ‒ Precession of a spinning nucleus as a result of the presence of an 

external magnetic field. 

 

Adapted from PAVIA et al., 2015. 

 

Since the nucleus is charged this precession generates an oscillating electric 

field of the same frequency. Thus, if radiofrequency reaches in this nucleus, the 

change of the spin state will occur when the frequency of the incident radiofrequency 

(ν) is equivalent to the frequency of the electric field generated by the preceding 

nucleus (ω) (i.e. if ν = ω). As there is a small population excess in the lower energy 

state this change will occur to equalize number of particles in both states. When nuclei 
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aligned with the external magnetic field are induced to absorb energy and change spin 

orientation relative to the field, the nuclear magnetic resonance phenomenon occurs 

(PYKETT et al., 1982). Since this absorption is a quantized process, the energy 

absorbed is equivalent to energy difference between the two states, as shown in the 

equation (1): 

 

∆𝐸 = 𝐸2 − 𝐸1 = ℎ𝜈                                                    (1) 

 

Moreover, this energy difference is also proportional to the field strength B0, 

and this proportionality is given by the equations (2 and 3): 

 

∆𝐸 = 𝑓(𝐵0)                                                               (2) 

∆𝐸 = 𝑓(𝛾𝐵0) = ℎ𝜈                                                   (3) 

 

Since µ is quantized in h / 2π units, we have: 

 

∆𝐸 = 𝛾
ℎ

2𝜋
𝐵0 = ℎ𝜈                                                    (4) 

and 

𝜈 =  
ℎ

2𝜋
𝐵0                                                               (5) 

 

Where γ is the gyromagnetic ratio, mentioned previously. This ratio determines 

the energy dependence on the magnetic field. From the equation, it can be concluded 

that the frequency required for the transition is proportional to the magnetic field 

created (PAVIA, 2015). 

At the end of radiofrequency irradiation, nuclei that have changed to the higher 

energy state return to their initial state, releasing the portion of energy absorbed for the 

transition, giving rise to the signal. Thus, it can be concluded that only a small 

percentage of all nuclei will give rise to the signal, since only the excess population in 

the lowest energy state will carry out the state transition. To have an idea, for a 60 

MHz instrument there are 1,000,009 nuclei in the lowest spin state for every 1,000,000 
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nuclei in the highest spin. This means that in approximately 2 million cores, only 9 

that are left in the lowest energy state and will absorb energy, making the transition, 

allowing resonance to be observed (GLADDEN, 1994). 

This phenomenon is what generates the signal, but this whole theory would not 

be of much use in obtaining chemical information if all nuclei absorbed the same 

amount of energy. Therefore, another important piece of information to understand 

NMR spectroscopy is that hydrogen nuclei absorb different amounts of energy 

depending on the chemical environment in which they are located, i.e. the electron 

density around them. Surrounding electrons around the nucleus form the so-called 

local diamagnetic current, and create a magnetic field that opposes the external 

magnetic field B0. Thus, when the hydrogen atom is, for example, close to 

electronegative atoms, the absorbed frequency is changed, and consequently there is a 

change in the signal. This means that hydrogen atoms that are in different chemical 

environments in a molecule will not be magnetically equivalent and will give rise to 

different signals (POPLE, J. A., 1957).  

These different signals will originate a characteristic spectrum for each 

compound, which will allow the deduction of various information such as structural 

elucidation, stereochemistry, among others. Since different intensities of the magnetic 

field generate different energy gaps, a measure of this displacement that is not field 

dependent is required. For this, a field independent measure was adopted, called 

chemical shift (δ). This measure expresses how much a proton resonance differs from 

a standard, which is the tretramethylsilane (TMS) molecule in parts per million (ppm) 

(SILVERSTEIN; WEBSTER; KIEMBLE, 2005). 

In addition to electron density-related absorption interference, the amount of 

energy absorbed by a nucleus can also change due to the presence of other 

magnetically different 1H nuclei that are nearby. When this happens, the signal unfolds 

into n + 1 signals, where n is the number of magnetically inequivalent hydrogen nuclei 

that are adjacent to the nucleus in question. So, besides knowing which atoms are 

neighboring the 1H nucleus, it is also possible to know how many other active 1H are 

in the vicinity. The distance between the generated peaks is called the coupling 

constant represented by the letter J. This constant is then a measure of how much the 

nucleus is affected by the spin of its active neighbors in the NMR (BRUICE, 2004). 
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Therefore, it can be concluded that the number of signals will show how many types 

of magnetically different nuclei are present in the molecule. The location of the signals 

will tell how much a nucleus is protected or unprotected by the surrounding electronic 

density; the signal strength will give information about the number of hydrogen nuclei 

of the same type, and finally, the signal unfolding will show the hydrogen number of 

the adjacent atoms (SILVERSTEIN; WEBSTER; KIEMBLE, 2005).  

This technique is an extremely valuable tool in the structural elucidation of 

organic compounds (GIMENEZ et al., 2021). Furthermore, the NMR bases allow its 

application in several technologies, such as imaging diagnostics (BRITTON, 2017), 

spectroscopic probes (GONÇALVES et al., 2019), among others (BELDA et al., 

2013; GHOSH et al., 2017; XIAO et al., 2015). In relation to cancer cells, some 

studies have been developed applying NMR techniques to detect and quantify low 

molecular weight metabolites excreted by them, such as pancreatic cancer metabolites 

(OUYANG; DAI, 2017) and prostate cancer (MADHU et al., 2016).  In addition, 

compounds that are active in NMR can act as imaging markers, as the case of cancer 

diagnosis (MANCINI, 2014; OUYANG; DAI, 2017; PEREIRA et al., 2019; 

SALEEM et al., 2018). 

 

1.1.2.1. Spectroscopic sensors and F19 NMR Spectroscopy 

 

Since the fluorine atom has only one naturally occurring isotope, 19F, with spin 

½ and a high magnetogyric ratio (γ), fluorine-19 nuclei have a good sensitivity to 

NMR analysis, with 83% sensitivity, when compared to 1H (SCOTT; HENNIG, 

2016). Minor changes in the chemical environment cause a great change in the 

chemical shift. This is one of its most useful features of the use of fluorine nucleus in 

NMR. For most fluorine-organic compounds, the chemical shift range is of 400 ppm. 

The standard reference compound for 19F is the trichlorofluoromethane (CFCl3), but 

other compounds are frequently used. In this case, the data must be converted. Organic 

compounds of natural origin difficultly have 19F as substituent, but considering that the 

fluorine is monovalent, it can be used as substitute of 1H atoms in organic synthetic 

compounds (STANLEY, 2002). The 19F spectra of organic fluorinated compounds 
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besides possess large chemical shifts, are also characterized by strong spin-spin 

interactions of the 19F-19F and 19F- 1H types (GUNTHER, 2014). Due to all of these 

characteristics, the 19F NMR has a most pronounced shifts and consequently, the 

signals are good solved and prevent the overlapping of the peaks. This is crucial, for 

example, in differentiation of analytes with similar structures (DAL POGGETTO et 

al., 2014). 

In relation to the applications of this technique,  19F NMR has emerged as a 

versatile tool both in biological and in pharmaceutical studies and several libraries of 

fluorinated compounds have been used to search potential ligands that bind to target 

proteins (CANTRELLE et al., 2021; GIMENEZ et al., 2021). For in vivo applications, 

19F NMR is particularly attractive, since the natural occurrence of fluorine is very low 

and natural biological molecules do not contain this atom in their composition. As 

such, there is essentially no endogenous signal from the tissues, which ensures greater 

reliability of results (NUSSBAUMER et al., 2020; YU, J. X. et al., 2013). These 

characteristics are particularly advantageous in the development of fluorine-based 

Magnetic Resonance Imaging (MRI) contrast agents, producing a very clear signal 

(BAILEY et al., 2012). Moreover, the technique has several other no less important 

applications that can be mentioned such as in conformational analysis (GE et al., 

2021), reaction monitoring (OJHA et al., 2021), metal ions detection, and many others 

(AGBENYEGAH et al., 2022; ANARAKI et al., 2021; BUNCHUAY et al., 2021; 

SHANINA et al., 2021; ZHAO, Y.; MARKOPOULOS; SWAGER, 2014). 

 

1.2. Chemical sensors based on electrochemical signal 

 

The second type of chemical sensor based on the signal transduction method 

that will be discussed here is the electrochemical signal-based sensor.  The signal from 

an electrochemical sensor (ESs) is usually derived from an electrical response given in 

the presence of an analyte. An electrochemical-based method involves the transfer of 

charge from an electrode to another phase, which can be a solid or liquid sample. The 

charge resulting from the chemical changes that occur at the electrodes during this 

process is conducted through most of the sample phase.  The detection process can be 
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based on both the electrode reactions and the charge transport reactions, since both can 

be modulated chemically (NOVAC, 2013). In general, the electrochemical responses 

monitored by different methods are mainly based on potential resistance, and electric 

current (SIMÕES; XAVIER, 2017).  

When compared with most standard analytical tools, ESs have many 

advantages. The first important advantage is that ESs are relatively easy to fabricate in 

different sizes, which allows for analysis ranging from single small molecule to 

millions of cells. This is possible because electrochemistry is a surface phenomenon, 

and therefore analytical measurements with miniaturized devices in ultra-small 

volumes are relatively easy to make (HEINEMAN; KISSINGER; WEHMEYER, 

2021). The second great advantage considers the use of reagents for the detection of 

analytes. ESs can detect the molecular target without the need to load the cells with 

reagents, which can be helpful since the use of reagents can change the properties of 

the medium to be investigated. Third, ESs have a relatively small response time, which 

allows for more efficient analysis, and consequently faster diagnosis and possible 

resolution of the problem (MUNTEANU et al., 2020). All the advantages already 

mentioned, added to its low cost and the short time required for the analysis, as well as 

the possibility of detecting two or more analytes simultaneously makes the use of 

electrochemical sensors an excellent analytical approach (TAVAKOLIAN-

ARDAKANI et al., 2019).  

Taking into account all these advantages, many areas have invested in the 

development and production of ESs, which has been greatly benefited by the fast 

development not only of microelectronics and microengineering but also of 

nanoscience and nanotechnology (SIMÕES; XAVIER, 2017). Modern equipment uses 

various properties to detect physical, chemical, or biological parameters in many 

aspects of daily life. In this context, sensors for environmental monitoring (RAHMAN 

et al., 2019; ZHENG et al., 2021), health (ERTUĞRUL UYGUN et al., 2020; XU, Z. 

et al., 2021) and sensors related to machines, such as cars, airplanes, cell phones, and 

technological means, can be mentioned (DUNN-RANKIN; LEAL; WALTHER, 2005; 

HE et al., 2021; SILAMBARASAN; MOON, 2022; XIA; ZHAO; ZENG, 2020; 

ZHANG, G. et al., 2020). Another important example between the many interesting 

applications to the ESs is the in vivo monitoring. The in vivo ESs approach is as 
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increasingly technology, both for fundamental research and practical applications. The 

continuous monitoring of certain analytes enables researches to better understand 

biological structure and functions of normal and abnormal states of metabolism, 

which, in turn can help in the identification and treatment of any alteration in the 

organism. Moreover, continuous monitoring also enables the development of personal 

databases for the purpose of customizer health managing (XU, C. et al., 2019).   

Having in mind the vast possibility of applications and analytes that an ES can 

detect, it is expected that there is a multitude of materials that can be used with great 

efficiency in the preparation of ESs. The electrode modification ensures highest 

selectivity and sensitivity of the sensor (HEINEMAN; KISSINGER; WEHMEYER, 

2021). In this context, some of the most known materials that are used in electrode 

modifications are the 2D materials, such as graphene based materials (MUNTEANU 

et al., 2020); enzymes (SATOMURA et al., 2018); antibodies (TUTEJA; 

NEETHIRAJAN, 2018); carbon nanoparticles (ASADIAN; GHALKHANI; 

SHAHROKHIAN, 2019) and synthetic receptors, such as molecularly imprinted 

polymers (MIPs) (BANGALEH et al., 2019). For the latter, electrochemical sensors 

represent one of the most successful applications for MIP-based sensors (LEIBL et al., 

2021). 

 

1.2.1. Molecularly imprinted polymers (MIPs) 

  

Since the late 1990s, the development of Molecularly Imprinted Polymers 

(MIPs) for use in chemo-biosensors has been on a continuous rise. These materials are 

very attractive both for their recognition properties, which are close to those of natural 

receptors, for their availability for a wide range of molecular targets, and also for their 

superior chemical and physical stability when compared to biological receptors 

(LEIBL et al., 2021). The idea of molecular imprinting came in the 1950s and was 

initially inspired by Pauling's theories about the formation of antibodies in the human 

immune system. According to him, the antibodies behaved like denatured proteins 

where their chains were free to move. Upon geting into contact with an antigen, the 

attraction of the amino acids would occur by specific groups of the antigen from which 
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the antibody could memorize the structure of the antigen. The idea was later 

disapproved, but it served as the basis for the MIPs (BERGMANN et al., 2008; 

MOSBACH; RAMSTRÖM, 1996).  

MIPs are novel class of synthetic receptors capable of selectively recognizing 

their analyte (APPELL; MARAGOS; KENDRA, 2008; VIVEIROS et al., 2018). This 

is made possible by using the molecular imprinting approach, which is a 

polymerization technique used to produce artificial sorbents for a template molecule in 

a polymeric matrix. In other words, the technique allows the synthesis of polymers 

with cavities of specific size and shape, as if they were specific receptors to the target 

molecule (SAJINI; THOMAS; MATHEW, 2019). 

 In general, MIPs are prepared employing specific template molecules, 

functional monomers and cross-linking agents. The basic scheme of the synthesis can 

be seen in Figure 5. The polymerization occurs in the presence of the analyte, enabling 

the formation of cavities extremely similar to the target molecules during the 

synthesis. For this, it is necessary to prepare the pre-polymerization complex, that 

consists in the functional monomer complex making specific intermolecular 

interactions with the template molecule. Next, it is employed the cross-linking agent, 

which must be thinking for do not disrupt the functional monomer-template 

interactions. After the polymerization, the final step is the washing of this polymer, in 

order to remove the template molecule of the cavities, and then the material is ready 

for use (FAROOQ et al., 2018). In this way, the formed cavities have a specific size 

and shape, which makes the adsorption selective for molecules structurally similar to 

the analyte (FONSECA; NASCIMENTO; BORGES, 2016). 

The stability of template-monomer complex is directly related to the quality of 

imprinted sites (LIU, Z. et al., 2021). This concept is the foundation of the 

computational MIP design, and is represented in equation (6). In this equation, EC, ET 

and EM are the lowest calculable energies of the template-monomer complex, template, 

and monomer respectively (SALES; RAMALHO, 2020).  

The comparison of the relative stability of different components in the system 

is given by the analysis of the different values of ΔE (Equation 6), which may then 

provide an appropriate guide for the selection of the best monomer or even to find the 

most suitable proportion of template-monomer (KARIM et al., 2017).  
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∆𝐸 = 𝐸𝐶 − [𝛴𝐸𝑀 + 𝐸𝑇]                                                 (6) 

 

With all of this in mind, it can be inferred that if the material is theoretically 

designed before of experimental preparation, the time and cost of preparation as well 

as selectivity and quality of the material can be improved (SURYANA et al., 2021). In 

this context, the use of computational techniques has made the design of this type of 

material increasingly efficient (COWEN; KARIM; PILETSKY, 2016; KHAN; PAL; 

KRUPADAM, 2015). 

 

Figure 5 ‒ Simplified scheme of the molecular imprinting process. 

 

 

The use of computational methods in the design of MIPs allows for a better 

understanding of the complexation model that occurs between the monomer and the 

target molecule. It also allows greater visualization of the impact of polymerization on 

the structure of the binding site. This makes easier for the production of new materials, 

with advanced dynamics and reactivity able to respond to their binding targets in more 

efficient ways (NICHOLLS et al., 2021).  
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2. COMPUTATIONAL CHEMISTRY METHODS IN THE CHEMICAL SENSORS 

DESIGN 

 

Computational chemistry tools can drastically accelerate the development of 

chemical sensors. The protocol of a rational design through computational techniques 

has enabled efficient preparation of high-affinity chemical sensors with the possibility 

to design and control their final properties (LIU, Z. et al., 2021). In addition, the 

increased availability of high-performance computing resources has also contributed 

to the design of new materials optimizing the experimental phase (ABBURU; 

VENKATRAMAN; ALSBERG, 2016). From computational chemistry techniques, it 

is possible to analyze the interactions between the monomer and the template, 

allowing a proper selection of the material to be used. In addition, computational 

methods are able to make predictions more efficiently at all stages of the sensor 

production process avoiding the execution of empirical test methods, which can save 

time and financial resources (PILETSKY et al., 2001; SURYANA et al., 2021).  

Beyond MIP design, the use of computational chemistry techniques offers 

enormous contributions for the development of many types of chemical sensors, as in 

the investigation of the molecular recognition between the ligand and biological 

macromolecules, which is fundamental for the development of biosensors and for the 

design of spectroscopic probes (DA ROCHA et al., 2016; GANJALI et al., 2009; 

GHOSH et al., 2017; LEE, N. et al., 2019; LOOGER et al., 2003).  

In this context, several computational methods can be employed within a wide 

variety of methods currently available including classical and quantum methods, such 

as density functional theory (DFT), semi-empirical, hybrid methods and molecular 

dynamics (MD). Some of them are better described in the next subsections. 

 

2.1. Density functional Theory (DFT) method 

 

Most of the computational methods used to solve the Schrödinger equation 

(SE), despite their great accuracy, have a high computational demand, and their use is 

generally restricted to relatively small systems. DFT is an extremely popular method 



37 

 

 

 

that can in principle guarantee not only a good accuracy, but also a greater versatility 

to be employed in various types and sizes of systems (CAPELLE, 2006).  

The DFT method was established in the 1980s as a convenient alternative to 

solving the SE, showing electronic structure information comparable to Hartree-Fock 

methods. The basis of the DFT method is the theory developed by Hohenberg and 

Khon (HOHENBERG; KOHN, 1964; KOHN; SHAM, 1965)  around the 1960s which 

states that the ground state properties of an interacting electron in gaseous form can be 

calculated from its electronic density, independent of the nature of the external 

potential.  Using this approximation, the many-body problem can then be reformulated 

into a single-particle problem, which will be expressed in terms of the electronic 

density (TSE, 2002). The contribution of DFT can be attested by the 1998 Nobel Prize 

in Chemistry, received by Walter Khon (KOHN, 1999) e John Pople (POPLE, JOHN 

A., 1999), who developed and implemented the DFT method, respectively.  

To better understand the fundamentals of the theory, it is necessary to briefly 

touch upon the conventional method used to solve the SE. The wave function Ψ is 

employed as the central quantity. Once this quantity is known, it then becomes 

possible to access all the information that can be obtained about a particular target 

system (KOCH; HOLTHAUSEN, 2001). In the simplified form, the usual quantum 

mechanics (QM) approximation for the SE can be understood by the sequence (7). The 

system can be specified by choosing a potential υ(r), which is entered into the SE, and 

then the equation for the wave function Ψ is solved, and the observables are 

calculated. One of the important observables that can be calculated in this way is the 

particle density (8) (CAPELLE, 2006). The density, represented by ρ(r), determines 

the probability of finding any of N electrons in a given space. Unlike the wave 

function, ρ(r) is an observable, and therefore can be measured experimentally. 

 

 𝜈(𝒓)
𝑺𝑬
⇒ 𝚿(𝒓𝟏, 𝒓𝟐… . , 𝒓𝒏)

⟨𝚿|…|𝚿⟩
⇒      observables                                   (7) 

𝜌(𝐫) = N ∫ ρ3𝐫2 ∫ ρ
3𝐫3… ∫ ρ

3𝐫Nψ
∗(𝐫, 𝐫2, … , 𝐫N)                                (8) 

 

The conceptual structure of density functional theory can be well summarized 

by the sequence (9) below, which demonstrates that knowledge of ρ(r) implies 
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knowledge of the wave function and potential, and consequently of all other 

observables.  

 

𝜌(𝒓) ⟹ 𝝍(𝒓𝟏, … . , 𝒓𝒏) ⟹ 𝝂(𝒓)                                             (9) 

 

To understand the theory in more depth, it is necessary to further highlight the 

Hohenberg-Kohn (HK) theorem, which is the heart of DFT. Originally, the theorem 

states that " Vext(𝑟) is (to within a constant) a unique functional of ρ(𝑟); since, in turn 

Vext (r) fixes 𝐻̂ we see that the full many particle ground state is a unique functional of 

ρ(𝑟)". (HOHENBERG; KOHN, 1964). In other words, this theorem states that the 

ground state density ρ0 uniquely provides an external potential, which is called Vext. 

