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Abstract 
 

Electrochemical sensing is a pioneering tool amongst all other sensing techniques even though it 

had been started in early 20th century. Due to their cost efficacy, accuracy, and real-time 

measurement, electrochemical sensing has been utilized in a vast of biomedical applications in 

therapeutic drug monitoring and biomarker detection. This thesis work concerned the monitoring 

of three therapeutic agents in spiked plasma, urine, dosage form, and interstitial skin fluid with 

high specificity and accuracy. Two of our sensing platforms utilized nanomaterials for sensing 

(sensors) of Cilostazol and Velpatasvir utilizing α-MnO2-V2O5 (metal oxide nanorods) and NH2-

MIL-53 (Aluminum-based metal organic frameworks), respectively. Nanomaterial-based sensors 

are optimal for electrochemically active therapeutic agents due to their cost-effectiveness and non-

laborious preparation, which was the case for Cilostazol and Velpatasvir. However, for 

vancomycin that is electrochemically inactive and has very high priority to be monitored due to its 

efficacy against methicillin resistant Staphylococcus Aureus and its high toxicity, an advanced 

level of biosensor was utilized for its detection that is minimally invasive. Aptamers have been 

utilized due to their low cost of preparation compared to other biorecognition molecules, and their 

capability to generate signal upon binding to the target molecule that is associated to the attached 

methylene blue to its 3’ end.  All of our sensors possessed a wide range of linearity, high 

reproducibility, high sensitivity, and low limit of detection. 
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Chapter 1 Introduction 

1.1 Therapeutic drug monitoring as a challenge 

Therapeutic drug monitoring (TDM) could be defined as the measurement of drug levels in 

body fluids for the purpose of improving the prescribing procedures in case of adequate medical 

interpretation1–3. Another definition that can be found in the literature is that TDM is defined as 

the individualization of drug administration to maintain constant levels of drug concentration in 

plasma within the therapeutic window of the intended drug3,4. The main purpose of TDM has been 

to maximize the efficacy and safety of a particular therapeutic agent by utilizing the knowledge of 

pharmaceutics, pharmacokinetics, and pharmacodynamics4–8. This is considered as an enormous 

step toward the individualization of drug regimens in order to maximize the patient benefit through 

personalized dosing9.  

TDM concept emerged in the 1960s in a clinical study that showed that there is a correlation 

between plasma concentration of phenytoin in several epileptic patients with seizure control and 

drug toxicity10. In 1967, Baastrup and Schou have made a clinical study showing the levels of 

lithium in plasma of psychotic patients and psychosis management11. Then in the 70s, there were 

many papers focusing on the effect of plasma levels of drugs on the incidence of toxicity and 

determining the therapeutic ranges of drugs in plasma12. Afterward, TDM has been used for many 

purposes to maximize the therapeutic efficacy of treatment through assessing the plasma level of 

the drug while minimizing its adverse effects since plasma level is a better indicator for the kinetic 

profile of the drug better than monitoring dosage13. The reasons why monitoring plasma levels of 

a drug is better than monitoring dosage include13 
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1- Better correlation exists between the therapeutic effect of a drug and plasma level than 

between dosage and effect. 

2- Pharmacokinetic parameters can be thoroughly understood from the monitoring of plasma 

levels of drugs, including absorption (bioavailability), distribution, metabolism and 

excretion that differ from person to person and from ethnicity to ethnicity. 

3- The development of reliable and easy to use drug monitoring assays (sensors). 

 

 

Figure 1.1 Graphic illustration of the means of therapeutic drug monitoring and its role in the 

medical decisions14 
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1.2 Biomarkers monitoring as another challenge 

The term biomarker is short for “biological marker” that can be defined as cellular, biochemical, 

and molecular compound (that includes genetic and epigenetic) that can be measured in various 

systems in the body, including cells, tissues and/or body fluids15. Henceforth, according to this 

definition, diagnosis of these biomarkers is indeed an important step in the clinical and biomedical 

field as they are considered as signs of normal or abnormal body activity 15. It can be also referred 

to medical sigs or symptoms that that can indicate a medical condition, which can be measured 

precisely and reproducibly16. The term of biomarker has emerged in the 70s of the last century 

when there were many debates about the usage of biomarkers to predict the prognoses in a major 

trial of terminal diseases, including cancer and cardiovascular disease17. The levels of a biomarker 

in biological systems varies constantly with the levels of the activity or progression degree of the 

disease, as usually the biomarker is an intermediate component of molecular or cellular pathway 

that is involved in a biological process16.  

