
U P O L Studies in Analytical Chemistry 

Novel electrochemical sensors 
analysis of biological active 

compounds 

Soodabeh Hassanpour 

Palacký University 
Olomouc 



PALACKÝ UNIVERSITY IN OLOMOUC 

Faculty of Science 

Department of Analytical Chemistry 

DOCTORAL THESIS 

Novel electrochemical sensors for analysis of biological 
active compounds 

Author of the thesis: Soodabeh Hassanpour, MSc. 

Field of study: Analytical Chemistry 

Supervisor: Assoc. Prof. RNDr. Jan Petr, Ph.D. 

Olomouc 2023 

2 



Declaration 

This dissertation results from my investigations, observations, and experiments, except where 

otherwise stated. A l l sources of literature are correctly cited. The adapted figures were reproduced 

with the permission of the original journals. I agree that the work is made available online in the 

library of the Department of Analytical Chemistry, Faculty of Science, Palacký University in 

Olomouc. 

In Olomouc on 

Handwritten signature 

3 



Acknowledgements 

First and foremost, I would like to express my special and sincere thanks to my supervisor, 

doc. RNDr. Jan Petr, Ph.D., for giving me a home in his lab and supports me over the years. I am 

deeply grateful for his guidance, scientific advice, continuous support, endless patience, and the 

opportunities he has afforded me. Under his mentorship, I have learned the particulars of grant 

writing, which is an invaluable tool as my career progresses. I want to thank my friends in our 

group for their kind help at the beginning of my life in the Czech Republic and the time we spent 

together in our office. 

My appreciation also goes out to my parents and sisters for their encouragement and 

support throughout my studies. Last and foremost, I would like to offer my special thanks to a very 

special person, my husband, Navid, for his continued and unwavering love, support, and 

understanding during my pursuit of a Ph.D. degree that made completing the thesis possible. You 

were always around when I thought it was impossible to continue; you helped me keep things in 

perspective and stood by me through the ups and downs. I greatly value his contribution and 

sincerely appreciate his belief in me. Words would never say how grateful I am to you. 

4 



Bibliographie Information 

Author: Soodabeh Hassanpour, MSc. 

Title of Thesis: 

Type of Thesis: 

Department: 

Supervisor: 

Academic Year: 

Novel electrochemical sensors for analysis of 

biological active compounds 

Doctoral 

Department of Analytical Chemistry 

Assoc. Prof. RNDr. Jan Petr, Ph.D. 

2022/2023 

Keywords: 

Number of Pages: 

Number of Appendices: 

Language: 

(Bio)sensors, Screen-printed electrodes, Disposable, 

Dasatinib, Single-walled carbon nanotubes, 

Horseradish peroxidase, Hydrogen peroxide, 

Molecularly imprinted polymer, Poly(tyrosine)-

Chitosan; Bioelectrocatalyst, Genosensor, 

Haemophilus influenza, DNA bio-assay, citrate 

capped silver nanoparticle 

108 

English 

5 



Abstract 

Recently, medical organizations and research disciplines have switched to employing 

affordable biosensors. Biosensors have become more critical in drug development, drug 

identification, bio-medicine, food safety, security, protection, and ecological research. It has 

directly contributed to developing specialized and reliable diagnostic equipment that uses 

biological sensing components as biosensors. Different analytes, biological receptors, and 

transducer concepts are used in biosensors. In recent years, innovative sensing platforms have been 

developed employing screen-printed electrodes (SPEs), which are inexpensive, simple, and quick 

mass production through thick film technology. 

During my Ph.D., I concentrated on designing, constructing, and validating several SPE-

based (bio)sensors to identify biologically active compounds important for healthcare applications, 

demonstrating their significant potential as a suitable sensing platform. I created (bio)sensors for 

a variety of analytes, from nucleic acid to small molecules, with specific modification strategies 

to endow the platforms with selectivity toward the species of interest. I developed disposable 

electrochemical (bio)sensors in two papers based on modifying with single-walled carbon 

nanotubes (SWCNT) and molecularly imprinted polymers. In the first case, SWCNT-modified 

SPCE as disposable electrochemical sensors was proposed for quick determination of dasatinib in 

pharmaceutical formulations, demonstrating an excellent boosting effect on the oxidation response 

of dasatinib. The sensor was able to monitor different dasatinib concentrations with a limit of 

detection of 0.06 uM. In the second paper, the SPE surface was modified with poly tyrosine-

chitosan and combined with a self-assembly surface molecular imprinting approach to develop 

horseradish peroxidase (HRP)-imprinted biosensor. Additionally, the molecularly imprinted 

electrochemical biosensor for determination of HRP was expanded for the detection of H2O2 as 
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enzymatic substrates. The HRP-imprinted biosensor was determined H2O2 and HRP with detection 

limits of 2.18 nM and 9.39 x 10"8 mg/ml (2.34 pM), respectively. 

The last paper was related to developing a DNA-based bio-assay for 

determining Haemophilus influenza through bioconjugation of citrate-capped silver nanoparticles 

with pDNA toward target sequences detection. The ultra-sensitive fabricated optical genosensor 

was detected the synthesized probe (SH-5'-AAT TTT CCA ACT TTT TCA CCT GCA T-3') 

of Haemophilus influenza with great selectivity and sensitivity after hybridization with cDNA with 

the low limit of quantification of 1 zM (zeptomolar). Finally, the designed genosensor is a 

significant diagnostic strategy for detecting Haemophilus influenza with great selectivity. 
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CHAPTER 1: INTRODUCTION 



Biosensors as analytical instruments connect a biological, biochemical, or chemical 

recognition element with a transducer in which the recognition part can interact directly or 

indirectly with an analyte 1 . The use of sensors and biosensors in detecting and monitoring different 

analytes in clinical analysis, medical diagnosis, environmental monitoring, and food safety has 

grown in popularity in recent years. They are preferred over traditional methods like 

immunoassays, spectroscopy, and chromatography techniques because of their high sensitivity, 

quick analysis time, and lower cost 2 ' 3. Additionally, they may be utilized by the general population 

to examine complicated materials without tedious sample preparation. Such sensors can be found 

in various powerful devices, including glucose biosensors, cholesterol test kits, and some blood 

analyzers 4 . 

The versatility, low cost, small size, and portability for in-situ applications provided by 

screen-printed technology added significant merits to electrochemical biosensors. Nowadays, the 

creation of miniaturized electrochemical biosensors for detecting various analytes is made possible 

by disposable screen-printed carbon electrodes (SPCEs) produced using thick-film technology 5 ' 6 . 

SPCEs, as an alternative to the standard electrochemical setups using conventional electrodes, are 

available for electrochemical applications due to their easy and quick activating procedure, 

disposability, small size, high chemical stability, portability, wide electrochemical window, low 

background current with an economical substrate, and no need for time-consuming processes. One 

of the most notable benefits of SPCEs, besides the significant cost reduction, is the ability to 

analyze a trace amount of sample solution by replacement of large cells and bulky electrodes 7 ' 8 . 

hi light of these indications, the works presented herein pursued the development of 

electrochemical SPCEs-based sensors and biosensors to monitor a number of biologically active 

compounds. 
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CHAPTER 2: THEORETICAL PART 



Sensors and Biosensors 

Historically, the contemporary idea of biosensors, in which an enzyme was combined with 

an electrode to create a biosensor, was introduced by Clark and Lyons 9 . Since the invention of 

Clark and Lyons in 1962 made it possible to access simple, rapid, and precise biosensor for 

glucose, the area of biosensors has rapidly expanded 1 0 . So far, the development of biosensors for 

diverse analytes in fields including medicine, healthcare, the environment, and industry has been 

the subject of countless investigations. A biosensor can be used to monitor non-biological or 

biological substances. The fact that biosensors do not need sample preparation is one of the key 

factors contributing to their growing popularity. Disposable biosensors, however, are incredibly 

helpful for testing things like blood glucose for persons with diabetes n . Biosensors as analytical 

instruments connect a biological, biochemical, or chemical recognition element with a transducer 

in which the recognition part can interact directly or indirectly with an analyte l . Interaction of the 

analyte with the recognition part causes the alteration of biological responses into signals and then 

emits the signals by the transducer; consequently, signals are amplified. This conversion of a 

biological event into a readout is proportional to the concentration of a specified analyte in sample 

1 

Biosensors are often classified into three main parts: biorecognition elements (bioreceptor), 

transducers, and a signal processor (Fig. 2.1). The most crucial step in the manufacture of a 

biosensor is the selection of an appropriate transducer, bioreceptor, and their immobilization on a 

sensing platform during detection of analyte (such as proteins, DNAs, metabolites, human 

samples, food, or environmental samples). We can modify the sensing platform throughout the 

construction process by functionalizing any component according to the conditions of our 

experiment 1 2 . The biorecognition component is an important part of a biosensor that selectively 
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reacts with the target analyte, lessens interferences from other species in a sample, and needs 

careful consideration throughout the selection and immobilization processes. Bioreceptors can be 

made in a lab or directly taken from live systems (such as an antibody, aptamer, nucleic acid, whole 

cells, or enzyme). Transducers are an extremely important parts of a biosensor since they are 

known to transform the produced biological signals into detectable signal that may be either optical 

or electrochemical. The analyte concentration often affects the signal strength produced during 

biological contact with it. Then, the signal is then collected, amplified, and displayed by a signal 

processor. Depending on the transducer or biorecognition element biosensors may be divided into 

numerous categories 1 3 . Biosensors are categorized into electrochemical, optical, thermal, and 

piezoelectric biosensors based on the transducer surface employed to create the sensing platform. 

Electrochemical biosensors are the most commonly studied among the other four due to their 

outstanding sensitivity, speed, and cost-effectiveness for identifying analytes 1 2 . 

Fig. 2.1 | Biosensor components. Schematic illustration of biosensor operation principles: target analyte detection by 
the corresponding biorecognition element followed by signal transduction method and output. 
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Electrochemical Sensors and Biosensors 

In electrochemical sensors and biosensors, the electrode functions as a transducer 1 4 . The 

sensing ability of a sensor depends on the measurement of currents and/or voltages that are 

produced by a recognition event between the interest analytes and the immobilized or chemically 

modified receptor on the electrode 1 5 . The main methods used to operate electrochemical 

transducers include cyclic voltammetry (CV), differential pulse voltammetry (DPV), square wave 

voltammetry (SWV), linear sweep voltammetry (LSV), electrochemical immittance/impedance 

spectroscopy (EIS), amperometry, etc 1 6 . The electrochemical sensors and biosensors are shown in 

Fig. 2.2, together with the measurable signals they produce using various transduction methods. 

The following sections describe the transduction techniques used in this research. 

Fig. 2.2 | Electrochemical (bio)sensor and its measurable signals. 
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Voltammetric techniques 

Voltammetric measurements provide the current output vs. potential after imposing a 

potential ramp. Typically, these procedures are carried out in quiescent solutions. The potential 

sweep generates voltammetric peaks in the presence of electroactive species, including 

quantitative and qualitative data about the redox processes. As the potential of the peaks depends 

on the nature of the redox groups, it may be utilized to get qualitative data about the molecules. 

These methods are, in fact, the most used for gathering qualitative information on electrochemical 

processes. On the other hand, the concentration of electroactive species in the solution can be 

related to measuring voltammetric peaks regarding current, area, or charge 1 1 . 

The Randles-Sevcik equation, which defines the influence of the scan rate on the peak 

current, may provide quantitative and kinetic information on voltammetric processes 1 8 . At 25°C, 

the simplified Randles-Sevcik model yields equation 1. 

/ p = (2.687 x Ws)n3'2A.C(D.vyi2 Eq. 1 

Where n is the electron stoichiometry, Ip denotes the peak current, A is the electrode area (cm2), D 

is the electroactive species diffusion coefficient (cm2/s), C is the electroactive species 

concentration (mol/cm3), and v is the potential scan rate (V/s). The D, A, or n may be calculated 

theoretically using the relationships given by this equation and the known experimental values 1 8 . 

Equation 1 shows that the current is directly proportional to C and enhances with v1/2, 

indicating that the reaction is regulated by mass-transport (diffusion). To evaluate the diffusion 

coefficient, linear plots of Ip vs. v1/2, for constant C value, should pass through the origin and exhibit 

a gradient. Moreover, the slope of the Ip vs. vm plots for species where D is known (or may be 

estimated) gives insight into the stoichiometry of the redox process or A. It is occasionally feasible 

to find a non-linear relationship between Ip vs. vm, which points to a process that is not regulated 
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by diffusion and may contain adsorbed intermediates 1 8~ 2 0. The linear sweep voltammetry (LSV) 

method is the simplest method for measuring potential variation. It is based on a single potential 

ramp that changes over time from a start potential (Ebegin), where electrochemical activity is 

typically absent, to a final potential (E e n (j), where the reaction is mass transport-controlled. Several 

significant analytical methods, including cyclic voltammetry, pulse voltammetry, and stripping 

voltammetry are built on the foundation of this methodology 1 4 . 

Cyclic Voltammetry 

Cyclic voltammetry (CV) is an adaption of the linear sweep voltammetry, by cycling the 

potential between two vertices, creating a triangular potential waveform (Fig. 2.3A) that produces 

the cyclic voltammograms (Fig. 2.3B). C V can operate in single or multicycle modes depending 

on the information needed. 

Time Potential 

Fig. 2.3 | Cyclic voltammetric technique. (A) The potential cycling waveform. (B) An example of a typical cyclic 
voltammogram for a reversible redox process. 

Cyclic voltammetry has become a key and commonly utilized technique in several fields 

of electroanalytical chemistry. Because of the quick availability of considerable information on 

redox processes and the kinetics of heterogeneous electron transfer reactions, CV is the first 

experiment performed in electroanalytical research. C V is a fast voltage scan technique in which 

the voltage scan direction is reversed. The resultant current is measured while the applied voltage 
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at the working electrode is applied in both forward and reverse orientations. The coupled redox 

reactions' reversibility is shown by the potential cycling, which reveals whether a system is based 

on reversible, quasi-reversible, or irreversible processes 1 4 . In cyclic voltammetry, the measured 

parameters are anodic and cathodic peak currents (I p a and Ip c), anodic and cathodic peak potentials 

( E p a and E p c ) , and half peak potentials (Ep/2) at which the cathodic and anodic currents reach half 

of their peak value 2 1 . For a simple reversible pair, the I p a and I p c values should be the same, 

signifying a quick process. However, the reactions coupled to the electrode process might have an 

impact on the ratio between those values. Peaks potential might yield further information, which 

is indicating the formal potential of the redox process. The voltammetric peak-to-peak separation 

analysis indicates process reversibility. The peak-to-peak separation (AE P ) for a reversible process 

is ~ 57 mV at 25 °C (2.22 (RT/F)) and is independent of scan rate. In contrast, the peak-to-peak 

separation in electrochemical quasi-reversible or irreversible processes is greater and is reliant on 

the scan rate for potential sweep. Furthermore, the individual peaks in this example are small and 

far dispersed. The E p shifts with the scan rate in completely irreversible systems, which is 

generated by a gradual electron exchange between the electroactive molecule and the working 

electrode 1 8 - 2 1 - 2 2 . 

Differential Pulse Voltammetry 

In differential pulse voltammetry (DPV), the surface of working electrode is exposed to 

fixed-amplitude pulses, short pulses with a length of 10-100 ms and an amplitude of 1-100 mV 

with an increasing-potential ramp (Fig. 2.4A). In this method, the current is measured at two 

various times: before (Ii) and after applying the pulse (I2). The difference between I2 and Ii (AI = 

I2 - Ii) is generating highly sensitive voltammetric peak and plotting the current difference vs the 

applied voltage (Fig. 2.4B). During the half-wave potential of the reduction or oxidation reaction, 
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the differential pulse voltammogram reaches a maximum. The DPV is very useful for determining 

inorganic or organic trace concentrations, resulting in voltammetric peaks with heights that are 

exactly proportional to the concentration of the target analytes (equation 2 ) 1 4 ' 2 3 ' 2 4 . 

j _ nFAD^2C 
P ~ 7 T 1 / 2 ( t - T ' ) 1 

ypy2c / i - c A p 9 

t-r'y/2 y1+aj ^ q - / 

Where a = exp [(nF/RT) (AE/2)]. The term (1 - a)/(l + a) explains the effect of AE, pulse 

amplitude, on I p max. 

=! 
u 

Time Potential 

Fig. 2.4 | Differential pulse voltammetry. (A) Potential waveform of pulses superimposed on staircase. (B) Typical 
DPV voltammogram for oxidation of a target analyte. 

Square Wave Voltammetry 

Barker was the one who invented square wave voltammetry (SWV) 2 5 . SWV is the fastest 

and most sensitive pulse voltammetric technique, and a square wave pulse is followed by a 

staircase wave to apply the potential in a square waveform. The SWV waveform of the current-

potential curve is a regular square wave superimposed on the base of staircase potential and applied 

to the working electrode. The current is doubled during each square wave cycle, once at the end 

of the forward pulse, the first current (Ii) is a positive current related to the oxidation and the other 

at the end of the reverse pulse, the second current (b) is a negative current related to the reduction. 

The difference between Ii and I2 is plotted versus the base potential (Fig. 2.5). The final signal has 

a stronger signal than Ii and I2 since it is the difference between I2 and Ii, which have the opposite 
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sign ' . SWV's main benefit is its speed. When square wave and differential pulse voltammetry 

were compared for reversible and irreversible situations, the square wave currents were 4 and 3.3 

times greater, respectively, than the corresponding differential pulse response. Due to its good 

selectivity and high sensitivity, SWV has been frequently used in recent years to create 

electrochemical biosensors to identify diseases and environmental pollutants 2 3 ' 2 6 . 

Fig. 2.5 I Square wave voltammetry. (A) square-wave form and (B) typical voltammogram for square wave 

voltammetry. 

Electrochemical Platform Setup 

Electrochemical platforms are typically made up of three electrodes including working 

electrode (WE), auxiliary or counter electrode (CE), and reference electrode (RE) that are part of 

an electrochemical cell. An ionic material, usually a salt in solution, is needed for electrochemical 

experiments since it serves as the supporting electrolyte and ensures conductivity 2 3 ' 2 1 . To conduct 

electrochemical studies, a variety of setup and equipment options are available. The most popular 

configuration relies on the usage of a standard three-electrode cell. However, the analytical field's 

demands forced this configuration to downsize, become more portable, and combine all the 

components into a single system, leading to screen-printed electrodes-based systems. 
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Conventional three-electrode system 

A three-electrode cell arrangement typically consists of a beaker with a capacity of 5 to 50 

mL that contains the three electrodes submerged in supporting electrolyte. There are also more 

comprehensive systems that include gas management, such as oxygen removal, temperature 

control, and magnetic stirrers together with the correct cover (Fig. 2.6). Due to the considerable 

adaptability of these systems, it is simple to change the cell components based on the analytical 

goal and/or the kind of sample. Glass is frequently used as a cell material because it is inexpensive, 

transparent, chemically inert, and impermeable; however, quartz and teflon are potential 

alternative materials 2 7 . 

Electrode connections 

Holes for degassing 
or reagent addition 
Teflon cap 
Glass solution reservoir 
Electrolyte solution 

Working electrode 

Reference electrode 
Counter elctrode 

Fig. 2.6 | Schematic illustration of the conventional electrochemical cell. The electrodes are inserted through holes in 
the cell cover 2 8. 

Using the reference electrode, a consistent and well-known voltage is applied to the 

working electrode. Reference electrodes include the standard hydrogen electrode, the calomel 
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electrode (Hg2Cl2/Hg), and silver/silver chloride (Ag/AgCl). Due to the explosive nature of 

hydrogen and its difficulty in preparation and maintenance, the calomel and Ag/AgCl electrodes 

are used more frequently than the standard hydrogen electrode 2 1 ' 2 9 . Typically, auxiliary electrodes 

are constructed from inert substances like gold, platinum, and carbon. Every half-reaction that 

occurs on the working electrode causes the auxiliary electrode to do the opposite half-reaction. 

This is accomplished by adjusting the voltage of the auxiliary electrode. Moreover, the working 

electrode's surface is often greater than the auxiliary electrode's. The happening half-reaction at 

the working electrode shouldn't be hindered by the half-reaction at the auxiliary electrode, which 

should happen quickly enough. The working electrode acts as the transducer component in 

bioelectrochemical or biochemical processes, since it should produce a repeatable response with a 

good signal-to-noise ratio. There are several working electrodes, including platinum electrodes, 

gold electrodes, carbon paste electrodes, silver electrodes, screen-printed electrodes, etc. The 

target species' redox behavior, which specifies the needed potential window and the background 

currents of the supporting electrolyte, should be taken into account while choosing the appropriate 

WE. While choosing this component, consideration should be given to factors including toxicity, 

cost, mechanical qualities, and electrical conductivity. A potentiostat or galvanostat and the related 

software are also necessary as the fundamental equipment for electrochemical experiments 2 3 ' 2 7 ' 

2 9 . Although these platforms are adaptable and inexpensive, they still have a complicated mounting 

system that makes it difficult to do in-situ analyses, making it tough to work outside of a laboratory. 

In this aspect, screen-printed electrodes resolve the issues with these standard setups. 
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Screen-printed electrodes system 

Screen-printed electrodes (SPE), a new class of compact, disposable, sensitive, and 

selective devices, have emerged due to the electroanalytical limitations and practical challenges 

related to the traditional solid electrodes. Nowadays, electroanalysis uses these transducers 

extensively to create biosensors and electrochemical sensors, demonstrating their usefulness for a 

variety of applications. The thick-film method used to create SPEs involves sequentially depositing 

conductive and nonconductive layers onto an insulating support (printing substrate) with the help 

of the right screen-printing equipment. This approach enables the large-scale manufacture of low-

cost, highly repeatable devices, which is particularly beneficial in fabricating numerous electrodes 

or electrode array structures 3 0 ' 3 1 . Various inks or pastes are deposited on the printing substrate 

using a suitable screen with open-mesh areas. The ability to employ multiple screens and inks 

results in different SPE types that may be created based on the analytical goal. As seen in figure 

2.7, a squeegee is used to print SPEs, forcing the ink to flow through the open-mesh regions and 

depositing the pattern onto the substrate for the printing surface. The finished devices are produced 

by applying curing stages of appropriate temperature between the printing of each pattern. Hence, 

the substrate keeps rather durable ink layers that range in thickness from 20 to 100 um 3 1 . 

Fig. 2.7 | Screen-printing procedure. (A) Components for screen-printed electrodes fabrication, squeegee, porous 
screen, and substrate. (B) Ink is printed on a screen using squeegee traversing. (C) Ink deposited as screen-printed 
electrode pathways pattern on the substrate surface 3 2 . 
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The rising reputation of SPEs as effective electroanalytical instruments has resulted in 

many commercially accessible electrodes of various materials and designs throughout the years. 

Figure 2.8 depicts a typical commercially available SPEs arrangement employed in our 

experiment. These SPEs have a three-electrode configuration, with an Ag/AgCl reference 

electrode, an auxiliary carbon electrode, and a working electrode (4-mm diameter) made of carbon, 

gold, platinum, silver, or other types of conductive inks. 