This can be stated on the assumption that only two variables (N and ν(r)) can 

sufficiently describe any property of the ground state of an electronic system (LIU, 

2009), and considering both equation (10), which shows that N can be obtained from 

ρ0; and the first KS theorem. It becomes possible to conclude that ρ0 is a property that 

contains information about N and Vext, and consequently can be used to calculate the 

ground state energy and all other properties. All this information can be summarized in 

equation (11).   

 

∫𝜌(𝑟)𝑑 𝑟 = 𝑁                                                         (10) 

𝜌0⟹ {𝑁,𝑉𝑒𝑥𝑡} ⇒ 𝐻̂ ⇒ Ψ0⟹ 𝐸0                                          (11) 

  

This is the key point of the computational cost advantage of this theory: a 

function of one (vectorial) variable r becomes "equivalent" to a function of N 

(vectorial) variables r1, ...rN. Some assumptions are crucial to make the theory 

possible (CAPELLE, 2006). To certify that a certain density is really the ground state 

density, it is important to introduce the second KH-theorem. This theorem follows the 

variational principle (equation 12), and states that the lowest energy can be obtained 

from the functional FHK(ρ). But this is true if and only if the initial density is the 

density of the ground state ρ0. This means that the energy obtained from any other test 

density 𝜌̃(𝑟), always represents a value above the ground state energy value E0. 
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𝐸0 ≤ E[ρ̃] = T[ρ̃ ] + ENe[ρ̃ ]  +  Eee[ρ̃ ]                                   (12)   

In equation 12, T[ρ] represents the kinetic energy, ENe[ρ] is the attraction 

between the nucleus and the electrons, while Eee[ρ] represents the electron-electron 

repulsion (following the Born-Oppenheimer approximation, the nucleus-nucleus 

repulsion can be considered a constant) (KOCH; HOLTHAUSEN, 2001). 

Consequently, it follows that: 

 

⟨Ψ̃|𝐻̂|Ψ̃⟩ = T[ρ̃ ] + Vee[ρ̃ ]  + ∫ ρ(r̃⃗)Vextdr⃗ =  E[ρ̃] ≤ 𝐸0[ρ0] = ⟨Ψ0|𝐻̂|Ψ0⟩       (13)  

 

However, this variational principle is applied for an exact functional F[ρ], and 

in the real implementation of DFT there are only approximations for this 

functional(KOCH; HOLTHAUSEN, 2001).  It was at this point that the second 

contribution of DFT appeared in 1965, when Khon and Shan (KOHN; SHAM, 1965) 

suggested the first approximation for the calculation of this functional. Kohn and 

Sham considered fictitious reference systems of non-interacting electrons, showing a 

way to calculate the kinetic energy with a good accuracy, which was the major 

obstacle of the energy calculation using the density functional approach. Equation (14) 

was proposed to obtain the kinetic energy term, while equation (15) was proposed to 

separate the F[ρ] functional. The last term, called the exchange and correlation 

functional (Exc), is defined by equation (16) and contains all the unknown information, 

such as the non-classical effects of the self-interaction correction, exchange and 

correlation, and a portion related to the kinetic energy (JENSEN, F., 2007). 

 

𝑇𝑠 = − 
1

2
∑ ⟨𝜑𝑖|∇

2|𝜑𝑖⟩
𝑁
𝑖                                                      (14) 

𝐹[𝜌(𝑟)] =  𝑇𝑠[𝜌(𝑟)] +  𝐽[𝜌(𝑟)] + 𝐸𝑋𝐶[𝜌(𝑟)]                                 (15) 

𝐸𝑋𝐶[𝜌]  ≡  (𝑇[𝜌]  −  𝑇𝑆[𝜌])  +  (𝐸𝑒𝑒[𝜌]  −  𝐽[𝜌])  =  𝑇𝐶[𝜌]  +  𝐸𝑛𝑐𝑙[𝜌]            (16) 

 

As can be expected, the most difficult part is solving equation (16), since the 

exact analytic form of the Exc functional is not yet known, and the orbitals have to be 

constructed with a finite linear combination of the basis sets (ZHAO, J.; 

DJURABEKOVA, 2020). In this sense, many approximations have been made in an 
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attempt to solve it (ABREU, 2004). The difference between the DFT methods lies 

precisely in the form of the Exc functional. The right choice of the type of functional is 

of great importance. Mostly the Exc functionals are empirical (JENSEN, F., 2007). The 

most basic model is the Local Density Approximation (LDA) which assumes that the 

exchange and correlation energy of a system corresponds to the exchange and 

correlation energy of a homogeneous electron gas with the same density. In this case, 

Exc is given by the Dirac formula (DIRAC, 1930). 

Later, many other exchange correlation functionals were developed, such as 

Local Spin Density Approximation (LSDA)  (KARASIEV et al., 2013), which take 

into account the spin density; Generalized Gradient Approximation (GGA) (BECKE, 

AXEL D., 1993; PERDEW et al., 1992), which considers the first derivative of the 

density to better predict the inhomogeneous form of the actual density; the higher 

order gradient or meta-GGA (BECKE, A. D.; ROUSSEL, 1989), which considers 

even the second derivative of the density function; and hybrid or hyper-GGA methods 

(BECKE, AXEL D, 1997), which use an exact energy exchange part of the Hartree-

Fock method in conjunction with GGA methods. 

 

2.2. Time-Dependent Density Functional Theory (TD-DFT) 

 

As mentioned above, the theory on which the DFT method is based also serves 

as a basic principle for describing dynamic events and analyzing the  behavior of the 

system as a function of time (JACQUEMIN et al., 2009). Over the years, time-

dependent density functional theory (TD-DFT) has become a very popular tool for a 

wide range of applications enabling better investigation of the properties of atoms, 

molecules, nanostructures, and materials. In various research areas, such as the study 

of nuclear dynamics (NAKATSUKASA et al., 2016), electronic excitations (ROSSI et 

al., 2017; VAN BAY et al., 2019), charge transfer process (DONG et al., 2021; 

JANKOWSKA; SOBOLEWSKI, 2021), optical properties (ALI et al., 2021; 

WOPPERER; DE GIOVANNINI; RUBIO, 2017), electronic properties (MUNIZ-

MIRANDA, 2021) and many others (DERBENYOVA; KONAKOV; BURDOV, 

2021; HWANG; SCHLENKER, 2021; TELPOUKHOVSKAIA et al., 2015; YI; 
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NAKATANI; NOMURA, 2020). The number of publications addressing TD-DFT has 

increased from 37 in 1997 to over 8.500 in 2021, and continues to grow (SCIENCE, 

2021). 

The TD-DFT method is becoming increasingly popular. This growing 

popularity can mainly be attributed to the fact that it is used as a tool to extract 

energies from the electronic excited state of molecules (LEE, G. H.; CHOI; KIM, 

2019a, b; LIU, SONGSONG et al., 2019; SANZ-RODRIGO; OLIVIER; SANCHO-

GARCÍA, 2020; SOLOVYEV et al., 2019; SUKPATTANACHAROEN, C.; 

SALAEH, R.; PROMARAK, V. ; ESCUDERO, D.; KUNGWAN, 2019).  The 

importance of processes related to electronically excited states, not only in chemistry 

and physics but also in technology development research, has been constantly growing 

and TD-DFT is probably the most widely used theoretical approach for this kind of 

purpose (JACQUEMIN D, 2011). The calculation of electronically excited states is 

always a challenge demanding relatively more work compared to a theoretical 

calculation of ground state properties (VAN BAY et al., 2019). In this context, TD-

DFT has the advantage of being a simpler method, as well as allowing the study of 

larger systems when compared to methods based on wave function (VAN BAY et al., 

2019).  

As in the time-independent DFT described earlier, the time-dependent wave 

function is equivalent to the electron density. The fundamental existence theorem, like 

the HK theorem in time-independent DFT, on which this method is based was 

developed by Runge and Gross  in 1984 (RUNGE; GROSS, 1984) which states that 

for a given system of electrons in a given initial state, there is a relationship between 

the external potential and the time-dependent electron density. Thus, as in the DFT, all 

the physical properties of a system of many interacting electrons can be determined 

from its time-dependent density (CRAWFORD-URANGA et al., 2014).   

The main equations for TD-DFT simulations are the time-dependent Khon-

Shan equations (TDKS), defined by equation (17) as follows: 

 

𝜑𝑚̇(𝑡) =  −𝑖𝐻̂[𝑛(𝑡)](𝑡)𝜑𝑚(𝑡),    (𝑚 = 1,… ,𝑁)                          (17) 
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In this equation,  𝜑̇𝑚 represents the derivatives with respect to time, 

𝐻̂[𝑛(𝑡)](𝑡)  is the KS Hamiltonian;  𝜑 ≡ {𝜑𝑚}𝑚=1
𝑁  are the KS orbitals, N is the 

number of electrons while n corresponds to the electronic electron density, obtained 

from equation (18) below (PUEYO et al., 2018): 

 

𝑛(𝑟, 𝑡) =  ∑ ∑ |𝜑𝑚(𝑟𝜎, 𝑡)|
2𝑁

𝑚=1𝜎=↑,↓                                       (18) 

 

The KS Hamiltonian is a linear Hermitian operator that can have time 

dependence either explicitly, as in the presence of a laser field or if atoms are moving, 

for example, or implicitly, through the density, which in turn is written in terms of KS 

orbitals. The KS equation gives the correct density of the system if the exact KS 

potential is known. The KS potential is divided into three terms, υext which is the 

external potential; υHartree, which considers the classical electrostatic interaction 

between electrons; and the third, υXC, which comprises all non-trivial many-body 

effects, as in the static DFT (MARQUES; GROSS, 2004). The KS potential is shown 

in equation (19) below: 

 

𝜐𝐾𝑆(𝑟, 𝑡) = 𝜐𝑒𝑥𝑡(𝑟, 𝑡) + 𝜐𝐻𝑎𝑟𝑡𝑟𝑒𝑒(𝑟, 𝑡) + 𝜐𝑋𝐶(𝑟, 𝑡)                           (19) 

 

The price of this huge simplification, as can be expected, is that the exact 

expression υXC as a density functional is unknown and needs to be approximated. 

Unlike DFT, approximate time-dependent υXC functionals are still in their infancy. 

There are a few approaches the simplest being the adiabatic local density 

approximation (ALDA), which states that the Hamiltonian KS at time t depends only 

on the instantaneous density at the same time. Another approximation is the time-

dependent exact exchange functional (EXX), which belongs to the family of time-

dependent optimized effective potential functionals (ULLRICH; GOSSMANN; 

GROSS, 1995). There are also some functional of the "memory-including" type 

(DOBSON; BÜNNER; GROSS, 1997), considering that the time t of the KS 

Hamiltonian depends on the complete history of the density at all times. This type of 

functional tries to include this kind of information in a simplified way. The TD-DFT 

method is extremely promising, since functionals are constantly being created, or even 
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improved, allowing the accuracy of the method to always increase, besides reducing 

the computational cost. This makes its use possible in larger and larger systems, in an 

increasingly efficient way (VAN BAY et al., 2019). However, for the analysis of very 

large systems, such as the simulation of macromolecules, a classical approach needs to 

be employed even TD-DFT becomes infeasible. 

2.3. Classical Molecular Dynamics (MD) simulations 

 

A MD simulation comprises analyzing the evolution of the molecular system 

over time, considering that the whole molecule is rotating, atoms are continuously 

moving, angles are bending and bonds are vibrating (MORRIS; CORTE, 2021). For a 

classical simulation, it is necessary to prepare an initial model that contains the 

coordinates of the constituent atoms of that system, which can be done by means of 

Nuclear Magnetic Resonance (NMR), crystallography or another method. The first 

Molecular Dynamics (MD) simulations were performed by Alder and Wainwright 

(ALDER; WAINWRIGHT, 1957, 1959) using a perfect elastic rigid sphere model to 

represent atomic interactions. Since then, considerable advances have been made 

(BATES et al., 2017; PRANDI; RAMALHO; FRANÇA, 2019; RAMALHO et al., 

2016; RAMALHO; TAFT, 2005; ZHANG, K. et al., 2021).  

In a simplified form, the MD procedure can be summarized in five steps. First, 

the initial molecular geometry, the initial atomic velocities, and the ambient 

temperature must be obtained. The next step is to calculate the force as the potential 

gradient. After that, it is necessary to calculate the new molecular geometry or atomic 

position by integration of Newton's equations. The fourth step is to redefine the atomic 

velocities using the virial theorem, and finally save the information obtained for 

statistics and repeat the procedure until stabilization of the molecular energy is 

achieved. When the total energy remains constant, or differs by a predetermined 

amount, this is the end of the simulation (KALYAANAMOORTHY; CHEN, 2014; 

MUNDIM; ELLIS, 1999). 

In more detail, for the simulation the molecule is assumed to be a collection of 

spherical atoms, and the chemical bonds are considered as springs. The atoms of the 

system are represented by a spherical body where the mass of the particle is equivalent 
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to the atomic mass, described only by the coordinates of the nucleus, following the 

Born-Oppenheimer Approximation. In this approximation, it is considered that, due to 

the large mass difference, electrons move on a much faster time scale than nuclei, 

which allows decoupling their motion (ADCOCK; MCCAMMON, 2006; 

HASSANALI; VERDOLINO; PARRINELLO, 2014; PALERMO et al., 2019). 

Furthermore, different solvation models are employed, including explicit or implicit 

solvent (CHANG et al., 2016).  

The simulation is performed by numerically solving the Newtonian equations 

of motion, for each atom, using evolution in time intervals from n to n + 1, where a 

long series of these steps generates a trajectory through space. For an atom i, with 

mass mi, the Newtonian equation of motion is given by equation (20): 

 

𝑑𝑝𝑖⃗⃗ ⃗⃗

𝑑𝑡
= 𝐹𝑖⃗⃗⃗                                                      (20) 

 

The relationship between velocity and momentum are given by equation (21), 

as shown below: 

 

𝑑𝑟𝑖⃗⃗⃗ ⃗

𝑑𝑡
=
𝑝𝑖⃗⃗ ⃗⃗

𝑚𝑖
                                                       (21) 

 

Where the three-dimensional vector ri indicates the position of the atom. The 

resultant force that the system exerts on atom i can also be obtained by the negative 

gradient of the potential energy function with respect to the position of atom i, as 

shown in Equation (22): 

 

 𝐹𝑖⃗⃗⃗ =
𝑑𝑉⃗⃗⃗

𝑑𝑟𝑖⃗⃗⃗ ⃗
                                                       (22) 

 

 The Second law of Newton is then used to calculate the acceleration of the 

system (equation 23). 

 

𝑑2𝑥(𝑡)

𝑑𝑡2
=
𝐹𝑥⃗⃗⃗⃗⃗

𝑚
                                                      (23) 
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Once the values for x(t), v(t), and the acceleration are got, it becomes possible 

to solve numerically the classical equations of motion  (ADCOCK; MCCAMMON, 

2006). The numerical integration of these equations can be performed using different 

approximations. Currently, there are several algorithms for this purpose, such as 

Verlet's algorithm (VERLET, 1967). These equations are relatively complex, so their 

integration is performed over very short discrete time intervals, in the call of a 

continuous analysis. The approximations assume that for each discrete time interval, 

the atomic coordinates are fixed. These fixed coordinates are then used to calculate the 

intra and intermolecular interaction potentials, which determine the forces acting on 

each atom, such as the atomic partial charge, bond length, bond angle, among others 

(BECK; DAGGETT, 2004).  

It is generally assumed that the interaction potential between two molecules 

can be described as the sum of the interactions between each pair of atoms, and that 

the interaction depends only on the distance between these atoms. In addition, in cases 

of internal motion of the molecule, terms related to the deformation of the molecular 

geometry are included. The set of parameters needed to describe all these interactions 

is called the force field (MORGON, N.H.; COUTINHO, K. 2007). There are several 

force fields available for MD simulations, which have appropriate parameters for 

different types of molecules, and the correct choice of this set of parameters is crucial 

for an accurate determination of the potential energy function, which will give 

reliability to the DM simulation (MALDE et al., 2011).  

To describe the parameters, most force fields separates the potential energy 

function in terms of the contribution of bonded atoms (Equation 24) and unbonded 

atoms (Equation 25), as shown below. 

 

𝑉𝐵𝑜𝑛𝑑 = ∑
1

2
𝐾𝑏𝑖(𝑏𝑛 − 𝑏0𝑖)

2𝑁𝑏
𝑖=1 + ∑

1

2
𝐾𝜃𝑖(𝜃𝑛 − 𝜃0𝑖)

2 + ∑
1

2
𝐾𝜀𝑖(𝜀𝑛 − 𝜀0𝑖)

2 +
𝑁𝜀
𝑖=1

𝑁𝜃
𝑖=1

 ∑
1

2
𝐾𝜑𝑖[1 + cos(𝑛𝑖𝜑𝑖 − 𝛿𝑖)] 

𝑁𝜑
𝑖=1

   (24) 

𝑉𝑢𝑛𝑏𝑜𝑛𝑑 = ∑ 4𝜀𝑖𝑗 [(
𝜎𝑖𝑗

𝑟𝑖𝑗
)
12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)
6

]𝑁
𝑖<𝑗  +  ∑

𝑞𝑖𝑞𝑗

𝐷𝑟𝑖𝑗

𝑁
𝑖<𝑗              (25) 
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Where: 

Kb = harmonic constant of energy associated with the chemical bond between 

two atoms and bo is the equilibrium distance of that bond; 

Kθ = harmonic energy constant associated with the angle between two 

chemical bonds and θ0 is the equilibrium angle; 

Kε = harmonic energy constant associated with the angle formed between two 

planes (defined by four atoms) and ε0 is the equilibrium angle between these two 

planes; 

Kφ = energy constant associated with the torsion term between two planes 

defined by four atoms and φ is the torsion angle between these two planes; 

n = multiplicity; 

δ = phase angle; 

rij = distance between atoms i and j; 

εij and σij = Lennard-Jones parameters; 

qi and qj = partial charges located on the respective atoms 

D = effective dielectric constant of the medium 

 

The most commonly used force fields are AMBER (DUAN et al., 2003), 

OPLS (WILLIAM L.  JORGENSEN; DAVID S.  MAXWELL; TIRADO-RIVES, 

1996), GROMOS (CHRISTEN et al., 2005) and CHARMM (MACKERELL et al., 

1998). The correct choice of force fields is one of the most important and critical parts 

in performing MD simulations, since the quality of these force fields has a huge 

impact on the physical quantities extracted from the simulations. Despite the great 

usefulness of classical dynamics simulations for large systems, most standard force 

fields have some limitations (WU et al., 2020). Most of them do not explicitly explain 

the polarizability of electrons, which can be essential, for example, in describing the 

solvation phenomenon of certain ions. Furthermore, most force fields cannot deal with 

chemical processes involving bond breaking and bond formation, such as a case of 

proton transport in water (HASSANALI; VERDOLINO; PARRINELLO, 2014). To 

try to get around these limitations, some approaches have been proposed, such as 

combining ab initio and MD methods (WU et al., 2020). In this case, the statistical 

information from the studied system is explored by MD simulations and some 
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representative conformations from the MD simulation are selected and evaluated by 

QM calculations.   

 

2.4. The Optimal Wavelet Signal Compression Algorithm (OWSCA) 

 

The optimal wavelet signal compression algorithm (OWSCA) (GONÇALVES 

et al., 2017) is an efficient method for selection of MD conformations (GONÇALVES 

et al., 2019, 2021). Therefore, conformations obtained for a previous MD calculations 

need to be used as input. This algorithm is based on a wavelet compression strategy 

and is applied to compress the maximum number of wavelet coefficients, instead of 

using heuristically chosen parameters. This method contains four steps, described 

below:  

Discrete wavelet transform: 

 

𝑑𝑗,𝑘 = ∫ 𝑥(𝑡)𝜓𝑗,𝑘(𝑡)𝑑𝑡, 𝑗 = 0, … , 𝑁 − 1; 𝑘 = 0,… , 2
𝑛 − 1

+∞

−∞
             (26) 

 

Optimization on order to find δj* j=0,…,N-1 

Wavelet compression, for each J 

 

𝑑𝑗,𝑘 =  0 𝑖𝑓 𝑑𝑗,𝑘 ≤ δ𝑗
∗𝑗 = 0,… ,𝑁 − 1; 𝑘 = 0,… , 2𝑛 − 1                    (27) 

 

Inverse discrete wavelet transform: 

 

𝑦(𝑡) = ∑ ∑ ∫ 𝑑𝑗,𝑘𝜓𝑗,𝑘(𝑡)
+∞

−∞
2𝑛−1
𝑘=0

𝑁−1
𝑗=0                                       (28) 

 

 As can be seen, the algorithm uses the discrete wavelet transform to 

convert the signal. Equation (29) defines the discrete wavelet transform, for a given 

data set x(t): 

 

𝑑𝑗,𝑘 = ∫ 𝑥(𝑡)𝜓𝑗,𝑘(𝑡)𝑑𝑡
+∞

−∞
                                          (29) 
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In which dj,k is the wavelet coefficient, t is the variable time (normalized 

between 0 and 1), j represents the scaling parameter (resolution), which determines the 

time and frequency resolutions of the scaled wavelet function ψ, and k represents the 

shifting parameter, which translates the scaled wavelet along the time axis. Typically, j 

and k are correlated, where j = 0…N − 1 and k = 0…M, where N denotes the 

maximum resolution and M = 2N − 1. 