 

1.3 Electrochemical sensors as a solution 

Sensors are devices that measure biological and chemical reactions through inducing a signal that 

is proportional to the analyte concentration in the redox reaction. They are involved in pivotal 

applications, including detection and monitoring of diseases, drug monitoring, detection of 

pollutants, detection of micro-organisms, and detection of biomarkers in body fluids (blood, urine, 

saliva and sweat)18. As shown in Figure 1.2, the components of biosensors are illustrated and they 

are18: 
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Figure 1.2 Illustration of the sensor components 18 

 

a- Analyte: the substrate of interest that needs to be detected. 

b- Bioreceptor (only in biosensors): the biomolecule that specifically recognises the analyte of 

interest and also is known as the bioreceptor, this includes antibodies, enzymes and aptamers. 

The process of the bioreceptor binding to the analyte is called biorecognition.  

c- Transducer: the transducer is the element that produces energy upon biorecognition. This 

energy can be measured optically or electrically, and this signal is proportional to the amount 

of analyte bound to the bioreceptor. 

d- Display: the display is a system that can generate signals or numbers that can be interpreted 

by the analyst. Usually, it is a combination of hardware and software that generates the results 

in a user-friendly way. 



18 
 

The history of sensors can be traced back to 1906 when M. Cremer proved that there is a 

proportional link between the concentration of the acid in a liquid and the potential that is obtained 

from the other side of a glass membrane19. Then, the concept of pH was introduced in 1909 by 

Sorensen et al. ant the first pH electrode sensor was invented by Hughes et al. in 192220. Then, the 

first immobilization of the invertase enzyme on aluminum hydroxide and charcoal substrate was 

done by Griffin and Nelson between 1909 and 192221,22. Afterward, the first biosensor that looked 

like the sensors that we know nowadays was developed in 1956 that detects oxygen depletion by 

C. Clark et al23. Clark electrode that was the reason that Clark was renown of the father of 

biosensors. This was followed by his development of the first amperometric enzyme sensor23 for 

the detection of glucose in 1962 that was followed by the development of a potentiometric sensor 

for urea detection by Guilbault et al. in 196924. Then the first sensor that was released to market 

was developed by Yellow Spring Instruments in 1975 and since then the field of sensors became 

the point of interest for many laboratories so that only between 2005 and 2015 there were over 

84000 reports indexed under the topic of biosensors18.  

1. Characteristics of a sensor 

In order to have an optimized sensor system, some properties have to be possessed by the sensor 

system including 18: 

a- Selectivity: it is considered to be the most pivotal property of a sensor system. It can be 

defined as the ability to detect the analyte of interest in the presence of other admixtures and 

contaminants. Biosensors are considered better than sensors in this point since the, for 

example, antigen-antibody reaction is so specific that it only happens between the 

immobilized antibody and the specific antigen. 
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b- Reproducibility: it is the capability of a biosensor to provide the same response for the same 

experimental set-up. Usually, it is linked to the precision and accuracy of the signal transducer 

and the electronics part of the sensor where precision is the capability of the sensor to provide 

the same result in every measurement, and accuracy if the capability to provide a mean value 

that is close to the true value when multi-measuring a sample. Hence, reproducibility is the 

reliability and robustness of the sensor to any interferent. 

c- Stability: it refers to how susceptible it is to environmental disturbances around the biosensing 

system. A biosensor under measurement may experience a drift in its output signals as a result 

of these disruptions. This may result in a concentration measurement inaccuracy and 

compromise the biosensor's precision and accuracy. In applications where a biosensor needs 

lengthy incubation periods or ongoing monitoring, stability is the most important component 

to rely on. Sometimes the reaction of electronics and transducers may be temperature-

sensitive, which could affect a biosensor's stability. To achieve a steady response from the 

sensor, proper tuning of the electronics is necessary. The degree to which the analyte attaches 

to the bioreceptor—the affinity of the bioreceptor—can also have an impact on stability. High 

affinity bioreceptors promote the analyst’s covalent or strong electrostatic connection, which 