Besides design adaptability, the SPE configuration has remarkable advantages in the 

electroanalytical sector. SPEs are affordable and may be used either as disposable or reusable 

devices. Additionally, because they do not require highly experienced staff or time-consuming 

sample preparation methods, these platforms are simple and suited for in-situ and real-time 

applications outside the laboratory. Moreover, the low power consumption, rapid response, high 

sensitivity, and ability to function at room temperature broaden the variety of applications for these 

devices. Furthermore, the appropriate modifications to SPEs give a chance to increase the devices' 

specificity and sensitivity to the target analytes 3 0 ' 3 3 . 

Counter 

R.E. 
connection 

Fig. 2.8 | Commercially available screen-printed carbon electrodes used in this PhD thesis (WE 4-mm diameter). 
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Modifications of (bio)sensors 

Achieving high selectivity, sensitivity, repeatability, and stability is a significant problem 

in the creation of biosensors. Surface modifications are crucial for the appropriate immobilization 

of bioreceptors, noise reduction, and improved sensitivity. Furthermore, surface functionalization 

reduces unintended non-specific binding of the analyte or other components to the surface 3 4 . 

Furthermore, the biomolecules' conformation on the surface significantly impacts the selectivity 

and sensitivity of a biosensor. In other words, the performance of biosensors is greatly affected by 

the materials utilized for surface modification and the surface chemistry or functionalization 

approach employed in bioreceptor immobilization3 4. The analytical performance of the biosensors 

can also be marked by metal coatings, polymers, enzymes, and reactive groups, among other 

things. Several different electrode modifications and combinations have been developed recently 

as a result of numerous research with the goal of achieving a reasonable selectivity and sensitivity 

3 5 . Some of the electrode alterations are briefly summarized here. 

Carbon-based Nanomaterials 

Carbon is widely employed in electrochemistry because of its unique qualities such as a 

large potential window, chemical inertness, and compatibility for many types of analysis 3 6 . The 

development of carbon nanotechnology has led to materials with a high surface-to-volume ratio, 

high electrical conductivity, biocompatibility, chemical stability, and robust mechanical strength 

that are suitable for application in electrochemical sensing of different chemicals 3 1 . Carbon 

nanotubes 3 8 , graphene 3 9 , diamond nanoparticles 4 0 , and carbon nanofiber-modified electrodes 4 1 

were used to produce a superior analytical performance for a number of analytes. 
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Metallic Silver Nanoparticles 

Silver nanoparticles (AgNPs) have received much attention due to their distinct optical 

properties and high extinction coefficients 4 2 . Due to their excellent chemical stability, thermal, 

catalytic activity, and electrical conductivity of AgNPs, their use in biosensors increased the 

detection limit of the target43. Due to their ease of manufacture, lower cost, and higher extinction 

coefficients than gold nanoparticles of comparable average size, AgNPs are gaining popularity for 

their use in optical sensors 4 4 ' 4 5 . Target biomolecule detection was shown to be improved using 

nanoparticle-conjugated probes. In different sensors, including surface plasmon resonance, 

spectroscopic, and electrochemical detections, Ag nanoparticle-conjugated biomolecules exhibit 

high stability and sensitivity toward the target molecular validation 4 6 . 

Molecularly Imprinted Polymers (MIPs) 

The molecular imprinting process used to make sensors involves the polymerization of 

specific functional monomers in the presence of template molecules. This template is then 

removed from the resultant polymer matrix, yielding a film packed with complementary cavities 

in the size and shape of the template molecule. The electrochemical signals resulting from this 

film's interaction with a media containing analyte molecules can be employed for sensing. Using 

relatively inexpensive polymers with excellent specificity is a benefit of this approach. Fig. 2.9 

depicts the desorption of the template using a solvent such as PBS at pH 7.2 or a combination of 

solvents such as water, methanol, etc 1 6 . 
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Analyte recognition 

Analyte 
Template removal 

Polymerization in presence 
of analyte 

Fig. 2.9 | Schematic illustration of a MIP electrode. 

" M 1 

MIP electrode 

Metal-Organic Frameworks (MOFs) 

Metal-organic frameworks, as high-surface-area materials, are ID, 2D, or 3D inorganic-

organic porous hybrid materials made up of rigid metal clusters or metal ions and flexible organic 

linkers that have shown promise in chiral sensing due to their design flexibility and structured 

porosity cages 4 1 . Due to their numerous novel properties, including an ultra-high surface area of 

up to 10,000 m 2 g - 1 , non-toxic nature, high porosity, outstanding thermal and chemical stability, 

available cavities, and tunnels, MOFs are attractive for enantioselective sensors. The porous nature 

of MOFs helps preconcentrate the target, resulting in increased sensitivity. The chirality of the 

framework, channel size exclusion, host-guest chemistry in the MOF cavity, target-specific signal 

response, and hydrogen bonding or special coordination of analytes to the framework all contribute 

to the selectivity of MOF-based sensors 4 1 ' 4 8 . 

Enzymes 

Enzymes are the most common biological components used as bioreceptors in the 

construction of biosensors, allowing for a variety of quantifiable responses 4 9 . The chosen enzyme 

must have catalytic functions to convert the target analyte, which is a fundamental need for 

biosensor fabrication. Moreover, cofactors (a non-protein chemical product, such as N A D + or 
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oxygen), controlled temperature, medium pH, and ionic strength are occasionally crucial and 

necessary for regulating enzyme activity and subsequent catalytic conversion of the substrates. 

Several types of enzymes can be categorized based on the kind of reactions they catalyze. The 

most popular ones utilized to develop electrochemical biosensors are oxidoreductases, which 

catalyze redox reactions, and hydrolases, which accomplish substrate hydrolysis 5 0 . 

Immobilization is used to couple the enzyme to the surface of the transducer. Such 

electrodes are known as enzyme electrodes 5 1 . Immobilization is "the physical confinement or 

localization of enzymes in a specific region of space while retaining their catalytic activities, and 

which can be used repeatedly and continuously." Proper enzyme immobilization can increase the 

lifespan of a biosensor. The nature of the enzyme and the related substrate, as well as the 

arrangement of the transducer, influence the selection of immobilization techniques. Proper 

enzyme immobilization on the electrode surface improves sensor sensitivity, analytical specificity 

and stability 5 2 . 

There are five types of immobilization procedures, including adsorption (chemical and 

physical), covalent bonding/attachment, entrapment, cross-linking, microencapsulation. 

Combining these immobilization procedures is frequently utilized, such as bonding/attachment 

followed by cross-linking 5 2~ 5 4. 

Adsorption is a simple approach that requires no chemicals; an enzyme is placed onto the 

surface of the transducer. Without reagents, it provides a cost-effective and easy approach for 

disposable biosensors. Adsorption is classified as either physical or chemical. Physical adsorption 

happens, for example, through the creation of van der Waals bonds or electrostatic connections 

and in hydrogen bridges where the bonding force is difficult to manage. Chemical adsorption is 

more powerful adsorption with covalent bonds 5 3 ' 5 4 . 
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Entrapment is a relatively primary experimental method. It consists of the physical 

retention of the enzyme in the interior cavities of a porous or gel matrix. With this approach, the 

bioreceptor typically does not change structurally; instead, significant diffusional barriers are 

created for the analyte towards the molecules of the bioreceptor, leading to more extended sensor 

response times 5 0 . 

Covalent bonding/attachment is a strong bond between the enzyme and the transducer's 

surface. It happens via functional groups such as amines, carboxyls, and alcohols, which are not 

required for the enzyme's catalytic activity. Covalent bonding/attachment necessitates gentle 

circumstances such as temperature and pH within the physiological range. The procedure has the 

benefit of not releasing the enzyme during the measurement53. 

Cross-linking is the most popular method for enzymatic stabilization on electrode surfaces. 

This approach effectively immobilizes the biocatalysts by forming intermolecular bonds between 

the enzyme molecules with the help of bifunctional agents (dialdehydes, diiminoesters, and 

diisocyanates). The most used bifunctional substance for enzymatic crosslinking is glutaraldehyde 

(GA). However, it is known that this substance can cause protein denaturation, necessitating the 

use of proteins with a high concentration of lysine residues, such as serum albumins, to prevent 

the loss of enzymatic function. Adding a drop of an enzyme- and crosslinking-reagent-containing 

solution on the WE surface may achieve this immobilization in a single modification step. 

Crosslinking also frequently yields positive outcomes regarding shelf-life stability, with studies 

revealing sensors with a viability of a few weeks or even months 5 3 ' 5 4 . 

Enzyme microencapsulation relies on using semi-permeable membranes to enclose 

biomolecules in contact with the electrode surface. The analytes and reaction products can flow 

through these membranes without washing the bioreceptors. This method may be used for 
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membranes made of cellulose acetate, collagen, and Nafion, among other materials. However, 

some encapsulations need unfavorable circumstances to form, affecting the biocatalyst activity. 

The influence of the medium conditions on the stability of enzyme immobilization is minimal 5 0 ' 

53 

DNA 

DNA-based biosensors, also known as genosensors, have been widely used for detection 

due to their high sensitivity, specificity, low cost, simplicity, and minimizing ability 5 5 . The most 

crucial procedure in the manufacturing of DNA-based biosensors is the hybridization of DNA, in 

which ssDNA (single-stranded DNA) immobilizes on the surface nanoparticle and target DNA 

(cDNA) binds to it to create a double-stranded helix (ds-DNA) 5 6 ' 5 7 . With the advancement of 

nanotechnology, new types of nanoparticles are being used for the immobilization of thiolated 

DNA probes with extraordinary properties such as high adsorption power, large surface area, and 

biocompatibility 4 2 . 

Biosensor in healthcare and pharmaceutical 

Chemical sensors and biosensors have been developed to replace expensive and 

complicated healthcare analytical devices with compact and widely used sensors for healthcare 

applications. Biosensors and chemical sensors are garnering interest in the healthcare and 

pharmaceutical areas due to practical and low-cost analytical techniques, their potential to provide 

continuous and real-time physiological and chemical information, and noninvasive measurements 

of biochemical markers in human biofluids 5 8 . Clinical analyses require reliable and fast analytical 

techniques and tools. For this purpose, chemical sensors and biosensors can be appropriate options 

because of their simplicity, specificity, capability of continuous monitoring and providing rapid 
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results, potentially low cost, and portability . Up to date, High Performance Liquid 

Chromatography (HPLC) 6 0 , Mass Spectrometry 6 1 , and Enzyme Linked Immunosorbent Assay 

(ELISA) 6 2 are some of the most used and standardized assays for analyte detection and 

quantification. Even in complex fluids, these approaches provide excellent sensitivity and 

selectivity toward various analytes. They are also highly repeatable and reliable, a crucial quality 

for clinical diagnosis. However, the drawbacks of these approaches include the need for 

specialized personnel and equipment, sample processing, which increases the volume of samples 

that must be collected, and the prolonged analysis time. To overcome these constraints, research 

is concentrating on automating biosensors, turning them into a competitive technology that will 

abandon the laboratory bench in favor of portable devices integrated into an uncomplicated, user-

centered setup. To meet the rising demand and new needs, biosensors should be compatible with 

large-scale production, made of cost-effective materials, robust, and reliable. For point-of-care 

applications in-home testing, new biosensing platforms for improved detection devices should be 

miniaturized systems, implantable, or in-field deployable. The application of nanomaterials, 

including carbon nanotubes (CNTs) and dendritic fibrous nano-silica, paved the way for new 

opportunities for biosensing technology, together with new techniques like MIPs (molecularly 

imprinted polymers) for the fabrication of highly sensitive biosensors 6 3 " 6 5 . 
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CHAPTER 3: AIMS 



Aim of the thesis 

The primary objective of the research presented herein is to develop new sensors and 

biosensors for determining biologically active compounds with interest in the analytical field. This 

Ph.D. thesis entails achieving the following objectives: 

Development of method for determination of anticancer drug Dasatinib based on single-

walled carbon nanotube-modified SPCEs 

Development of biosensing method for detection of haemophilus influenza based on citrate 

capped silver nanoparticles conjugated with pDNA 

Development of horseradish peroxidase bound to poly(tyrosine)-chitosan polymeric 

scaffold as a molecularly imprinted polymer for monitoring of hydrogen peroxide 
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CHAPTER 4: EXPERMINTAL PART 



A disposable electrochemical sensor based on single-walled carbon 
nanotubes for the determination of anticancer drug dasatinib 

Introduction 

Dasatinib (DAS) or N-(2-chloro-6-methylphenyl)-2-(6-(4-(2-hydroxyethyl)-piperazin-l-

yl)-2-methyl-pyrimidin-4-ylamino) thiazole-5-carboxamide monohydrate (Fig. 4.1) is an orally 

accessible multitargeted inhibitor to kinases of the SRC family (sarcoma), PDGFR-P5 (platelet-

derived growth factor receptor), c-KIT (receptor tyrosine kinase), and B C R - A B L 6 6 . Dasatinib is 

also a tyrosine kinase inhibitor; it can help block tyrosine kinase. It is a conventional anticancer 

drug for treating chronic myelogenous and acute lymphoblastic leukemia 6 1 . It is also beneficial 

for treating prostate cancer, nonHodgkin's lymphoma, and metastatic breast cancer with many side 

effects. Despite a remarkable improvement in patient survival, some adverse effects of dasatinib, 

such as cardiovascular, hematologic, gastrointestinal, endocrine, and pulmonary toxicity, have 

been described. Some gastrointestinal side effects are nausea and vomiting, diarrhea, stomach 

discomfort, hemorrhagic colonic ulcers, acute hepatitis, anorexia, dyspepsia, and gastrointestinal 

bleeding resulting from platelet failure 6 8 . Due to its toxicity and substantial consumption of DAS, 

it is essential to accurately and quickly determine its concentration in the therapeutic window 6 9 . 

In this context, electrochemical techniques are excellent options, and voltammetric techniques are 

inexpensive, sensitive, and selective. Because of these benefits, voltammetric methods have often 

been employed to study redox reactions and analyze inorganic and organic compounds using a 

variety of electrodes. 
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There are few studies on the voltammetric determination of dasatinib. Moghaddam et al. 

7 0 , and Kalambate et al. 7 1 , reported that dasatinib was electrochemically detected at Fe304-

SWCNTs l-hexyl-3-methylimidazolium tetrafluorobor ate-based paste electrode and 

Pd@Pt/MWCNT (mesoporous core-shell NPs supported on MWCNT) glassy carbon electrode, 

respectively. However, preparation of these electrodes (including synthesis of nanoparticles) took 

place approximately 20 hours. Moreover, the reproducibility of the preparation is also the question 

since the nanostructured surface can be easily modified by external conditions. Thus, taking 

advantage of the merits of the SPCEs, we propose a fast determination method for DAS in 

pharmaceutical tablets using disposable SWCNT-modified screen-printed carbon electrodes based 

on the DAS oxidation signal. The technique is low-cost, sensitive, robust, and fast for screening 

of pharmaceutical samples at the point-of-care level. 

OH 

Fig. 4.11 3D-chemical structure of Dasatinib or N-(2-chloro-6-methyl-phenyl)-2-(6-(4-(2-hydroxyethyl)-piperazin-l 
yl)-2-methylpyrimidin-4-ylamino) thiazole-5-carboxamide monohydrate. 
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produced Signal current 

Scheme. 4.1 | Electrochemical sensing of Dasatinib with SWCNT-modified screen-printed carbon electrode. 

Chemical and reagents 

Boric acid (99.50%, A C S reagent), phosphoric acid (>85%, A C S reagent), acetic 

acid (>99.8%, A C S reagent), and methanol (>99.8%, A C S reagent ) were supplied from 

Sigma Aldrich (St. Louis, MO) . The dasatinib drug was purchased from Sigma Aldrich 

(Prague, Czech Republic). A l l solutions were prepared using ultrapure water (resistivity of 

18.2 M f i cm, M i l l i Q , Millipore, France). The Olomouc University Hospital kindly 

provided samples of the dasatinib tablet. Commercial buffer solutions with pH levels of 

4.0, 7.0, and 10.0 were used to calibrate the pH electrode. A l l experiments were done at 

room temperature. 

Britton—Robinson buffer was prepared by an equal volume of 40 m M 

H 3 B03:H3P04:CH 3 COOH. The pH was adjusted to 3 to 10 with 0.1 m M NaOH. The 100 

\iM dasatinib stock solution was prepared by dissolving it into ethanol/water (1:1) solution 
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and ultrasonication for 30 minutes. Britton-Robinson buffer was used as the supporting 

electrolyte. The drug solutions were kept at 4°C. For dasatinib detection, 60 (aL of dasatinib 

solution was cast on the surface of SPCE and analyzed using electrochemical methods. 

Preparation of standards and samples calibration 

Britton-Robinson buffer solution pH 5.0 was selected as the optimum buffer pH. 

Hence, dasatinib concentrations varying from 0.1 (aM to 100 (aM were prepared in Britton-

Robinson buffer solution pH 5.0. Then, for the actual sample, 9.7 mg of the powdered 

dasatinib tablet was dissolved in 2 mL 50% aqueous ethanol (35°C) and sonicated for 15 

min. After filtration, 30 (aL of the solution was diluted in Britton-Robinson buffer solution 

(pH=5.0) and used to analyse actual samples using the standard addition method of 40 (aL 

of the dasatinib tablet solution was mixed with 20 (aL of various concentrations of standard 

solutions. 

For dasatinib quantitation, all electrochemical measurements (CV and SWV) were 

made on the surface of SPCEs. S W V was chosen as a more sensitive electrochemical 

method with a much lower background current, a higher current sensitivity, and a better 

resolution than C V . Under optimal conditions, signals were recorded for square-wave 

voltammetric investigation in the potential range of 0.2 - (+1.5) V with 10.0 Hz using 

SWCNT- modified SPCEs. A l l experiments were repeated three times. 

Instruments 

Electrochemical measurements were performed on the Metrohm Potentiostat 

PGSTAT101 A U T O L A B (Prague, Czech Republic) with N O V A 2.1 software. Six different 

screen-printed electrodes were purchased from Metrohm Dropsens (Prague, Czech 
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Republic). The screen-printed electrochemical cell consists of a carbon working electrode 

(4-mm diameter), a silver or A g / A g C l reference electrode, and an auxiliary carbon 

electrode. SPCE studies included electrodes for bare, single-walled carbon nanotubes 

(SWCNT)-modified, graphene (GPH)-modified, graphene oxide (GPHOX)-modified, and 

carbon nanotubes (CNT)-modified SPCEs. For D P V measurements, the step potential of 

0.005 V and the scan rate of 100 mVs" 1 were applied. The 10.0 Hz frequency was also used 

for S W V measurements. The surface morphology of the screen-printed carbon electrodes 

was characterized by Hitachi SU6600 S E M (Hitachi, Japan) scanning electron microscope 

(SEM). EDS (Energy dispersive spectroscopy) coupled with the S E M equipment was also 

employed to analyze the chemical compositions of the SPCEs. 

Results and Discussion 

Characterization of SPCEs 

S E M images of SPCEs were performed to investigate the surface morphology of the 

working electrode modified with nanoparticles. Fig. 4.2A shows the surface of a bare 

screen-printed carbon electrode with a smooth morphology. But modification of the 

electrode surface with graphene oxide (GPHOX)/graphene nanoparticles (GPH) 

demonstrates stable and monolayer structures (Fig. 4.2B-C). Notably, carbon nanotube 

(CNT)/single-walled carbon nanotubes modified SPCEs exhibit a compact film with a 

tubular distribution structure of nanotubes on the surface of the screen-printed carbon 

electrodes (Fig. 4.2D-E). The surface of the S W C N T - S P C E was very uneven, which can 

be helpful in the enhancement of the electrode surface area. Subsequently, these results 

confirmed that the SPCE was modified with single-walled carbon nanotubes, which altered 

the electrode surface activity. Also, these results validate that the dispersion of S W C N T on 
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the surface of the screen-printed carbon electrode was performed successfully. Also, the 

EDS of the SWCNT-modified working electrode is presented in Fig. 4.2F. 

Fig. 4.2 | S E M images of working electrodes: (A) Bare carbon electrode; (B) Graphene oxide modified carbon 
electrode; (C) Graphene modified carbon electrode; (D) Carbon nanotubes modified carbon electrode; (E) 
Single-walled carbon nanotubes modified carbon electrode, and (F) EDS spectra of SWCNT. 

SWCNT-modified SPCE as the optimal SPCE for dasatinib quantitation 

This work aims to select the best SPCE for studying D A S oxidation behavior and 

fast determination of it in a pharmaceutical sample. The electrochemical behavior of D A S 

has been analyzed by measuring the cyclic voltammetry at different modified SPCEs at 

various pHs. In cyclic voltammetry, 100 M D A S showed an oxidation peak at 0.6 V to 0.8 

V depending on the pH and type of SPCE when the potential range was between -1.5 and 

1.5 V , with a scan rate of 100 mV s"1 in a 40 m M Britton—Robinson (BR) buffer. The 
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absence of a reduction peak for D A S on the reverse scan, as shown in Fig. 4.3, indicated 

that the oxidation process is irreversible. These peaks refer to the anodic oxidation of 

dasatinib using bare and modified SPCEs. 

Various types of SPCEs, including those based on bare carbon, modified SWCNTs, CNTs, 

GPH, or GPHOX, were evaluated as different working electrodes. The signal intensity obtained 

using various electrodes in accordance with the applicable approach is shown in Fig. 4.3A. The 

SWCNT-modified SPCE was shown to give a greater peak intensity with a sharper peak. In 

contrast, the others exhibited broadened peaks, especially GPH and GPHOX-modified SPCEs. 

Hence, this kind of electrode proved to be the best. The difference in the electric charges of 

SWCNT-COOH-SPCE (negative charge due to the loss of the carboxylic group's proton) and the 

positive charge of DAS at this pH (pH 5.0) could explain the sensitivity of this compound's 

behavior over the electrode. The anodic peak current rose at the SWCNT-modified SPCE 

compared to the bare SPCE in Fig. 4.3B, showing the critical function of single-walled carbon 

nanotubes. This can be related to the increment of the active surface area of the electrode due to 

modification with SWCNTs which has a large surface area of about 600 m 2 g _ 1 , high electrical 

conductivity, and the accumulation of DAS on the surface of the modified SPCE. It shows the 

crucial role of SWCNTs in the oxidation process and electrode activity. SWCNTs can accelerate 

the electron transfer rate with excellent electrocatalytic behavior toward the oxidation of dasatinib. 

To comprehend the interaction and oxidation behavior of D A S over the SPCE, it is 

crucial to understand how the positive charge of the D A S molecule changes with pH. 