The discrete wavelet transform, defined above, results in a vector of wavelet 

coefficients, d, where d = {d0,0, d0,1, ... , dN,M} and  each wavelet level represents a 

frequency, or resolution, and has its own coefficients. 

 ψj,k can be defined by equation (30), being ψ the mother wavelength:  

 

𝜓𝑗,𝑘(𝑡) =  
1

√2𝑗
𝜓 (

𝑡−𝑘2𝑗

𝑘2𝑗
)                                           (30) 

 

In this algorithm, the simplest wavelet function, Haar wavelet, also known as 

Daubechies-1, is used, and its definition can be seen in equation (31):  

 

𝜓𝐻𝑎𝑎𝑟(𝑡) =  {
−1     
1
0

0 ≤ 𝑡 < 0.5
0.5 ≤ 𝑡 < 1
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

                                      (31) 

 

By using this algorithm, the configuration generated in the simulation can be 

drastically reduced without loss of statistical information. The structures are selected 

more correctly, besides the great reduction of computational cost when the generated 

results need to be inputs for later calculations.  

 

 

 

 

 

 

 

 



49 

 

 

 

3. FIELDS OF APPLICATION FOR CHEMICAL SENSORS 

 

Sensors for measuring and detecting chemical and biological substances are 

present in almost every part of everyday life.  They are used to help to run the cars 

more efficiently, promote greater security, speed up research processes, track 

criminals, and monitor the environment and health of humans, animals and plants. 

Examples of endless applications include monitoring oxygen in car exhaust systems, 

glucose levels in diabetic samples, and CO2 levels in the environment. In the 

laboratory, chemical detectors are the key pieces of analytical equipment used to 

develop new chemicals, drugs, or even to monitor industrial processes (FRADEN, 

2015). Progress has been impressive and the literature is full of interesting 

developments. Recent developments include a wide spectrum of technologies, such as 

chemical analysis (LIU, H. et al., 2020), food safety (CHEN, S. et al., 2022; 

SANT’ANNA et al., 2022), clinical diagnosis (LI, Q. Y. et al., 2022), environmental 

monitoring (SILAMBARASAN; MOON, 2022), industrial analysis (HUSSAIN et al., 

2021) and mineral resources detection (ABDOLLAHZADEH et al., 2022; YANG, B. 

et al., 2016). In the pharmaceutical and medical field, for example, chemical sensors 

can be employed for continuous monitoring of electrolytes and metabolites 

(BANDODKAR et al., 2019; XU, Z. et al., 2021).  

Beyond these interesting applications, there are also several opportunities in 

using chemical sensors for security and forensic applications, and towards monitoring 

drugs of abuse (BARFIDOKHT et al., 2019; DE JONG et al., 2016; MAHMUD et al., 

2018). Additionally, molecules with spectroscopic properties can also be employed for 

sensing technologies, where medical diagnosis is one of the main applications (LI, Q. 

Y. et al., 2022; TU et al., 2022; WANG, N. et al., 2022).  

 

3.1. Medical diagnosis 

 

The diagnosis is a fundamental step of the medical system as a whole. It is 

from early and accurate diagnosis that the forms of treatment are defined, the 

necessary care and treatment are chosen, and the crucial information about the state of 
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the disease is obtained. For a correct diagnosis, the acquisition of accurate 

physiological information is vital. In this way, it is necessary that there is always an 

optimization of the medical diagnostic processes in general, aiming to minimize errors 

as much as possible, to get the results in a faster and more reliable way, enabling an 

efficient treatment and consequent increase of the chances of cure (BHAVSAR; 

ABUGABAH; et al., 2021; BHAVSAR; SINGLA; et al., 2021). For this purpose, 

chemical sensors have been widely developed and employed (LEIBL et al., 2021; LI, 

Q. Y. et al., 2022; PROMPHET et al., 2021).  

Using chemical sensors can be helpful once they can improve healthcare 

services, as well as to minimize errors in diagnostic process and provide treatment to 

patients (PENDLEY; LINDNER, 2017). Another very important function of chemical 

sensors in medical areas is a real-time monitoring. Chemical sensors are able to 

measure quickly and selectively, with minimal preparation of the environment, and 

therefore have great potential to be used in daily monitoring systems. These devices 

provide clinically critical information for early detection of diseases and allow the 

capture of body activities. They can measure health-related signals such as respiration 

rate, pronation, intracranial pressure, intraocular pressure, and blood flow, and 

external stimuli for tactile sensing, among others (KANG et al., 2021). 

For the design of chemical sensors capable of diagnosing diseases, known 

biological markers of these diseases are usually employed(TUTEJA; NEETHIRAJAN, 

2018). Based on this context, many sensors are developed, and one of the most 

explored areas is certainly the diagnosis of cancer, which is a disease with high 

incidence and that remains without cure, in which early diagnosis is critical for patient 

survival (SIMON, 2010). 

 

3.1.1. Cancer disease 

 

A living organism is a complex machine, which requires constant keeping, 

reconstruction and restructuration. For this, millions of subunits in the live organism, 

such as cells, are produced, altered, used and continuously killed (RYBCZYNSKA et 

al., 2018). Normal cells that form the tissues of the human body are capable of 
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multiplying in a continuous natural process. Most normal cells grow, multiply, and die 

ordered. When, instead of dying, the cells continue to grow disorderly, giving rise to 

other abnormal cells, occur functional disturbs, such as cancer. Cancer is the name 

given to a set of diseases, which has as fundamental characteristic the disordered 

growth of cells (INCA, 2019).  

The process of cancer formation is called carcinogenesis or oncogenesis. In 

general, this process occurs slowly, and it can take several years for a cancer cell to 

proliferate and give rise to a visible tumor. The effects of different carcinogenic 

agents, when acting cumulatively, handle the initiation, promotion, tumor progression 

and inhibition (THUN et al., 2010). Carcinogenesis is determined by exposure to these 

agents, at a given frequency and time period, and by the interaction between them. The 

carcinogenesis consists of three stages, as seen in Figure 6. These stages are initiation, 

where the genes are exposed to the action of carcinogens; promotion stage, in which 

the oncopromotor agents act on the already altered cell and lastly the progression 

stage, characterized by the uncontrolled and irreversible multiplication of the cell 

(INCA, 2011).  

 

Figure 6 ‒ Carcinogenesis stages.  

 

 

Globally, cancer is the second most deadly disease, responsible for about 9.6 

million deaths per year (INCA, 2019). These data are from the most recent global 

estimate, for the year of 2018, which also indicates that 18 million new cases of cancer 

occurred in the world. Among these, lung cancer is the most incident (2.1 million), 
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followed by breast cancer, with 2.1 million of cases, and after colon and rectum 

cancer, with total 1.8 million. Lastly prostate cancer represents 1.3 million of cases. 

Considering the incidence between sexes, the incidence in men represents 53% of new 

cases, being a little lower in women, with 8.6 million (47%) of new cases. The most 

frequent types of cancer in men were lung cancer (14.5%), prostate (13.5%), colon and 

rectum (10.9%), stomach (7.2%) and liver (6.3%). In women the highest incidences 

were breast cancer (24.2%), colon and rectum (9.5%), lung (8.4%), and cervix (6.6%) 

(BRAY et al., 2018). In addition, it is estimated that in the year of 2030 there will be 

the occurrence of 26 million new cases and 17 million of deaths caused by cancer 

disease per year in all word (THUN et al., 2010).  

For Brazil, the estimate for each year of the triennium 2020-2022 points out 

that there should be approximately 625,000 new cases of cancer, with non-melanoma 

skin cancer being the most common, with 177,000 cases, followed by breast and 

prostate cancer, 66,000 cases each. About the incidence by sex, prostate cancer 

accounts for 29.2% of all cases in men while female breast represents 29.7% of all 

cases in women. Figure 7 shows in more detail the estimates for cancer incidence in 

2020 by sex, only for Brazil (INCA, 2019).  

 

Figure 7 ‒ Proportional distribution of the ten most incident cancers estimated 

for 2020 in Brazil, by sex, except non-melanoma skin. 
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From the data, it can be concluded that cancer is a disease with a very high 

incidence and mortality rate worldwide. Furthermore, it is already clear today that 

cancer diagnosis, being the image diagnosis the most common, when it occurs in its 

early stages of disease progression, significantly increases the chances of cure 

(NAJAFI; KOUCHAKZADEH, 2019). One of the challenges of image diagnosis is to 

develop a system capable of locating species in different environments to detect 

outbreaks of cancer in the surgical margins for clinical use with high resolution (LUE 

et al., 2012). In this line, many spectroscopic techniques have been proposed for 

detecting tumor cells, for example NMR (PEREIRA et al., 2019), Infra-Red 

(BELEITES et al., 2005; ZHEN et al., 2019), Raman (NEETIKA SINGH, PRABHAT 

KUMAR, 2019; WANG, J. et al., 2019), Diffuse Reflectance Spectroscopy and 

Fluorescence Spectroscopy (LEE, Y.-A. et al., 2018; LI, J.-Y. et al., 2013; LI, Y. et 

al., 2022).  

 Despite great advancement today, achieving successful imaging with high 

efficiency and sensitivity at the cellular and molecular level remains a challenge. The 

development of increasingly sophisticated diagnostic techniques, less invasive and 

with fewer side effects, is a growing demand in healthcare, especially in cancer 

diagnosis (NAJAFI; KOUCHAKZADEH, 2019). To optimize this process, many 

biological markers are being researched, such as cancer-related enzymes. These are 

one of the most promising targets, since compounds that interact with these 

macromolecules can serve both for the treatment and detection of diseases (PEREIRA 

et al., 2019). In this context, there are many enzymes whose overproduction is related 

to cancer. Among these, one of the best known are the topoisomerase enzymes 

(CINELLI, 2019). 

 

3.1.2. Topoisomerase enzymes 

 

The double helical structure and the complementarity between the sister strands 

of DNA has many benefits, such as a stable storage of genetic information, as well as 

the willingness to identify and correct errors and discontinuities in the genome. 

However, some problems can arise in this magnificent structure, and these problems 
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can pose serious challenges to the cell, interfering with gene expression, DNA 

duplication, and chromosome segregation (IZUMI, 2016; SUZANNE CLANCY & 

KENNA M. SHAW, 2008; TROESTER et al., 2016). For example, the occurrence of 

DNA knotting and catenation during DNA metabolic processes, and also supra-helical 

tension in vital genetic processes that require strand separation, such as replication and 

transcription, where DNA strands have no apparent free ends. Thus, the cell needs to 

invest a considerable amount of energy in maintaining the topology of its 

chromosomes. For this, there is a class of specialized nuclear enzymes responsible for 

maintaining the chromosomes in an adequate topological state, the so-called 

topoisomerases (topos) (KHADKA; CHO, 2013; SCHOEFFLER; BERGER, 2008).  

The first Topoisomerase enzyme was discovered by James Wang (WANG, J. 

C., 1971). This protein was found in Escherichia colli microorganism and was named 

“omega” by him. Since then, many other topoisomerases have been discovered and 

isolated of many organisms, from plants to archeabacteria (CINELLI, 2019). The 

different topos enzymes are distinguished by their catalytic mechanisms and are 

divided into two class, type I and type II (FIEF et al., 2019). Type I topoisomerases 

are involved in maintaining genomic integrity and act by generating a transient single-

stranded break in the double helix and consequently, these enzymes are able to 

alleviate torsional stress in duplex DNA. Type II topoisomerases are able to remove 

superhelical twists for DNA and resolve knotted or tangled duplex molecules, acting 

by the generation a transient double-stranded DNA-break, followed by double-

stranded  DNA passage event (LIANG et al., 2019; MCCLENDON; OSHEROFF, 

2007). In humans, two isoforms are expressed, which are called topoisomerase IIα 

(TOPO2A)(TSAI-PFLUGFELDER et al., 1988) and IIβ (TOPO2B)(AUSTIN; 

FISHER, 1990; CHUNG et al., 1989). A structure of a human Topoisomerase IIβ in 

complex with DNA ca be viewed in Figure 8. 

Topos enzymes have their catalytic function by creating a single or double 

stranded break in DNA through the nucleophilic attack of a Tyr residue on the 

phosphodiester backbone, creating a phosphotyrosyl bond that links the protein to the 

newly generated 5′-terminus of the DNA chain. Figure 9 shows the cleavage of the 

DNA double-strand mediated by topoisomerase II. During cleavage, the active Tyr 

residue of each subunit covalently binds to the 5' phosphate moiety on each strand. 
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The bond formed preserves the sugar-phosphate DNA backbone. The newly generated 

3′-hydroxyl group interacts non-covalently with topoisomerase II, such binding 

represents the reverse process (DEWEESE; OSHEROFF, 2009).  

 

Figure 8 ‒ Structure of topoisomerase IIβ in complex with DNA. PDB ID 

5ZAD. 

 

Figure 9 ‒ DNA double-strand cleavage mediated by topoisomerase II enzyme. 

 

 

In general, the DNA cleavage is undesirable, but in other cases it is very 

necessary. As can be observed, topos has an essential function, helping in the 
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maintenance of genetic coding and the functioning of the body. However, DNA breaks 

can be subverted to give rise to mutagenic or cytotoxic lesions. Because of this, many 

Topo inhibitors have been used as frontline antibiotic or anticancer agents (CINELLI, 

2019; WENDORFF et al., 2012). Moreover, these enzymes are under continuous 

investigation for the development of new anticancer and antibiotic drugs (KIRK E. 

HEVENERN; TATSIANA A. VERSTAK; DANIEL L. RIGGSBEE, 2018). 

 

3.1.2.1. Topoisomerase II and its involvement in cancer disease   

 

Topoisomerase enzymes have been described as an important target for 

anticancer drug discovery for more than 30 years (CINELLI, 2019). The Topo-II 

levels is highly increased in proliferating cancer cells, which is essential to cancer cell 

survival (ZHOU, D.-C. et al., 2019). In the past decade, several organic chemists, 

biologists and medicinal chemists all around the word have been try to design, 

identify, synthesize and test a series of novel bioactive compounds with 

Topoisomerase enzyme as target (LIANG et al., 2019). However, it is important to 

mention that despite the efficiency of topo inhibitors in current anticancer therapies, 

this type of treatment is still limited by some important negative consequences. In the 

case of treatment with topo-II inhibition, there is the problem of selectivity. The 

inhibitors used can also inhibit the topo Iβ isoform, which can result in secondary 

malignancies such as acute myeloid leukemia (LIANG et al., 2019; MISTRY et al., 

2005; TURKSEN et al., 1992). Because of this, it is still of great importance the 

development of new inhibitors, more selective and with less side effects.  

The main inhibitors currently available can act by different mechanisms of 

action. The Topo II- targeting agents can be classified into two major groups, namely 

“Topo-II poisons” and “Topo-II catalytic inhibitors”, being both able to interfere at 

least in one step of the catalytic cycle. The first group, Topo-II poisons, exercise their 

activity through stabilization of the covalent DNA-topoisomerase II complex while the 

second group, the Topo-II catalytic inhibitors, are a heterogeneous group of 

compounds, being able to act in any of the other steps in the catalytic cycle of the 

Topo II. As example, these inhibitors can act on interference in the binding between 
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DNA and Topos II, in stabilization of noncovalent DNA-Topos II complexes, or even 

in inhibition of ATP binding. Regarding the clinical uses, the Topo II poisons are the 

most used as antitumor agents, and Topo II catalytic inhibitors are most used as 

antineoplastic agents (LARSEN; ESCARGUEIL; SKLADANOWSKI, 2003).  

Among the various compounds studied for inhibiting topoisomerase enzymes, 

there are also drugs already on the market, such as the fluoroquinolones (BEBEROK; 

WRZEŚNIOK; MINECKA; et al., 2018). This arpoach of proposing new uses for 

already known drugs is called drug repositioning and has several advantages, 

culminating in the main one, which is to accelerate the drug design process (NOVAC, 

2013). 

 

3.1.3. Drug Repositioning  

 

The pharmaceutical industry cannot keep up with the enormous demand for the 

production of new drugs, since the costs of both the production and development of 

new drugs can be very expensive. Because of this, there is a productivity gap, even 

with the considerable amounts of resources invested by the pharma industry in new 

discovery technologies such as combinatorial chemistry, high-throughput screening 

(HTS) and genomics, and also structure-based drug design. This gap causes drug 

developers to look for novel approaches in drug design, combining complementary 

therapeutic drugs in a single tablet, improving existing versions of drugs, or even 

finding new attributes for them. In this context, one alternative is the strategy of drug 

repositioning (ASHBURN; THOR, 2004).  

Drug repositioning approach, also called drug repurposing, redirect and 

reprofiling, in a nutshell, it comprises the process of “recycling old drugs”, which 

includes identifying new uses for existing or approved drugs. This strategy is an 

attractive opportunity from both business and social standpoints, once it reduces the 

time and costs of the drug development process in comparison with de de novo drug 

discovery approach, as can be seen in Figure 10. The savings in time and money 

mentioned above can occur in many stages of the process, such as development, 

clinical trials, or even drug approval and launch, since the pharmacokinetic, 
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toxicological, and safety data of the existing drug are already done. This technique 

offers the possibility, for example, to recycle drugs that have been shown to be safe 

but not effective in the initial indications for which they were originally developed 

(KIM, 2015). It is important to mention that drug repositioning studies need to be 

solidly grounded in science to be successful. In order to ensure higher success rates, 

the process can rely on more refined methodologies, as is the case with computational 

methods and more detailed mechanistic models that can be integrated with 

experimental methods. (JIN; WONG, 2014).  

 

Figure 10 ‒ Schematic Representation of the traditional de novo drug discovery 

versus drug repositioning strategy. 

 

By this approach, several drugs have been successfully repositioned, once the 

repositioning strategy constitutes 10-50% of all R&D spending and is viewed as an 

important part of product-life cycle management. One of the best known examples are 

the sildenafil citrate, or Viagra®, which has repurposed from a hypertension drug to a 

therapy for erectile disfunction, and thalidomide, which has repositioned from 

morning sickness to multiple myeloma (NOVAC, 2013). Despite all positive 
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characteristics of this process, several obstacles need to be overcome, such as patent 

protection and market exclusivity in commercial terms, and the choice of repurposing 

strategy to be adopted to select the best candidates (ASHBURN; THOR, 2004; KIM, 

2015).  

Another example of a drug that has been widely studied in repositioning is the 

fluoroquinolones (SONG et al., 2016). Fluoroquinolones (FQs) are a class of broad-

spectrum antibiotics derived from quinolones (FIEF et al., 2019). The class of FQs 

remains one of the most important classes of antibiotics, currently used worldwide 

(EZELARAB et al., 2018). Data from 2019 shows that FQ prescriptions represent 

14% of all antibiotic prescriptions (YIMENU et al., 2019). Fluoroquinolones possess 

many desirable pharmacokinetic properties, such as their prolonged bioavailability and 

half-life. In addition, they have a broad spectrum of activity, including coverage of 

intracellular and atypical organisms (CHO et al., 2018).  

In order to take advantage of these desirable characteristics, numerous 

researches have highlighted other biological activities of this class of molecules, 

including anticancer activities (ABDEL-AZIZ et al., 2013; GUPTA et al., 2019), 

antimalarial (LI, J. et al., 2013), antiviral (AHMED, A.; DANESHTALAB, 2011) and 

anti-Alzheimer (PUDLO et al., 2014). The many secondary biological activities have 

been studied for several drugs belonging to this class, such as levofloxacin (SONG et 

al., 2016) lomefloxacin and ofloxacin (PERUCCA et al., 2014), moxifloxacin 

(YADAV et al., 2015) and ciprofloxacin (ALI et al., 2021).  

 

3.1.4. Ciprofloxacin 

 

Among the fluoroquinolones, compound 1-cycloprppyl-6-fluoro-4-oxo-7-

(piperazin-1-yl)-1,4-dihydroquinoline-3-carboxylic acid, most known as 

Ciprofloxacin, was developed by Bayer as the second-generation fluoroquinolone, and 

was introduced into clinical practice to treat various bacterial infections around three 

decades. The chemical structure can be seen in Figure 11. This molecule exhibits 

notable antimicrobial activity, with an excellent pharmacokinetics and a few side 

effects (ZHANG, G. F. et al., 2018).  
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Figure 11 ‒ Chemical structure of Ciprofloxacin (1-cycloprppyl-6-fluoro-4-

oxo-7-(piperazin-1-yl)-1,4-dihydroquinoline-3-carboxylic acid). 