Dasatinib API has two basic ionization constants (pKa), which are 6.8 and 3.1, and one 

weakly acidic pKa, which is 10.8, in a saturated solution in water with a pH of 

approximately 6.0 12. In this way, this study evaluated the effect of the pH values over a 
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broad range from 3.0 to 10.0 of the B R buffer on the 100 (aM dasatinib electrochemical 

behavior through cyclic voltammetry. It was observed that for D A S compound, peak l a 

broadened as the supporting electrolyte's p H rose, and the voltammogram at pH 9.0 and pH 

10.0 revealed two successive charge transfer processes, peak l a at E p l a = +0.61 V and peak 

2 a at Ep2 a = +0.94 V for pH 9.0 and peak l a at E p l a = +0.46 V and peak 2 a at E p 2 a = +0.81 

V for pH 10.0 (Fig. 4.4A). The buffer pH considerably influenced the anodic peak currents 

{Ipa) at the surface of SWCNT-COOH-SPCE. It was observed that with increasing pH, the 

peak current of the modified S W C N T electrode at pH 5.0 is higher than that of other types 

of SPCE and pH (Fig. 4.3B), probably related to the large effective surface area of 

SWCNTs. The Ipa of dasatinib steadily increased with the increment of pH from 3.0 to 5.0. 

They decreased afterward because of the peak broadening. The anodic peak current of 

dasatinib reaches a maximum at pH 5.0 (Fig. 4.4C). Also, with a rise in pH, the anodic peak 

potential of dasatinib slightly shifted toward the negative. According to these findings, protons 

have participated in their electrode reaction processes. Ep versus pH was plotted with a 

slope of approximately —0.0602 V. (Fig. 4.4B). Therefore, it was concluded that both peaks 

signify irreversible processes involving two protons and two electrons. 

This finding is consistent with the known electrochemical reactions of dasatinib, as 

demonstrated by other research. It is well known that two electron and two proton processes 

contribute to the oxidation of dasatinib. It is suggested that dasatinib's thiazole moiety is 

involved in its oxidation. This may be referred to the creation of sulfoxide due to the transfer 

of two electrons and two protons from the sulfur atom of the thiazole ring in the presence 

of Britton-Robinson buffer (Fig. 4.3C) 7 3 . 
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Then, the carryover effect was evaluated on bare and SWCNT-modified electrodes. 

The Britton-Robinson buffer and dasatinib signals were assessed on the same electrode. 

The RSD of the peak current was 14% for the bare carbon electrode and 0.2% for the 

SWCNT-modified electrode. Therefore, SWCNT-COOH-SPCEs were used in further 

studies. 
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Fig. 4.4 I (A) Cyclic voltammograms in 100 uM DAS at pH 5.0, 9.0, and 10.0. (B) Effect of pH (pH 3.0-10.0) on the 
peak potential obtained at SWCNT- modified SPCE in Britton-Robinson buffer solution at a scan rate of lOOmV.s"1. 
(C) Variation in the peak potentials of DAS with pH of the buffer at SWCNT- modified SPCE. 

Effect of scan rate at SWCNT-modified SPCE 

The effect of the scan rate on D A S electrooxidation was evaluated in the range of 

20—200 mVs" 1 on the surface of the SWCNT-modified electrode using the C V technique 

(Fig. 4.5A). The dependence of Neperian logarithm of peak current on the Neperian 

logarithm of sweep rate (In Ip versus In v) is linear in which slope is 0.7499 + 0.02 (Fig. 

4.5B). It is indicated that the kinetics of the electrode process was controlled by adsorption, 

so the anodic oxidation of D A S on the surface of the S W C N T - C O O H - S P C E is an 

adsorption-controlled electrochemical process. It is established that a slope is less than 0.5 
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is related to diffusion-controlled electrode processes, but i f the slope is close to 1.0, the 

electrode process is adsorption-controlled 2 ' 2 7 ' 7 4 ~ 7 7 . It is described by the following equation 

78. 

In I p /uA = 0.7499 In v(V/s) + 5.5469 (R 2 = 0.9947) Eq. 1 

According to Fig. 4.5C, the peak currents were found to increase with increasing the 

scan rate, with a shift in the oxidation peak potential of D A S towards a more positive 

window (anodic area) which confirms the irreversible nature of electrode processes. Fig. 

4.5C shows the dependence of Epa on the Neperian logarithm of the scan rate (Epa versus 

In v). If the electrochemical reaction is irreversible, then the Epa is independent of the scan 

rate. Therefore, it can be deduced that heterogeneous electron transfer in D A S 

electrooxidation is irreversible because Epa increases with increasing scan rate. By 

increment of scan rate, the anodic peak potential (Epa) shifted towards more positive 

values, and a linear relationship was witnessed in the range of 20-200 mVs" 1 , as shown 

in Fig. 4.5C. The equation of this behaviour can be expressed as: 

Epa (V) = 0.0449 L n v(V s"1) + 0.8526 (R 2 = 0.9954) Eq. 2 

Additionally, for an adsorption-controlled and irreversible electrode process, the 

following Laviron equation between Epa versus In v can be used to determine the value of 

the reaction's total electron transfer coefficient 7 9 : 

RT Ep = ( ) ln v + constant Eq. 3 ^ v2anFy n 

Where a is the electron-transfer coefficient, n is the number of electrons, and v is the 

potential sweep rate. The other symbols have their usual meaning. Taking F = 96485 C 

mol— 1, T = 298 K , and R = 8.314J K—1 mol—1, in this study, employing the dependence of 
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anodic peak potential on the logarithm of the potential sweep rate (the slope = 0.0449), the 

value of total electron transfer coefficient (an) was calculated to be 0.28 for D A S 

electrooxidation. 

a can be calculated based on the equation Ep/2—Ep=1.875 (RT/aF ) 7 9 ' 8 0 , where 

Ep and Ep/2 are the peak potential and the potential at which the current (Ip) is equal to 

half its peak value (Ip/2) in cyclic voltammogram, respectively. The value of a equals 0.13. 

Furthermore, the shape factor in the irreversible system is given by |Ep — Ep/2| = 47.7/an 

(mV) 8 1 8 3

; from which the number of electrons transferred in the electrochemical reaction 

of D A S (in the presence of Britton-Robinson buffer) were found to be approximately 2 

(n=2.1). 

V = 0.7499 (0.02)x + 5.5469 [0,06) 
1 R2 = 0.9947 0.2 

0.5 0.1 

0 I 0 -
4 -3.5 3 -2.5 -2 -1.5 -1 -0.5 0 -4 -35 -3 -2.5 -2 1.5 -1 
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Fig . 4.5 I The effect of scan rate (A) C V of 100 u M dasatinib at S W C N 1 -modified SFCb; Britton-Robinson 
buffer pH 5.0; scan rates 20, 25, 50, 75, 100, 150, 200 m V . s 1 . (B) The plot of ln Ipa (Napierian logarithm of 
oxidation peak currents) versus ln V (Napierian logarithm of scan rates). (C) Dependency of oxidation Epa 
(peak potentials) versus ln V . 

47 



Optimized experimental SWCNT-modified SPCE 

The calibration curve in Fig. 4.6A-B shows that the oxidation signal is linearly 

associated with dasatinib in the concentrations range of 0.1 - 100 p M , with a correlation 

coefficient of 0.9975. The limit of detection (LOD), calculated as signal/noise = 3.3, was 

estimated to be 0.06 p M . The limit of quantitation (LOQ), calculated as signal/noise = 10, 

was 0.19 p M . Based on the obtained results, the developed electrochemical sensor had 

relatively high sensitivity and good linearity. The linear range for determining D A S tablet 

solutions (as actual samples) was investigated from 0.1 to 100 p M with a correlation 

coefficient of 0.999 (Fig. 4.6C). The L O D , calculated as signal/noise = 3.3, and L O Q , 

calculated as signal/noise = 10, were estimated to be 0.07 p M and 0.22 p M , respectively 

(Table. 4.1). The amount of dasatinib found was 70 mg/tablet, representing a relative error 

of 6 %. 

1 
Í 

V -11290612120.56))! + 9,6438 (0.08) 
R* = 0.9975 

000004 ooooos 0-00008 ooooi oooon 

Concentration/M 

y = 112325 (1921.715)x + 21,516 (0.099) 
R* • 0.999 

0.00004 0 00006 0.00008 0.0001 0.00012 

Con centra tion/M 

Fig. 4.6 I (A) Concentration effect of DAS detection by SWV method in concentration range (100, 70, 30, 10, 7, 3, 
0.7, 0.3, and 0.1 uM) in Britton-Robinson buffer pH 5.0 by SWCNT-modified SPCEs. Step potential 0.005V, Scan 
rate= 100mV/s. (B) Calibration curve related to SWV analysis of DAS. (C) Calibration curve related to SWV analysis 
of real sample dasatinib tablet solutions. 
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Table. 4.1 | Linear range, limits of detection, limits of quantification and correlation coefficient (R 2 ) 
calculated from D A S calibration curves obtained in B R buffer pH 5.0, and tablet sample. 

Sample Linear range 
(uM) L O D (uM) L O Q (uM) R 2 

Buffer 0.1 - 100 0.06 0.19 0.9975 

Tablet 0.1 - 100 0.07 0.22 0.999 

Therefore, the carbon-based screen-printed electrodes, a new generation of 

electrodes, were used to determine the anticancer drug dasatinib. According to the obtained 

results, modification of SPCEs with nanomaterials resulted in a better response for 

dasatinib than the bare ones. And among the different types of modified SPCEs, single-

walled carbon nanotube-modified electrodes gave the highest peak currents for dasatinib 

detection. SWCNTs improve the electrochemically active area and enhance the electronic 

transfer attributes. The tubular structure of SWCNTs on the SPCE surface was very uneven, 

which led to the enhancement of the surface area of the electrode. The developed platform 

showed a good electrochemical response towards dasatinib with LODs of 0.06 \iM. The 

established electrochemical sensor is among the superior reported electrochemical sensors 

(Table. 4.2) in terms of repeatability, low detection limit, and broad linear range. It should 

be highlighted that the excellent performance of the S W C N T was related to its outstanding 

properties like high electrical conductivity and large surface area, which pave the way for 

fast electrons. The results showed that the developed electrochemical sensor also had 

relatively high sensitivity and good linearity in detecting dasatinib in actual samples, too. 

Consequently, the single-walled carbon nanotube-modified screen-printed electrodes could 
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be used for the sensitive and quick analysis of electrochemically active pharmaceutical 

substances. 

Table. 4.2 | Comparison of developed electrochemical sensors for the sensitive determination of Dasatinib. 

Type of 
electrode Modification pH RSD Linear 

range 
Limit of 
detection Ref. 

Carbon paste ZnO NP/1 -butyl-3-methylimidazolium 
tetrafluoroborate 5.0 3.78% 1.0-1200 

uM 0.5 uM 84 

Glassy carbon Au-NPs/rGO/ds-DNA 4.80 3.1% 0.03-5.5 uM 0.009 uM 85 

Pencil 
graphite - 3.0 5.80% 0.0092- 1.0 

uM 0.0028 uM 86 

Glassy carbon 3.4 2.1% 0.2-2.0 jiM 0.13 uM 73 

Carbon paste Pt/MWCNTs-l-butyl-3-
methylimidazoliumhexafluoro phosphate - 8.0 - 5.0- 500 uM 1.0 uM 87 

Screen-
printed 
carbon 

SWCNT 5.0 1.89% 0.1-100 uM 0.06 uM This 
work 

Reproducibility, Selectivity, and Stability of the sensor 

Six sensors were chosen randomly to detect dasatinib under the same experimental 

conditions. The proposed method's repeatability (relative standard deviation) was assessed by 

measuring SWVs of 100 uM DAS in Britton-Robinson buffer pH 5.0 (intraday stability) through 

a SWCNT-modified electrode. The relative standard deviation (RSD%) was 1.89% to determine 

DAS in one day. 
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The interference study serves a significant role in analytical chemistry. To this end, the 

sensor's selectivity for determining DAS was investigated through the influences of some 

co-existing interferences like different organic and inorganic compounds such as lactose, sucrose, 

glucose, SO42", and CO32" in the real samples. Fig. 4.7 displays the SWV measurements of DAS 

and its mixtures with various interfering species. As can be seen, these compounds had almost no 

effect on the peak current of DAS, with a difference of less than 1.8% in peak current (%AI) 

between the peak current of DAS with and without interference. It demonstrated that the suggested 

sensor is highly selective for dasatinib detection. It should be noted that using glucose as an 

interfering agent broadened the DAS peak and showed two consecutive charge transfer reactions 

(Fig. 4.7A). 

A 

0.2 0.4 0.6 0.8 

• DAS 

- DAS + Lactose 

Potential/V 

DAS + Carbonate 

— D A S * Sucrose 

1.2 1.4 1.6 

- DAS + Glucose 

- DAS + Sulfate 

1: 

9 

I! 
V 

3 

2 

: 
: DAS DAS+ DAS + GlucoseDAS + LactoseDAS + SucroseDAS + Sulfate 

Carbonate 

Fig. 4.7 I (A) Interference effect of lactose, sucrose, glucose, SO42", and CO32" on determination of D A S by 
S W V method on S W C N T - C O O H - S P C E s in supporting electrolyte Britton-Robinson buffer p H 5.0. (B) 
Histogram of interference effect. 

Conclusion 

Herein, sensitive individual electrochemical determination of dasatinib is introduced 

on a SWCNT-modified SPCE platform. Compared to other electrochemical sensors with 

51 



various nanoparticles modification such as GPH, G P H O X , CNT, and bare electrodes, the 

SWCNT-modified SPCE showed an excellent function for dasatinib detection. 

Dasatinib could demonstrate an irreversible signal with good sensitivity at a surface 

of SWCNT-modified SPCE compared to others. SWCNTs-modified SPCE showed good 

catalytic activity of the oxidation signal of the D A S anticancer drug and improved its signal. 

This work has exhibited that dasatinib has only one oxidation peak at about +0.8 V at 

SWCNT-modified SPCE in Britton Robinson buffer solution, pH 5.0, and the 

electrochemical oxidation happens through step by two electrons and protons. The 

quantitative measurement of dasatinib with the S W V technique was optimized to 

voltammetric parameters. The developed platform showed a great electrochemical response 

towards D A S with an excellent detection limit and selectivity. Also, based on the results, 

there was a good linear relationship between the concentration range of D A S and its 

oxidation peak current. The results showed that our sensor could detect low dasatinib 

concentrations in tablet solutions (as actual samples). 
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pDNA conjugated with citrate capped silver nanoparticles towards 
ultrasensitive bio-assay of haemophilus influenza in human biofluids: 
A novel optical biosensor 

Introduction 

Haemophilus influenza (H. influenza) is a gram-negative coccobacillus which produces 

polysaccharide capsules. There are 6 serotypes from A to F based on type of capsular antigen 8 8 . 

Capsulated strains are resistant towards phagocytosis, whereas non-capsulated strains have less 

resistance and invasive features 8 9 . Influenza causes respiratory infections including bronchitis, 

acute otitis media, pneumonia, and sinusitis. Furthermore, it leads to invasive infections like 

meningitis, septic arthritis, and cellulite 9 0 . Hence, sensitive and fast determination of H. influenza 

is of paramount significance in medical microbiology. There are numerous techniques for 

diagnosis of H. influenza such as Polymerase chain reaction (PCR), latex particle agglutination 

(LAT), and culture. The latex particle agglutination and culture techniques are usually employed 

for clinical diagnosis of viruses 9 1 ' 9 2 . H. influenza is still a fastidious bacterium and its growing 

needs compound nutrition. Replication of this virus takes long time, so in culture technique it may 

takes long period of time up to weeks. A more sensitive method than culture and L A T is PCR but 

it also has some limitations. Some disadvantages of these methods are being laborious, time-

consuming, low specificity and sensitivity as well as requiring developed high-price instruments 

and expert technicians 9 3 . 

Because of limitations of conventional techniques, biosensors have been advanced for 

specific and more sensitive detection of H. influenza 9 4 . Genosensors are usually applied for 

detection of infectious diseases 9 5 ' 9 6 . Recently, DNA-based biosensors or genosensors have been 
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widely utilized for detection because of their great sensitivity, specificity, low-cost, simplicity as 

well as minimization ability 5 5 . Hybridization of DNA is the most significant process in the 

fabrication of DNA-based biosensors in which ssDNA (single-stranded DNA) immobilizes on the 

on the surface nanoparticle and target DNA (cDNA) bind to it for forming double-stranded helix 

(ds -DNA) 5 6 ' 5 7 . By emerging of nanotechnology, various kinds of nanoparticles are applied for 

immobilization of thiolated DNA probe with exceptional attributes like great adsorption power, 

great surface area and biocompatibility. Among the metallic nanoparticles, AgNPs (silver 

nanoparticles) have been broadly examined mostly because of their unique and optical 

characteristics as well as excellent extinction coefficients 4 2 . AgNPs draw lots of interests for its 

application in optical sensors because of their simple and cheap fabrication besides their greater 

extinction coefficients than those of gold nanoparticles with the similar average size 4 4 ' 4 5 . In 

addition, the high surface area of silver nanoparticles is completely appropriate for modification 

and fabricate useful components in colorimetric determination of some analytes including, metal 

ions 9 7 , pesticides 9 8 , thiols " , amino acids 1 0 ° , DNA 1 0 1 , proteins 1 0 2 , small molecules 1 0 3 , enzymes 

4 4 as well as food and environmental contaminants 1 0 4 - 1 0 6 . 

In present research, an innovative optical DNA-based biosensor using citrate capped silver 

nanoparticles for detection of H. influenza gene was developed. The purpose of this study is design 

a spectrofluorometeric and UV/Vis spectrophotometric technique for sensitive determination of 

H. influenza. The developed method not only has acceptable linear range but also it is simple and 

cost-efficient technique in comparison with conventional methods. 

Chemical and reagents 

Sodium acetate (CH3COONa), sodium chloride (NaCl), DTT (Dithiotrietol), silver nitrate 

(AgNCb), NaBH 4 (sodium borohydride), trisodium citrate (NaaCeHsCh) were purchased from 
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Sigma-Aldrich (Ontario, Canada). The oligonucleotide sequences achieved from Takapouzist Co. 

(Iran) include: 

. Probe single strand DNA (ssDNA): SH-5'-AAT TTT CCA ACT TTT TCA CCT GCA T-

3' 

• Complementary target DNA: 5'-ATG C A G GTG A A A A A G TTG G A A A A T T-3' 

• 1 -base mismatched target DNA: 5'-ATG G A G GTG A A A A A G TTG G A A A A T T-3' 

• 2-base mismatched target DNA: 5'-AGG G A G GTG A A A A A G TTG G A A A A T T-3' 

• 3-base mismatched target DNA: 5'-AGG G A G GTG A G A A A G TTG G A A A A T T-3' 

Dilution of oligonucleotides was performed using Tris-HCl buffer (0.1 M , pH~7.4). DTT solution 

was made ready using 500 mM DTT and 10 mM sodium acetate (pH~5.2). 

Instruments 

Transmission electron microscopy (TEM) was carried out by Philips CM30 electron 

microscope operated at 200 kV (Adelaide, Australia). Dynamic light scattering (DLS) was 

evaluated using zeta potential instrument Malvern Instruments Ltd (Zetasizer Ver. 7.11, 

MAL1032660, England) for size distribution and zeta potential. Field emission scanning electron 

microscope (FE-SEM) (Hitachi-SU8020, Czech) with an operating voltage of 3 kV was performed 

to appraise the modified electrode surface and particles morphology. The chemical composition of 

the modified electrodes was investigated using energy dispersive spectroscopy (EDS). Overall 

these instruments have three major components-laser, sample and light detector UV-VIS 

spectrophotometer achieved by shimadzu UV-1800 UV-VI spectrophotometer with a resolution 
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of 1 nm. Fluorescence spectra and intensity measurements were done employing a Jasco FP-750 

Spectrofluorometer (Japan) equipped 1.0 cm quartz cells and a 150 W xenon lamp. 

Synthesis of citrate capped silver nanoparticles 

In order to synthesis the citrate capped silver nanoparticles, in an ice bath (approximately 

0°C) 400 mL of trisodium citrate (1.06 mM) solution, as a capping/stabilizing agent, was 

completely mixed with 25 mL of silver nitrate solution (5 mM). Next, 2500 uL of 100 mM 

NaBH4 aqueous solution as a reducing agent was drop wisely added to the mixed solution over 

5 min. This was led to immediate color alteration to light yellow. The prepared solution was 

vigorously stirred about 1 h and 45 min under dark condition until the color was shiny yellow 

which confirms the end of reaction and Cit/AgNPs formation. Then, the ice bath was removed and 

solution was kept in dark condition overnight to attain room temperature. The synthesized 

Cit/AgNPs were centrifuged at 6000 rpm for 15 min. 

Citrate ions are usually utilized as a reductant and stabilizer in synthesis of metal 

nanoparticles and makes powerful surface interaction with AgNPs. Adding citrate ions to the silver 

solution leads to the citrate ions complication with silver nanoparticles. The complexity of citrate 

ions with AgNPs serves significant role in dictating shape and size of AgNPs. Citrate ions effects 

the growth of particle through compounding with positively charged dimers of Ag + . 

Results and Discussion 

TEM, FE-SEM and DLS analysis of citrate capped AgNPs 
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The mechanism of Cit/AgNPs formation and supportive proof of morphologies and 

characteristics of silver nanoparticles was provided by T E M (transmission electron microscopy). 

T E M is continuously the first method employed for determination of the size and nanoparticle size 

distribution 1 0 7 . T E M images recorded using the holey carbon grid which are shown in Fig. 4.8. 

The T E M micrographs of synthesized citrate capped silver nanoparticles clearly show the AgNPs 

are discrete, monodisperse, and spherical in environment with average particle size under 10 nm. 

Fig. 4.8 | T E M images of City AgNPs in various magnifications. 
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Surface morphology of Cit/AgNPs was characterized by FE-SEM (field emission scanning 

electron microscope) and chemical compositions of nanoparticles were analyzed by EDS (energy 

dispersive spectroscopy). As shown in Fig. 4.9A, AgNPs have uniform spherical structure. 

According to the standard theory of colloids, the stability of colloids depends on the equilibrium 

between the van der Waals interaction and the coulombic repulsion of the charged particles the 

charged particles 1 0 8 . According to Fig. 4.9B, sharp and large peaks from citrate and sodium appear 

due to the existence of sodium citrate and sodium borohydride in the structure of Cit/AgNPs. 
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Fig. 4.9 | (A). FE-SEM images of Cit/AgNPs in various magnification. (B). EDS spectra of Cit/AgNPs. 

DLS (dynamic light scattering) is a powerful technique which depends on the interaction 

of light with particles. This technique can be employed for measurements of narrow particle size 

distributions especially in the range of 2-500 nm 1 0 9 . For determination of citrate capped AgNPs 

hydrodynamic sizes and zeta potential were evaluated (Fig. 4.10). The average particle size of 

synthesized Cit/AgNPs was 2.27 nm. Furthermore, Cit-AgNPs exhibits fluorescence emission in 

the range of 400-600 nm. This may be due to citrate in the structure of this probe with the 

maximum excitation and emission wavelength at 370 nm and 420 nm, respectively UV-Vis 

spectra revealed that maximum absorption of Cit-AgNPs is around 397 nm. 
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Fig. 4.10 | Size distribution analysis of Cit/AgNPs via DLS. 

Preparation of optical biosensor 

pDNA is one of the most significant element in genosensing. For this purpose, pDNA was 

activated through combination with DTT. DTT (dithiotrietol) is usually employed as a 

deprotecting or decreasing agent for thiolated-probe DNA. The sulfur atoms in terminal of 

thiolated DNA have potential for forming dimers especially in the existence of oxygen. Thiol 

groups oxidation prevented by DTT. So, it is applied as a protecting agent 1 1 0 ' 1 1 1. Therefore, DTT 

(0.01 M) and sodium acetate (0.01 M) were prepared with deionized water. Then, 15 uL of pDNA 

(SH-5'-AAT TTT CCA ACT TTT TCA CCT GCA T-3') was mixed with 100 uL DTT/sodium 

acetate solution. After 15min, 200 uLof ethyl acetate was added and for 5 min vortexed. The 

prepared solution was centrifuged for 10 min at 8000 rpm and supernatant was removed. 

Subsequently, 200 uL of Cit/AgNPs was added to the prepared pDNA solution and incubated for 

2 h at 45° c for spectrofluorometery and 200 uL of diluted Cit/AgNPs (1/2 concentration) was also 

another microtube of prepared pDNA and incubated which was applied for UV-vis 
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spectrophotometery. 10 uL of NaCl (1 M) was added to 300 uL of mixed Cit/AgNPs-pDNA and 

Cit/AgNPs for increment of quality and stability of nanoparticles. Then, the prepared solutions 

were pipetted in the cuvettes and data was recorded both by spectrofluorometer in range of 

400-750 nm wavelength and UV-VIS spectrophotometer in range of 250-700 nm spectral range. 

Fluorescence emission and excitation spectra of Cit/AgNPs and Cit/AgNPs-pDNA are 

demonstrated in Fig. 4.11 A. The excitation peaks for Cit/AgNPs and Cit/AgNPs-pDNA were 

observed at 439 and 438 nm, respectively. The fluorescence spectrum of Cit/AgNPs was similar 

to that of Cit/AgNPs-pDNA; although, the fluorescence intensity was declined by pDNA. As can 

be seen in Fig. 4.1 IB, momentous alteration in UV-vis spectra was happened after addition of 

pDNA which appeared at 470 nm. A l l of the genosensor preparation steps was shown in Scheme. 

4.2. 
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Scheme. 4.2 | Illustration of preparation steps of genosensor. 
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Optimization of hybridization time 

Hybridization leads to quick and effective binding of DNA strands. In this study, pDNA 

hybridized with its specific DNA (cDNA (complementary target 

sequences)). Oligonucleotides were successfully immobilized on the surface of Cit/AgNPs due to 

interaction of AgNPs surface with oligonucleotides binding groups. Thiol groups of 

oligonucleotides result in increment of binding affinity of them to the surface of nanoparticles, 

which leads to greater stability of Ag nanoparticle probes 4 5 . The Cit/AgNPs have stability toward 

salt concentration (NaCl). So, they are stable against aggregation by NaCl concentration. This 

hybridization process was associated with color alteration, red-shifting as a result of assembly of 

particle which can be seen by naked eye in the form of yellow to pale red color change (Fig. 

4.12A). To evaluate the hybridization and optimum incubation time, Cit/AgNPs functionalized 

with pDNA (SH-5'-AAT TTT CCA ACT TTT TCA CCT GCA T-3') solution (Cit/AgNPs-pDNA) 

and incubated with 15 pL of cDNA (5'-ATG C A G GTG A A A A A G TTG G A A A A T T-3') at 

different incubation times (2, 5, 10, 15, and 20min). In this part, lOpL of NaCl was added to 

enhance the AgNPs stability and inhibted their aggregration. After insertion of 10 pi NaCl, U V -

vis spectra were recorded at different time (251,015 and 20min). Obtained results demonstrated 

that the optimum cDNA incubation time was 2 min. As revealed in Fig. 4.12, the location of peak 

is absolutely similar with previous section. 
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metry 

Fig. 4.12 | (A) color alteration of Cit/AgNPs from yellow to pale red after hybridization with pDNA. Fluorescence 
excitation (B) and UV/Vis absorbance (C) spectrum in various hybridization time (2,5,10,15, and 20 min). 

Analytical study 

Sensitivity is one of the significant parts of the genosensors. In order to evaluate the 

sensitivity of prepared genosensor, various concentration of cDNA (10~6,10"9,10"12,10"15,1017 and 

10"21 M) was applied with 2 min incubation time. Same as the previous section, 10 uL of NaCl was 

added for increasing quality and stability of AgNPs. 15 uL of these concentrations were added to 

the prepared Cit/AgNPs-pDNA and incubated at 37°C for 2 min. As exhibited in Fig. 4.13, the 

maximum peak was recorded for concentration 10~6 M and it was thoroughly predictable. 
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According to decrease of cDNA concentration, the intensity of the excited fluorescence and 

absorbed signal was decreased. According to the results, in spite of recorded signals downward 

mobility, the developed optical genosensor can be employed for determination of cDNA, target 

sequence, up to the concentration of 1 zM for both spectrofluorometer and UV-vis 

spectrophotometer. Dynamic linear ranges for both were between 1 uM-1 z M and regression 

equations recorded for spectrofluorometery and UV-vis spectrophotometery respectively were: 

y= -1.7625 (Haemophilus influenza) + 23.969 R 2 = 0.8412 Eq. 4 

y= -0.0885 (Haemophilus influenza) + 1.1295 R 2 = 0.8692 Eq. 5 

Briefly, the designed DNA based biosensor not only possess great sensitivity but also has easy and 

low-cost construction. 
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Fig. 4.13 | Fluorescence excitation (A) and UV/Vis absorbance (C) spectrum of genosensor after hybridization with a 
variety of cDNA concentrations (10" 6,10- 9,10 1 2,10 1 5,10 1 7 and 10"21 M) in the 400-750 nm and 250-700 nm spectral 
ranges, respectively. Histograms of peak intensity versus concentration of cDNA (C and D). 

Selectivity 

One of the remarkable merits of biosensors is its selectivity. Hence, a perfect biosensor 

should have power to distinguish similar analytes. For evaluate the selectivity, we designed three 

mismatch sequences (mismatch 1: 5'-ATG G A G GTG A A A A A G TTG G A A A A T T-3', mismatch 

2: 5'-AGG G A G GTG A A A A A G TTG G A A A A T T-3', mismatch 3: 5'-AGG G A G GTG A G A 

A A G TTG G A A A A T T-3')- Alike with analytical study, the designed genosensor was incubated 

with 15 uL mismatch primers and fluorescence excitation and UV/Vis absorbance was recorded 

for comparison with cDNA hybridization. The selectivity of genosensor was evaluated in spectral 

ranges 400-750 nm and 250-700 nm, respectively. As showed in Fig. 4.14, in the presence of 

mismatched DNAs, fluorescence excitation had significant reduction, whereas, UV/Vis 

absorbance was considerably increased from mismatch one to mismatch three. These results has 
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exact agreement with different reported studies that the dsDNA intensity is more than that 

of ssDNA. 
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Fig. 4.14 | Fluorescence excitation (A) and UV/Vis absorbance (C) spectrum of hybridization with mismatch cDNAs 
(Mismatch!, Mismatch2, Mismatch3) in the 400-750 nm and 250-700 nm spectral ranges, respectively. Histograms 
of peak intensity versus type of sequence (B and D). 

Stability 

One of the ways to increase the genosensors stability is employing silver nanoparticles. 

Silver nanoparticles draw a lot of attention in optical biosensors because of their simple and low-

cost fabrication as well as great extinction coefficients. In addition, AgNPs has great superficial 
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area which can be suitably modified ' . The stability of developed genosensor was measured in 

two steps. At first, intraday stability of synthesized Cit/AgNPs was examined at regular 2 -h 

interval time. According to Fig. 4.15A-B, the fluorescence excitation and UV/Vis absorbance of 

Cit/AgNPs were decreased respectively during each 2h interval time. In the second step, the 

stability of developed genosensor was evaluated similar to that of Cit/AgNPs. As displayed in Fig. 

4.15C-D, the fluorescence excitation of engineered genosensor was increased respectively during 

each 2 -h interval time; whereas, its UV/Vis absorbance was decreased. Therefore, the synthesized 

Cit/AgNPs has acceptable stability. The genosensor has stability for use within 4h. Finally, 

designed platform has appropriate stability despite its easy fabrication. 
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Fig. 4.15 | Fluorescence excitation (A-C) and UV/Vis absorbance (B-D) of Cit/AgNPs and Cit/AgNPs-pDNA, 
respectively, at regular 2 -h interval time. 

Conclusion 

A unique method for the analysis of DNA hybridization was developed to 

detect Haemophilus influenza. The technique was based on spectrofluorometeric and UV/Vis 

spectrophotometric which detected hybridization of DNA using citrate capped silver nanoparticles 

conjugation as a transducer. The LLOQ (low limit of quantification) of D N A sample was 1 z M 

using 15 uL of probe and 200 uL of Cit/AgNPs. The fabricated platform not only is rapid and 

simple, but also it is cost-efficient, convenient and only a small volume of sample is required. 

Therefore, this technique has potential applications in clinical diagnosis field. Fast and specific 
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determination of pathogenic bacteria could be a great alternative for hard-growing bacteria 

diagnosis. 
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Bioelectrocataytic behavior horseradish peroxidase bound to green 
polymeric scaffold of poly(tyrosine)-chitosan as molecularly 
imprinted polymer toward monitoring of H2O2 in human biofluids 

Introduction 

Molecular imprinting, which leads to creating particular recognition sites in polymer 

matrices, recently became a broadly employed technique for developing robust and durable 

biosensors for diagnostics, industry, and environmental analysis112. The goal of molecular 

imprinting based on the "lock-and-key" idea is to create specialized target molecular locks to match 

target molecules as "key" templates. The approach has been extensively used in electrochemical 

sensors 1 1 3 . The study of protein recognition and rebinding characteristics is typically the primary 

focus of conventional MIPs (molecularly imprinted polymers) made with initiators, cross-linkers, 

functional monomers, and template molecules. However, these MIPs likely have limitations, 

including slow target analyte binding kinetics, small binding capacities, deficient template 

removal, and inadequate site accessibility for the template molecules 1 1 4 ' 1 1 5 . 

Surface imprinting is a common and widely used approach for imprinting biomolecules 

such as proteins, with the diffusion problem alleviated through template-polymer contact. Hence, 

high-affinity recognition sites on the substrate's surface can be obtained 1 1 6 . The merits of MIP-

based electrochemical biosensors include great sensitivity and selectivity, reusability, low cost, 

automation, ease of preparation, mechanical/chemical stability, and miniaturization64. The 

preparation process for MIP-based electrochemical biosensors can be carried out without catalysts, 

initiators, or cross-linkers, which are essential functional components in conventional MIP 

procedures. Thus, a simple and affordable process emerges as a promising approach for MIP 
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formation. By adjusting the charge and deposition mode, electropolymerization provides the 

capacity to precisely regulate the film thickness and compactness on the transducer surface. 

In several enzyme-substrate processes, hydrogen peroxide (H2O2) serves as an enzymatic 

intermediate and functions as a potent oxidant. Since H2O2 plays a significant role in several redox 

processes in biological systems, the quick and precise detection of trace amounts of H2O2 is critical 

in clinical applications117"119. Horseradish peroxidase (HRP) is a plant-source essential heme-

containing enzyme that has been extensively researched for over a century. It is a glycoprotein 

with an approximate molecular weight of 42,000 Da, belonging to the class III classical secretory 

plant peroxidases. It contains two different metal center iron (III) protoporphyrin IX 

(ferriprotoporphyrin IX) situated at the active site 1 2 0 ' 1 2 1 . It is described as oxidoreductase enzymes 

utilizing H2O2 as the electron acceptor for peroxides reduction and oxidization of a broad range of 

inorganic and organic compounds122. 

In this work, we proposed a new matrix of poly(Tyr)-CS on the disposable screen-printed 

carbon electrodes for surface imprinting of the HRP enzyme. Additionally, using imprinted film 

as matrices that HRP has immobilized based on the strong interaction between poly(Tyr)-CS MIP 

film and HRP, a molecularly imprinted electrochemical biosensor for determination of HRP can 

be expanded for the detection of H2O2 as enzymatic substrates. In other words, using the MIP film 

can create a bi-analyte biosensor for the enzyme and its substrate. The chief aspects of this work 

have been highlighted. The application of poly(Tyr)-CS film is an economical, facile, and green 

matrix for constructing a sensitive HRP surface molecular imprinting electrochemical biosensor, 

which results in facilitating the electron transfer and enhancing the bioelectrocataytic activity of 

the HRP on H2O2. The fabricated MIPs have dramatically improved the current intensity and 

enhanced sensitivity for determining H2O2 in human plasma samples. 
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Chemical and reagents 

Chitosan, L-tyrosine (L-Tyrj, H2O2 (>30%), potassium ferrocyanide, potassium ferricyanide, 

potassium chloride, bovine serum albumin (BSA), and HRP (type II) were purchased from Sigma 

Aldrich (Prague, Czech Republic). 0.1 M phosphate buffer saline solution (PBS) was prepared by 

dissolving Na2HP04 (0.1 M) and NafhPC^ (0.1 M) in ultrapure water. Ultrapure water with a 

resistivity of 18.2 M.cm (MilliQ, Millipore, France) was used to prepare all solutions. Human 

plasma samples were kindly provided by the University Hospital in Ostrava. Commercial buffer 

solutions with pH levels of 4.0, 7.0, and 10.0 were used for calibration of the pH electrode. 

Instruments 

The Metrohm Potentiostat PGSTAT101 AUTOLAB was used for electrochemical 

measurements (Prague, Czech Republic). The N O V A 2.1 software was used to run the system on 

a computer. Three-electrode screen-printed carbon electrodes DRP-C110 (bare carbon) were 

purchased from Metrohm Dropsens (Prague, Czech Republic). The screen-printed electrochemical 

cell comprises a carbon working electrode (4-mm diameter), a silver or Ag/AgCl reference 

electrode, and an auxiliary carbon electrode. A scanning electron microscope (SEM), Hitachi 

SU6600 SEM (Hitachi, Japan), was used to analyse the surface morphology of the screen-printed 

carbon electrodes. The electrode components were identified using an EDS (energy dispersive 

spectroscopy) paired with SEM equipment. 

Electroanalytical measurements 

The electrochemical characteristics of the imprinted biosensor were characterized using 

different electrochemical methods, including CV and DPV. Fe(CN)647Fe(CN)63" was selected as 

the electroactive probe solution for evaluating the HRP response. 
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The imprinted polymer was electrochemically characterized using CV scanning in 0.01 

M Fe(CN)6

47Fe(CN)6

3" containing 0.1 M KC1 at the potential range of -1.2 to 1.0 V and a sweep 

rate of 30 mV.s"1. Furthermore, DPV at potentials between -1.2 and 0.0 V with a step potential of 

0.005 mV and chronoamperometry with an applied potential of -0.66 V was employed to evaluate 

and determine H2O2 using molecularly imprinted biosensor in 0.1 M PBS solution (pH 8.0) 

containing various concentrations of H2O2. A l l experiments were conducted at room temperature 

and repeated three times. 

Electropolymerization of L-Tyr supported CS on the SPCE surface 

The electropolymerization of 10 mM L-Tyr in PBS (pH = 7.4) utilizing the C V method 

produced poly(Tyr). The modification procedure was performed in the potential range of -1.0 to 

1.0 V (10 repetitive cycles), and the scan rate was 100 mV.s"1. After the electropolymerization of 

poly(Tyr) on the SPCE surface, deionized water was used to rinse the modified electrode to remove 

any unabsorbed substances. According to Fig. 4.16A, the creation of poly(Tyr) led to an anodic 

peak at 0.6 V and a reduction peak at -0.8 V. As the number of CV scans rose, the peak current 

also increased, exhibiting the formation of an electroconductive polymer film on the electrode 

surface. In the second step, the SPCE was moved into 0.1 M HC1 containing 2 mg/mL CS, and 20 

repetitive cycles were performed in the potential range from -1.0 V to 0.15 V and sweep rate of 
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100 mV.s"1 (Fig. 4.16B). A thin film of poly(Tyr)-CS film was created on the surface of a screen-

printed carbon electrode. 

a -60 

-1-1 -0-7 -Q.3 0,1 0.5 0.9 -1.1 -0.3 -0.7 -0.5 -0.3 -0.1 0.1 

Potential/V Potential/V 

Fig. 4.16 | A) CVs of poly(Tyr) on the surface of SPCE in the presence of 0.1 M PBS (pH=7.4) containing 27 mM L-
Tyr at scan rate of 100 mV s"1. Number of cycles is 10. B) CVs of CS on the surface of SPCE in the presence of 0.1 
M HCl containing 2 mg/mL CS at scan rate of 100 mV s"1. Number of cycles is 20. 

Preparation of MIP/ poly(Tyr)-CS modified biosensors 

The combination of poly(Tyr)-CS electropolymerization with the self-assembly surface 

molecular imprinting approach led to the protein (HRP) imprinting in poly(Tyr)-CS. The 

poly(Tyr)-CS/SPCE were submerged in PBS (pH=6) containing 1 mg/mL HRP after the 

electropolymerization. They lasted 24 hours in a refrigerator at 4°C. The HRP template molecules 

were easily immobilized on the poly(Tyr)-CS matrix through hydrogen binding interaction. The 

modified electrode (HRP/poly(Tyr)-CS/SPCE) was immersed in 1.0 M hydrochloric acid solution 

for a period to eliminate the binding template HRP. The imprinted electrode (MIP/poly(Tyr)-

CS/SPCE) was thoroughly rewashed with ultrapure water after that. Electrochemical techniques 

like CV and DPV were applied to ensure that the template had been properly removed. Prior to 

usage, the MIP/poly(Tyr)-CS/SPCE electrode was kept at 4 °C in a refrigerator. 
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Results and discussion 

Morphological and structural characterization of prepared imprinted biosensor 

The morphology of the modified SPCE and the imprinted layer was further examined using 

SEM. EDS was used to perform an elementary analysis as well. Fig. 4.17 display the SEM image 

of the poly(Tyr)-CS/SPCE, HRP/poly(Tyr)-CS/SPCE, MIP/poly(Tyr)-CS/SPCE, and bare SPCE. 

The surface of bare SPCE was smooth and flat, as seen in Fig. 4.17D. A notable homogeneous 

monodispersed spherical structure was seen when poly(Tyr)-CS was modified on SPCE (Fig. 

4.17A), which is ideal for macromolecular loading effectiveness, and the average size of spherical 

beads was around 60 nm. Such polymer's monodispersed spherical beads have increased surface 

area and pore volume, which results in high imprinting effectiveness and enhanced noncovalent 

bonding interaction strength. Fig. 4.17B exhibits that HRP protein molecules have been assembled 

on the surface of the monodispersed spherical poly(Tyr)-CS film, which made the surface uneven 

and undulant. Additionally, the E D X demonstrates that P and Fe elements were not initial polymer 

film, and P and Fe peaks can be seen in the enzyme-immobilized film. These alterations showed 

that HRP had been successfully immobilized on the poly(Tyr)-CS film. The change in film shape 

caused by eliminating the HRP template molecules is apparent in Fig. 4.17C. 
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Fig. 4.17 | Scanning electron microscopy of (A) poly(Tyr)-CS/SPCE, (B) HRP/poly(Tyr)-CS/SPCE, and (C) 
MIP/poly(Tyr)-CS/SPCE, (D) bare SPCE, and EDXs of (E) poly(Tyr)-CS/SPCE, (F) HRP/poly(Tyr)-CS/SPCE, and 
(G) MIP/poly(Tyr)-CS/SPCE, respectively. 

The possible mechanisms of the electropolymerization of poly(Tyr)-CS film 

The suggested process of electropolymerization of poly(Tyr)-CS is that L-tyrosine 

polymerization starts in the first step by providing an oxidation potential, leading to the production 

of a radical cation on the carbon-containing amine group. It has been demonstrated that an N H 

group-containing monomer may be electropolymerized on the SPCE surface to create a conducting 

film by the formation of a covalent bond (N-C) between the N H group and carbon electrode 1 2 3 ' 

1 2 4 . Since CS is positively charged when dissolved in acid (HC1 in the current study), the electron-

withdrawing oxygen-containing groups on poly(Tyr) in the second step are advantageous to the 

combination with CS from an electrostatic point of view. The findings, therefore, demonstrate that 

tyrosine may interact with hydrophilic CS via -NH3+ and -OH side groups, allowing for the 

formation of a specific self-assembly network between the tyrosine monomer and CS chains 

(Scheme. 4.3) 1 2 4 - 1 2 5 . 
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Scheme. 4.3 | Electropolymerization procedure of tyrosine supported chitosan on the screen-printed carbon electrode. 

Optimization of biosensor responses 

Electrochemical characterization of developed imprinted biosensor 

Scheme 4.4 depicts the fabrication of the HRP electrochemical imprinted biosensor 

(MIP/poly(Tyr)-CS/SPCE). A new imprinting preparation method was used to ensure the diffusion 

and elution of the HRP biomacromolecule on the surface of the created modified electrode 1 2 2 ' 1 2 6 ~ 

1 2 9 . In this strategy, pre-assembly of the poly(Tyr)-CS film onto the SPCE surface before binding 

of HRP rather than the conventional method of tyrosine and CS electropolymerization in the 

presence of the HRP template was carried out. C V was employed for the characterization of 

preparation procedures of the imprinted biosensor in a 0.01 M Fe(CN)64"/Fe(CN)63" solution 
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containing 0.1 M KC1 as a supporting electrolyte. Fig. 4.18 showed that the redox peaks were 

enhanced when SPCE was modified by poly(Tyr)-CS compared to the bare SPCE, suggesting that 

the high electrical conductivity and unique characteristics of the poly(Tyr)-CS/SPCE can expedite 

the electron flow of probe involving Fe(CN)64"/Fe(CNJ63". Template HRP molecules were trapped 

in the poly(Tyr)-CS matrix through hydrogen bond interaction between the - N H groups of the 

poly(Tyr)-CS film and the -COOH groups of the HRP template molecules. Consequently, when 

the HRP molecule was bounded, the peak current of the prepared electrode reduced drastically, 

implying the successful assembly of HRP that allows electron transport to be retarded because of 

weak conductivity. However, after the removal of the template protein molecules from the polymer 

matrix, the specific imprinting cavity for HRP molecule determination was reconstructed. The 

imprinted sites were evidently generated following the elution of the template protein, which let 

the probe molecules diffuse into the electrode surface via the imprinted layer's pores 1 2 2 ' 1 2 8 ' 1 2 9 . As 

a result, the peak current was enhanced, indicating that HRP biomacromolecules were successfully 

removed. CV can keep track of the template elution from the matrix. 
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Scheme. 4.4 | The preparation process of MIP/poly(Tyr)-CS/SPCE biosensor. 