 

 

 

 

 

 

 

Ciprofloxacin molecule has molecular weight of 331.33 g mol-1, pKa of 6.09 

and a temperature-dependent partition coefficient (log P =0.28). The hydrophobicity of 

this molecule plays a key role in the cell's penetration. The insertion of fluorine 

substituent together with the 1-piperazinyl group increases the activity of 

Ciprofloxacin, when compared with cinoxacin, nalidixic acid and oxolinic acid. 

Besides that, the N-1 position cyclopropyl substitution plays an important role in 

antimicrobial effect and DNA gyrase activity (PERUCCA et al., 2014; VANCE-

BRYAN; GUAY; ROTSCHAFER, 1990). 

As other fluoroquinolones, ciprofloxacin possess many other biological 

activities, in addition to antibacterial activity. One example is its anticancer properties. 

It is already known that fluoroquinolones as ciprofloxacin, enrofloxacin, moxifloxacin 

and gatifloxacin exhibit inhibitory activity not only in bacterial Topoisomerase II. Due 

to this fact, these antibiotics exhibit market toxicity against many cancer cells 

(BEBEROK; WRZEŚNIOK; ROK; et al., 2018). Talking specifically of ciprofloxacin, 

there are several reports in literature retracting its anticancer activity (PERUCCA et 

al., 2014; SUAIFAN; MOHAMMED, 2019; SURESH et al., 2018). The effects where 

observed in many cell lines, such as lung cancer cells (PHIBOONCHAIYANAN; 

KIRATIPAIBOON; CHANVORACHOTE, 2016); breast cancer MDA-MB-231 cells 

(BEBEROK; WRZEŚNIOK; ROK; et al., 2018) and pancreatic cancer cells (YADAV 

et al., 2015). When compared with conventional topoisomerase II chemotherapeutics, 

such as doxorubicin and etoposide, ciprofloxacin have been shown to be less 

susceptible to efflux-mediated resistance (BISACCHI; HALE, 2016). 
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3.2. Drug of abuse detection 

 

According to global data, drug use killed nearly half a million people in 2019, 

while disorders caused by their use resulted in the loss of 18 million years of healthy 

life, mainly due to opioids. Each year, drug use directly and indirectly is responsible 

for 11.8 million deaths, which is more than the number of deaths caused by all 

cancers. For illicit drugs, the number of deaths, directly and indirectly, is more than 

750,000 annually. Aside from the deaths, serious and often lethal diseases are more 

common among people who use drugs, many of whom are living with HIV and 

hepatitis C, especially injecting drug users (DWYER-LINDGREN et al., 2019; 

UNODC, 2021). Social development is also a factor compromised by the illicit drug 

commerce, affecting mainly the most marginalized and economically vulnerable 

population. Even with all the problems caused by the commerce and consumption of 

illicit drugs, this use persists and even increases.  In the year 2020 about 275 million 

people used drugs, an increase of 22% compared to 2010. Moreover, it is estimated 

that by 2030, there will be an 11% increase in this number, and more than a 40% 

increase in Africa alone (UNODC, 2021).  

Considering the great social and economic impact caused by drug abuse, the 

control of prescriptions and the use of these compounds is a demand of clinical and 

forensic toxicology. Currently, the detection of these substances requires analysis with 

biological samples, either blood or urine. The classical methods employed for 

substance detection range from simple colorimetric tests to more complex techniques 

such as gas chromatography and mass spectrometry (GC-MS). These methods are very 

accurate and reliable, but they require more time to perform, need sample treatment in 

most cases, are relatively expensive and difficult to operate, factors that make it 

unfeasible to use them for in situ and real-time monitoring (MORADI et al., 2021).  

In this context, the development of portable devices for easy, selective, 

sensitive, and cost-effective detection of abuse drugs in complex biological 

environments is a very promising alternative, since it facilitates early recognition, 

improves treatment outcomes, and may help prevent relapse. The high sensitivity and 

selectivity of this equipment is essential, considering that the concentrations of 

psychotropic drugs in biological matrices such as saliva, blood or urine are low, 
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requiring very appropriate methods for their detection and quantification (QRIOUET 

et al., 2021). 

A series of multidisciplinary discoveries in fields such as chemistry, physics, 

biological and material sciences have led to the development of a variety of sensing 

tools with a range of analytical characteristics (MCNEILL et al., 2021; MORADI et 

al., 2021; SOEIRO et al., 2021). Considering the large number of existing substances, 

the molecular targets are also variable, some examples are opioids (MISHRA et al., 

2020; SAICHANAPAN et al., 2021; SOEIRO et al., 2021), morphine (HUANG et al., 

2020), cocaine and heroin (D’AURELIO et al., 2020; MASEMOLA et al., 2020), 

amphetamines (YANG, YUPING; SUN; ESLAMI, 2021) and amphetamine-type 

stimulants such as MDMA, also known as “ecstasy” (DRAGAN et al., 2021; ZHANG, 

R. et al., 2021). 

 

3.2.1. MDMA (3,4-methylenedioxymethamphetamine) 

 

The origin of  the 3,4-methylenedioxymethamphetamine (MDMA) (Figure 12) 

has some divergences, but a systematic analysis of the original documents  points that 

Dr Anton Köllisch made the first description of the synthesis of MDMA molecule 

(FREUDENMANN; ÖXLER; BERNSCHNEIDER-REIF, 2006). MDMA was firstly 

synthesized at Merck around 1912 under the name “Methylsafrylamin” (MEAD; 

PARROTT, 2020). The most common history in literature is that this molecule was 

produced in order to develop an appetite suppressor. However, the official documents 

do not indicate this. The substance was only a precursor in a pathway, patented to 

avoid other patent of the clotting agent hydrastinine synthesis.  Concomitant with 

synthesis, MDMA was studied in animals, with the first basic pharmacological test 

taking place decades later while human tests occurred only in 1960 

(FREUDENMANN; ÖXLER; BERNSCHNEIDER-REIF, 2006). 
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Figure 12 ‒ Molecular structures of MDA, MDEA, MA, AP, Mescaline and 

MDMA.  

 

This psychoactive compound has a MW= 193.24 g.mol-1, logP = 2.050 and is 

an amphetamine-type stimulant, structurally related to MDA, MDEA, MA, AP and 

mescaline, both presented in Figure 12. MDMA differs from AP and MA by an 

methylenedioxy group attached to positions 3 and 4 of the aromatic ring of the AP 

molecule. In this part, MDMA is similar to mescaline, and as a result, the effects of 

MDMA are a mix of the AP and mescaline effects. MDMA molecule is a principal 

component of "ecstasy", which is a synthetic illegal drug with potential to generate 

dependence (KALANT, 2001; SILVA, A. T. M. DA et al., 2018).   

Structurally, MDMA poses a single stereocenter, and can easily penetrate the 

Blood Brain Barrier (BBB) because of its small size and hydrophobic nature 

(DUNLAP; ANDREWS; OLSON, 2018). This molecule produces psychostimulants 

and hallucinogens effects, and the interoceptive effects are distinct from other class of 

psychoactive compounds. For produce subjective effects for several hours, 75-150 mg 

of this molecule is sufficient. The effects include reduced social inhibition, positive 

mood, increased alertness, feeling of closeness with other, among others. Regarding to 

hallucinogen effects, 20% of recreational users reports experiencing visual 

hallucinations, often described as flashes of light in the peripheral visual field 

(DUNLAP; ANDREWS; OLSON, 2018). In addition to psychedelic and hallucinogen 

effects, MDMA can also induce several neurological, cardiovascular, hepatic and renal 
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toxic symptoms, both acute and chronic, such as hepatotoxicity, hyperthermia, 

hypertension, tachycardia and even fatal intoxications (MONKS et al., 2004).  

Most of these effects and biological actions can arise of the structural similarity 

of these drugs with adrenaline, dopamine and serotonin. The MDMA is broken down 

metabolically by the action of several enzymes, such as CYP2D6 enzyme (PAPASEIT 

et al., 2020). Even after metabolism, some MDMA metabolites are pharmacologically 

active, especially MDA, the first metabolite, which prolongs the drug's effect on the 

body (KALANT, 2001). 

 

3.3. Animal Health Monitoring 

 

The third important field of application for chemical sensors discussed here is 

animal health monitoring. It is estimated that for the next three decades the global 

demand for various meat and animal products can increase by more than 70%. To 

satisfy this high demand, it is necessary to find the most efficient ways and systems for 

animal husbandry, since resources like land, water and other natural resources are also 

increasingly limited (NEETHIRAJAN, 2020). In addition to the high demand for 

animal products and the scarcity of natural resources, the improvement of animal 

management techniques also contributes significantly to the economy of producing 

countries (WANG, HAI; FAPOJUWO; DAVIES, 2016). Animal diseases can cause 

significant economic losses, especially in countries where agribusiness is the engine of 

the economy, as is the case in Brazil, in which agribusiness accounted for 26.6% of 

GDP in the year 2020 (CNA, 2021). 

In this context, optimized technologies for real-time and continuous monitoring 

of animal health as a chemical sensor offers a practical solution for many problems in 

animal management, constituting a very important requirement in the animal 

production industry. Since the sensors are able to provide crucial information, quickly 

and efficiently, with optimum reliability, the use of these devices, besides decreasing 

the health and economic costs associated with the occurrence of diseases, are also 

important to reduce the time for diagnosis of pathologies or even for early treatment. 
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As a consequence, there is an increase in production and animal welfare 

(FUTAGAWA et al., 2011; KIANI, 2018).  

The development of technologies to monitor animal behavior and health has 

been the subject of a wide range of studies, mainly for chemical sensing technologies. 

Within this field many sensors have already been developed for various purposes, such 

as sensors for detect metabolic disorders (GAREIS et al., 2018; MOTTRAM, TOBY, 

1997), biomarkers for common diseases (PELED et al., 2012; SHEPHERD et al., 

2016), immune status (KNOBLOCH et al., [S.d.]; SILVA, M. G. et al., 2008), 

hormone levels or other fertility markers (MANZOLI et al., 2019), among others. 

 

3.3.1. Fertility hormones β- Estradiol and Progesterone 

   

 Two physiological components that are key molecules not only for the female 

reproductive system but also for the functioning of the whole organism are the 

hormones progesterone and β-estradiol (Figure 13). The first of these, progesterone, is 

essential in the menstrual cycle, in reproduction, and in the biosynthesis of steroidal 

hormones. In addition, it also acts in the central nervous system, the immune system, 

and in the development of the mammary glands. The second, β-estradiol, is the main 

female sex hormone and the more potent among estrogenic hormones, being essential 

for the development and maintenance of female reproductive tissues, acting in 

regulating the menstrual cycle (JENSEN, E. V.; DESOMBRE, 2003; NAGY et al., 

2021).   

 

Figure 13 ‒ Chemical structures of female sex hormones β-estradiol and 

progesterone. 
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Briefly, the onset of the reproductive cycle occurs in response to low estrogen 

levels in the body. The hypothalamus sends a signal to the anterior pituitary gland, 

which secretes follicle-stimulating hormone (FSH), which in turn induces an increase 

in estrogen production. This increase in estrogen production ends up stimulating the 

luteinizing hormone (LH), which has its peak concentration in a period of 2 to 24 

hours before ovulation. In the case of absence of pregnancy, after the maximum peaks 

of estrogen, FSH and LH occur, the secretion of LH continues, thus stimulating the 

production of progesterone for a period of approximately 10 days. Finally, hemorrhage 

occurs, which is a result of the rapid decrease in progesterone and estrogen production. 

Once estrogen drops, the cycle then starts again (SERAFÍN et al., 2019).  

As can be seen, despite acting at different stages and performing different 

functions in the reproductive cycle, both progesterone and β-estradiol are markers of 

fertility, and therefore can be used as molecular targets for the development of sensors 

for this purpose. In this sense, some chemical sensors have already been developed, 

such as the sensor to monitor ovulation and fertility of cows, increasing the chance of 

successful pregnancy (CERRI et al., 2021; MOTTRAM, T., 2016). 
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1. DRUG OF ABUSE DETECTION 

1.1.  Computational design of synthetic receptors for drug detection: interaction 

between molecularly imprinted polymers and MDMA (3,4-

methylenedioxymethamphetamine) 

 

SALES, T. A.; RAMALHO, T. C. Computational design of synthetic receptors for drug 

detection: interaction between molecularly imprinted polymers and MDMA (3,4-

methylenedioxymethamphetamine). Theoretical Chemistry Accounts, v. 139, n. 2, 2020. 

DOI 10.1007/s00214-020-2543-x  

 

Abstract:  

For many decades, synthetic receptors have been used as sensor elements, and 

are a promising alternative to natural receptors, which despite its great selectivity, are so 

complex and instable. The rational design of this kind of receptors is currently one of 

the most researched topics in molecular recognition. Molecular imprinted polymers 

(MIPs) have become a growing highlight in polymer chemistry, once they possess a 

wide range of applications and can be used in several environments, due to their high 

chemical and thermal stability.  The aim of this study was to perform a rational design 

for the Molecularly Imprinted Polymer (MIP) preparation, for 3,4-

methylenedioxymethamphetamine (MDMA) detection. The theoretical measurements 

were employed at several stages of the process, using DFT, and B3LYP/6-31G(d,p) 

level of theory, by means of optimization and frequency calculations. Among the 

several functional monomers tested, the itaconic acid was the most appropriated for 

MIP preparation with MDMA template, and the proper molar ratio found theoretically 

was 3:1 (itaconic acid: MDMA). In the preparation of pre-polymerization complex, 

polar solvents were found to perform a better stabilization, mainly those which are not 

protic solvents. As cross-linking agents, the better results were obtained for 

trimethylolpropane trimethacrylate (TRIM) and ethylene glycol dimethacrylate 

(EGDMA) molecules, respectively. Finally, selectivity tests showed a high affinity of 

the studied MIP for MDMA and chemically similar molecules. The proposal theoretical 

strategy yielded novel, experimentally testable hypotheses for the design of MIPs. 

Additionally, from the theoretical point of view, the set of computational analyzes 
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presented in this paper constitutes a very useful protocol to predict optimal experimental 

conditions, which can considerably reduce the time and cost on the MIPs preparation.   

 

Keywords: DFT, theoretical calculations, rational design, artificial receptors.  

 

Introduction   

  

Despite the many problems caused by psychoactive substances, those 

compounds are excessively and intentionally consumed around the world. It is 

estimated that more than 338 million people worldwide used drugs at least once in 

2017. Of the drugs, 6.28% are ecstasy [1]. The content of ecstasy tablets has been 

changing over the years, but its main composition is MDMA (3,4-

methylenedioxymethamphetamine). MDMA is a synthetic drug with potential to 

generate chemical dependence, and is commonly consumed as 1:1 racemate of (R) and 

(S) enantiomer, the (S)-enantiomer being more efficient in producing euphoria, 

sociability enhancement, increased mood, auditory and/or visual perceptions and energy 

boosting, due its stimulant effect on the central nervous system [2, 3]. Despite these 

desirable effects, MDMA also can be an contributor to neurotoxicity in humans, and can 

induce severe acute toxic symptoms, such as hepatotoxicity, tachycardia, hyperthermia, 

and even fatal intoxications [4]. The risk of adverse effects depends on a range of 

factors, such as frequency and amount of use, or administration route. Apart from those 

mental and physical health issues, there are still losses related to dependence or social 

problems [5].  

From a public health perspective, the control of these substances is of great 

importance. Considering that point, many detection methods have been developed over 

the last 20 years aiming to analyze a small amount of this illicit drug [2, 6–14]. The 

development of chemical sensors based on polymers-biomimics, which are synthetic 

mimics of enzymes or antibodies, is one of the most effective approaches to small 

molecules detection, as they possess high selectivity and stability, when compared to 

biosensors based on natural molecules [11, 15–17].  Molecularly imprinted 

polymers (MIPs), prepared by polymerization methodology [18], are a novel class of 

high selectivity polymeric materials, which are synthesized in the presence of the target 

molecule, together with a functional monomer and cross-linking agent [19, 20]. The 
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presence of a template molecule during the synthesis allows the formation of specific 

cavities for the analyte, or molecules with high structural similarity [21–23]. Besides the 

spatial selectivity, there are also intermolecular interactions between template and the 

functional monomers that contribute to high selectivity of the material. After synthesis, 

template molecules are removed, and the resulting three-dimensional structure remains 

with the specific recognition sites, with chemical and steric hindrance selectivity to the 

analyte molecule [20, 24]. It is indicated that the monomer and template are joined only 

by non-covalent interactions, in order to facilitate the removal of the template from the 

cavity at the wash step [25].  

As can be seen, the preparation of MIP is an easy, fast and efficient procedure 

for detecting molecules of interest [26]. However, gaining all important information 

prior to material synthesis, such as the best functional monomer, proper molar ratio, 

most suitable cross-linking agents, among others, is of utmost importance, but it is a 

time-consuming process [27]. In this context, computational methods have been largely 

used, and have enabled a faster and better rational design protocol for the preparation of 

high affinity MIPs [18, 22, 28–32]. The insightful microscopic rationalization for the 

design of molecularly imprinted polymers can demonstrate the power of joint 

experimental−computational strategies applied to technological problems [33–41]. By 

means of theoretical investigations, it is possible to not only obtain all of this 

information, but to also investigate what happens in the system at the molecular level, 

which can help save time in the process, in addition to making improvements in the 

materials already synthesized [25]. Thus, the goal of the present study was to perform a 

rational design for the preparation of an MIP for MDMA detection, gathering a set of 

alternatives of how the computational resources can be useful in the rational design in 

diverse stages of the MIP development and use process. 

 

Methodology 

 

- Selection of the most appropriate functional monomer 

Density Functional Theory (DFT) method was employed in order to analyze the 

different types of information that can be obtained through the computational design of 

MIPs and to explore the many computational resources that can be employed for better 

understanding of the system at a molecular level. All of the calculations were performed 
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using B3LYP/6-31G(d,p)[18, 42, 43] level of theory, using Gaussian 09[44] software. 

Aiming to predict the possible interaction sites of the monomers (see Table 1) and the 

template molecule (MDMA) (Figure 1), the molecular electrostatic potentials (MEPs) of 

the molecules were created and analyzed. To investigate the most appropriate functional 

monomer for MIP design, all functional monomers presented in Table1 were tested. The 

systems were built at 1:1, 1:2 and 1:3 (template:monomer) molar ratios. After that, 

geometry optimization calculations were performed for the computation of interaction 

energy values (ΔE) of each system, employing the equation (1)[17]. 

 

Table 1 Functional monomers used for computational simulations 

Name Abbrev

iation 

Structure 

Acrylic acid AA 

OH

O

 

Itaconic acid IA 

OH

O

HO

O  
Acrylamide ACL 

NH2

O

 

Acrolein ACRO 

H

O

 

Metacrylic acid MA 

HO

O  
Divinylbenzene DVB 

 
Styrene ST 

 
Methyl 

methacrylate 

MMA 
O

O  
Trifluoro 

methacrylate 

TFMA 
F

F

F

OH

O  

Vinylimidazole VI 
N N
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Vinylpiridine VP 

N  
 

∆𝐸 = 𝐸𝐶 − [𝛴𝐸𝑀 + 𝐸𝑇]                                      (Equation 1) 

  

Where Ec, EM and ET are the lowest theoretical interaction energies of the 

monomer-template complex, monomer and template, respectively. 

Vibrational frequency calculations of the template: monomer complexes were 

performed at the same level of theory, and the theoretical Infra-Red spectra were 

subsequently analyzed, in order to investigate the nature of molecular interactions that 

occur among the involved molecules, by analyzing the change in the vibrational 

spectrum profile [45].  

 

-Simulations in solvents 

Experimentally, MIP for the MDMA detection has already been prepared using 

chloroform [18] and acetonitrile [46] as solvents. In spite of its great importance, to our 

knowledge, this is surprisingly the first application of theoretical methods for 

investigating this type of synthesis. Thus, using the best complex obtained in the 

previous steps, optimization calculations were performed in implicit solvent 

environment to analyze the system behavior and investigate which solvent is the most 

suitable for the construction of the pre-polymerization complex. To this end, 

considering their polarity, six solvents most commonly used for the preparation of 

MIPs, such as DMSO, water, methanol, chloroform, acetone and acetonitrile [47] were 

implicitly tested employing the integral equation formalism polarizable continuum 

model (IEFPCM) [48]. 