The template removal time is critical in achieving the optimal MIP-based sensor. The 

adequate time allows for the template extraction from the polymeric matrix. The electrode surface 

was exposed to 1.0 M HC1, and the exposure time was between 5 and 40 min (Fig. 4.19). The peak 

current rose when the electrode surface was soaked in 1.0 M HC1 for 20 minutes. These findings 

show that the HRP has begun to be removed from the polymeric matrix. However, after 20 min, 

the CV current fell and remained stable until 40 min. As shown in Fig. 4.19B, a 20-min immersion 

in 1.0 M HC1 was sufficient to remove HRP from the polymeric matrix. 
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Fig. 4.19 I A) CVs of HRP/poly(Tyr)-CS/SPCE imprinted polymer at different removal time (5,10,15,20,30, and 40 
min) in 0.01 M Fe(CN)e*'IFe(CN)63'+QA M K C l at a sweep rate of 0.1 V/s. B) peak currents variation versus template 
removal time with HCl (n = 3, SD = 3.33). 

Kinetic studying 

CVs of poly(Tyr)-CS modified SPCE were obtained at various sweep rates in the range of 

10 to 500 mV.s"1 in Fe(CN)647Fe(CN)63~ solution for the kinetic study. Peak currents increased 

with increasing scan rate, as shown in Fig. 4.20. According to Fig. 4.20D, the dependence of the 

Neperian logarithm of peak current on the Neperian logarithm of sweep rate (In Ip versus In v) is 

linear In Ipa = 0.1845 In v + 5.1798 (R2 = 0.9951), in which the slope is 0.1845 + 0.003. A slope 

close to 1.0 is believed to be the electrode process is adsorption-controlled, and a slope less than 

0.5 is thought to be diffusion-controlled by Fick's law 1 3 0 ' 1 3 1 . Hence, this indicates that the 

electrochemical reaction at poly(Tyr)-CS/SPCE surface was controlled by diffusion. Fig. 4.20C 

demonstrates the dependence of peak potential on the Neperian logarithm of the scan rate (Epa 

versus In v) and that the electron transfer has an irreversible nature with a positive shifting in the 

anodic and cathodic peak positions, respectively. The linear relation between Epa versus In v can 

be expressed as E p a = 0.0932 In v +0.6717 (R 2 = 0.9843). As for a diffusion-controlled and 
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irreversible electrode process, according to Laviron 19, Epa can be calculated using the following 

equation: 

RT 
Ep = ( ) l nv + constant Eq. 6 

^ v 2 a n F y n 

In the above equation, Ep is the peak potential, a is the electron-transfer coefficient, n is the 

number of electrons, T is the temperature (298 K), F is the Faraday constant (96485 C mol~ l), and 

R is the universal gas constant (8.314 J K ~ 1 mol~ !). In this study, the value of an was calculated 

to be 0.13 for [Fe(CN)6]3 _ / 4~. Furthermore, the value obtained for n from |Ep - E p / 2 | = 47.7/an 

(mV) irreversible system 8 1 8 3 is 1.03-1. 

Moreover, the special surface of SPCE covered with poly(Tyr)-CS should be investigated 

to assess the effective electrode surface coverage. To calculate the value of r* as surface coverage 

of a modified electrode, the slope of peak currents on scan rates (Ip vs. V) was examined using 

Equation. 5 (Fig. 4.20B) 1 3 2 : 

IP = (n2 F 2/4RT) vAT, * Eq. 7 

Where A is the electrode surface area (A=7ir2=0.1256 cm2), v is the potential sweep rate, and T* 

represents the surface coverage of the modified electrode (M/cm2). The surface coverage of 

poly(Tyr)-CS/SPCE was attained as 1.25 x 10~5 cm 2-s _ 1, which supplies an effective surface for 

the HRP immobilization and generation of the imprinted polymer. 
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Fig. 4.20 I A) CVs of poly(Tyr)-CS/SPCE in 0.01 M Fe(CN)6 3 /Fe(CN) 6

4 - + 0.1M K C l at various sweep rates (10, 20, 
30, 50, 70, 90, 100, 150, 200, 250, 300, 350,400,450, and 500 mV/s). B) The dependency of I p versus v. C) Variation 
of E p versus Lnv. D) Variation of lnlp versus Lnv. 

HRP determination by the MIP/poly(Tyr)-CS/SPCE 

Highly sensitive determination of the target is critical for molecularly imprinted sensors. 

This study has investigated the application of MIP/poly(Tyr)-CS/SPCE to detect HRP at various 

concentrations using the DPV method with 0.01 M Fe(CN)6

3"/Fe(CN)6

4" containing 0.1 M K C l as 

an electrochemical probe. According to Fig. 4.21 A, the current response of the imprinted biosensor 

reduced as HRP concentration rose. This was caused by the entrance of the template molecule into 

imprinted sites, retarding electron transfer to the created cavity and obstructing the probe 

molecule's ability to diffuse through the imprinting layer. A correlation exists between the 
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concentration of HRP and the decreased peak current. As exhibited in Fig. 4.2 IB, there was a good 

dynamic linear range from 1.0 xlO" 8 to 1.0 xlO"1 mg/mL to be displayed with a linear regression 

equation AI (uA)=0.1679 CHRP+2.8954 (R2=0.9729) with the LOD of 9.39 x 10"8 mg/ml (2.34 pM) 

(S/N=3.3) and a quantitation limit (LOQ) of 2.84 x 10"7 mg/ml (7.11 pM) (S/N=10). 

Potential/V C on/ (mg/ml) 

Fig. 4.21 | A) DPV of MIP/poly(Tyr)-CS/SPCE in different concentration of HRP (0.1, 10"2, 10"3, 10"4, 10"5, 10"7, and 
10"8 mg/mL in 0.01M Fe(CN)6

37Fe(CN)64~ + 0.1M KC1. B) Calibration curve of the corresponding peak currents of 
MIP/poly(Tyr)-CS/SPCE versus concentrations of HRP (n = 3, SD = 2.03). 

Bioelectrocatalytic activity of HRP-imprinted biosensor 

Anaerobic oxidase via the ferric-ferrous cycle provides the basis for the bioelectrocatalytic 

activity of HRP. A typical reduction substrate for the HRP process is H2O2. The bioelectrocatalytic 

mechanism of HRP for H2O2 reduction comprises two fundamental steps: i) Through two-electron 

oxidation, the heme moiety transforms into an intermediate known as compound I, and ii) two 

sequential one-electron reductions allow the enzyme to return to its resting state utilizing 

compound II, a second intermediate 1 3 3 . Using CV and DPV techniques (Fig. 4.22), the 

electrocatalytic performance of the HRP-imprinted biosensor (1 mg/ml HRP) for H2O2 reduction 

was investigated in 0.1 M PBS solution with different concentrations of H2O2. The influence of 

pH on the biosensing behavior of the HRP-imprinted biosensor was examined in the pH range of 
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4.0 to 8.0 in the presence of H2O2 to develop effective biosensing for H2O2 reduction. The current 

response reached its maximum at pH 8.0, as shown in Fig. 4.22C. Thus, HRP's enzyme activity 

reached its peak. Consequently, 0.1 M PBS solution pH 8.0 has been used to investigate H2O2 

reduction for the first time. The C V curve represented -0.66 V as the reduction potential for H2O2 

(Fig. 4.22D). Using the DPV method, the current response was studied at H2O2 concentrations 

ranging from 10 nM to 1 mM. The reduction peak current progressively rose as the concentration 

of H2O2 successively increased, demonstrating that the immobilized HRP/poly(Tyr)-CS/SPCE had 

a bioelectrocatalytical activity to H2O2 reduction in 0.1 M PBS with pH 8.0 (Fig. 4.22A). The 

obtained linear range by DPV was 10 nM to 1 mM with regression equation -I(uA) = 1.061 

C[H202](mM) + 7.4934 (R 2 = 0.9945). The limit of detection for the detection of H2O2 using the 

HRP-imprinted biosensor was estimated to be 2.18 nM (S /N=3.3), and LOQ was 6.60 nM 

(S/N=10)forDPV. 
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Fig. 4.22 | A) DPVs of HRP/poly(Tyr)-CS/SPCE to different concentrations of H 2 0 2 from 10 nM to 1 mM in 0.1 M 
PBS (pH = 8.0). B) Histogram of HRP/poly(Tyr)-CS/SPCE (n = 3, SD = 1.01). C) Calibration of pH effect on H 2 0 2 

reduction by HRP-imprinted biosensor in 1 mM H 2 0 2 solution including 0.1 M PBS with different pH (4.0 - 8.0) at a 
sweep rate of 30 mV/s (n = 3, SD = 0.6). D) C V of HRP/poly(Tyr)-CS/SPCE in 1 mM H 2 0 2 solution including 0.1 M 
PBS (pH = 8.0) at a sweep rate of 30 mV/s. 

H2O2 measurement using electrochemical biosensors has been the subject of several 

investigations (Table. 4.3). A few studies have employed molecularly imprinted polymer-

electrochemical biosensors to determine H2O2. However, most researchers have used different 

types of nanoparticles as matrices for biosensor development. It should be noted that creating these 

platforms takes more time and involves more procedures, including creating working electrodes 

such as carbon paste and carbon cloth electrodes and synthesizing nanoparticles. However, the 

environmentally friendly poly(Tyr)-CS film offers a simple, accessible, and affordable matrix for 

the creation of molecularly imprinted polymer-electrochemical biosensors. As shown in Table. 

4.3, the performance of the proposed molecularly imprinted biosensor has a lower LOD than those 

of previously published electrochemical biosensors for the precise determination of trace amounts 

of H2O2. 
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Table. 4.3 | Analytical performance comparison of the available biosensors for determination of H2O2. 

Materials Electrodes Detection methods Linear range LOD Ref. 

Pt-MWCNT SPCE 10-100 uM 10 uM 134 

HRP/toluidine blue/graphite Ceramic electrode 0.429 uM-0.455 mM 0.171 uM 135 

CS/HRP-poly(L-DOPA) Au-plated Au 
(AUplate /Au) 

electrodes 
Chronoamperometry 

0.001-1.25 mM 0.1 uM 136 

MnCh CPE 1 
Chronoamperometry 0.04-1.91 uM 0.012 uM 137 

MnOOH nanorod arrays 
Carbon cloth 

20 um-9.67 mM 3.2 uM 138 

HRP/NH2-Hf-BTB-
MOL 2/MWNTs 

electrode 7.5 uMto 1500 uM 0.87 uM 139 

PEDOT:PSS 3 

SPCE 1-100 | iM 0.97 uM 140 

PtNPs-CDs/IL-GO 1-900 uM 0.1 uM 141 

HRP/PTMSPA 4 @ GNR 1 x 10"5-1 x 10"3 M 0.06 uM 142 

GCE 5 

PtNPs/ethyl cellulose 
GCE 5 

0.05 uM-2.22 mM 0.01 uM 143 

C 0 3 S 4 / C U C 0 2 O 4 Amperometry 0.001^1.03 mM 17 uM 144 

Pd/HRP/f-GR Graphite electrode 25 uM-3.5 mM 0.05 uM 145 

AgNiNP/RGO Paper electrode 0.003-13 mM 0.91 uM 146 

Boron-doped graphene 
nanosheets 

RDE 6 1.0-20.0 mM 3.8 uM 147 

HRP/PAN-PNMThH 5.0 uM-60.0 mM 3.2 uM 148 

HRP/C-Dots/LDHs 0.1-23.1 uM 0.04 uM 149 

NiO/GR 0.25^1.75 mM 0.7664 uM 150 

EFK8-SWNT- hemoglobin 20-960 uM 7.54 | J M 151 

MIP/P(P-CD) 
Chronoamperometry 

1-15 uM 0.4 uM 129 

ZnFe204/g-C3N4 5-200 uM 1 uM 152 

CoS/RGO 
GCE 

0.1-2542.4 uM 42 nM 153 

Nanographene-coated rice-like 
manganese dioxide 
nanorods/graphene 

0.002^1.44 mM 0.2 uM 154 

HRP/Hap5-fCNT 1.0 x 10" 5-
2.34 x 10"4 M 

1.91 uM 155 

Ag-Cu nanoalloys Cyclic voltammetry -
Electrochemical 

impedance 
spectroscopy 

2.0-9.61 mM 152 uM 156 

HRP/Bi-AgNPs Differential pulse 
voltammetry 

0.02-1.0 uM 0.06 uM 157 

MIP/MPBA7AuNPs 

Differential pulse 
voltammetry 0.6-20 uM 0.16 uM 158 
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MlP/polyaniline nanotubes 0-10 uM and 10-90 
uM 

0.01 uM 122 

MlP/Poly toluidine blue 1 uM -40 mM 1 M M 
159 

MIP/poly(Tyr)-CS SPCE 10nM-l mM 2.18 nM This 
work 

Real sample analysis 

Using the DPV technique, the developed HRP-imprinted biosensor was also successfully 

employed toward the sensitive detection of H2O2 in unprocessed human plasma samples (Fig. 

4.23A). Different concentrations of H2O2, ranging from 5 nM to 1 mM, were spiked into human 

plasma samples to examine the practical use of the MlP-based biosensor. These concentrations 

were then measured using the DPV method. As shown in Fig. 4.23B, the HRP-imprinted biosensor 

is capable of measuring H2O2 in the concentration range of 5 nM to 1 mM, and the calibration 

curve for the linear regression equation is -I(uA) = 0.8822 C[H202](mM) + 2.0266 (R 2 = 0.994). 

The LOD (S/N=3.3) for the detection of H2O2 in unprocessed human plasma samples using HRP-

imprinted biosensor was calculated to be 1.50 nM, and the LOQ (S/N=10) was 4.56 nM. 

Fig. 4.23 I A) DPV response of HRP/poly(Tyr)-CS/SPCE towards sensitive determination of H2O2 in untreated human 
plasma samples with different concentration. B) Calibration curve (n = 3, SD = 0.6). 
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Stability, repeatability, and selectivity of the developed molecularly imprinted biosensor 

The imprinted biosensor showed good stability and repeatability. CVs of poly(Tyr)-

CS/SPCE were measured in 0.01 M Fe(CN)6

3" /Fe(CN)6

4" containing 0.1 M KC1 at different cycles 

(1,5,10, and 50) to evaluate the stability of the polymer layer on the SPCE surface. Good stability 

was found after 10 cycles, as shown in Fig. 4.24A-B, indicating that the suggested polymer film 

is stable. The findings show that the peak current of poly(Tyr)-CS/SPCE remained almost steady 

after 10 cycles. However, after 50 cycles, there was a drastic change in the oxidation and reduction 

potentials of the proposed polymer film. Redox peak currents and potentials were discovered to 

have altered, confirming the limited stability of poly(Tyr)-CS after 50 cycles. The findings show 

that the electropolymerization of poly(Tyr)-CS is highly stable throughout a range of 10 sweep 

rates. Hence, after 10 cycles, this polymer is not an acceptable matrix for subsequent applications. 

poly(Tyr)-CS can therefore be employed in the disposal. The repeatability of MIP/poly(Tyr)-

CS/SPCE was examined using 0.1 mg/ml HRP by the DPV method in six cycles of a binding -

elution-rebinding test of the protein-modified electrode, and the calculated RSD (relative standard 

deviation) was 3.96% (Fig. 4.24C-D). 

The selectivity of the HRP/poly(Tyr)-CS/SPCE for H2O2 was investigated in the presence 

of potential interfering electroactive agents such as ascorbic acid (AA), dopamine (DA), uric acid 

(UA), and glucose (GL) with DPV technique. Fig. 4.24E-F shows the voltammetric response 

signals of ImM H2O2 in PBS solution (pH 8.0) by the addition of 0.1 mM of each interfering 

specie. The HRP-imprinted biosensor reduced the interference effect to 1 mM H2O2 by GL 

16.41 %, U A 17.21 %, and A A 23.76 %, which exhibited negligible effects on the H2O2 response. 

This implies that the interfering agents have almost no effect on the analyte response. Therefore, 

it displayed the high selectivity of the designed HRP-imprinted biosensor toward the 
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determination of H2O2. However, voltammetric responses can be detected by dopamine (1 mM 

H2O2), indicating dopamine can engage in the redox process of H2O2 (51.11 %), thus interfering 

with H2O2 measurement. 
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Fig. 4.24 I A) Stability of poly(Tyr)-CS/SPCE were recorded in 0.01 M Fe(CN) 6

3-/Fe(CN) 6

4-+ 0.1M KC1 at a sweep 
rate of 100 mV/s with different cycle numbers (1,5,10, and 50). B) variation of current versus cycle number (n = 3, 

91 



SD = 3.86). C) Repeatability of MIP/poly(Tyr)-CS/SPCE was recorded in 0.1 mg/ml HRP solution for six cycles. 
D) Current versus cycle number variation (n = 3, SD = 0.31). E) Effects of interfering species on the voltammetric 
determination of 1 mM H2O2 with HRP/poly(Tyr)-CS/SPCE in PBS solution pH=8 in the presence of ascorbic acid, 
glucose, dopamine, and uric acid as interfering agents. F) Variation of I p H2O2 versus the type of interfering agents 
(n = 3, SD = 0.5). 

Conclusion 

A unique, simple, and sensitive HRP-imprinted biosensor employing poly(Tyr) and CS 

matrices as MIPs was created by combination with a self-assembly surface molecular imprinting 

strategy on the disposable screen-printed carbon electrode. Using poly(Tyr)-CS film as an 

affordable, simple, and environmentally friendly matrix for constructing a sensitive HRP surface 

molecular imprinted electrochemical biosensor allows for easier electron transfer and increases the 

HRP's bioelectrocatalytic activity on H2O2. In addition, the poly(Tyr)-CS film produced a high 

surface area and coverage for the successive re-binding of HRP targets. The molecularly imprinted 

biosensor not only demonstrated good sensitivity for the template protein HRP determination in a 

linear range from 1.0 x l O 8 to 1.0 xlO"1 mg/mL with LOD of 9.39 x 10~8 mg/ml (2.34 pM) and 

LOQ of 2.84 x 10"7 mg/ml (7.11 pM) but also exhibited excellent bioelectrocatalytic behavior 

toward H2O2 reduction in pH=8.0 within the linear range of 10 nM to 1 mM and the limit of LOD 

and LOQ of 2.18 nM and 6.60 nM, respectively. Moreover, the prepared imprinted biosensor was 

employed for the detection of H2O2 in unprocessed human plasma. The suggested approach 

demonstrates a suitable framework for the biological analysis of H2O2 in actual samples and 

quantitative determination of HRP. 
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CHAPTER 5: CONCLUSIONS 



This thesis briefly describes screen-printed electrodes and devices with potential 

applications in bioelectronics. I focused on the development of portable and disposable 

(bio)sensors for detecting distinct biologically active compounds important for biomedical 

applications. 

In the first part, SWCNT-modified SPCE as disposable electrochemical sensors was 

suggested for fast quantification of dasatinib in pharmaceutical formulations, demonstrating an 

excellent boosting effect on the oxidation response of dasatinib. At optimized pH 5.0 Britton-

Robinson buffer, SWCNT-modified SPCEs showed 94% recovery with optimum electrooxidation 

activity. The oxidation currents exhibited linear relation with dasatinib concentration in the 0.1-

100 uM. Based on the results, a limit of detection of 0.06 uM was obtained in the standard solution. 

The SWCNT-modified SPCEs have been applied to analyze dasatinib in pharmaceutical tablet 

samples. 

In the second part, a sensitive and specific approach was developed for the determination 

of Haemophilus influenza using DNA based bio-assay through bioconjugation of citrate capped 

silver nanoparticle with pDNA toward target sequences detection. The synthesized probe (SH-5'-

A A T TTT CCA ACT TTT TCA CCT GCA T-3') of Haemophilus influenza was detected with 

great sensitivity and selectivity after hybridization with cDNA (5'-ATG C A G GTG A A A A A G 

TTG G A A A A T T-3'). The ultra-sensitive fabricated optical DNA-based bio-assay was showed 

the low limit of quantification of 1 z M for D N A sample using 15 uL of probe and 200 uL of 

Cit/AgNPs. It has potential for bacterial determination both in clinical and environmental 

specimens. To evaluate the selectivity of developed DNA based biosensor, three mismatch 

sequences were applied. Finally, the designed genosensor is a significant diagnostic strategy for 

detection of Haemophilus influenza with great selectivity. 
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The last part of the thesis focused on the development a highly selective and sensitive 

electrochemical horseradish peroxidase-imprinted biosensor based on the combination of poly 

tyrosine-chitosan film electropolymerization on the surface of screen-printed electrodes and a self-

assembly surface molecular imprinting approach. The HRP-imprinted biosensor showed a highly 

bioelectrocatalytical behavior toward hydrogen peroxide reduction in 0.1 M PBS with pH 8.0 and 

could be used in the voltammetric determination of H2O2 in the linear range of 10 nM to 1 mM 

with a limit of detection and limit of quantification of 2.18 nM and 6.60 nM, respectively. The 

molecularly imprinted biosensor also exhibited great sensitivity for HRP and was successfully 

applied for recognition with various concentration ranges of HRP from 1.0 x l O 8 to 1.0 xlO"1 

mg/mL with LOD and LOQ of 9.39 x 10"8 mg/ml (2.34 pM) and 2.84 x 10"7 mg/ml (7.11 pM) by 

differential pulse voltammetry, respectively. The designed electrochemical imprinted biosensor 

was utilized to detect H2O2 in an unprocessed human plasma sample. 

To conclude, I concentrated on creating functionalization techniques to design sensitive 

and selective (bio)sensors for specific analytes and demonstrated their detection in complex media. 

The screen-printed electrodes were employed to develop cost-effective disposable and portable 

devices for home care or in-field applications accompanied by various modification techniques for 

more selective target detection. I investigated numerous factors to enhance the functionalization 

approach and sensing range, resulting in highly effective (bio)sensors for all applications. 
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CHAPTER 6: APPENDIX 



List Of Abbreviations 

SPE Screen-printed electrode 

SPCE Screen-printed carbon electrode 

WE Working electrode 

CE Counter/auxiliary electrode 

RE Reference electrode 

CV Cyclic voltammetry 

DPV Differential pulse voltammetry 

SWV Square wave voltammetry 

LSV Linear sweep voltammetry 

EIS Electrochemical impedance spectroscopy 

MIP Molecularly Imprinted Polymer 

DAS Dasatinib 

SWCNT Single-walled carbon nanotube 

CNT Carbon nanotube 

GPH Graphene 

GPHOX Graphene oxide 

DFNP Dendritic fibrous nanoparticle 

Cit/AgNPs Citrate capped silver nanoparticles 

HRP Horseradish peroxidase 

H2O2 Hydrogen peroxide 

LOQ Limit of quantitation 

LOD Limit of detection 

LLOQ Low limit of quantification 
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Abstract 

Recently, medical organizations and research disciplines have switched to employing affordable 

biosensors. Biosensors have become more critical in drug development, drug identification, bio-medicine, 

food safety, security, protection, and ecological research. It has directly contributed to developing 

specialized and reliable diagnostic equipment that uses biological sensing components as biosensors. 

Different analytes, biological receptors, and transducer concepts are used in biosensors. In recent years, 

innovative sensing platforms have been developed employing screen-printed electrodes (SPEs), which are 

inexpensive, simple, and quick mass production through thick film technology. 

During my Ph.D., I concentrated on designing, constructing, and validating several SPE-based 

(bio)sensors to identify biologically active compounds important for healthcare applications, demonstrating 

their significant potential as a suitable sensing platform. I created (bio)sensors for a variety of analytes, 

from nucleic acid to small molecules, with specific modification strategies to endow the platforms with 

selectivity toward the species of interest. I developed disposable electrochemical (bio)sensors in two papers 

based on modifying with single-walled carbon nanotubes (SWCNT) and molecularly imprinted polymers. 

In the first case, SWCNT-modified SPCE as disposable electrochemical sensors was proposed for quick 

determination of dasatinib in pharmaceutical formulations, demonstrating an excellent boosting effect on 

the oxidation response of dasatinib. The sensor was able to monitor different dasatinib concentrations with 

a limit of detection of 0.06 uM. In the second paper, the SPE surface was modified with poly tyrosine-

chitosan and combined with a self-assembly surface molecular imprinting approach to develop horseradish 

peroxidase (HRP)-imprinted biosensor. Additionally, the molecularly imprinted electrochemical biosensor 

for determination of HRP was expanded for the detection of H2O2 as enzymatic substrates. The HRP-

imprinted biosensor was determined H2O2 and HRP with detection limits of 2.18 nM and 9.39 x 10"8 mg/ml 

(2.34 pM), respectively. 

The last paper was related to developing a DNA-based bio-assay for determining Haemophilus 
influenza through bioconjugation of citrate-capped silver nanoparticles with pDNA toward target sequences 

detection. The ultra-sensitive fabricated optical genosensor was detected the synthesized probe (SH-5'-AAT 

TTT CCA ACT TTT TCA CCT GCA T-3') of Haemophilus influenza with great selectivity and sensitivity 

after hybridization with cDNA with the low limit of quantification of 1 ZM. Finally, the designed 

genosensor is a significant diagnostic strategy for detecting Haemophilus influenza with great selectivity. 
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1 INTRODUCTION 

Biosensors as analytical instruments connect a biological, biochemical, or chemical recognition 

element with a transducer in which the recognition part can interact directly or indirectly with an analyte 1. 

The use of sensors and biosensors in detecting and monitoring different analytes in clinical analysis, 

medical diagnosis, environmental monitoring, and food safety has grown in popularity in recent years. They 

are preferred over traditional methods like immunoassays, spectroscopy, and chromatography techniques 

because of their high sensitivity, quick analysis time, and lower cost2'3. Additionally, they may be utilized 

by the general population to examine complicated materials without tedious sample preparation. Such 

sensors can be found in various powerful devices, including glucose biosensors, cholesterol test kits, and 

some blood analyzers4. 

The versatility, low cost, small size, and portability for in-situ applications provided by screen-

printed technology added significant merits to electrochemical biosensors. Nowadays, the creation of 

miniaturized electrochemical biosensors for detecting various analytes is made possible by disposable 

screen-printed carbon electrodes (SPCEs) produced using thick-film technology 5 ' 6. SPCEs, as an 

alternative to the standard electrochemical setups using conventional electrodes, are available for 

electrochemical applications due to their easy and quick activating procedure, disposability, small size, high 

chemical stability, portability, wide electrochemical window, low background current with an economical 

substrate, and no need for time-consuming processes. One of the most notable benefits of SPCEs, besides 

the significant cost reduction, is the ability to analyze a trace amount of sample solution by replacement of 

large cells and bulky electrodes 7 ' 8 . In light of these indications, the works presented herein pursued the 

development of electrochemical SPCEs-based sensors and biosensors to monitor a number of biologically 

active compounds. 
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2 THEORETICAL PART 

2.1 Sensors and Biosensors 

Biosensors are often classified into three main parts: biorecognition elements (bioreceptor), 

transducers, and a signal processor (Fig. 2.1). The most crucial step in the manufacture of a biosensor is the 

selection of an appropriate transducer, bioreceptor, and their immobilization on a sensing platform during 

detection of analyte (such as proteins, DNAs, metabolites, human samples, food, or environmental 

samples). We can modify the sensing platform throughout the construction process by functionalizing any 

component according to the conditions of our experiment9. The biorecognition component is an important 

part of a biosensor that selectively reacts with the target analyte, lessens interferences from other species in 

a sample, and needs careful consideration throughout the selection and immobilization processes. 

Bioreceptors can be made in a lab or directly taken from live systems (such as an antibody, aptamer, nucleic 

acid, whole cells, or enzyme). Transducers are an extremely important parts of a biosensor since they are 

known to transform the produced biological signals into detectable signal that may be either optical or 

electrochemical. The analyte concentration often affects the signal strength produced during biological 

contact with it. Then, the signal is then collected, amplified, and displayed by a signal processor. Depending 

on the transducer or biorecognition element biosensors may be divided into numerous categories 1 0. 

Biosensors are categorized into electrochemical, optical, thermal, and piezoelectric biosensors based on the 

transducer surface employed to create the sensing platform. Electrochemical biosensors are the most 

commonly studied among the other four due to their outstanding sensitivity, speed, and cost-effectiveness 

for identifying analytes 9. 

Fig. 2.1 | Biosensor components. Schematic illustration of biosensor operation principles: target analyte detection by 
the corresponding biorecognition element followed by signal transduction method and output. 
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2.2 Electrochemical Sensors and Biosensors 

In electrochemical sensors and biosensors, the electrode functions as a transducer n . The sensing 

ability of a sensor depends on the measurement of currents and/or voltages that are produced by a 

recognition event between the interest analytes and the immobilized or chemically modified receptor on the 

electrode n . The main methods used to operate electrochemical transducers include cyclic voltammetry 

(CV), differential pulse voltammetry (DPV), square wave voltammetry (SWV), linear sweep voltammetry 

(LSV), electrochemical immittance/impedance spectroscopy (EIS), amperometry, etc 1 3. The 

electrochemical sensors and biosensors are shown in Fig. 2.2, together with the measurable signals they 

produce using various transduction methods. The following sections describe the transduction techniques 

used in this research. 

Fig. 2.2 | Electrochemical (bio)sensor and its measurable signals. 

2.3 Electrochemical Platform Setup 

Electrochemical platforms are typically made up of three electrodes including working electrode 

(WE), auxiliary or counter electrode (CE), and reference electrode (RE) that are part of an electrochemical 

cell. An ionic material, usually a salt in solution, is needed for electrochemical experiments since it serves 

as the supporting electrolyte and ensures conductivity 1 4 ' 1 5 . To conduct electrochemical studies, a variety 

of setup and equipment options are available. The most popular configuration relies on the usage of a 

standard three-electrode cell. However, the analytical field's demands forced this configuration to downsize, 

become more portable, and combine all the components into a single system, leading to screen-printed 

electrodes-based systems. 
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2.4 Conventional three-electrode system 

A three-electrode cell arrangement typically consists of a beaker with a capacity of 5 to 50 mL that 

contains the three electrodes including Ag/AgCl reference electrode, platinum counter electrode, and 

working electrode submerged in supporting electrolyte. There are also more comprehensive systems that 

include gas management, such as oxygen removal, temperature control, and magnetic stirrers together with 

the correct cover (Fig. 2.3). Due to the considerable adaptability of these systems, it is simple to change the 

cell components based on the analytical goal and/or the kind of sample. Glass is frequently used as a cell 

material because it is inexpensive, transparent, chemically inert, and impermeable; however, quartz and 

teflon are potential alternative materials 1 5. 

Electrode connections 

Holes for degassing 
or reagent addition 
Teflon cap 
Glass solution reservoir 
Electrolyte solution 

Working electrode 

Reference electrode 
Counter elctrode 

Fig. 2.3 | Schematic illustration of the conventional electrochemical cell. The electrodes are inserted through holes in 
the cell cover 1 6 . 

2.5 Screen-printed electrodes system 

Screen-printed electrodes (SPE), a new class of compact, disposable, sensitive, and selective 

devices, have emerged due to the electroanalytical limitations and practical challenges related to the 

traditional solid electrodes. Nowadays, electroanalysis uses these transducers extensively to create 

biosensors and electrochemical sensors, demonstrating their usefulness for a variety of applications. The 

thick-film method used to create SPEs involves sequentially depositing conductive and nonconductive 

layers onto an insulating support (printing substrate) with the help of the right screen-printing equipment. 

This approach enables the large-scale manufacture of low-cost, highly repeatable devices, which is 

particularly beneficial in fabricating numerous electrodes or electrode array structures 1 7 ' 1 8 . Various inks or 
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pastes are deposited on the printing substrate using a suitable screen with open-mesh areas. The ability to 

employ multiple screens and inks results in different SPE types that may be created based on the analytical 

goal. 

The rising reputation of SPEs as effective electroanalytical instruments has resulted in many 

commercially accessible electrodes of various materials and designs throughout the years. Figure 2.4 

depicts a typical commercially available SPEs arrangement employed in our experiment. These SPEs have 

a three-electrode configuration, with an Ag/AgCl reference electrode, an auxiliary carbon electrode, and a 

working electrode (4-mm diameter) made of carbon, gold, platinum, silver, or other types of conductive 

inks. Besides design adaptability, the SPE configuration has remarkable advantages in the electroanalytical 

sector. SPEs are affordable and may be used either as disposable or reusable devices. Additionally, because 

they do not require highly experienced staff or time-consuming sample preparation methods, these 

platforms are simple and suited for in-situ and real-time applications outside the laboratory. Moreover, the 

low power consumption, rapid response, high sensitivity, and ability to function at room temperature 

broaden the variety of applications for these devices. Furthermore, the appropriate modifications to SPEs 

give a chance to increase the devices' specificity and sensitivity to the target analytes 1 7 ' 1 9 . 

Fig. 2.4 I Commercially available screen-printed carbon electrodes used in this PhD thesis (WE 4-mm diameter). 

2.6 Modifications of (bio)sensors 

Achieving high selectivity, sensitivity, repeatability, and stability is a significant problem in the 

creation of biosensors. Surface modifications are crucial for the appropriate immobilization of bioreceptors, 

noise reduction, and improved sensitivity. Furthermore, surface functionalization reduces unintended non­

specific binding of the analyte or other components to the surface 2 0 . Furthermore, the biomolecules' 

conformation on the surface significantly impacts the selectivity and sensitivity of a biosensor. In other 

words, the performance of biosensors is greatly affected by the materials utilized for surface modification 

and the surface chemistry or functionalization approach employed in bioreceptor immobilization 2 0 . The 

Counter 
Electrode 

C.E. 
connection 

R.E. 
connection 
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analytical performance of the biosensors can also be marked by metal coatings, nanoparticles, molecularly 

imprinted polymers, metal-organic frameworks, enzymes, and reactive groups, among other things. Several 

different electrode modifications and combinations have been developed recently as a result of numerous 

research with the goal of achieving a reasonable selectivity and sensitivity 2 1 . 
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3 AIMS 

The primary objective of the research presented herein is to develop new sensors and biosensors 

for determining biologically active compounds with interest in the analytical field. This Ph.D. thesis entails 

achieving the following objectives: 

• Development of method for determination of anticancer drug Dasatinib based on single-walled 

carbon nanotube-modified SPCEs 

• Development of biosensing method for detection of Haemophilus influenza based on citrate capped 

silver nanoparticles conjugated with pDNA 

• Development of horseradish peroxidase bound to poly(tyrosine)-chitosan polymeric scaffold as a 

molecularly imprinted polymer for monitoring of hydrogen peroxide 
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4 EXPERMINTAL PART 

4.1 Results and Discussion- A disposable electrochemical sensor based on single-walled 
carbon nanotubes for the determination of anticancer drug dasatinib 

Characterization of SPCEs 

SEM images of SPCEs were performed to investigate the surface morphology of the 

working electrode modified with nanoparticles. Fig. 4.1 A shows the surface of a bare screen-printed 

carbon electrode with a smooth morphology. But modification of the electrode surface with 

graphene oxide (GPHOX)/graphene nanoparticles (GPH) demonstrates stable and monolayer 

structures (Fig. 4.1B-C). Notably, carbon nanotube (CNT)/single-walled carbon nanotubes 

modified SPCEs exhibit a compact film with a tubular distribution structure of nanotubes on the 

surface of the screen-printed carbon electrodes (Fig. 4.1D-E). The surface of the SWCNT-SPCE 

was very uneven, which can be helpful in the enhancement of the electrode surface area. 

Subsequently, these results confirmed that the SPCE was modified with single-walled carbon 

nanotubes, which altered the electrode surface activity. Also, these results validate that the 

dispersion of SWCNT on the surface of the screen-printed carbon electrode was performed 

successfully. Also, the EDS of the SWCNT-modified working electrode is presented in Fig. 4. IF. 



Fig . 4.11 S E M images of working electrodes: (A) Bare carbon electrode; (B) Graphene oxide modified carbon 
electrode; (C) Graphene modified carbon electrode; (D) Carbon nanotubes modified carbon electrode; (E) 
Single-walled carbon nanotubes modified carbon electrode, and (F) EDS spectra of SWCNT. 

SWCNT-modified SPCE as the optimal SPCE for dasatinib quantitation 

This work aims to select the best SPCE for studying DAS oxidation behavior and fast 

determination of it in a pharmaceutical sample. The electrochemical behavior of DAS has been 

analyzed by measuring the cyclic voltammetry at different modified SPCEs at various pHs. In cyclic 

voltammetry, 100 M DAS showed an oxidation peak at 0.6 V to 0.8 V depending on the pH and 

type of SPCE when the potential range was between -1.5 and 1.5 V, with a scan rate of 100 mV s"1 

in a 40 mM Britton-Robinson (BR) buffer. The absence of a reduction peak for DAS on the reverse 

scan, as shown in Fig. 4.2, indicated that the oxidation process is irreversible. These peaks refer to 

the anodic oxidation of dasatinib using bare and modified SPCEs. 

Various types of SPCEs, including those based on bare carbon, modified SWCNTs, CNTs, GPH, 

or GPHOX, were evaluated as different working electrodes. The signal intensity obtained using various 

electrodes in accordance with the applicable approach is shown in Fig. 4.2A. The SWCNT-modified SPCE 

was shown to give a greater peak intensity with a sharper peak. In contrast, the others exhibited broadened 

peaks, especially GPH and GPHOX-modified SPCEs. Hence, this kind of electrode proved to be the best. 

The difference in the electric charges of SWCNT-COOH-SPCE (negative charge due to the loss of the 

carboxylic group's proton) and the positive charge of DAS at this pH (pH 5.0) could explain the sensitivity 

of this compound's behavior over the electrode. The anodic peak current rose at the SWCNT-modified 

SPCE compared to the bare SPCE in Fig. 4.2B, showing the critical function of single-walled carbon 

nanotubes. This can be related to the increment of the active surface area of the electrode due to 

modification with SWCNTs which has a large surface area of about 600 m2g~\ high electrical conductivity, 

and the accumulation of DAS on the surface of the modified SPCE. It shows the crucial role of SWCNTs 

in the oxidation process and electrode activity. SWCNTs can accelerate the electron transfer rate with 

excellent electrocatalytic behavior toward the oxidation of dasatinib. 

To comprehend the interaction and oxidation behavior of DAS over the SPCE, it is crucial 

to understand how the positive charge of the DAS molecule changes with pH. Dasatinib API has 

two basic ionization constants (pKa), which are 6.8 and 3.1, and one weakly acidic pKa, which is 

10.8, in a saturated solution in water with a pH of approximately 6.0 2 2 . In this way, this study 

evaluated the effect of the pH values over a broad range from 3.0 to 10.0 of the BR buffer on the 

100 LI M dasatinib electrochemical behavior through cyclic voltammetry. It was observed that for 

DAS compound, peak l a broadened as the supporting electrolyte's pH rose, and the voltammogram 
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at pH 9.0 and pH 10.0 revealed two successive charge transfer processes, peak 1 a at E p l a = +0.61 V 

and peak 2 a at E p 2 a = +0.94 V for pH 9.0 and peak l a at E p l a = +0.46 V and peak 2 a at E p 2 a = +0.81 

V for pH 10.0 (Fig. 4.4A). The buffer pH considerably influenced the anodic peak currents (Ipa) at 
the surface of SWCNT-COOH-SPCE. It was observed that with increasing pH, the peak current of 

the modified SWCNT electrode at pH 5.0 is higher than that of other types of SPCE and pH (Fig. 

4.2B), probably related to the large effective surface area of SWCNTs. The Ipa of dasatinib steadily 

increased with the increment of pH from 3.0 to 5.0. They decreased afterward because of the peak 

broadening. The anodic peak current of dasatinib reaches a maximum at pH 5.0 (Fig. 4.3C). Also, 

with a rise in pH, the anodic peak potential of dasatinib slightly shifted toward the negative. According to 

these findings, protons have participated in their electrode reaction processes. Ep versus pH was 

plotted with a slope of approximately -0.0602 V. (Fig. 4.3B). Therefore, it was concluded that both 

peaks signify irreversible processes involving two protons and two electrons. 

This finding is consistent with the known electrochemical reactions of dasatinib, as 

demonstrated by other research. It is well known that two electron and two proton processes 

contribute to the oxidation of dasatinib. It is suggested that dasatinib's thiazole moiety is involved 

in its oxidation. This may be referred to the creation of sulfoxide due to the transfer of two electrons 

and two protons from the sulfur atom of the thiazole ring in the presence of Britton-Robinson buffer 

(Fig. 4.2C) 2 3 . 

Then, the carryover effect was evaluated on bare and SWCNT-modified electrodes. The 

Britton-Robinson buffer and dasatinib signals were assessed on the same electrode. The RSD of 

the peak current was 14% for the bare carbon electrode and 0.2% for the SWCNT-modified 

electrode. Therefore, SWCNT-COOH-SPCEs were used in further studies. 
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Fig. 4.2 | (A) Histogram of various types of SPCE at different pHs of Britton-Robinson buffer for detection of DAS 
using C V techniques. (B) The CVs of bare and SWCNT-modified SPCE in the presence (b) of 100 u M DAS (pH 5.0). 
(C) Electrochemical oxidation mechanism of dasatinib at SWCNT-modified SPCE. 
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Fig. 4.3 I (A) Cyclic voltammograms in 100 uM DAS at pH 5.0, 9.0, and 10.0. (B) Effect of pH (pH 3.0-10.0) on the 
peak potential obtained at SWCNT- modified SPCE in Britton-Robinson buffer solution at a scan rate of lOOmV.s"1. 
(C) Variation in the peak potentials of DAS with pH of the buffer at SWCNT- modified SPCE. 
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Effect of scan rate at SWCNT-modified SPCE 

The effect of the scan rate on DAS electrooxidation was evaluated in the range of 20-200 

mVs"1 on the surface of the SWCNT-modified electrode using the CV technique (Fig. 4.4A). The 

dependence of Neperian logarithm of peak current on the Neperian logarithm of sweep rate (In Ip 

versus In v) is linear in which slope is 0.7499 + 0.02 (Fig. 4.4B). It is indicated that the kinetics of 

the electrode process was controlled by adsorption, so the anodic oxidation of DAS on the surface 

of the SWCNT-COOH-SPCE is an adsorption-controlled electrochemical process. It is established 

that a slope is less than 0.5 is related to diffusion-controlled electrode processes, but if the slope is 

close to 1.0, the electrode process is adsorption-controlled 2 ' 1 5 ' 2 4 ~ 2 7 . It is described by the following 

equation 2 8 : 

In L/uA = 0.7499 In v(V/s) + 5.5469 (R2 = 0.9947) Eq. 1 

According to Fig. 4.4C, the peak currents were found to increase with increasing the scan 

rate, with a shift in the oxidation peak potential of DAS towards a more positive window (anodic 

area) which confirms the irreversible nature of electrode processes. Fig. 4.4C shows the dependence 

of Epa on the Neperian logarithm of the scan rate (Epa versus In v). If the electrochemical reaction 

is irreversible, then the Epa is independent of the scan rate. Therefore, it can be deduced that 

heterogeneous electron transfer in DAS electrooxidation is irreversible because Epa increases with 

increasing scan rate. By increment of scan rate, the anodic peak potential (Epa) shifted towards 

more positive values, and a linear relationship was witnessed in the range of 20-200 mVs"1, as shown 

in Fig. 4.4C. The equation of this behaviour can be expressed as: 

Epa (V) = 0.0449 Ln v(V s"1) + 0.8526 (R2 = 0.9954) Eq. 2 

Additionally, for an adsorption-controlled and irreversible electrode process, the following 

Laviron equation between Ew versus In v can be used to determine the value of the reaction's total 

electron transfer coefficient29: 

RT Ep = ( ) l n v + constant Eq. 3 
^ v 2 a n F y n 

Where a is the electron-transfer coefficient, n is the number of electrons, and v is the potential 

sweep rate. The other symbols have their usual meaning. Taking F = 96485 C mol-1, T = 298 K, 

and R = 8.314J K - l mol-1, in this study, employing the dependence of anodic peak potential on 

the logarithm of the potential sweep rate (the slope = 0.0449), the value of total electron transfer 

coefficient (an) was calculated to be 0.28 for DAS electrooxidation. 
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a can be calculated based on the equation Ep/2-Ep= 1.875 (RT/aF) 2 9 , 3 0 , where Ep and Ep/2 

are the peak potential and the potential at which the current (Ip) is equal to half its peak value (Ip/2) 

in cyclic voltammogram, respectively. The value of a equals 0.13. Furthermore, the shape factor in 

the irreversible system is given by |Ep - Ep/2| = 47.7/an (mV) 3 1~3 3, from which the number of 

electrons transferred in the electrochemical reaction of DAS (in the presence of Britton-Robinson 

buffer) were found to be approximately 2 (n=2.1). 
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Fig . 4.4 | The effect of scan rate (A) C V of 100 u M dasatinib at S W C N T-modified SFCb; Britton-Robinson 
buffer pH 5.0; scan rates 20, 25, 50, 75, 100, 150, 200 m V . s 1 . (B) The plot of ln Ipa (Napierian logarithm of 
oxidation peak currents) versus ln V (Napierian logarithm of scan rates). (C) Dependency of oxidation Epa 
(peak potentials) versus ln V . 

Optimized experimental SWCNT-modified SPCE 

The calibration curve in Fig. 4.5 A-B shows that the oxidation signal is linearly associated 

with dasatinib in the concentrations range of 0.1 - 100 uM, with a correlation coefficient of 0.9975. 