 

-Selection of proper cross-linking agent 

The main function of the crosslinking agent in the entire molecular imprinting 

process is to copolymerize with the functional monomer to fix the three-dimensional 

structure of the monomer-model complex in space. An effective imprinting process is 

one in which functional residues are uniformly distributed across all cross-linked 

networks. In the pre-polymerization and copolymerization step, the crosslinking agent 

can form interference complexes with both the functional monomer and the template via 
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hydrogen bonding or electrostatic interactions, which are difficult to observe 

experimentally. Therefore, computational chemistry can be an ally to optimize the 

process and avoid undesirable factors [47]. 

 Thus, the next step was the analysis of the proper cross-linking agent. For this 

goal, the three most experimentally used cross linking agents N,N-methylene 

bisacrylamide (NNMB)[49–51], trimethylolpropane trimethacrylate (TRIM) [52–54], 

and ethylene glycol dimethacrylate (EGDMA) [26, 55–59] were chosen. It should be 

kept in mind that EGDMA is the most commonly employed. However, cross-linking 

agents that possess more vinyl groups, such as trimethacrylate (TRIM), can generate a 

better resolution and selectivity to the studied polymer [47]. The three cross-linking 

agents were tested under the same conditions as the monomer simulations. The 

chemical structures of the three cross-linking agents are displayed in Table 2. 

 

Table 2 Cross-linking agents used for computational simulations 

Name Abbrev

iation 

Structure 

Ethylene glycol 

dimethacrylate 

EGDM

A 
O

O

O

O  
N,N-methylene 

bisacrylamide 

NNMB 

N
H

O

N
H

O

 
Trimethylolpropane 

trimethacrylate 

TRIM 

 
 

-Selectivity tests 

The last step is to analyze, theoretically, the selectivity of the material. For this 

end, the three IA interacting monomers were kept frozen in the optimized position for 

the MDMA complex, in an attempt to simulate the solid cavity constructed for the 

specific template. For selectivity tests, eleven molecules with varying structural 

similarity to the MDMA were introduced in its cavity. The tested molecules were 3,4-

methylenedioxyamphetamine (MDA), 3,4-metilendioxietilamfetamina (MDEA), 

amphetamine (AP), mescaline (MC), methamphetamine (MA), 3,4-methylenedioxy-N-

O

O

O

O

O

O
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methylcathinone (MDMC), 2-(1H-Indol-3-yl)-N,N-dimethylethan-1-amine (DMT), 2,5-

dimethoxy-4-methylphenethylamine (2C-D), 2,5-dimethoxy-4-methylthioamphetamine 

(ALEPH), 4-Bromo- 2,5 dimethoxyphenethylamine (2C-B) and 2,5-Dimethoxy-4-

ethoxyamphetamine (MEM), whose structures are shown in Figure 1. The energy of 

each system was calculated by the same level of theory and with the equation (1) [60]. 

For better visualization of the difference between the energies, the relative interaction 

energy was calculated by equation (2), for each system, taking MDMA complex as the 

reference. 

 

∆𝐸𝑟𝑒𝑙 = ∆𝐸𝑠𝑦𝑠𝑡𝑒𝑚 − ∆𝐸𝑀𝐷𝑀𝐴                                  Equation (2) 

 

Where ∆𝐸𝑠𝑦𝑠𝑡𝑒𝑚 is the interaction energy for each system built, and ∆𝐸𝑀𝐷𝑀𝐴 is 

the interaction energy of the system with MDMA as template. 

 

Results  

 

- Forecast of the Active Sites for the Template and Function Monomers  

In order to predict the nature of the attractive forces, as well as the electrophilic 

and nucleophilic character of the template and monomer reactive sites, the MEP of each 

monomer and of the template were analyzed. MEP maps are very useful tools to 

determine the ability of molecule to, based on the local charge density. The results are 

shown in Figure 2. For the MDMA molecule, there is a concentration of negative 

charge in the two Oxygen atoms of the molecule, which can act as acceptors in two 

hydrogen bonds. Based on this information, it can be inferred that molar ratio 1:2 

(template:monomer) is possibly more stable than the 1:1 molar ratio. Moreover, the 

Nitrogen atom can also act as acceptor or donor in one more hydrogen bond, which 

indicates that 1:3 molar ratio can be more stable than 1:2. In addition, the molecule also 

has an aromatic ring with a small concentration of electronic density, and can perform 

interactions with π bonds of the monomers. Based on these observations, the monomers 

AA, IA, ACL, MAA, TFMA may be the most appropriate, since they have positive 

hydrogen that can perform hydrogen bonds with the MDMA molecule, acting as proton 

donors, which indicates that these monomers possibly will form the most stable 

complexes for MDMA MIP design. Of these, itaconic acid was the monomer with most 
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positive hydrogen, so it can be inferred that this molecule will perform stronger 

hydrogen bonds than others, and consequently, form the most stable complex.  

 

Fig. 1 Chemical structures of MDMA similar molecules used in recognition test 

calculations: 3,4-methylenedioxyamphetamine (MDA),  3,4-metilendioxietilamfetamina 

(MDEA), amphetamine (AP), mescaline (MC), methamphetamine (MA) and, 3,4-

methylenedioxy-N-methylcathinone (MDMC), 2-(1H-Indol-3-yl)-N,N-dimethylethan-

1-amine (DMT), 2,5-dimethoxy-4-methylphenethylamine (2C-D), 2,5-dimethoxy-4-

methylthioamphetamine (ALEPH), 4-Bromo- 2,5 dimethoxyphenethylamine (2C-B) 

and 2,5-Dimethoxy-4-ethoxyamphetamine (MEM)  
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Fig. 2 Molecular electrostatic potential (MEP) analysis of monomers and 

MDMA. (a) acrilic acid, (b) itaconic acid, (c) acrylamide, (d) acrolein, (e) metacrilic 

acid, (f) divinylbenzene, (g) styrene, (h) methyl methacrylate, (i) MDMA, (j) TFMA, 

(k) vinylimidazole and (l) vinylpiridine 

 

  

-Selection of the proper functional monomer and Template-monomer mole ratio  

To give an idea of relative stability of different components of the system, as 

well as provide an appropriate guide for selection of the most suitable monomer and to 

investigate the most proper molar ratio, the interaction energies (ΔE) for the 



108 

 

 

 

complexation process at 1:1, 1:2 and 1:3 molar ratios were calculated and are presented 

in Table 3.  

 Table 3 Interaction energy variation (ΔE) values for each monomer-template 

complex at 1:1, 1:2 and 1:3 molar ratios 

 

As expected from the MEP analysis and according to our calculated interaction 

energies, the most stable complexes are those formed with IA, ACL, AA, TFMA, and 

MA, being 1:3 the preferential molar ratio in most cases.  The IA complexes were those 

for which the highest energy values were obtained, with values of -192.42, -231.03 and 

-285.01 kcal.mol-1 for 1:1, 1:2 and 1:3 molar ratios, respectively. These highest 

interaction energies mean that the strongest level of interaction occurs using itaconic 

acid (IA) as functional monomer in the MIP design for MDMA detection, which 

implies a better selectivity of MIP. The next strongest interaction occurs in the ACL-

MDMA complex, and the interaction energy value differs by 46.44 kcal.mol-1 for the 

1:3 molar ratio of both monomers.  

  

-Identification of the interaction type between template and monomer    

The next steps were carried out only for the IA complex with 1:3 

(template:monomer) stoichiometry, considering that this compound had the best results 

in the previous steps. In order to better understand the complex formation as well as to 

ΔE 

(kcal.mol-1) 

Molar Ratio 1:1 1:2 1:3 

AA -176.58 -196.14 -220.82 

IA -192.42 -231.03 -285.01 

MA -174.79 -192.43 -215.65 

ACL -180.33 -201.61 -238.57 

ACRO -165.91 -176.34 -186.78 

DVB -167.58 -179.16 -189.13 

ST -163.16 -168.93 -176.13 

MMA -171.38 -184.59 -197.30 

TFMA -173.97 -194.80 -217.45 

VI -160.58 -161.03 -173.60 

VP -163.35 -166.33 -175.85 
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investigate the nature of the monomer-template interactions, the theoretical IR spectra 

of the complex and isolated molecules were analyzed.  The theoretical IR analysis can 

be a valuable tool in the identification of intermolecular interactions within the 

monomer-template complex, as in the case of hydrogen bond formation, which can be 

easily discernible by means of changes in the stretching frequency of the O-H and N-H 

bonds [23]. Theoretical IR spectra reveal that there is substantial interaction and 

formation of the complex occurring between MDMA and IA, through specific and 

significant shifts, which can be used to validate this study and for future interpretations 

of experimental work.  

As seen in Figure 3, there are additional peaks observed in the IA-MDMA 

complex, compared to monomer and template spectra. Formation of a strong hydrogen 

bond between the O-H group of itaconic acid and the nitrogen atom of MDMA 

molecule, is indicated by the presence of a high intensity peak at 2741.1 cm-1. In 

addition, the presence of two other intense peaks in the region of 3479.7 and 3521.1 cm-

1 indicates that there are two other hydrogen bonds with the other two itaconic acid 

monomers. Thus, it may be suggested that three hydrogen bonds occur between MDMA 

and the IA monomers, as expected by MEP analysis. 

 

-Simulations in solvents 

This step is extremely important, taking into account that the most appropriate 

solvent for MIP preparation should solubilize all the components present in the 

synthesis as well as not affect the intermolecular interactions between the template and 

the monomers, or even attenuate these interactions. Aiming to investigate the most 

suitable solvent, optimization and frequency calculations were performed for IA-

MDMA complex, employing the IEFPCM implicit solvation model at the same level of 

theory. For the choice of solvents, the dielectric constant values were used as criteria. 

Thus, it was attempted to investigate solvents of different dielectric constants values to 

investigate the behavior of the complex under these conditions. From Table4, it is 

possible to observe that besides the interaction energy decrease, when compared to the 

energy in the vacuum, there was not a great variation between the energies in relation to 

the different solvents. The decrease of ΔE value in the solvent can be attributed to the 

fact that interactions occur with the solvent molecules and these interactions compete 

with the interactions between monomer and template.    
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Fig. 3 Theoretical InfraRed Spectrum corresponding to template MDMA, 

functional monomer itaconic acid (IA) and the lowest energy system, MDMA-IA 

complex 
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 Table 4 Interaction energy variation (ΔE) values for Itaconic Acid-MDMA 

complex at a 1:3 molar ratio, according to each solvent 

Solvent Dielectric constant 
ΔE 

(kcal.mol-1) 

Water 80 -197.32 

DMSO 45 -197.33 

Acetonitrile 36 -197.35 

Methanol 32 -197.36 

Acetone 20 -197.45 

Chloroform 4.8 -192.1 

 

The interaction energies were very similar for all polar solvents, the highest 

stability being obtained for simulation in acetone, with a interaction energy value of -

197.45 kcal.mol-1. The worse interaction energy value was obtained for the simulation 

in chloroform solvent, corresponding to -192.1 kcal.mol-1. From these results and 

analyzing the graph with ΔE vs. dielectric constant presented in Figure 4, it can be 

concluded that polar solvents are the most efficient. Among the polar solvents, acetone 

can better stabilize the complex since it is not a protic solvent. Protic solvents, such as 

water and methanol, can possibly compete with monomer for performing hydrogen 

bonds with the template, and this feature can decrease the interaction between monomer 

and template.  In addition, it can be concluded that the stabilization of the complex is 

slightly affected for high polarity solvents, which can also be attributed to the 

competition of the solvent with monomer and the template when performing 

intermolecular interactions. 

Fig. 4 Graph of interaction energy variation (ΔE) of the template-monomer 

complex IA-MDMA at a 3:1 molar ratio vs. dielectric constant values of the solvents 
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chloroform, acetone, methanol, acetonitrile, dimethylsulfoxide (DMSO) and water 

- Cross-linking selection  

The interaction energy values obtained from the optimization calculations for the 

cross-linking/template complexes are found in Table 4. As can be seen in Table 5, the 

interaction energy values do not differ significantly, and the lowest values were 

obtained for the cross-linking agent TRIM, with a value of -169.88 kcal.mol-1, followed 

by the EGDMA molecule, with an interaction energy value of -179.59 kcal.mol-1. The 

NNMB molecule is the least indicated because it has the highest interaction energy 

value. This can be explained by the fact that this molecule has Hydrogen bond donor 

sites and consequently interacts more strongly with the template. The TRIM and 

EGDMA molecules do not have these binding sites, which is advantageous, considering 

that the interactions between the cross-linking and the template should be as low as 

possible, so that cross-linking does not disrupt the template-monomer interactions. In 

this way, the most appropriate cross-linking molecule, considering the template 

chemical characteristics and the theoretical calculation results, would be the TRIM and 

then the EGDMA molecule. 

 Table 5 Interaction energy variation values (ΔE) in kcal.mol-1 for cross-linking 

agent simulations with template mdma. Ethylene glycol dimethacrylate (EGDMA), 

N,N-methylene bisacrylamide (NNMB) and trimethylolpropane trimethacrylate (TRIM) 

Cross-linking agent 
ΔE 

(kcal.mol-1) 

EGDMA -179.59 

NNMB -181.51 

TRIM -169.88 

 

-Recognition tests 

A theoretical prediction of the selectivity in synthetic receptors can also be made 

by means of theoretical techniques. The molecules tested have different degrees of 

similarity with the MDMA molecule, and by interaction energy results (Table 6) it is 

possible to observe that for very similar molecules the MIP was not so selective. This 

occurs because both the size and interaction sites are very similar. Furthermore, Figure 

5 presents that there was a considerable variation in the interaction energy value for the 

most different molecules in the size and interaction points. So, the molecules MDA, 

MDEA and MDMC, which are very structurally similar, have close interaction energy 



113 

 

 

 

values, while the MEM, DMT and ALEPH molecules show higher interaction energy 

values compared to MDMA, which means that the MIP will possibly have selectivity in 

relation to these molecules. For AP, MD, MC, 2CB and 2CD molecules, intermediary 

interaction energy values were obtained. Despite the similar results for most similar 

molecules, the media in which the test will be performed can influence this value. It is 

also important to consider that the structural similarity can hide some differences in 

chemical properties, such as hydrophobicity [61]. Thus, if a more suitable solvent is 

chosen for MDMA, it is possible to increase the selectivity for the desired molecule, 

since the polarity of these compounds is different, despite the similarity in size and sites 

of interaction with the monomers.  

Independent of the application of the MIP, some selectivity is expected for target 

compounds against other compounds and the selectivity needs to be tested in real life 

applications. There are many methods for selectivity verifications, and the desired 

selectivity will depend on the application [61] and flexibility [62, 63]. However, the 

theoretical values can give us a good prediction of the selectivity of the studied material.  

Table 6 Interaction energy (ΔE) and relative interaction energy values (ΔErel) 

(kcal.mol-1 for templates in the selectivity test 

Template ΔE (kcal.mol-1) ΔErel(kcal.mol-1) 

AP -113.64 15.29 

MA -114.13 14.80 

MC -119.34 9.59 

MDA -128.80 0.12 

MDEA -127.98 0.95 

MDMC -124.41 4.51 

MDMA -128.93 0.00 

ALEPH -108.84 20.08 

2CB -117.41 11.52 

2CD -118.54 10.39 

DMT -104.97 23.96 

MEM -105.48 23.45 
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Fig. 5 Variation of interaction energy for some templates: IA complex in relation 

to MDMA:IA complex  

Conclusions  

By means of computational resources, much information relevant to the 

preparation of molecularly printed polymers (MIP) can be obtained, thus saving 

financial resources and time during many steps of the process. In the rational design of a 

MIP for the detection of MDMA, it can be concluded that the best monomer to be 

employed in the MIP preparation is itaconic acid (IA), using the solvent acetone in the 

preparation of the complex pre-polymerization and synthesis of the polymer. In 

addition, the most suitable crosslinking agents are trimethylolpropane trimethacrylate 

(TRIM) and ethylene glycol dimethacrylate (EGDMA). In relation to the selectivity, it 

is possible to infer that the MIP constructed under the conditions explained above 

possesses a relative selectivity in relation to the molecules amphetamine (AP), 

mescaline (MC), methamphetamine (MA), 2-(1H-Indol-3-yl)-N,N-dimethylethan-1-

amine (DMT), 2,5-dimethoxy-4-methylphenethylamine (2C-D), 2,5-dimethoxy-4-
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methylthioamphetamine (ALEPH), 4-Bromo- 2,5 dimethoxyphenethylamine (2C-B) 

and 2,5-Dimethoxy-4-ethoxyamphetamine (MEM). 

In comparison with other recognition tests, MIPs have many attractive features, 

as easy preparation, high physical stability, excellent robustness as well as low cost. 

Due to all of these advantages, this material has gained a lot of attention in several 

fields, mainly in chromatographic separation [16, 64–66], solid phase extraction (SPE) 

[67, 68], and sensing technologies [69–76]. In order to optimize the imprinting 

conditions, various approaches have been studied, and, from this study, the 

computational approach indicates to be an efficient optimization strategy.  As can be 

seen, the theoretical measurement could drastically increase the speed of possible 

subtracts selection for their “optimal” laboratory preparation. Consequently, the time of 

the traditional try-and-error approach, as well as the amount of necessary chemicals and 

solvents can be considerably reduced. This is a great advantage not only for save time 

and money, but also for a lower environmental impact, obtaining  the best material, with 

great robustness and selectivity.  

Thus, a clear practical utility lies in the ability to predict the performance of unique 

substrate classes, thereby directing future synthetic efforts for MIPs.  
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2. ANIMAL HEALTH MONITORING 

2.1. Patent: SENSOR SUBCUTÂNEO BASEADO EM POLÍMERO 

MAGNÉTICO MOLECULARMENTE IMPRESSO DE 

FERROXITA/POLIMETILMETACRILATO PARA DETECÇÃO E 

MONITORAMENTO DE NÍVEIS DE CONCENTRAÇÃO DE 

HORMÔNIOS REPRODUTIVOS NA CIRCULAÇÃO SANGUÍNEA DE 

FÊMEAS MAMÍFERAS 

 

Patente depositada junto ao INPI. Número do processo: BR 10 2020 024389  

Data: 30/11/2020 

 

RESUMO 

 

A presente invenção se trata de um sensor desenvolvido para detecção de 

progesterona e 17-β Estradiol em amostras biológicas, in vivo e in vitro. É constituído 

de um polímero molecularmente impresso de Polimetilmetacrilato (PMMA), 

magnetizado com nanopartículas de ferroxita (δ-FeOOH), como parte reconhecedora. 

Este material é parte constituinte de um sensor eletroquímico, e funciona como material 

reconhecedor do mesmo. Pode ser utilizado na indústria como sensor, podendo ser 

implantado em animais, para acompanhamento dos níveis hormonais, entre outras 

aplicações, como por exemplo para análise de amostras biológicas líquidas in vitro. 

Além da sua seletividade, estabilidade, baixo custo, fácil preparação e manuseio; o 

material possui propriedades magnéticas, o que facilita o controle de suas propriedades 

por meio externo, viabilizando assim sua implantação em animais, ou mesmo sua 

utilização em amostras biológicas líquidas. 
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RELATÓRIO DESCRITIVO 

 

1.2 - Apresentação do invento ou campo de aplicação  

 

Esta invenção pertence ao campo de materiais utilizados em sensores para 

detecção de compostos pelo uso de meios elétricos, eletroquímicos ou magnéticos; 

especificamente a campo dos materiais utilizados em dispositivos para análise de 

progesterona e 17-β Estradiol em materiais biológicos in vivo e em amostras líquidas. 

Também pode ser parte constituinte de sistemas em que o material é submetido a uma 

reação química, sendo o andamento ou o resultado da mesma investigado. 

As principais funcionalidades desta invenção são: 

1 - Monitoramento de concentração de progesterona e 17-β Estradiol no sangue 

de fêmeas mamíferas (em específico de fêmeas bovinas); 

2 - Detectar, com alta precisão, o momento de ocorrência do pico de 

concentração de progesterona e 17-β Estradiol no sangue (início do cio do animal); 

3 - Determinar, em quais animais foi verificada a ocorrência do pico de 

concentração de progesterona e 17-β Estradiol; 

4 - Determinar, em quais animais ‘não’ foi verificada a ocorrência do pico de 

concentração de progesterona e 17-β Estradiol; 

 

1.3 - Estado da técnica  

 

Os sensores químicos são dispositivos empregados em diversos tipos de análises, 

e permitem o acompanhamento em tempo real e obtenção de informações in situ, uma 

vez que necessitam de manipulação mínima do sistema estudado. Além disso, possuem 

diversas vantagens, como portabilidade, facilidade de automação, baixo custo e 

possibilidade de miniaturização.  