The limit of detection (LOD), calculated as signal/noise = 3.3, was estimated to be 0.06 uM. The 

limit of quantitation (LOQ), calculated as signal/noise = 10, was 0.19 uM. Based on the obtained 

results, the developed electrochemical sensor had relatively high sensitivity and good linearity. The 
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linear range for determining DAS tablet solutions (as actual samples) was investigated from 0.1 to 

100 l i M with a correlation coefficient of 0.999 (Fig. 4.5C). The LOD, calculated as signal/noise = 

3.3, and LOQ, calculated as signal/noise = 10, were estimated to be 0.07 uM and 0.22 uM, 

respectively (Table. 4.1). The amount of dasatinib found was 70 mg/tablet, representing a relative 

error of 6 %. 
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Fig. 4.5 I (A) Concentration effect of DAS detection by SWV method in concentration range (100, 70, 30, 10, 7, 3, 
0.7, 0.3, and 0.1 uM) in Britton-Robinson buffer pH 5.0 by SWCNT-modified SPCEs. Step potential 0.005V, Scan 
rate= 100mV/s. (B) Calibration curve related to SWV analysis of DAS. (C) Calibration curve related to SWV analysis 
of real sample dasatinib tablet solutions. 

Table. 4.1 | Linear range, limits of detection, limits of quantification and correlation coefficient (R 2 ) 
calculated from D A S calibration curves obtained in B R buffer pH 5.0, and tablet sample. 

Sample Linear range 
( j j M ) 

LOD (uM) LOQ (uM) R 2 

Buffer 0.1 - 100 0.06 0.19 0.9975 

Tablet 0.1 - 100 0.07 0.22 0.999 

Therefore, the carbon-based screen-printed electrodes, a new generation of electrodes, were 

used to determine the anticancer drug dasatinib. According to the obtained results, modification of 

SPCEs with nanomaterials resulted in a better response for dasatinib than the bare ones. And among 

the different types of modified SPCEs, single-walled carbon nanotube-modified electrodes gave the 

highest peak currents for dasatinib detection. SWCNTs improve the electrochemically active area 
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and enhance the electronic transfer attributes. The tubular structure of SWCNTs on the SPCE 

surface was very uneven, which led to the enhancement of the surface area of the electrode. The 

developed platform showed a good electrochemical response towards dasatinib with LODs of 0.06 

uM. The established electrochemical sensor is among the superior reported electrochemical sensors 

(Table. 4.2) in terms of repeatability, low detection limit, and broad linear range. It should be 

highlighted that the excellent performance of the SWCNT was related to its outstanding properties 

like high electrical conductivity and large surface area, which pave the way for fast electrons. The 

results showed that the developed electrochemical sensor also had relatively high sensitivity and 

good linearity in detecting dasatinib in actual samples, too. Consequently, the single-walled carbon 

nanotube-modified screen-printed electrodes could be used for the sensitive and quick analysis of 

electrochemically active pharmaceutical substances. 

Table. 4.2 | Comparison of developed electrochemical sensors for the sensitive determination of Dasatinib. 

Type of 
electrode 

Carbon paste 

pH RSD Linear 
range 

Limit of 
detection Ref. Type of 

electrode 

Carbon paste ZnO NP/1 -butyl-3-methylimidazolium 
tetrafluoroborate 5.0 3.78% 1.0-1200 

uM 0.5 uM 34 

Glassy carbon Au-NPs/rGO/ds-DNA 4.80 3.1% 0.03-5.5 uM 0.009 uM 35 

Pencil graphite - 3.0 5.80% 0.0092- 1.0 
uM 0.0028 uM 36 

Glassy carbon - 3.4 2.1% 0.2-2.0 uM 0.13 uM 23 

Carbon paste Pt/MWCNTs-l-butyl-3-
methylimidazoliumhexafluoro phosphate - 8.0 - 5.0- 500 uM 1.0 uM 37 

Screen-printed 
carbon SWCNT 5.0 1.89% 0.1-100 uM 0.06 uM This 

work 
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Reproducibility, Selectivity, and Stability of the sensor 

Six sensors were chosen randomly to detect dasatinib under the same experimental conditions. The 

proposed method's repeatability (relative standard deviation) was assessed by measuring SWVs of 100 uM 

DAS in Britton-Robinson buffer pH 5.0 (intraday stability) through a SWCNT-modified electrode. The 

relative standard deviation (RSD%) was 1.89% to determine DAS in one day. 

The interference study serves a significant role in analytical chemistry. To this end, the sensor's 

selectivity for determining DAS was investigated through the influences of some co-existing interferences 

like different organic and inorganic compounds such as lactose, sucrose, glucose, SO42, and CO32" in the 

real samples. Fig. 4.6 displays the SWV measurements of DAS and its mixtures with various interfering 

species. As can be seen, these compounds had almost no effect on the peak current of DAS, with a difference 

of less than 1.8% in peak current (%AI) between the peak current of DAS with and without interference. It 

demonstrated that the suggested sensor is highly selective for dasatinib detection. It should be noted that 

using glucose as an interfering agent broadened the DAS peak and showed two consecutive charge transfer 

reactions (Fig. 4.6A). 

Potential/V 

DAS DAS + Carbonate OAS + Glucose 

DAS • Lactose DAS* Sucrose DAS + Sulfate 

Fig . 4.6 I (A) Interference effect of lactose, sucrose, glucose, S O 4 2 " , and C O 3 2 " on determination of D A S by 
S W V method on S W C N T - C O O H - S P C E s in supporting electrolyte Britton-Robinson buffer p H 5.0. (B) 
Histogram of interference effect. 
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produced Signal current 

Scheme. 4.1 | Electrochemical sensing of Dasatinib with SWCNT-modified screen-printed carbon electrode. 

4.2 Results and Discussion- pDNA conjugated with citrate capped silver nanoparticles 
towards ultrasensitive bio-assay of haemophilus influenza in human biofluids: A novel 
optical biosensor 

TEM, FE-SEM and DLS analysis of citrate capped AgNPs 

The mechanism of Cit/AgNPs formation and supportive proof of morphologies and characteristics 

of silver nanoparticles was provided by TEM (transmission electron microscopy). TEM is continuously the 

first method employed for determination of the size and nanoparticle size distribution 3 8 . TEM images 

recorded using the holey carbon grid which are shown in Fig. 4.7. The TEM micrographs of synthesized 

citrate capped silver nanoparticles clearly show the AgNPs are discrete, monodisperse, and spherical in 

environment with average particle size under 10 nm. 
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Fig. 4.7 | T E M images of Cit/AgNPs in various magnifications. 

Surface morphology of Cit/AgNPs was characterized by FE-SEM (field emission scanning electron 

microscope) and chemical compositions of nanoparticles were analyzed by EDS (energy dispersive 

spectroscopy). As shown in Fig. 4.8A, AgNPs have uniform spherical structure. According to the standard 

theory of colloids, the stability of colloids depends on the equilibrium between the van der Waals 

interaction and the coulombic repulsion of the charged particles the charged particles 3 9 . According to Fig. 

4.8B, sharp and large peaks from citrate and sodium appear due to the existence of sodium citrate and 

sodium borohydride in the structure of Cit/AgNPs. 
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Fig. 4.8 | (A). FE-SEM images of Cit/AgNPs in various magnification. (B). EDS spectra of Cit/AgNPs. 

DLS (dynamic light scattering) is a powerful technique which depends on the interaction of light 

with particles. This technique can be employed for measurements of narrow particle size 

distributions especially in the range of 2-500 nm 4 0 . For determination of citrate capped AgNPs 

hydrodynamic sizes and zeta potential were evaluated (Fig. 4.9). The average particle size of synthesized 

Cit/AgNPs was 2.27 nm. Furthermore, Cit-AgNPs exhibits fluorescence emission in the range of 400-
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600 nm. This may be due to citrate in the structure of this probe with the maximum excitation and emission 

wavelength at 370 nm and 420 nm, respectively UV-Vis spectra revealed that maximum absorption of Cit-

AgNPs is around 397 nm. 

Results 

Z-Average (d.nm): 35.56 
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Fig. 4.9 | Size distribution analysis of Cit/AgNPs via DLS. 

Preparation of optical biosensor 

pDNA is one of the most significant element in genosensing. For this purpose, pDNA was activated 

through combination with DTT. DTT (dithiotrietol) is usually employed as a deprotecting or decreasing 

agent for thiolated-probe DNA. The sulfur atoms in terminal of thiolated DNA have potential for forming 

dimers especially in the existence of oxygen. Thiol groups oxidation prevented by DTT. So, it is applied as 

a protecting agent 4 1 , 4 2 . Therefore, DTT (0.01 M) and sodium acetate (0.01 M) were prepared 

with deionized water. Then, 15 uL of pDNA (SH-5'-AAT TTT CCA ACT TTT TCA CCT GCA T-3') was 

mixed with 100 uL DTT/sodium acetate solution. After 15 min, 200 (xLof ethyl acetate was added and for 

5min vortexed. The prepared solution was centrifuged for 10 min at 8000 rpm and supernatant was 

removed. Subsequently, 200 uL of Cit/AgNPs was added to the prepared pDNA solution and incubated for 

2 h at 45°c for spectrofluorometery and 200 uL of diluted Cit/AgNPs (1/2 concentration) was also another 

microtube of prepared pDNA and incubated which was applied for UV-vis spectrophotometery. 10 uL of 

NaCl (1 M) was added to 300 uL of mixed Cit/AgNPs-pDNA and Cit/AgNPs for increment of quality and 

stability of nanoparticles. Then, the prepared solutions were pipetted in the cuvettes and data was recorded 

both by spectrofluorometer in range of 400-750 nm wavelength and UV-VIS spectrophotometer in range 

of 250-700 nm spectral range. Fluorescence emission and excitation spectra of Cit/AgNPs and Cit/AgNPs-
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pDNA are demonstrated in Fig. 4.1 OA. The excitation peaks for Cit/AgNPs and Cit/AgNPs-pDNA were 

observed at 439 and 438 nm, respectively. The fluorescence spectrum of Cit/AgNPs was similar to that of 

Cit/AgNPs-pDNA; although, the fluorescence intensity was declined by pDNA. As can be seen in Fig. 

4.1 OB, momentous alteration in UV-vis spectra was happened after addition of pDNA which appeared at 

470 nm. All of the genosensor preparation steps was shown in Scheme. 4.2. 

100 u 

400 450 500 550 600 650 0 
Wavelength (nm) 2 ™ 300 400 500 600 700 

Wavelength (nm) 

Fig. 4.10 | A) Fluorescence spectra of Cit/AgNPs and Cit/AgNPs-pDNA. B) UV/Vis absorbance spectrum of 
Cit/AgNPs and Cit/AgNPs-pDNA. 
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Scheme. 4.2 | Illustration of preparation steps of genosensor. 
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Optimization of hybridization time 

Hybridization leads to quick and effective binding of DNA strands. In this study, pDNA hybridized 

with its specific DNA (cDNA (complementary target sequences)). Oligonucleotides were successfully 

immobilized on the surface of Cit/AgNPs due to interaction of AgNPs surface with oligonucleotides 

binding groups. Thiol groups of oligonucleotides result in increment of binding affinity of them to the 

surface of nanoparticles, which leads to greater stability of Ag nanoparticle probes43. The Cit/AgNPs have 

stability toward salt concentration (NaCl). So, they are stable against aggregation by NaCl concentration. 

This hybridization process was associated with color alteration, red-shifting as a result of assembly of 

particle which can be seen by naked eye in the form of yellow to pale red color change (Fig. 4.11 A). To 

evaluate the hybridization and optimum incubation time, Cit/AgNPs functionalized with pDNA (SH-5-

AAT TTT CCA ACT TTT TCA CCT GCA T-3') solution (Cit/AgNPs-pDNA) and incubated with 15 uL 

of cDNA (5'-ATG CAG GTG AAA AAG TTG GAA AAT T-3') at different incubation times (2, 5, 10, 15, 

and 20min). In this part, 10 uL of NaCl was added to enhance the AgNPs stability and inhibted their 

aggregration. After insertion of 10 ul NaCl, UV-vis spectra were recorded at different time (251,015 and 

20 min). Obtained results demonstrated that the optimum cDNA incubation time was 2 min. As revealed 

in Fig. 4.11, the location of peak is absolutely similar with previous section. 

A Fluorime+ry S r̂treptato-
J metru 
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Fig. 4.11 | (A) color alteration of Cit/AgNPs from yellow to pale red after hybridization with pDNA. Fluorescence 
excitation (B) and UV/Vis absorbance (C) spectrum in various hybridization time (2,5,10,15, and 20 min). 

Analytical study 

Sensitivity is one of the significant parts of the genosensors. In order to evaluate the sensitivity of 

prepared genosensor, various concentration of cDNA (10_6,10"9,10"12,10"15,1017 and 10"21 M) was applied 

with 2 min incubation time. Same as the previous section, 10 pL of NaCl was added for increasing quality 

and stability of AgNPs. 15 pL of these concentrations were added to the prepared Cit/AgNPs-pDNA and 

incubated at 37°c for 2 min. As exhibited in Fig. 4.12, the maximum peak was recorded for concentration 

10 6 M and it was thoroughly predictable. According to decrease of cDNA concentration, the intensity of 

the excited fluorescence and absorbed signal was decreased. According to the results, in spite of recorded 

signals downward mobility, the developed optical genosensor can be employed for determination of cDNA, 

target sequence, up to the concentration of 1ZM for both spectrofluorometer and UV-vis 

spectrophotometer. Dynamic linear ranges for both were between 1 pM-1 zM and regression equations 

recorded for spectrofluorometery and UV-vis spectrophotometery respectively were: 

y= -1.7625 (Haemophilusinfluenza) + 23.969 R2 = 0.8412 Eq. 4 

y= -0.0885 (Haemophilus influenza) + 1.1295 R2 = 0.8692 Eq. 5 

Briefly, the designed DNA based biosensor not only possess great sensitivity but also has easy and low-
cost construction. 
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R ! = 0.8692 
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cDNA concentration (M) 

Fig. 4.12 | Fluorescence excitation (A) and UV/Vis absorbance (C) spectrum of genosensor after hybridization with a 
variety of cDNA concentrations (10" 6,10- 9,10 1 2,10 1 5,10 1 7 and 10"21 M) in the 400-750 mn and 250-700 mn spectral 
ranges, respectively. Histograms of peak intensity versus concentration of cDNA (C and D). 

Selectivity 

One of the remarkable merits of biosensors is its selectivity. Hence, a perfect biosensor should have 

power to distinguish similar analytes. For evaluate the selectivity, we designed three mismatch sequences 

(mismatch 1: 5'-ATG GAG GTG AAA AAG TTG GAA AAT T-3', mismatch 2: 5'-AGG GAG GTG AAA 

AAG TTG GAA AAT T-3', mismatch 3: 5'-AGG GAG GTG AGA AAG TTG GAA AAT T-3'). Alike 

with analytical study, the designed genosensor was incubated with 15 l i L mismatch primers and 

fluorescence excitation and UV/Vis absorbance was recorded for comparison with cDNA hybridization. 

The selectivity of genosensor was evaluated in spectral ranges 400-750 nm and 250-700 nm, respectively. 

As showed in Fig. 4.13, in the presence of mismatched DNAs, fluorescence excitation had significant 

reduction, whereas, UV/Vis absorbance was considerably increased from mismatch one to mismatch three. 

These results has exact agreement with different reported studies that the dsDNA intensity is more than that 

of ssDNA. 
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Fig. 4.13 I Fluorescence excitation (A) and UV/Vis absorbance (C) spectrum of hybridization with mismatch cDNAs 
(Mismatch!, Mismatch2, Mismatch3) in the 400-750 nm and 250-700 nm spectral ranges, respectively. Histograms 
of peak intensity versus type of sequence (B and D). 

Stability 

One of the ways to increase the genosensors stability is employing silver nanoparticles. Silver 

nanoparticles draw a lot of attention in optical biosensors because of their simple and low-cost fabrication 

as well as great extinction coefficients. In addition, AgNPs has great superficial area which can be suitably 

modified43'44. The stability of developed genosensor was measured in two steps. At first, intraday stability 

of synthesized Cit/AgNPs was examined at regular 2-h interval time. According to Fig. 4.14A-B, the 

fluorescence excitation and UV/Vis absorbance of Cit/AgNPs were decreased respectively during each 2 -

h interval time. In the second step, the stability of developed genosensor was evaluated similar to that of 

Cit/AgNPs. As displayed in Fig. 4.14C-D, the fluorescence excitation of engineered genosensor was 

increased respectively during each 2 -h interval time; whereas, its UV/Vis absorbance was decreased. 
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Therefore, the synthesized Cit/AgNPs has acceptable stability. The genosensor has stability for use within 

4 -h. Finally, designed platform has appropriate stability despite its easy fabrication. 
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Fig. 4.14 | Fluorescence excitation (A-C) and UV/Vis absorbance (B-D) of Cit/AgNPs and Cit/AgNPs-pDNA, 
respectively, at regular 2 -h interval time. 

4.3 Results and Discussion- Bioelectrocataytic behavior horseradish peroxidase bound to 
green polymeric scaffold of poly(tyrosine)-chitosan as molecularly imprinted polymer 
toward monitoring of H2O2 in human biofluids 

Electropolymerization of L-Tyr supported CS on the SPCE surface 

The electropolymerization of 10 mM L-Tyr in PBS (pH = 7.4) utilizing the CV method produced 

poly(Tyr). The modification procedure was performed in the potential range of -1.0 to 1.0 V (10 repetitive 

cycles), and the scan rate was 100 mV.s"1. After the electropolymerization of poly(Tyr) on the SPCE 

surface, deionized water was used to rinse the modified electrode to remove any unabsorbed substances. 

According to Fig. 4.15A, the creation of poly(Tyr) led to an anodic peak at 0.6 V and a reduction peak at -

0.8 V. As the number of CV scans rose, the peak current also increased, exhibiting the formation of an 

electroconductive polymer film on the electrode surface. In the second step, the SPCE was moved into 0.1 

M HC1 containing 2 mg/mL CS, and 20 repetitive cycles were performed in the potential range from -1.0 

V to 0.15 V and sweep rate of 100 mV.s"1 (Fig. 4.15B). A thin film of poly(Tyr)-CS film was created on 

the surface of a screen-printed carbon electrode. 

11 -0.7 -0.3 0,1 0.5 0.9 _ L 1 . 0 i 3 _o,7 -0,5 -0.3 -0,1 0,1 

Potential/V Potent ial/V 

Fig. 4.15 | A) CVs of poly(Tyr) on the surface of SPCE in the presence of 0.1 M PBS (pH=7.4) containing 27 mM L-
Tyr at scan rate of 100 mV s"1. Number of cycles is 10. B) CVs of CS on the surface of SPCE in the presence of 0.1 
M HCl containing 2 mg/mL CS at scan rate of 100 mV s"1. Number of cycles is 20. 

Preparation of MIP/ poly(Tyr)-CS modified biosensors 

The combination of poly(Tyr)-CS electropolymerization with the self-assembly surface molecular 

imprinting approach led to the protein (HRP) imprinting in poly(Tyr)-CS. The poly(Tyr)-CS/SPCE were 
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submerged in PBS (pH=6) containing 1 mg/mL HRP after the electropolymerization. They lasted 24 hours 

in a refrigerator at 4°C. The HRP template molecules were easily immobilized on the poly(Tyr)-CS matrix 

through hydrogen binding interaction. The modified electrode (HRP/poly(Tyr)-CS/SPCE) was immersed 

in 1.0 M hydrochloric acid solution for a period to eliminate the binding template HRP. The imprinted 

electrode (MIP/poly(Tyr)-CS/SPCE) was thoroughly rewashed with ultrapure water after that. 

Electrochemical techniques like CV and DPV were applied to ensure that the template had been properly 

removed. Prior to usage, the MIP/poly(Tyr)-CS/SPCE electrode was kept at 4 °C in a refrigerator. 

Morphological and structural characterization of prepared imprinted biosensor 

The morphology of the modified SPCE and the imprinted layer was further examined using SEM. 

EDS was used to perform an elementary analysis as well. Fig. 4.16 display the SEM image of the poly(Tyr)-

CS/SPCE, HRP/poly(Tyr)-CS/SPCE, MIP/poly(Tyr)-CS/SPCE, and bare SPCE. The surface of bare SPCE 

was smooth and flat, as seen in Fig. 4.16D. A notable homogeneous monodispersed spherical structure was 

seen when poly(Tyr)-CS was modified on SPCE (Fig. 4.16A), which is ideal for macromolecular loading 

effectiveness, and the average size of spherical beads was around 60 nm. Such polymer's monodispersed 

spherical beads have increased surface area and pore volume, which results in high imprinting effectiveness 

and enhanced noncovalent bonding interaction strength. Fig. 4.16B exhibits that HRP protein molecules 

have been assembled on the surface of the monodispersed spherical poly(Tyr)-CS film, which made the 

surface uneven and undulant. Additionally, the EDX demonstrates that P and Fe elements were not initial 

polymer film, and P and Fe peaks can be seen in the enzyme-immobilized film. These alterations showed 

that HRP had been successfully immobilized on the poly(Tyr)-CS film. The change in film shape caused 

by eliminating the HRP template molecules is apparent in Fig. 4.16C. 
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Fig. 4.16 | Scanning electron microscopy of (A) poly(Tyr)-CS/SPCE, (B) HRP/poly(Tyr)-CS/SPCE, and (C) 
MlP/poly(Tyr)-CS/SPCE, (D) bare SPCE, and EDXs of (E) poly(Tyr)-CS/SPCE, (F) HRP/poly(Tyr)-CS/SPCE, and 
(G) MIP/poly(Tyr)-CS/SPCE, respectively. 

The possible mechanisms of the electropolymerization of poly(Tyr)-CS film 

The suggested process of electropolymerization of poly(Tyr)-CS is that L-tyrosine polymerization 

starts in the first step by providing an oxidation potential, leading to the production of a radical cation on 

the carbon-containing amine group. It has been demonstrated that an NH group-containing monomer may 

be electropolymerized on the SPCE surface to create a conducting film by the formation of a covalent bond 

(N-C) between the NH group and carbon electrode45'46. Since CS is positively charged when dissolved in 

acid (HC1 in the current study), the electron-withdrawing oxygen-containing groups on poly(Tyr) in the 

second step are advantageous to the combination with CS from an electrostatic point of view. The findings, 

therefore, demonstrate that tyrosine may interact with hydrophilic CS via -NH3+ and -OH side groups, 

allowing for the formation of a specific self-assembly network between the tyrosine monomer and CS 

chains (Scheme. 4.3) 4 6 4 7. 
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Scheme. 4.3 | Electropolymerization procedure of tyrosine supported chitosan on the screen-printed carbon electrode. 

Optimization of biosensor responses 

Electrochemical characterization of developed imprinted biosensor 

Scheme 4.4 depicts the fabrication of the HRP electrochemical imprinted biosensor 

(MIP/poly(Tyr)-CS/SPCE). A new imprinting preparation method was used to ensure the diffusion and 

elution of the HRP biomacromolecule on the surface of the created modified electrode 48~52. In this strategy, 

pre-assembly of the poly(Tyr)-CS film onto the SPCE surface before binding of HRP rather than the 

conventional method of tyrosine and CS electropolymerization in the presence of the HRP template was 

carried out. CV was employed for the characterization of preparation procedures of the imprinted biosensor 

in a 0.01 M Fe(CN)647Fe(CN)63" solution containing 0.1 M KC1 as a supporting electrolyte. Fig. 4.17 showed 

that the redox peaks were enhanced when SPCE was modified by poly(Tyr)-CS compared to the bare SPCE, 

suggesting that the high electrical conductivity and unique characteristics of the poly(Tyr)-CS/SPCE can 

expedite the electron flow of probe involving Fe(CN)64/FefCNJ63". Template HRP molecules were trapped 

in the poly(Tyr)-CS matrix through hydrogen bond interaction between the -NH groups of the poly(Tyr)-

CS film and the -COOH groups of the HRP template molecules. Consequently, when the HRP molecule 

was bounded, the peak current of the prepared electrode reduced drastically, implying the successful 

assembly of HRP that allows electron transport to be retarded because of weak conductivity. However, after 

the removal of the template protein molecules from the polymer matrix, the specific imprinting cavity for 
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HRP molecule determination was reconstructed. The imprinted sites were evidently generated following 

the elution of the template protein, which let the probe molecules diffuse into the electrode surface via the 

imprinted layer's pores 50~52. As a result, the peak current was enhanced, indicating that HRP 

biomacromolecules were successfully removed. CV can keep track of the template elution from the matrix. 
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Fig. 4.17 | A) CVs of preparation steps of imprinted polymer in 0.01 M Fe(CN)6

4-/Fe(CN)6

3'+0.l M KC1 at a sweep 
rate of 30 mV/s. B) peak currents variation versus type of modified electrodes (n = 3, SD = 3.01). 
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Scheme. 4.4 | The preparation process of MIP/poly(Tyr)-CS/SPCE biosensor. 

The template removal time is critical in achieving the optimal MIP4oased sensor. The adequate 

time allows for the template extraction from the polymeric matrix. The electrode surface was exposed to 
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1.0 M HC1, and the exposure time was between 5 and 40 min (Fig. 4.18). The peak current rose when the 

electrode surface was soaked in 1.0 M HC1 for 20 minutes. These findings show that the HRP has begun to 

be removed from the polymeric matrix. However, after 20 min, the CV current fell and remained stable 

until 40 min. As shown in Fig. 4.18B, a 20-min immersion in 1.0 M HC1 was sufficient to remove HRP 

from the polymeric matrix. 

Potent ia l /v 
• -1 red/|jA • I ox/|uiA 

Fig. 4.18 | A) CVs of HRP/poly(Tyr)-CS/SPCE imprinted polymer at different removal time (5,10,15,20,30, and 40 
min) in 0.01 M Fe(CN)64'/Fe(CN)63'+0-l M KC1 at a sweep rate of 0.1 V/s. B) peak currents variation versus template 
removal time with HC1 (n = 3, SD = 3.33). 

Kinetic studying 

CVs of poly(Tyr)-CS modified SPCE were obtained at various sweep rates in the range of 10 to 

500 mV.s"1 in Fe{CN)64~IFe{CN)63' solution for the kinetic study. Peak currents increased with increasing 

scan rate, as shown in Fig. 4.19. According to Fig. 4.19D, the dependence of the Neperian logarithm of 

peak current on the Neperian logarithm of sweep rate {In Ip versus In v) is linear In Ipa = 0.1845 In v + 

5.1798 (R2 = 0.9951), in which the slope is 0.1845 ± 0.003. A slope close to 1.0 is believed to be the 

electrode process is adsorption-controlled, and a slope less than 0.5 is thought to be diffusion-controlled by 

Fick's law 5 3 , 5 4 . Hence, this indicates that the electrochemical reaction at poly(Tyr)-CS/SPCE surface was 

controlled by diffusion. Fig. 4.19C demonstrates the dependence of peak potential on the Neperian 

logarithm of the scan rate (Epa versus In v) and that the electron transfer has an irreversible nature with a 

positive shifting in the anodic and cathodic peak positions, respectively. The linear relation between Epa 

versus In v can be expressed as E p a = 0.0932 In v + 0.6717 (R2 = 0.9843). As for a diffusion-controlled and 

irreversible electrode process, according to Laviron 29, Epa can be calculated using the following equation: 
RT 

Ep = ( ) l n v + constant Eq. 6 
^ v 2 a n F y n 

In the above equation, Ep is the peak potential, a is the electron-transfer coefficient, n is the number of 

electrons, T is the temperature (298 K), F is the Faraday constant (96485 C moi"!), and R is the universal 
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gas constant (8.314 J K 1 mor l). In this study, the value of an was calculated to be 0.13 for [Fe(CN)6] 3 _ / 4~. 

Furthermore, the value obtained for n from |Ep - Ep/2| = 47.7/an (mV) irreversible system 3 1 3 3 is 1.03 ~ 1. 

Moreover, the special surface of SPCE covered with poly(Tyr)-CS should be investigated to assess 

the effective electrode surface coverage. To calculate the value of I* as surface coverage of a modified 

electrode, the slope of peak currents on scan rates (Ip vs. V) was examined using Equation. 5 (Fig. 4.19B) 
5 5 . 

Ip=(n2F2/4RT)vAT,* Eq. 7 

Where A is the electrode surface area (A=7tr2=0.1256 cm2), v is the potential sweep rate, and T* represents 

the surface coverage of the modified electrode (M/cm2). The surface coverage of poly(Tyr)-CS/SPCE was 

attained as 1.25 x 10~5 cm2-s~\ which supplies an effective surface for the HRP immobilization and 

generation of the imprinted polymer. 
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Fig. 4.19 I A) CVs of poly(Tyr)-CS/SPCE in 0.01 M Fe(CN) 6

3-/Fe(CN) 6

4-+ 0.1M K C l at various sweep rates (10, 20, 
30, 50, 70, 90, 100, 150, 200, 250, 300, 350,400,450, and 500 mV/s). B) The dependency of I p versus v. C) Variation 
of E p versus Lnv. D) Variation of lnlp versus Lnv. 

HRP determination by the MIP/poly(Tyr)-CS/SPCE 

Highly sensitive determination of the target is critical for molecularly imprinted sensors. This study 

has investigated the application of MIP/poly(Tyr)-CS/SPCE to detect HRP at various concentrations using 

the DPV method with 0.01 M Fe(CN)6

3"/Fe(CN)6

4_ containing 0.1 M KC1 as an electrochemical probe. 
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According to Fig. 4.20A, the current response of the imprinted biosensor reduced as HRP concentration 

rose. This was caused by the entrance of the template molecule into imprinted sites, retarding electron 

transfer to the created cavity and obstructing the probe molecule's ability to diffuse through the imprinting 

layer. A correlation exists between the concentration of HRP and the decreased peak current. As exhibited 

in Fig. 4.20B, there was a good dynamic linear range from 1.0 x lO 8 to 1.0 xlO"1 mg/mL to be displayed 

with a linear regression equation AI (uA)=0.1679 CHRP+2.8954 (R2=0.9729) with the LOD of 9.39 x 10"8 

mg/ml (2.34 pM) (S/N=3.3) and a quantitation limit (LOQ) of 2.84 x 10"7 mg/ml (7.11 pM) (S/N=10). 

Potential/V Con/(mi/ml) 

Fig. 4.20 | A) DPV of MIP/poly(Tyr)-CS/SPCE in different concentration of HRP (0.1, 10"2, 10"3, 10"4, 10"5, 1 0 \ and 
10"8 mg/mL in 0.01M Fe(CN)6

37Fe(CN)64~ + 0.1M KC1. B) Calibration curve of the corresponding peak currents of 
MIP/poly(Tyr)-CS/SPCE versus concentrations of HRP (n = 3, SD = 2.03). 

Bioelectrocatalytic activity of HRP-imprinted biosensor 

Anaerobic oxidase via the ferric-ferrous cycle provides the basis for the bioelectrocatalytic activity 

of HRP. A typical reduction substrate for the HRP process is H2O2. The bioelectrocatalytic mechanism of 

HRP for H2O2 reduction comprises two fundamental steps: i) Through two-electron oxidation, the heme 

moiety transforms into an intermediate known as compound I, and ii) two sequential one-electron 

reductions allow the enzyme to return to its resting state utilizing compound II, a second intermediate 5 6 . 

Using CV and DPV techniques (Fig. 4.21), the electrocatalytic performance of the HRP-imprinted 

biosensor (1 mg/ml HRP) for H2O2 reduction was investigated in 0.1 M PBS solution with different 

concentrations of H2O2. The influence of pH on the biosensing behavior of the HRP-imprinted biosensor 

was examined in the pH range of 4.0 to 8.0 in the presence of H2O2 to develop effective biosensing for 

H2O2 reduction. The current response reached its maximum at pH 8.0, as shown in Fig. 4.21C. Thus, HRP's 

enzyme activity reached its peak. Consequently, 0.1 M PBS solution pH 8.0 has been used to investigate 

H2O2 reduction for the first time. The CV curve represented -0.66 V as the reduction potential for H2O2 

(Fig. 4.21D). Using the DPV method, the current response was studied at H2O2 concentrations ranging from 
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10 nM to 1 mM. The reduction peak current progressively rose as the concentration of H2O2 successively 

increased, demonstrating that the immobilized HRP/poly(Tyr)-CS/SPCE had a bioelectrocatalytical activity 

to H2O2 reduction in 0.1 M PBS with pH 8.0 (Fig. 4.21 A). The obtained linear range by DPV was 10 nM 

to 1 mM with regression equation -I(uA) = 1.061 C(H202i(mM) + 7.4934 (R2 = 0.9945). The limit of 

detection for the detection of H2O2 using the HRP-imprinted biosensor was estimated to be 2.18 nM (S 

/N=3.3), and LOQ was 6.60 nM (S/N=10) for DPV. 

pH range Potentia l/V 

Fig. 4.21 I A) DPVs of HRP/poly(Tyr)-CS/SPCE to different concentrations of H 2 0 2 from 10 nM to 1 mM in 0.1 M 
PBS (pH = 8.0). B) Histogram of HRP/poly(Tyr)-CS/SPCE (n = 3, SD = 1.01). C) Calibration of pH effect on H2O2 
reduction by HRP-imprinted biosensor in 1 mM H 2 0 2 solution including 0.1 M PBS with different pH (4.0 - 8.0) at a 
sweep rate of 30 mV/s (n = 3, SD = 0.6). D) C V of HRP/poly(Tyr)-CS/SPCE in 1 mM H 2 0 2 solution including 0.1 M 
PBS (pH = 8.0) at a sweep rate of 30 mV/s. 

H2O2 measurement using electrochemical biosensors has been the subject of several investigations 

(Table. 4.3). A few studies have employed molecularly imprinted polymer-electrochemical biosensors to 

determine H2O2. However, most researchers have used different types of nanoparticles as matrices for 
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biosensor development. It should be noted that creating these platforms takes more time and involves more 

procedures, including creating working electrodes such as carbon paste and carbon cloth electrodes and 

synthesizing nanoparticles. However, the environmentally friendly poly(Tyr)-CS film offers a simple, 

accessible, and affordable matrix for the creation of molecularly imprinted polymer-electrochemical 

biosensors. As shown in Table. 4.3, the performance of the proposed molecularly imprinted biosensor has 

a lower LOD than those of previously published electrochemical biosensors for the precise determination 

of trace amounts of H2O2. 

Table. 4.3 | Analytical performance comparison of the available biosensors for determination of H2O2. 

Materials Electrodes Detection methods Linear range LOD Ref. 

Pt-MWCNT SPCE 

Chronoamperometry 

10-100 uM 10 uM 57 

H R P / t o l u i d i n e b l u e / g r a p h i t e Ceramic electrode 

Chronoamperometry 

0.429 uM-0.455 mM 0.171 uM 58 

C S / H R P - p o l y ( L - D O P A ) Au-plated Au 
(AUplate /Au) 

electrodes 
Chronoamperometry 

0.001-1.25 mM 0.1 uM 59 

MnCh CPE 1 
Chronoamperometry 0.04-1.91 uM 0.012 uM 60 

MnOOH n a n o r o d a r r a y s 

Carbon cloth 
electrode 

Chronoamperometry 

20 um-9.67 mM 3.2 uM « 
HRP/NH2-HT -BTB-
MOL2/MWNTs 

Carbon cloth 
electrode 

Chronoamperometry 

7.5 uMto 1500 uM 0.87 uM 62 

PEDOT:PSS3 

SPCE 

Chronoamperometry 

1-100 | iM 0.97 | J M 63 

PtNPs-CDs/IL-GO 

GCE 5 

1-900 uM 0.1 uM 64 

HRP /PTMSPA 4 @ GNR 

GCE 5 

1 x 10"5-1 x 10"3 M 0.06 uM 65 

PtNPs/ethyl c e l l u l o s e 
GCE 5 

0.05 uM-2.22 mM 0.01 uM 66 

C 0 3 S 4 / C U C 0 2 O 4 

GCE 5 

Amperometry 0.001^1.03 mM 17 uM 67 

P d / H R P / f - G R Graphite electrode 25 uM-3.5 mM 0.05 uM 68 

AgNiNP/RGO Paper electrode 0.003-13 mM 0.91 uM 69 

B o r o n - d o p e d g r a p h e n e 

n a n o s h e e t s 
RDE 6 1.0-20.0 mM 3.8 uM 70 

HRP/PAN-PNMThH 

GCE Chronoamperometry 

5.0 uM-60.0 mM 3.2 uM 71 

H R P / C - D o t s / L D H s 

GCE Chronoamperometry 

0.1-23.1 uM 0.04 uM 72 

NiO/GR 

GCE Chronoamperometry 

0.25̂ 1.75 mM 0.7664 uM 7} 
EFK8-SWNT- h e m o g l o b i n GCE Chronoamperometry 20-960 | J M 7.54 | J M 74̂  

MIP/P(P-CD) 

GCE Chronoamperometry 

1-15 uM 0.4 uM 52 

Z n F e 2 0 4 / g - C 3 N 4 

GCE Chronoamperometry 

5-200 uM 1 uM 75 

C o S / R G O 0.1-2542.4 uM 42 nM 76 
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Nanographene-coated rice-like 
manganese dioxide 
nanorods/graphene 

0.002^1.44 mM 0.2 uM 77 

HRP/Hap5-fCNT 1.0 x 1 0 " 5 ~ 
2.34 x 10"4 M 

1.91 uM 78 

Ag-Cu nanoalloys Cyclic voltammetry -
Electrochemical 

impedance 
spectroscopy 

2.0-9.61 mM 152 uM 79 

HRP/Bi-AgNPs 0.02-1.0 uM 0.06 uM 80 

MIP/MPBA7AuNPs 

Differential pulse 
voltammetry 

0.6-20 uM 0.16 uM 81 

MlP/polyaniline nanotubes Differential pulse 
voltammetry 

0-10 uM and 10-90 
uM 

0.01 uM 50 

MlP/Poly toluidine blue 1 uM -40 mM 1 uM 82 

MIP/poly(Tyr)-CS SPCE 10nM-l mM 2.18 nM This 
work 

Real sample analysis 

Using the DPV technique, the developed HRP-imprinted biosensor was also successfully employed 

toward the sensitive detection of H2O2 in unprocessed human plasma samples (Fig. 4.22A). Different 

concentrations of H2O2, ranging from 5 nM to 1 mM, were spiked into human plasma samples to examine 

the practical use of the MlP-based biosensor. These concentrations were then measured using the DPV 

method. As shown in Fig. 4.22B, the HRP-imprinted biosensor is capable of measuring H2O2 in the 

concentration range of 5 nM to 1 mM, and the calibration curve for the linear regression equation is -I(pA) 

= 0.8822 C(H202i(mM) + 2.0266 (R2 = 0.994). The LOD (S/N=3.3) for the detection of H2O2 in unprocessed 

human plasma samples using HRP-imprinted biosensor was calculated to be 1.50 nM, and the LOQ 

(S/N=10) was 4.56 nM. 

Fig. 4.22 I A) DPV response of HRP/poly(Tyr)-CS/SPCE towards sensitive determination of H2O2 in untreated human 
plasma samples with different concentration. B) Calibration curve (n = 3, SD = 0.6). 

151 



Stability, repeatability, and selectivity of the developed molecularly imprinted biosensor 

The imprinted biosensor showed good stability and repeatability. CVs of poly(Tyr)-CS/SPCE 

were measured in 0.01 M Fe(CN)6

37Fe(CN)6

4- containing 0.1 M KC1 at different cycles (1,5,10, and 50) 

to evaluate the stability of the polymer layer on the SPCE surface. Good stability was found after 10 

cycles, as shown in Fig. 4.23A-B, indicating that the suggested polymer film is stable. The findings show 

that the peak current of poly(Tyr)-CS/SPCE remained almost steady after 10 cycles. However, after 50 

cycles, there was a drastic change in the oxidation and reduction potentials of the proposed polymer film. 

Redox peak currents and potentials were discovered to have altered, confirming the limited stability of 

poly(Tyr)-CS after 50 cycles. The findings show that the electropolymerization of poly(Tyr)-CS is highly 

stable throughout a range of 10 sweep rates. Hence, after 10 cycles, this polymer is not an acceptable matrix 

for subsequent applications. poly(Tyr)-CS can therefore be employed in the disposal. The repeatability of 

MIP/poly(Tyr)-CS/SPCE was examined using 0.1 mg/ml HRP by the DPV method in six cycles of a 

binding-elution-rebinding test of the protein-modified electrode, and the calculated RSD (relative standard 

deviation) was 3.96% (Fig. 4.23C-D). 

The selectivity of the HRP/poly(Tyr)-CS/SPCE for H2O2 was investigated in the presence of 

potential interfering electroactive agents such as ascorbic acid (AA), dopamine (DA), uric acid (UA), and 

glucose (GL) with DPV technique. Fig. 4.23E-F shows the voltammetric response signals of ImM H2O2 in 

PBS solution (pH 8.0) by the addition of 0.1 mM of each interfering specie. The HRP-imprinted biosensor 

reduced the interference effect to 1 mM H 2 0 2 by GL 16.41 %, UA 17.21 %, and AA 23.76 %, which 

exhibited negligible effects on the H2O2 response. This implies that the interfering agents have almost no 

effect on the analyte response. Therefore, it displayed the high selectivity of the designed HRP-imprinted 

biosensor toward the determination of H2O2. However, voltammetric responses can be detected by 

dopamine (1 mM H2O2), indicating dopamine can engage in the redox process of H2O2 (51.11 %), thus 

interfering with H2O2 measurement. 
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Fig. 4.23 | A) Stability of poly(Tyr)-CS/SPCE were recorded in 0.01 M Fe(CN) 6

3"/Fe(CN) 6

4" + 0.1M KC1 at a sweep 
rate of 100 mV/s with different cycle numbers (1,5,10, and 50). B) variation of current versus cycle number (n = 3, 
SD = 3.86). C) Repeatability of MIP/poly(Tyr)-CS/SPCE was recorded in 0.1 mg/ml HRP solution for six cycles. 
D) Current versus cycle number variation (n = 3, SD = 0.31). E) Effects of interfering species on the voltammetric 
determination of 1 mM H2O2 with HRP/poly(Tyr)-CS/SPCE in PBS solution pH=8 in the presence of ascorbic acid, 
glucose, dopamine, and uric acid as interfering agents. F) Variation of I p H2O2 versus the type of interfering agents 
(n = 3, SD = 0.5). 
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5 CONCLUSIONS 

This thesis briefly describes screen-printed electrodes and devices with potential applications in 

bioelectronics. I focused on the development of portable and disposable (bio)sensors for detecting distinct 

biologically active compounds important for biomedical applications. 

In the first part, SWCNT-modified SPCE as disposable electrochemical sensors was suggested for 

fast quantification of dasatinib in pharmaceutical formulations, demonstrating an excellent boosting effect 

on the oxidation response of dasatinib. At optimized pH 5.0 Britton-Robinson buffer, SWCNT-modified 

SPCEs showed 94% recovery with optimum electrooxidation activity. The oxidation currents exhibited 

linear relation with dasatinib concentration in the 0.1-100 ^ M . Based on the results, a limit of detection of 

0.06 (iM was obtained in the standard solution. The SWCNT-modified SPCEs have been applied to analyze 

dasatinib in pharmaceutical tablet samples. 

In the second part, a sensitive and specific approach was developed for the determination 

of Haemophilus influenza using DNA based bio-assay through bioconjugation of citrate capped silver 

nanoparticle with pDNA toward target sequences detection. The synthesized probe (SH-5'-AAT TTT CCA 

ACT TTT TCA CCT GCA T-3') of Haemophilus influenza was detected with great sensitivity and 

selectivity after hybridization with cDNA (5'-ATG CAG GTG AAA AAG TTG GAA AAT T-3'). The 

ultra-sensitive fabricated optical DNA-based bio-assay was showed the low limit of quantification of 1ZM 

for DNA sample using 15 uL of probe and 200 uL of Cit/AgNPs. It has potential for bacterial determination 

both in clinical and environmental specimens. To evaluate the selectivity of developed DNA based 

biosensor, three mismatch sequences were applied. Finally, the designed genosensor is a significant 

diagnostic strategy for detection of Haemophilus influenza with great selectivity. 

The last part of the thesis focused on the development a highly selective and sensitive 

electrochemical horseradish peroxidase-imprinted biosensor based on the combination of poly tyrosine-

chitosan film electropolymerization on the surface of screen-printed electrodes and a self-assembly surface 

molecular imprinting approach. The HRP-imprinted biosensor showed a highly bioelectrocatalytical 

behavior toward hydrogen peroxide reduction in 0.1 M PBS with pH 8.0 and could be used in the 

voltammetric determination of H2O2 in the linear range of 10 nM to 1 mM with a limit of detection and 

limit of quantification of 2.18 nM and 6.60 nM, respectively. The molecularly imprinted biosensor also 

exhibited great sensitivity for HRP and was successfully applied for recognition with various concentration 

ranges of HRP from 1.0xl0-8to l .OxlO 1 mg/mL with LOD and LOQ of 9.39 x 10"8 mg/ml (2.34 pM) and 

2.84 x 10"7 mg/ml (7.11 pM) by differential pulse voltammetry, respectively. The designed electrochemical 

imprinted biosensor was utilized to detect H2O2 in an unprocessed human plasma sample. 
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To conclude, I concentrated on creating functionalization techniques to design sensitive and 

selective (bio)sensors for specific analytes and demonstrated their detection in complex media. The screen-

printed electrodes were employed to develop cost-effective disposable and portable devices for home care 

or in-field applications accompanied by various modification techniques for more selective target detection. 

I investigated numerous factors to enhance the functionalization approach and sensing range, resulting in 

highly effective (bio)sensors for all applications. 
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