Um sensor químico é composto basicamente por um material reconhecedor, um 

transdutor e um detector, que interpretará o sinal. Para reconhecimento do analito de 

maneira seletiva são utilizados materiais que reagem especificamente com o analito, que 

são geralmente dispostos em uma membrana. Esta membrana é posicionada na 

extremidade do dispositivo, e deve ser fixada por um processo químico que viabilize a 
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transdução do sinal para o detector. Este sinal recebido é maximizado para minimizar os 

efeitos do ambiente no erro de detecção. Também devem ser consideradas aspectos 

referentes à robustez, sensibilidade e a estabilidade do sensor químico. 

A classificação dos sensores é feita baseando-se tanto na constituição do 

material reconhecedor, quanto no sinal de transdução gerado. Biossensores empregam 

moléculas biológicas como bioreceptores, podendo ser biossensores enzimáticos ou 

imunobiossensores. Há também os sensores eletroquímicos, constituídos de um eletrodo 

que transforma o sinal gerado pela interação do analito com o material de 

reconhecimento em sinal eletrônico. Além destes, há também os sensores celulares, 

ópticos, acústicos e calorimétricos.  

Uma das diversas justificativas para o desenvolvimento de novos sensores 

químicos é a necessidade de monitoramento in vivo de moléculas de importância 

biológica. Assim sendo, a nova geração de tecnologias de sensoriamento está 

intimamente ligada tanto ao desenvolvimento de novos materiais sintéticos om 

funcionalidades diversificadas, quanto expansão de novos recursos de hardware e 

software. O desenvolvimento e ampliamento destas tecnologias juntas, garantem então a 

ampla implementação, além da diminuição dos custos do produto final. 

Atualmente, os sensores químicos são empregados em diversos campos, como o 

de análises químicas, segurança de alimentos, diagnóstico clínico, monitoramento 

ambiental, entre outros (Yang, B.; Li, J.; Deng, H.; Zhang, L.. Crit. Rev. Anal. Chem. 

2016, 46, 469–481).  Outro campo que vem sendo comtemplado com o uso de 

tecnologias de sensoriamento é o campo da pecuária, não apenas no manejo de animais, 

mas também em fornecimento de produtos de alta e consistente qualidade (Jorquera-

Chavez, M. et al. Meat Science 156 (2019) 11–22). 

 

1.3.1 - Problemas do estado da técnica 

 

A maioria dos sensores já desenvolvidos possuem alto custo de produção, o 

processo de obtenção é muitas vezes complexo, apresentam baixa seletividade e são 

pouco estáveis, principalmente os biossensores enzimáticos e imunobiossensores. Além 

disso, a regeneração da superfície do sensor pode ser trabalhosa, o que inviabiliza sua 

reutilização. Afora todas estas desvantagens, os materiais inorgânicos desenvolvidos 

como sensores para utilização in vivo podem apresentar complicações relacionadas à 
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biocompatibilidade. Dessa forma, um material barato, de simples obtenção, estável, de 

fácil manuseio e biocompatível é de grande interesse da indústria. Porém, é importante 

ter em mente que o desenvolvimento de um material que atenda a todas essas exigências 

não é um processo fácil, por isso, materiais que venham a atender essa demanda são 

muito valorizados pelo mercado. 

   

 

1.3.2 - Vantagens da invenção 

 

Um material que atende a todos estes critérios é o polimetilmetacrilato (PMMA), 

importante membro da família dos poli (acrílico éster), obtido através da polimerização 

do metacrilato (Figura 1). Já é empregado em reposição de vidro, lentes intraoculares, 

próteses dentárias, entre outras. Este polímero é um material rígido de alta resistência à 

tração, compressão e flexão, elevado grau de transparência óptica e excelente 

estabilidade dimensional. Além disso, é resistente à hidrólise tanto em meio ácido 

quanto básico, o que favorece ainda mais seu uso para monitoramento in vivo.   

 A polimerização por impressão molecular é uma técnica de polimerização que 

tem sido empregada para sintetizar polímeros com cavidades de tamanhos específicos. 

Uma vantagem interessante de um sensor de PIMs é seu tempo de vida, uma vez que o 

polímero é de natureza robusta e essa propriedade confere facilidade na reutilização e 

regeneração da superfície do sensor. Os polímeros molecularmente impressos (PIMs) 

têm se destacado em relação à sua alta seletividade, uma vez que são polimerizados na 

presença do analito, este que é retirado após a polimerização. Dessa forma, as cavidades 

formadas possuem tamanho e forma específica, o que torna a adsorção seletiva para 

moléculas estruturalmente similares ao analito. Além da alta especificidade que é de 

interesse industrial, os polímeros 3D são mais viáveis do que as superfícies 2D de 

eletrodos modificados, uma vez que o processo de modificação na superfície de 

eletrodos gera uma instabilidade e piora a reprodutibilidade do material. 

Adicionalmente, materiais como o grafeno não são seletivos, o que faz com que a 

detecção tenha muitos interferentes.  

Além de todas estas vantagens da utilização de impressão molecular utilizando 

PMMA, a presente invenção também conta com a possibilidade de controle do sensor 

por meio de campos externos, uma vez que nanopartículas de δ-FeOOH são empregadas 
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no processo de polimerização, conferindo propriedades magnéticas ao material. Essa 

possibilidade de controle por meio externo constitui uma propriedade importante no 

desenvolvimento de novas tecnologias na área biomedicinal.  

O sensor desenvolvido na presente invenção é altamente específico para 

detecção dos níveis de progesterona e 17-β Estradiol, que são hormônios sexuais de 

concentrações detectáveis, presente nas fêmeas. Esse monitoramento é de suma 

importância, uma vez que torna a detecção do período fértil mais rápida e precisa. O 

termo "sensor " usado aqui se refere a um componente que compreende um ou mais 

meios reativos, estes que estão adaptados para detectar uma ou mais substâncias alvo 

(também chamadas de analitos), tais como microrganismos ou (bio) moléculas e além 

disso, ter a capacidade de fornecer um sinal da referida detecção para o usuário, 

cuidador ou um técnico.  

 

1.4 - Objeto da invenção  

 

A presente invenção enquadra-se no campo da pecuária de corte e de leite e 

refere-se à um polímero de PMMA, magnético, parte reconhecedora de um sistema 

eletrônico utilizado como sensor de progesterona e 17-β Estradiol, cujo propósito final 

consiste na promoção do incremento das taxas de concepção em métodos de 

Inseminação Artificial (IA) a partir do desenvolvimento de um método de alta precisão 

de detecção de pico destes hormônios no sangue de vacas. 

 

1.5 - Descrição da invenção  

 

De forma resumida, a elaboração da invenção ocorre em três partes:  

(1) Desenvolvimento de um polímero molecularmente impresso de PMMA 

magnetizado com nanopartículas de ferroxita (δ-FeOOH), altamente seletivo para 

detecção de progesterona in vivo e em amostras biológicas líquidas. 

(2) Acoplamento desse material a um eletrodo amperométrico de trabalho para 

transdução do sinal da molécula adsorvida no PIM.  

(3) Vinculação deste aparato a um equipamento que envie o sinal elétrico a um 

detector a ser implantado no animal, este que enviará o sinal via wi-fi a uma coleira para 

o monitoramento em tempo real dos níveis hormonais do animal.   
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A construção do material consiste da polimerização na presença da 

progesterona/17-β Estradiol e de nanopartículas de ferroxita (δ-FeOOH), utilizando o 

monômero PMMA (polimetilmetaacrilato) (Figura 1), formando assim um polímero 

magnético. As propriedades magnéticas do material facilitam sua localização, o que 

pode ser vantajoso no caso da implantação deste minissistema em animais, para 

monitoramento em tempo real dos níveis hormonais. Além da propriedade magnética, o 

monômero empregado na produção do material possui biocompatibilidade, sendo usado 

inclusive como material de próteses. Por ser um polímero, é um material mais inerte, o 

que diminui sua interação com o organismo, sendo preferencial à alguns materiais 

inorgânicos utilizados em sensores hormonais, como é o caso do grafeno, que aumenta a 

produção de radicais livres no organismo. Adicionalmente, os polímeros são compostos 

estáveis, de fácil manuseio e baratos, tendo vantagem em relação aos biossensores 

enzimáticos, já que as enzimas são sensíveis à variação de pH e temperatura, entre 

outros fatores. 

Para inserir nanopartículas magnéticas, estes componentes são pré-tratados com 

xileno, ácido oleico ou CDS (clorometil-feniletil-dimetilclorosilano), estes que fazem a 

modificação da superfície para aderência dos monômeros. Em seguida, estes aditivos 

modificados são dispersos sobre os monômeros de PMMA (3-(trimetóxi-silil)propil 

metacrilato ou TMSM). Como as nanopartículas de ferroxita (δ-FeOOH) possuem sítios 

de hidroxila, este pré tratamento não se faz necessário, o que confere outra vantagem ao 

material (Figura 2). 

Após essa etapa, adiciona-se a solução contendo o analito alvo, que nesse caso é 

a progesterona /17-β estradiol. A mistura das soluções é feita para que a polimerização 

ocorra com a presença da molécula no meio, formando assim cavidades no local onde 

estas moléculas se encontrarem (cavidade para posterior adsorção e identificação do 

analito). Essa solução é denominada pré polimerização. Após a polimerização, as 

moléculas do hormônio são retiradas por meio de lavagens sucessivas, utilizando 

solução de etanol:ácido acético, liberando assim as cavidades com formatos específicos 

(Figura 3). Devido ao formato específico das cavidades, ocorre a adsorção de 

progesterona, ou moléculas com alta similaridade estrutural, o que garante a alta 

seletividade do sensor. 

Por fim, para testar o material, foram realizadas análises eletroquímicas 

utilizando a técnica de Voltametria de Pulso Diferencial, empregando eletrodo de pasta 
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de carbono, contendo 5mg do PIM magnético (Figuras 5-10). Foram realizadas análises 

nas mesmas condições, utilizando o eletrodo de pasta de carbono (EPC)  sem o material. 

A resposta do EPC foi  na faixa de potencial de 0.3V, e não houve resposta na faixa 

onde o analito responde quando o eletrodo modoficado com o PIM foi utilizado, que é 

em torno de 0- 0.1 V. Essa é uma vantagem, já que na faixa de 0.3V, a chance de 

resposta de contaminantes é maior. A diminuição da faixa de potencial é uma 

característica vantajoas em relação à seletividadade do material.  

 

 

 

1.6 - Descrição das Figuras/Desenhos/Gráficos  

 

A Figura 1 apresenta a estrutura monomérica (metilmetacrilato) que dá origem 

ao polímero utilizado nesta invenção. A Figura 2 apresenta um esquema de 

funcionalização das nanopartículas magnéticas para acoplamento dos monômeros. Na 

Figura 3, tem-se uma representação do processo geral de polimerização por impressão 

molecular. Inicialmente os monômeros são misturados ao analito, para formação de um 

complexo pré-polimerização. Esse complexo é então submetido ao processo de 

polimerização, na presença do analito. Após a polimerização, o polímero resultante é 

lavado para retirada das moléculas do analito, que serviram de molde para a formação 

de cavidades específicas no polímero. Essas cavidades serão depois utilizadas para 

detecção seletiva da molécula molde.   

 A Figura 4 representa um protótipo hipotético do sensor, constituído de uma 

parte eletrônica e pelo material reconhecedor, cuja tecnologia está descrita na presente 

invenção. As figuras 5-10 apresentam os resultados obtidos por meio de análises 

eletroquímicas, para detecção dos analitos.  

Na Figura 5 encontram-se os resultados para a análise do material na detecção de 

Estradiol, em concentrações variando de 10 a 50 µM. Na figura 6, essas curvas foram 

corrigidas para a mesma linha base, e como pode ser melhor observado, houve um 

aumento da curvatura com a adição do analito. A Figura de número 7 e 8 comparam a 

detecção de estradiol e progesterona com o sinal obtido para a solução na ausência dos 

analitos (branco), sendo a última (8) com correção de linha base.  
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Na Figura 9, podem ser observadas as curvas para análise com o eletrodo de 

pasta de carbono sem o PIM. Como pode ser observado, não houve resposta na faixa 

onde o analito responde quando o eletrodo modoficado com o PIM foi utilizado, que é 

em torno de 0.1 Na figura 10 é possível ver a comparação do eletrodo sem modificação 

com o eletrodo modificado com o PIM. Como já mencionado, o eletrodo com o PIM 

mostra um sinal na faixa de 0-0.1, diferente do eletrodo de carbono. Isso pode ser 

vantajoso também para a seletividade, já que muitos compostos respondem em faixas de 

potencial maiores, em torno de 0.3.  

 

 

 

Figura 1: Monômero de polimetilmetaacrilato (PMMA 

 

 

Figura 2: Esquema de magnetização dos monômeros  
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Figura 3: Preparação do PIM de PMMA com nanopartículas de δ-FeOOH em presença 

de progesterona. 

Figura 4: Protótipo do sensor montado 

 

 

Figura 5: Voltamograma PIM com adições de β-Estradiol 
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Figura 6: Voltamograma PIM com adições de β-Estradiol, com correção da linha base.  

 

Figura 7: Voltamograma comparando as curvas para a mesma concentração de β-

Estradiol e progesterona. 

 

Figura8: Voltamograma comparando as curvas para a mesma concentração de β-

Estradiol e progesterona, com correção da linha de base. 
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Figura 9: Voltamograma eletrodo de pasta de carbono com β-Estradiol. 

 

 

 

Figura 10: Voltamograma eletrodo de pasta de carbono com β-Estradiol comparado 

com o eletrodo com PIM. 
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REIVINDICAÇÕES  

 

 

1- SENSOR SUBCUTÂNEO BASEADO EM POLÍMERO MAGNÉTICO 

MOLECULARMENTE IMPRESSO DE 

FERROXITA/POLIMETILMETACRILATO PARA DETECÇÃO E 

MONITORAMENTO DE NÍVEIS DE CONCENTRAÇÃO DE HORMÔNIOS 

REPRODUTIVOS NA CIRCULAÇÃO SANGUÍNEA DE FÊMEAS 

MAMÍFERAS caracterizado por ser parte constituinte de um sistema de 

detecção de hormônios a ser fixado em um aparato que faz a transdução do sinal.  

 

2- SENSOR SUBCUTÂNEO BASEADO EM POLÍMERO MAGNÉTICO 

MOLECULARMENTE IMPRESSO DE 

FERROXITA/POLIMETILMETACRILATO PARA DETECÇÃO E 

MONITORAMENTO DE NÍVEIS DE CONCENTRAÇÃO DE HORMÔNIOS 

REPRODUTIVOS NA CIRCULAÇÃO SANGUÍNEA DE FÊMEAS 

MAMÍFERAS caracterizado por utilizar o PIM magnetizado como parte 

constituinte de sistemas em que o material é submetido a uma reação química, 

para investigação da variação de concentração dos reagentes, do andamento ou 

do resultado do processo.  
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3- SENSOR SUBCUTÂNEO BASEADO EM POLÍMERO MAGNÉTICO 

MOLECULARMENTE IMPRESSO DE 

FERROXITA/POLIMETILMETACRILATO PARA DETECÇÃO E 

MONITORAMENTO DE NÍVEIS DE CONCENTRAÇÃO DE HORMÔNIOS 

REPRODUTIVOS NA CIRCULAÇÃO SANGUÍNEA DE FÊMEAS 

MAMÍFERAS caracterizado por empregar os monômeros de PMMA como 

material base para construir sensor de polímero impresso molecularmente para 

detecção de progesterona. 

 

4- SENSOR SUBCUTÂNEO BASEADO EM POLÍMERO MAGNÉTICO 

MOLECULARMENTE IMPRESSO DE 

FERROXITA/POLIMETILMETACRILATO PARA DETECÇÃO E 

MONITORAMENTO DE NÍVEIS DE CONCENTRAÇÃO DE HORMÔNIOS 

REPRODUTIVOS NA CIRCULAÇÃO SANGUÍNEA DE FÊMEAS 

MAMÍFERAS caracterizado por empregar os monômeros de PMMA como 

material base para construir sensor de polímero impresso molecularmente para 

detecção de 17-β Estradiol. 

 

5- SENSOR SUBCUTÂNEO BASEADO EM POLÍMERO MAGNÉTICO 

MOLECULARMENTE IMPRESSO DE 

FERROXITA/POLIMETILMETACRILATO PARA DETECÇÃO E 

MONITORAMENTO DE NÍVEIS DE CONCENTRAÇÃO DE HORMÔNIOS 

REPRODUTIVOS NA CIRCULAÇÃO SANGUÍNEA DE FÊMEAS 

MAMÍFERAS caracterizado por empregar os monômeros de PMMA como 

material base para construir sensor magnético de polímero impresso 

molecularmente para detecção de hormônios. 

 

6- SENSOR SUBCUTÂNEO BASEADO EM POLÍMERO MAGNÉTICO 

MOLECULARMENTE IMPRESSO DE 

FERROXITA/POLIMETILMETACRILATO PARA DETECÇÃO E 

MONITORAMENTO DE NÍVEIS DE CONCENTRAÇÃO DE HORMÔNIOS 
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REPRODUTIVOS NA CIRCULAÇÃO SANGUÍNEA DE FÊMEAS 

MAMÍFERAS caracterizado por utilizar a ferroxita (δ-FeOOH) como material 

magnético na preparação do polímero molecularmente impresso. 

 

7- SENSOR SUBCUTÂNEO BASEADO EM POLÍMERO MAGNÉTICO 

MOLECULARMENTE IMPRESSO DE 

FERROXITA/POLIMETILMETACRILATO PARA DETECÇÃO E 

MONITORAMENTO DE NÍVEIS DE CONCENTRAÇÃO DE HORMÔNIOS 

REPRODUTIVOS NA CIRCULAÇÃO SANGUÍNEA DE FÊMEAS 

MAMÍFERAS caracterizado por construir um PIM utilizando ferroxita e 

PMMA para detecção de progesterona e 17-β Estradiol.  

 

8- SENSOR SUBCUTÂNEO BASEADO EM POLÍMERO MAGNÉTICO 

MOLECULARMENTE IMPRESSO DE 

FERROXITA/POLIMETILMETACRILATO PARA DETECÇÃO E 

MONITORAMENTO DE NÍVEIS DE CONCENTRAÇÃO DE HORMÔNIOS 

REPRODUTIVOS NA CIRCULAÇÃO SANGUÍNEA DE FÊMEAS 

MAMÍFERAS caracterizado por ser seletivo para detecção de progesterona, 

sendo preparado utilizando esta molécula específica.  

 

9- SENSOR SUBCUTÂNEO BASEADO EM POLÍMERO MAGNÉTICO 

MOLECULARMENTE IMPRESSO DE 

FERROXITA/POLIMETILMETACRILATO PARA DETECÇÃO E 

MONITORAMENTO DE NÍVEIS DE CONCENTRAÇÃO DE HORMÔNIOS 

REPRODUTIVOS NA CIRCULAÇÃO SANGUÍNEA DE FÊMEAS 

MAMÍFERAS caracterizado por ser seletivo para detecção de 17-β Estradiol, 

sendo preparado utilizando esta molécula específica.  

 

 

10- SENSOR SUBCUTÂNEO BASEADO EM POLÍMERO MAGNÉTICO 

MOLECULARMENTE IMPRESSO DE 

FERROXITA/POLIMETILMETACRILATO PARA DETECÇÃO E 

MONITORAMENTO DE NÍVEIS DE CONCENTRAÇÃO DE HORMÔNIOS 

REPRODUTIVOS NA CIRCULAÇÃO SANGUÍNEA DE FÊMEAS 
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MAMÍFERAS caracterizado por ser um polímero biocompatível para 

implantação em animais, para monitoramento dos níveis hormonais.  

 

11- SENSOR SUBCUTÂNEO BASEADO EM POLÍMERO MAGNÉTICO 

MOLECULARMENTE IMPRESSO DE 

FERROXITA/POLIMETILMETACRILATO PARA DETECÇÃO E 

MONITORAMENTO DE NÍVEIS DE CONCENTRAÇÃO DE HORMÔNIOS 

REPRODUTIVOS NA CIRCULAÇÃO SANGUÍNEA DE FÊMEAS 

MAMÍFERAS caracterizado por medir os níveis hormonais em fêmeas 

mamíferas.  

 

12- SENSOR SUBCUTÂNEO BASEADO EM POLÍMERO MAGNÉTICO 

MOLECULARMENTE IMPRESSO DE 

FERROXITA/POLIMETILMETACRILATO PARA DETECÇÃO E 

MONITORAMENTO DE NÍVEIS DE CONCENTRAÇÃO DE HORMÔNIOS 

REPRODUTIVOS NA CIRCULAÇÃO SANGUÍNEA DE FÊMEAS 

MAMÍFERAS caracterizado por medir os níveis hormonais em fêmeas 

bovinas.  

 

13- SENSOR SUBCUTÂNEO BASEADO EM POLÍMERO MAGNÉTICO 

MOLECULARMENTE IMPRESSO DE 

FERROXITA/POLIMETILMETACRILATO PARA DETECÇÃO E 

MONITORAMENTO DE NÍVEIS DE CONCENTRAÇÃO DE HORMÔNIOS 

REPRODUTIVOS NA CIRCULAÇÃO SANGUÍNEA DE FÊMEAS 

MAMÍFERAS caracterizado por otimizar as taxas de concepção em métodos 

de Inseminação Artificial (IA) por meio do acompanhamento hormonal 

utilizando sensor eletroquímico.  

 

 

3. MEDICAL DIAGNOSIS 

3.1.  Probing thermal and solvent effects on the interaction between ciprofloxacin 

and human topoisomerase-II β enzyme: toward new NMR probes 
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Article submitted to Journal of Molecular Graphics and Modelling. 

 

Abstract: 

New tools for cancer diagnosis are being studied day by day, since early 

diagnosis can be crucial for a successful treatment. In this context, the use of 

NMR probes constitutes an efficient way of diagnosis. In this work, we 

investigated the use of ciprofloxacin to indirectly label the overexpression of 

topoisomerase-II enzymes by means of changes in 19F NMR chemical shifts of 

ciprofloxacin. Using DFT calculations, a spectroscopy analysis of ciprofloxacin 

was performed in different chemical environments, evaluating the solvent and 

enzymatic effects. Our results point out that the ciprofloxacin forms a stable 

complex with the enzyme, and the main intermolecular interactions between 

ciprofloxacin and human topoisomerase-IIβ are hydrogen bonds, π-π stacking 

and electrostatic interactions. Also, a shift of 6.04 ppm occurs in the 19F NMR 

signal when ciprofloxacin is interacting with the human topoisomerase-IIβ 

enzyme, and that this parameter may be a possible indirect marker to indicate the 

overexpression of this enzyme in the body. 

 

Keywords: Spectroscopic probe, computational methods, drug repositioning, 

cancer diagnosis. 

 

1. Introduction 

Fluoroquinolones, introduced more than 20 years ago, are a derivative 

class of quinolones, known for their antibacterial activity [1]. One representative 

of this class of molecules is the commercialized antibacterial agent ciprofloxacin 

(CPX) [2–4]. These compounds exert antibacterial activity due to inhibition of 

two bacterial enzymes, which are DNA gyrase and topoisomerase II enzymes 

[5,6]. The later enzymes are under continuous investigation for the development 

of new anticancer drugs, once some evidences indicate increased levels of 

topoisomerase II in proliferating cancer cells [7–9]. Currently, cancer is one of 

the deadliest diseases in the world [10–13], and one factor that contributes for 

many deaths is the difficulty in diagnosing [14–16].  

One of the challenges of image diagnosis is to develop a system capable 

of locating species in different environments to detect outbreaks of cancer in the 

surgical margins for clinical use with high resolution [14]. In this line, many 

spectroscopic techniques have been used for detecting tumor cells, as it is the 

case of Nuclear Magnetic Resonance (NMR) [15,17,18].  Molecules that interact 

with key enzymes can act as spectroscopic probes [19], and these molecules are 
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of great interest, once they are highly sensitive and easy to operate, enabling 

imaging in live systems in a fast way [20].  

In CPX molecule, the presence of fluorine atom allows the application of 

19F NMR spectroscopy techniques.  The large chemical shift range, together with 

the high sensitivity of the 19F NMR spectroscopy makes 19F NMR an extremely 

attractive proposition [21]. Naturally occurring fluorine compounds are scarce, 

and because of this, 19F NMR spectroscopy offers an attractive option for 

investigating the interactions between proteins and other biomolecules, as well 

as structure and mechanisms of action of fluorinated inhibitors [22]. In addition 

to the already mentioned advantages of 19F NMR, it is also worth noting that this 

technique is particularly useful for studying large proteins that cannot be easily 

probed by conventional NMR experiments [23]. 

Computational methods have been widely employed to predict 

spectroscopic properties of various compounds for various purposes [24–26]. In 

fact, theoretical methods offer a fast, efficient and practical way to investigate 

changes in the NMR properties of different compounds, which can be caused by 

several factors, such as changes in the chemical environment or structure of the 

molecule, caused by interactions with biological macromolecules [15,27]. In this 

context, the aim of this study is to investigate theoretically, the behavior of CPX 

in the human topoisomerase-II β (hTOPO-II) active site, evaluating how this 

interaction affects the 19F NMR chemical shift of CPX to propose the use of 

CPX as a spectroscopic NMR probe for cancer diagnosis.   

 

 

2. Methodology 

2.1. Molecular dynamics simulations 

The first MD simulation was performed with CPX in active site of 

hTopo-II enzyme. Therefore, the crystallographic structure of hTOPO-II in 

complex with DNA (PDB-ID 5ZAD) was obtained from Protein Data Bank [28] 

while CPX topology and charge data were taken from the Automated Topology 

Builder (ATB) Repository [29]. The simulation was performed employing 

GROMACS® Package [30] using Gromos 54a7 force field [31]. The system 

CPX:hTOPO-IIβ was solvated inside a cubic box with SPC water model. The 

algorithm steepest descent was employed for minimization step, stopping 
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minimization when the maximum force was under 10.0 kJ/mol. A heading step 

of 1 ps was performed in NVT ensemble and for equilibrium simulation in NPT 

ensemble, the temperature and pressure were respectively controlled by the v-

rescale thermostat (300 K) and Berendsen barostat (1 bar). The last simulation 

step was the performance of 10 ns of MD simulation, using barostat and 

thermostat Parrinello-Rahman and v-rescale, respectivelly. Coordinates, 

velocities and energies were saved at 10.0 ps of simulation, obtaining 1000 

frames at the end of simulation. For both steps, the leap-frog integrator was 

adopted.  

Finally, to select the best conformations, the optimal wavelet signal 

compression algorithm (OWSCA) [32] was used. This algorithm is based on a 

wavelet compression strategy, in which an optimization algorithm is applied to 

compress the maximum number of wavelet coefficients, instead of using 

heuristically chosen parameters. A second MD simulation of free CPX in a water 

box (CPX:explicit water system) was also performed under the same conditions 

as mentioned above for comparison of 19FNMR chemical shifts. 

 

2.2. 19F NMR chemical shift (δ) calculations 

All 19F NMR shielding constant calculations of this step were performed 

using GAUSIAN 09 software package [33] at DFT level with the B3LYP 

functional and Duning basis set [34] with diffuse function [35,36] aug-cc-pVDZ, 

by applying gauge-including atomic orbital (GIAO) method [37]. These levels of 

theory selected were based on previous parametrization studies performed about 

NMR calculations [38] for the CPX molecule [25]. QM calculations were made 

for CPX in the selected snapshots of two MD systems using the ONIOM model 

[39]. In CPX:explicit water system, the first solvation shell was maintained, and 

the obtained values were compared with the results obtained for the 

CPX:hTOPO-II system. Additionally, 19F NMR shielding constants were 

calculated also for CPX in vacuum (CPX:vacuum), and using the IEF-PCM  

solvation model [40], employing water as solvent (CPX: implicit water). For 

both systems, the initial structures were generated from a conformational 

analysis in Spartan 14® software using molecular mechanics. After this step, ten 

lowest energy conformations obtained were directed to geometry optimization 

calculations in Gaussian software at B3LYP/aug-cc-pVDZ level of theory. After 
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that, NMR calculations were performed in the same way as for the previous 

systems. 

The theoretical 19F NMR chemical shifts were calculated in ppm 

according to Equation (1) [38]. The chemical shifts were reported relative to the 

external chemical shit reference CF3COOH. Theoretical results obtained were 

compared with experimental data, where measurements were carried out using 

the same reference compound [41,42]. 

 

𝛿𝑡𝑒𝑜𝑟 = 𝜎𝑟𝑒𝑓
𝑐𝑎𝑙 − 𝜎𝐶𝑃𝑋

𝑐𝑎𝑙                                             (1) 

 

Where 𝜎𝑟𝑒𝑓
𝑐𝑎𝑙  and 𝜎𝐶𝑃𝑋

𝑐𝑎𝑙  are the isotropic NMR shieldings of the reference 

compound (CF3COOH) and the CPX frame, respectively. To analyze the 

agreement between theoretical values for chemical shifts and the experimental 

19F NMR chemical shifts data, the Δδ calculation was performed using 

equation 2 that follows [38]: 

 

Δ𝛿 =  𝛿𝑒𝑥𝑝 −  𝛿
𝑐𝑎𝑙                                                    (2) 

 

3. Results and Discussion 

3.1. MD simulations   

In order to analyze the influence of the chemical environment on the 

conformational change of CPX, two MD simulations were performed. One 

simulation was done with CPX in the hTOPO-II active site (CPX:hTOPO-II 

system) an the other MD simulation was performed with CPX only in a water 

box (CPX:explicit water). By the analysis of Root Mean Square Deviation 

(RMSD) of CPX in both systems (Figure 1), it is possible to observe that the 

systems reached equilibrium around 2000 ps of simulation, and this simulation 

time was used as a starting time for the selection of representative frames using 

OWSCA algorithm. As can also be seen in Figure 1, there is a slightly higher 

flexibility of CPX in the aqueous system, when compared to molecule in the 

enzyme active site. This makes sense, once that in the active site, the molecule 

has greater conformational restriction because of the presence of surrounding 

amino acids, with which it carries out intermolecular interactions. Additionally, 
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the RMSD levels, mainly for CPX in hTOPO-II active site, are around 0.1 nm 

(1Å), indicating high stability of the structures [43,44].   

 

Figure 1: RMSD variation for ciprofloxacin molecule inside the active site 

(CPX:hTOPO-II) and out of the active site of Topoisomerase-II enzyme (CPX: explicit 

water). 

The total energy variation for CPX in both systems CPX:hTOPO-II and 

CPX:explicit water were got and can be seen in Figure 2. As observed, the 

values remain balanced over the course of the simulation, showing a 

stabilization of both systems. Regarding the ligand-protein interaction energy, in 

the CPX:hTOPO-II system, the total average value got was equal to -94.27 ± 

1.02 kJ.mol-1, which corresponds to the sum of the short-range electrostatic 

(coulombic) interactions, -36.27 ± 0.77 kJ.mol-1, and the short-range Lennard-

Jones interactions, whose average value obtained was equal to -58 ± 0.67 kJ.mol-

1. 
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Figure 2: Total Energy variation for CPX:hTOPO-II and CPX:explicit water 

systems. 

The hydrogen bonds performed between CPX and hTOPO-II were the 

main interactions responsible for the stability of the molecule in the enzyme 

active site, as showed in Table 1, which contains the residues that participated in 

the intermolecular interactions, for the representative conformations selected by 

OWSCA algorithm. Additionally, the number of hydrogen bonds performed 

during the MD simulation for all snapshots can be seen in Figure 3.  By 

analyzing this figure, it can be observed that the CPX shows three hydrogen 

bonds with hTOPO-IIβ, two of which are quite frequent during most of the 

simulation time. 

 

Table 1: Intermolecular interactions performed between human Topoisomerase-

II β enzyme and ciprofloxacin molecule during molecular dynamics simulation. 

Frame Time (ps) Residue Interaction type 

1 2000 Asn 520 HBond 

2 2200 Asn 520 HBond 

3 2300 Leu 507 HBond 

4 2400 Asn 520 HBond 

5 2600 Asn 520; Gln 516 HBond 

6 3000 Asn 520 HBond 

7 3100 Asn 520 HBond 

8 3200 Glu 519; Asn 520; Ala 521 HBond 

9 3700 Asn 520; Ala 521 HBond 

10 3900 Asn 520; Ala 521 HBond 
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11 4200 Asn 520 HBond 

12 4400 Asn 520; Ala 521 HBond 

13 4700 Asn 520; Ala 521 HBond 

14 5100 Asn 520; Ala 521 HBond 

15 5500 Ala 521 HBond 

16 7000 - - 

17 7300 Lys 505 -; HBond. Electrostatic 

18 7500 - - 

19 7700 Arg 503 HBond 

20 7900 Arg 503; Lis 505; Gly 504 - 

21 8000 - - 

22 8250 Lys 505 HBond; - 

23 8800 - - 

24 9000 Ile 506 HBond 

25 9200 Ile 506 HBond 

26 9400 Ile 506 HBond 

27 9500 -  

28 9800 Ile 506 HBond 

29 10000 Ile 506 HBond 

 

Figure 3: Hydrogen bonds performed between CPX and hTOPO-II beta during 

the molecular dynamics simulation. 
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Figure 4-A shows the hydrogen bonds performed for frame 8, at 3200 ps 

of simulation, which is the time when the greatest number of hydrogen 

interactions can occur. The residues that take part in the interaction are the Glu 

519, Asn 520 and Ala 521. It can also be seen in Figure (3-B), the π-π stacking 

interactions performed between CPX and amino acids residues Arg 503; Lis 

505and Gly 504. 

 

Figure 4: Intermolecular interactions performed during molecular dynamics 

simulation. A: Hydrogen bonds performed between CPX and the amino acids Glu 519, 

Asn 520 and Ala 521 at 3200 ps of simulation. B: - stacking interactions between 

CPX and amino acids Arg 503; Lis 505and Glu 504 at 7900 ps of simulation. 

 

In the next step, the chemical shift calculation was performed for the 

representative configurations in both systems. For the CPX:explicit water 

system, the first solvation shell was maintained in order to represent explicit 

solvent molecules in the NMR calculation. For the CPX:hTOPO-II system, 

amino acid residues that are taking part in hydrogen interactions with CPX were 

maintained in order to represent the change in the chemical environment of the 

molecule inside the active site, since these were the main interactions observed 

in the MD simulation. 

 

3.2. Spectroscopic parameters: 19F- chemical shifts (δ) 

Table 2 contains the average of the calculated values for theoretical 19F 

NMR chemical shifts in all tested systems. The first point to highlight is the high 
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similarity between the experimental and the theoretical value obtained for CPX 

in the CPX:explicit water system. The low Δδ value indicates that the method 

and the level of theory selected are very accurate for this type of calculation 

[25]. Second, it is observed that the value obtained in the calculation using the 

implicit solvation model, CPX:implicit water, is very far from the experimental 

value. It is worth mentioning that results for the system CPX:implicit is similar 

to values obtained for  CPX in vacuum. Such results show that explicit solvation 

is more adequate for representing the solvent effect on CPX.  It can also be 

inferred that water molecules explicitly in the theoretical calculation is important 

since it creates the proper hydrogen bonding network of water molecules for 

calculating 19F NMR spectroscopic parameters [45]. 

 

Table 2: Experimental vs. theoretically computed 19F NMR chemical shifts at 

DFT/B3LYP/aug-cc-pVDZ level for CPX molecule. 

 

System 19F δppm Δδppm 

CPX:Aqueous solution (experimental) -43.70 0.00 

CPX:Explicit water  -43.54 -0.16 

CPX:hTOPO-II -49.73 6.03 

CPX:vacum -55.11 11.41 

CPX:Implicit water -56.20 12.50 

 

The fluorine nucleus has a high sensitivity compared to the 13C and 15N 

nuclei, being almost as sensitive as 1H [46]. In this context, although solvent 

effects can be difficult to observe in nuclei, such as 13C and 15N NMR, for the 

19F nucleus, solvent-induced isotopic shifts can offer a very efficient way to 

probe solvent effects [47]. Now, analyzing the effect on the 19F NMR chemical 

shifts caused by the interaction between CPX with hTOPO-II β (Table 2 and 

Figure5), it is observed that there is a variation of 6.03 ppm in relation to 

experimental/theoretical value for CPX in aqueous solution. This variation in the 

19F NMR chemical shift of CPX when it is interacting with the enzyme can 

provide important information regarding the occurrence of the ligand in the free 

form, and in the form complexed with the human topoisomerase-IIβ enzyme. 

The characteristic signal of CPX complexed with the enzyme, thus, constitutes 

an interesting form of indirect labeling of these proteins, helping to identify their 

overproduction in the body. Considering that this overexpression of 
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topoisomerase-II is related to the incidence of cancer [9,48,49]. These results 

point out CPX as a potential candidate for 19F NMR probe, which can be an ally 

in the cancer diagnosis [15,21]. Furthermore, the application of fluorine probes 

is helpful, considering that the natural occurrence of fluorine in biological 

systems is scarce and the signals from 19F NMR spectroscopy will not find any 

overlapping background signals to compete with the fluorine probes, making the 

spectra simpler and easier to analyze [22,23]. 

 

Figure 5: Schematic representation of the 19F NMR chemical shift variation for 

ciprofloxacin when in with complex the human topoisomerase-IIβ enzyme. 

 

 

4. Conclusion 

Our theoretical findings show that there is a possibility of interaction of 

the antibacterial agent ciprofloxacin with the human enzyme topoisomerase-IIβ 

since ciprofloxacin shows, from MD simulations, to form a stable complex with 

this enzyme. Furthermore, the main ligand-protein interactions that occur are 

hydrogen bonds. The results also point out that this interaction can alter the 19F 

NMR chemical shifts signal of ciprofloxacin, when compared to the same 

parameter for the free molecule in water. Thus, this well-known antimicrobial 

agent constitutes a possible fluorine NMR probe, capable of indirectly labeling 

this enzyme in the body.  

Regarding that, this molecule shows low toxicity, and it is a 

commercialized drug widely used worldwide, and can strongly interact with the 

topoisomerases-II enzyme, ciprofloxacin can be a promising molecule to be used 
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as an ally in cancer diagnosis, because the overexpression of topoisomerases-II 

enzymes is associated with cancer. We hope our results will stimulate new 

experimental and full-dimensional theoretical investigations that could assess the 

validity of this assumption. In fact, our theoretical findings will increase our 

understanding of the ciprofloxacin and human topoisomerase-II β enzyme and 

may provide new insights into how it exerts its anti-carcinogenic effect. This 

would further help in developing new tools for cancer diagnosis.  
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3.2. Ciprofloxacin/Topoisomerase-II complex as a promising dual UV-

Vis/fluorescent probe: accomplishments and opportunities for the cancer 

diagnosis 

 

Article accepted for publication in Theoretical Chemistry Accounts Journal.  

 

Abstract:  

In this work, a dual UV-Vis/fluorescent probe to be used in cancer diagnosis is 

proposed, by theoretical investigations of the interaction of ciprofloxacin (CPX) 

molecule with human Topoisomerase-II β enzyme, and its respective excited state 

properties. Molecular docking simulations suggest CPX has similar inhibitory effects 

for human and bacteria Topoisomerase-II, and for human enzyme, CPX interacts 

preferentially in the same site of chemotherapeutic etoposide (EVP). In TD-DFT 

parametrization for CPX, it was found that Global Hybrid functionals containing 

exactly 25% of exact exchange contribution, as mPW1PW91 and PBE0, are most 

suitable to computing excitation energies for CPX and explicit solvent model 

calculations allows results closer to the real. For excited state properties, theoretical 

calculations show that there are changes in absorption energy of CPX, and the distance 

between Tyrosine 821 residue of human enzyme and CPX can also show a Fluorescence 

resonance energy transfer (FRET) between the two molecules. Therefore, it is suggested 

in this work that both the variation in the absorption energy of the CPX (UV-Vis 

spectra) and the variation in the excitation energy of Tyr (821) (Fluorescence spectra) 

can be used in a dual sensor to monitor the overexpression of hTOPO-II, constituting a 

promising tool in cancer diagnosis.  

 

Keywords: dual probe, theoretical calculation, cancer diagnosis, drug repurposing. 
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1.Introduction 

 

Cancer is the name given to a set of diseases, which has as fundamental 

characteristic the disordered growth of cells, and is a leading cause of morbidity and 

mortality, affecting populations worldwide [1]. There are around to 200 different known 

cancers [2] and just in 2020, the estimated number of cancer cases for both sexes and all 

ages by International Agency for Research on Cancer of Word Health Organization is 

approximately 9.5 million in Asia, 4.4 million for Europe, 2.5 million in North America, 

1.5 million in Latin America and 1 million in Africa [3, 4].   

Although there is no cure yet for cancer, an early and accurate diagnosis can be 

decisive in the disease's progression, helping in overall therapeutic outcome [5]. In this 

context, the improvement and development of effective new techniques for detecting 

tumor biomarkers is a constant concern in several research lines [6–9]. Fluorescence 

spectroscopy has been used in several medical subspecialties as a diagnostic tool, 

playing an important role for rapid and sensitive diagnosis [10, 11]. With cancer 

detection and treatment, the use of fluorescent probes was reported in 1990 [12], being 

widely studied until current days [13, 14]. Additionally to fluorescent probes, the 

possibility of a dual signaling by addition of UV-Vis parameters can improve the 

accuracy of the results, allowing mutual detection, which increases the sensibility and 

selectivity of the diagnostic technique, mainly in biological surroundings [15]. 

Considering the overexpression of topoisomerase-II enzymes in proliferating 

cancer cells [16–19], this enzyme can be used as an important cancer biomarker. 

Besides that, fluoroquinolones as ciprofloxacin (CPX), enrofloxacin, moxifloxacin and 

gatifloxacin are Topo-II inhibitors, and exhibit marked toxicity against many cancer 

cells [18]. CPX molecule, specifically, is widely reported in literature by its anticancer 

activity against lung cancer cells [20], breast cancer MDA-MB-231 cells [18, 21], 
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pancreatic cancer cells [22], among others. Regarding all available information, and that 

both Topo-II enzyme Tyr residue and CPX molecule presents fluorescence, it may be 

suggested that CPX/Topo-II complex can be a promising and powerful tool in the 

cancer diagnosis. In this context, the current work brings a theoretical investigation 

about CPX/human Topo-II interactions and the possibility of using these interactions as 

a target for the development of a dual signaling approach in the cancer diagnosis. 

 

2.Methodology 

 

The goal of this work was to analyze the possibility of using CPX/Topo-II 

enzyme complex as a dual UV-Vis/fluorescent probe for cancer diagnosis. For this, the 

strategy chosen was to evaluate CPX in different chemical environments (vacuum, 

water solvent and inside the enzyme interaction site) and to verify changes in UV-Vis or 

fluorescence properties of CPX and/or enzyme. Bearing this in mind, theoretical 

calculations were separated into three main sections, which are (i) computational 

methods validation, (ii) Docking calculations between CPX and Topo-II enzyme and 

(iii) theoretical calculations of UV-Vis/fluorescence parameters.  

 

2.1.  Validation of computational methods  

2.1.1. Selection of the most appropriate DFT functional 

 

The Time-dependent Density Theory (TD-DFT) was employed in the theoretical 

investigation of excited states of free CPX and CPX in complex with human Topo-II 

enzyme. To analyze best Exchange-correlation (EXC) functional to compute excited 

states properties, free CPX was submitted to a conformational analysis, employing 

water in explicit solvent model calculation, generating 25 different conformations. After 

this, single point energy (SPE) calculations were performed for the six first states of the 

obtained conformations, using 6-31g(d,p) basis set. For SPE calculations, six EXC 

functionals were tested, which are the GH functionals B3LYP (EE=20%), mPW1PW91 

(EE=25%), PBE0 (EE=25%), and M05-2X (EE=56%); and the LCH functionals LC-

ωPBE and ωB97X-D (both ω= 0.2 bohr-1). As selection criteria, the obtained 

absorption energy and the wavelength values for each conformation and functional were 

got and compared with the experimental absorption energy value for CPX in water [23, 
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24]. In addition, the hypothesis T test was performed for the analysis between 

theoretical and experimental values. A boxplot was also generated using the R program 

[25] to verify outliers between the calculated values. 

 

2.1.2. Implicit vs. explicit solvent models 

 

To investigate the solvation mode effects in theoretical results, the polarization 

continuum model (PCM) together with integral equation formalism polarization 

continuum model (IEF-PCM) was used and compared with results got with explicit 

water calculations of the previous step.  

Initially, CPX was built in Spartan 14 program and a conformer distribution was 

performed using MMFF molecular mechanics to get the lowest energy conformers. This 

procedure generated 25 conformations, which were employed for geometry 

optimizations and SPE calculations using the IEF-PCM solvation model and water as 

solvent. Time-dependent DFT calculations, solved for the six first states, at 

PW1PW91/6-31G (d,p) level of theory were performed. Vacuum calculation was also 

carried out in the same conditions. 

 

2.2. Molecular docking simulations for CPX/ human and bacterial Topo-II 

 

Molecular docking calculations, employing Molegro Virtual Docker Program 

[26], were performed in order to investigate the interaction between CPX and human 

Topo-II enzyme (hTOPO-II), in comparison with the bacterial Topo-II enzyme 

(bTOPO-II). For analysis, crystallographic structure of hTOPO-II in complex with 

DNA and etoposide (EVP) ligand (PDB-ID 3QX3) as well as the Mycobacterium 

tuberculosis bTOPO-II in complex with CPX molecule (PDB-ID 5BTC) were obtained 

from Protein Data Bank [27]. Electrostatic charges of CPX were calculated in Gaussian 

09 Software at the HF 6-31G level of theory.  

Here, three docking simulations were performed. The first docking calculation 

was carried out with CPX in bTOPO-II. For this, residues within a radius of 10 Å of 

cavity were considered flexible, and the analysis was performed using a 7 Å sphere 

constraint and 30 runs. 30 different conformations were got and analyzed later using the 

best interaction energy and best overlap as criteria. The other two calculations were 
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performed with CPX in hTOPO-II, aiming to compare the interaction of the ligand in 

the both enzymes. One of them was done with CPX in the active site (AS1) of hTOPO-

II. For this, residues in a radius of 8 Å of the active site were adopted as flexible and the 

calculation was performed in 30 steps, employing a sphere with 5 Å of radius as 

constraint (the cavity size was considered). The other was performed with the molecule 

in the active ligand (EVP) site (AS2), considering the residues in a radius of 10 Å 

around the cavity as flexible a constraint sphere of 7 Å and performing 30 runs. For 

both calculations, 30 conformations were obtained and analyzed using the same criteria 

as the previous analysis. The distance between CPX and Tyr aminoacid residue was 

analyzed for both conformations to investigate the possibility of FRET occurrence. 

   

2.3. Spectroscopic properties  

2.3.1. UV-Vis parameters  

 

To establish a relationship between the environment and the CPX absorption 

energy, the best conformations obtained in molecular docking simulations were 

submitted to TD-DFT calculations. In order to simulate the proteic environment, main 

amino acids residues in the hTopo-II active site were kept. For theoretical UV-Vis 

calculation of CPX, the system was divided into two layers using ONIOM method in 

Gaussian 09 Software [28]. In low layer (CPX molecule), TD-DFT calculations were 

performed for both conformations. According to previous selection, the level of theory 

used was mPW1PW91 functional and 6-31g(d, p) basis set, for the six first states.  The 

obtained results were compared with the theoretical and experimental results in water 

solution.   

 

2.3.2 Fluorescence resonance energy transfer (FRET) 

 

The energy transfer model proposed by Förster [29] is a molecular non-radiative 

process that allows the transference of energy from an excited donor to an acceptor, due 

to long-range dipole-dipole interactions. For FRET occurrence, it is necessary a 

resonant condition between the oscillations of the excited state electrical field of the 

donor and ground state of the acceptor, besides the superposition between donor 

emission and acceptor absorption spectra, and also a favorable spatial orientation 
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between the electrical dipoles of the two states directly involved [30]. According to 

FRET energy transfer mechanism, K2 is the term that describes the orientation of the 

donor and the acceptor in the space, and is given for equation (1) [30]: 

 

𝐾2 = 𝑐𝑜𝑠∅𝐷𝑅 − 3 𝑐𝑜𝑠∅𝐷𝑐𝑜𝑠∅𝑅                                                    (1) 

Where 𝑐𝑜𝑠∅𝐷𝑅 is the angle between the transition dipole moments of donor and 

receptor, 𝑐𝑜𝑠∅𝐷 the angle between donor dipole moment and vector that bind to 

receptor, and 𝑐𝑜𝑠∅𝑅 the angle between the receptor dipole moment and the vector that 

bind to donor (Figure 1), being the dipole moment a larger in excited state than in the 

ground state.  

Fig. 1 Transition dipoles of donor (D) and receptor (R) and the dependence of 

orientation factor for FRET mechanism. 

 

For analysis of the possibility of FRET occurrence between CPX and hTOPO-II 

enzyme, Förster fluorescence resonance energy transfer (FRET) theory was employed. 

FERT can evaluate the energy exchange between CPX and Tyr821. In fact, this analysis 

is related to center enlarged van der Waals spheres for interaction points between CPX 

and  Tyr821, as proposed by Prandi, Ramalho and França (2019) [14]. Thus, we can use 

the superimposition volume as a preliminary study to have a clue about the probability 

of energy exchange. 

 

3. Results & Discussion 

 

This section was divided into three principal parts, following the order 

established in the method section. First, the validation of computational methods related 
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to (i) DFT EXC functional and (ii) solvation models for investigating spectroscopic 

parameters of CPX in solution. Second, the molecular docking studies between CPX 

and human and bacterial enzymes are discussed. In the third part, theoretical 

investigations about UV-Vis parameters of CPX when it is interacting with the human 

enzyme and the possibility of an intermolecular energy transfer between CPX and 

hTopo-II are reported.  

3.1. Validation of Computational methods  

3.1.1. DFT EXC functional analysis 

 

TD-DFT is a very efficient tool to reproduce, predict and interpret the absorption 

and emission spectra of a wide variety of molecules in “real life” environments, being 

regularly applied as a “black box model” to complement experimental measurements, as 

well as to provide new applications for the technique [31]. However, one weakness of 

the adiabatic approach to TD-DFT is its exacerbated dependence on the selection of an 

adequate EXC functional [32]. Previous studies already indicate that pure functionals 

are less consistent, whereas functionals incorporating a larger fraction of exact exchange 

(EE) underestimate significantly the transition energies. In this way, the most accurate 

excitation energies estimates are got by using a Global Hybrids (GH) functionals, 

containing between 22% and 25% of exact exchange (EE) or a Long-range-corrected-

hybrid (LCH) functional with a small damping parameter [33–35]. The choice of 

functionals for testing in this work was based on those considerations. The average 

λmax obtained for the 25 conformations was submitted to Test T and the observed 

results are displayed in Figure 2 and 3. 

Among both functionals, theoretical λmax calculations for free CPX in explicit 

water employing the most popular B3LYP functional (λmax/B3LYP/Explicit water=295 

nm) showed overestimating the experimental value (275 nm). On the other hand, 

calculations employing LCWPBE ((λmax/LCWPBE/Explicit water=241 nm), ωB97X-

D (λmax/ωB97X-D/Explicit water=256 nm) and M05-2X (λmax/M05-2X/Explicit 

water=254 nm) functionals resulted in theoretical average λmax values below to the 

experimental value. Unlike the functionals mentioned above, th e theoretical average 

λmax obtained using the functionals mPW1PW91(λmax/mPW1PW91/Explicit 

water=278 nm) and PBE0 ((λmax/PBE0/Explicit water=278 nm) were statistically 

equivalent to experimental value (Figure 4). This implies that among the most suitable 
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functional for excitation energy calculations, GH functionals containing exactly 25% of 

EE contribution, as mPW1PW91 and PBE0, prove to be optimal for computing 

excitation energies for CPX, and possibly for fluoroquinolones in general, allowing 

more accurate results. Considering these results, the mPW1PW91 EXC functional was 

chosen for TD-DFT calculations of the next steps.  

Fig. 2 Box plot for theoretical calculations of λmax in comparison with experimental 

value (275 nm). 

 

        Fig. 3 Mean, standard deviation and standard error mean for λmax theoretical 

calculations, for each used EXC functional. 
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3.1.2. Influence of the solvation model in TD-DFT calculations 

 

UV-Vis spectra obtained in theoretical calculations in vacuum 

(λmax/mPW1PW91/Vacuum) and in the implicit solvent model 

(λmax/mPW1PW91/IEF-PCM/water) were compared with results of the explicit solvent 

model (λmax/mPW1PW91/Explicit water), which are plotted in Figure 4. The obtained 

value for λmax/mPW1PW91/IEF-PCM/water was equal to 307.93 nm, while for 

λmax/mPW1PW91/Vacuum, the obtained value was 306.23 nm. The two values are 

similar, being both higher than obtained value using the explicit solvent model 

(λmax/mPW1PW91/Explicit water = 278.96 nm). In addition, the two values were 

further from the experimental value (275 nm). The λmax/mPW1PW91/Vacuum and 

λmax/mPW1PW91/IEF-PCM/water are also different from theoretical calculations with 

the model λmax/mPW1PW91/Explicit water, which resulted in values very close to the 

experimental data. This indicates that, at least, one explicit solvent shell must be 

included in the system to guarantee more accurate results. In fact, our findings put in 

evidence that solvent effects play an important role in theoretical calculations of excited 

state properties. 

 

Fig. 4 Theoretical UV-Vis spectra obtained in TD-DFT calculations for 

λmax/mPW1PW91/Explicit water, λmax/mPW1PW91/IEF-PCM/water and 

λmax/mPW1PW91/Vacuum. 
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The presence of the first solvation shell is important to correctly predict 

intermolecular interactions that can occur between the molecules of interest and solvent 

molecules, which are crucial to explain specific solvent effects in shifts of absorption 

spectra [36]. In the case of CPX in water, dynamic simulations with explicit solvent 

model gave the most probable distribution of solvent molecules, and consequently gave 

a better description for the hydrogen bonds performed in the system.  This hydrogen 

bonds are mostly responsible for the difference of λmax between vacuum and explicit 

water molecules. 

 

3.3. Molecular docking calculations 

 

CPX belongs to Fluoroquinolones (FQs) class, which represent one of the most 

highly prescribed antibiotic classes [37, 38]. Molecular target of FQs are the bacterial 

enzymes type II DNA topoisomerases, and their inhibitory action occurs by binding to 

the enzyme-DNA complex [39–41]. Topo-II enzyme is also present in humans and is 

associated with cancer disease [42–45]. In this context, several studies have reported the 

potential of FQs, such as CPX as anticancer drug, for several tumor cell lines [17, 18, 

46, 47]. However, despite of these many promising experimental results, theoretical 

investigations about the mode of action of CPX molecule in hTOPO-II remain scarce in 

literature [48]. 

 In order to better investigate the binding mode between CPX and hTOPO-II, 

molecular docking analysis were performed in two sites of the enzyme, (i) the active 

site (AS1), identified by Leu 826 residue; and (ii) the site in which the anticancer drug 

etoposide (EVP) acts (AS2). The obtained values for interaction energy and hydrogen 

bonds are in Table 1. 

 

Table 1: Interaction energy (kcal.mol-1) and hydrogen bonds energy (kcal.mol-1) values 

from the docking analysis. 

 
Ligand Enzyme Site Interaction 

Energy 

(Kcal.mol-1) 

HBond 

(Kcal.mol-1) 

Ciprofloxacin bTOPO-II Active/interaction site  -77.11 -7.31 

Ciprofloxacin hTOPO-II AS1 -64.54 0.00 

Ciprofloxacin hTOPO-II AS2 -71.62 -4.21 

EVP hTOPO-II AS2 -133.26 -9.51 
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Most stable interactions are found for EVP ligand in hTOPO-II, following by 

CPX in bTOPO-II. However, it is worth mentioning that a slight energy difference 

between CPX in bacteria and human (AS2) (Figure 5) enzymes was observed, which 

can suggest that CPX has similar inhibitory effects on both enzymes. As seen, CPX is 

more able to interact in AS2 than AS1 for the human enzyme. This suggests that CPX 

preferentially interacts in the same site as the chemotherapeutic EVP. It is also 

important to mention that no hydrogen bond was performed between CPX and hTOPO-

II in AS1, while in AS2, the most stable conformations performed hydrogen bonds with 

Glu477, Tyr 821, Gln778 and Asp 479 amino acid residues. 

 

Fig. 5 Molecular docking poses for 1) Etoposide (EVP) docked in hTOPO-II enzyme; 

2) ciprofloxacin docked in AS2 of hTOPO-II enzyme, and 3) ciprofloxacin docked into 

bTOPO-II enzyme. 

 

3.3. Spectroscopic parameters of CPX/Topo-II  

3.3.1. UV-Vis parameters of CPX/hTopo-II  
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To establish λmax as one of the standard parameters for spectroscopic UV-

Vis/fluorescent probe and identify the interaction of CPX with hTOPO-II, there must be 

a variation in λmax when the molecule is interacting with the enzyme. Keeping this in 

mind, UV-Vis spectra for CPX conformations, generated in docking simulation, were 

obtained considering its chemical environment within the human topo-II enzyme. The 

average λmax obtained for lower energy conformations was equal to 374 nm, against 

278 nm for free CPX in water. For representative conformations, i.e. most stable 

conformations obtained in the docking simulation, λmax was equal to 380.35 nm. It is 

important to mention that despite the dispersion between λmax values for each 

conformation, reported in Figure 6, both values are above the obtained value for CPX in 

water. This result puts in evidence that, in general, when CPX is interacting with the 

hTOPO-II enzyme, there is an increase in λmax and a decrease in the absorption energy.  

Decrease in the absorption energy can be attributed to the fact that CPX is 

already receiving energy from Tyr residue. Variations in λmax for each conformation 

can be attributed that there is a dependence of the dipole orientation of involved 

molecules to occur energy transfer, and different positions of CPX in AS2 can generate 

changes in spatial orientation of the electrical dipoles, and consequently, variations in 

energy exchange. 

 

Fig. 6 λmax variation for CPX molecule in water and binding with human Topo-II 

enzyme. 

 

3.3.2. Fluorescence parameters of the CPX/hTopo-II complex 
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It is known that aromatic amino acid residues presents fluorescence, such as 

tryptophan (Trp), tyrosine (Tyr) and phenylalanine (Phe)[49]. Among them, Trp is the 

main exploited residue, because of its high quantum yield in proteins and sensitivity of 

its fluorescent properties to local environment [50]. To produce a change in 

fluorescence signal, it is needed to occur changes in microenvironment of the residue, 

caused by conformational changes in protein. However, when Trp residue is distant of 

the interaction site, there is no significant conformational change caused by binding of 

ligands, and consequently, fluorescence signal may remain unchanged. An alternative 

widely employed to solve this problem is to analyze other fluorescent residues that are 

closer to the interaction site, the Tyr residue, of the studied enzyme.   

Considering that conformational changes of proteins can generate variations in 

the Tyr fluorescence, it is also possible to use this spectroscopic parameter for probing 

structural rearrangements of proteins, such as tryptophan [51]. With hTOPO-II, Tyr 

residue is the closest to the interaction site, and because of this feature, was chosen for 

the current analysis. 

Therefore, to have a clue about the probability of energy exchange, an analysis 

of superimposition volume of distance constraint spheres of 3.5 Å, for interaction points 

between CPX and Tyr residue (Figure 7) was performed. The superimposition of the 

two spheres can be interpreted as a favorable orientation between donor and acceptor of 

energy [14]. By Figure 8, it can be seen that 63.3% of distance constraint spheres for all 

docking poses of are superimposed, which indicates a strong probability of energy 

transfer [14, 52]. This result in combination with previous theoretical findings of 

absorption energy for CPX can suggest that there is a non-radiative energy exchange by 

FRET mechanism, being Tyr residue the donor and CPX the acceptor. 

 

Fig. 7 Superimposition of distance constraint for CPX and Tyr aminoacid residue of 

hTOPO-II enzyme, with 1.5 and 3.5 Å of distance for internal and external sphere, respectively. 
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Fig. 8 Interlocked distance constraints for ciprofloxacin docking poses and Tyr (821) 

residue. 

 

4. Conclusion 

By theoretical investigations, the interaction between CPX and hTOPO-II β, and 

the influence of this interaction in fluorescence/UV-Vis parameters, was analyzed. It 

was found that CPX is able to interact with the hTOPO-II enzyme at levels of 

interaction energy comparable with the interaction between CPX and the bTOPO-II 

enzyme. Additionally, the most probable site where CPX interacts with the human 

enzyme is in the same site that chemotherapeutic etoposide acts. For theoretical 

calculations of excited states, it was found that Global Hybrid functionals containing 

exactly 25% of EE contribution, as mPW1PW91 and PBE0, are the most suitable to 

provide accurate results for UV-Vis spectra of CPX molecule and possibly for 

fluoroquinolones. Considering the solvation model, explicit solvent calculations prove 

to be more appropriate, once solvent molecules are important to consider correctly the 

intermolecular interactions that may occur between molecule and solvent, in this case 

CPX and water molecules. Finally, UV-vis spectra of CPX in complex with the human 

enzyme showed a red shift in λmax, when compared with UV-Vis spectra for free CPX 

in water.  

From these theoretical findings, it can be suggested that both Tyr fluorescence 

and CPX UV-Vis signal can be used as a marker for the development of a dual 

fluorescent/UV-Vis probe, based on the interaction between CPX and hTOPO-II 

enzyme, which can monitor the overexpression of human topoisomerase-II enzymes. 

Because this overexpression is associated with cancer disease, this system constitutes a 

promising alternative for cancer diagnosis. These results reveal very important data for 

future tests, considering that the cancer remains without cure, and the early diagnosis of 
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this disease can save many lives. Besides that, this study can also serve as a basis for 

future experiments and other theoretical studies, as a starting point for the development 

of compounds derived from ciprofloxacin antibiotic, which can act as even more 

efficient fluorescent probes, and with lower levels of toxicity.  
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