-in turn- strengthens a biosensor's stability. The degradation of the bioreceptor over time is 

another element that has an impact on a measurement's stability.  

d- Sensitivity: The limit of detection (LOD) or sensitivity of a biosensor is the lowest 

concentration of analyte that it can detect. A sensor is necessary in a number of medical and 

environmental monitoring applications to confirm the existence of traces of analytes in a 

sample at analyte concentrations as low as ng/ml or even fg/ml. For instance, prostate cancer 

is linked to blood levels of the prostate-specific antigen (PSA) of 4 ng/ml, for which doctors 
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recommend biopsy procedures. As a result, sensitivity is thought to be a key characteristic of 

a biosensor. 

e- Linearity: In a mathematical equation, y=mc, where c is the analyte concentration, y is the 

output signal, and m is the sensitivity of the biosensor, linearity is the property that 

demonstrates the accuracy of the measured response to a straight line for a set of 

measurements with various analyte concentrations. The resolution of the biosensor and the 

range of analyte concentrations under test can both affect the biosensor's linearity. The 

smallest change in an analyte's concentration necessary to cause a change in the biosensor's 

response is known as the resolution of the biosensor. A good resolution may be needed 

depending on the application, as the majority of sensor applications need not only analyte 

detection but also monitoring of analyte concentrations over a broad operating range. The 

range of analyte concentrations for which the biosensor response alters linearly with the 

concentration is referred to as the "linear range," which is another phrase related to linearity. 

1.4 Transdermal biosensing utilizing polymeric microneedles 

Transdermal biosensing analyzes interstitial fluid (ISF), the fluid found underneath of skin and 

in the spaces around cells and has been introduced as an ideal candidate for non- or minimally 

invasive biosensing25. Compared to other peripheral biofluids like saliva, sweat, and tears, 

interstitial fluid (ISF) is notably rich in soluble bioanalytes such proteins, peptides, metabolites, 

and nucleic acids and demonstrates a strong correlation with blood26–30. The absence of clotting 

factors in ISF also allows for prolonged continuous measurements31. Various non- and minimally 

invasive methods have been used for ISF extraction, including suction blisters, reverse 

iontophoresis, microdialysis, ultrasound, and microneedles (MNs)31. Among these approaches, 

MN-assisted ISF extraction has recently garnered considerable attention because of its simplicity 
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of use and the potential to integrate diagnostics 31. MN arrays physically penetrate through the 

stratum corneum to access and extract the ISF 31. Different types of MNs have been fabricated for 

ISF extraction, for example, porous MNs employ capillary force; hollow MNs extract ISF based 

on negative pressure, and hydrogel-based MNs (HMNs) employ material absorption property 31.  

 

Figure 1.3 Various types of microneedles utilized in transdermal sensing32 
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MN-based biosensors have been also developed for on-needle detection of specific target 

analytes. These assays utilize solid and coated MNs that act as the device electrodes for 

electrochemical measurement. Recently, gold MNs functionalized with aptamer probes have been 

reported for the measurement of therapeutic drugs33. Although using aptamer probes has expanded 

the capability of on-needle sensing beyond redox active analytes, the use of solid metal MN creates 

biocompatibility issues with the electrodes as well as their fabrication process is complicated and 

costly. Additionally, they cannot extract fluids, which limits their capability for sensing low 

abundance target molecules. Off-needle MN biosensors directly extract ISF for post-processing 

and analysis. A major disadvantage of these systems is the need for multiple extractions for 

enabling serial and/or semi-continuous measurements. In these applications, hollow MNs are used 

to extract ISF with low extraction volume, limited biocompatibility, and a potential risk of MN 

clogging due to tissue curing34. HMNs are a viable alternative to hollow needles with the capability 

to extract a higher volume of ISF into their swellable matrix35. The transdermal HMN arrays are 

compact, easy to use, readily accessible, and painless; do not require peripheral accessories; and 

are expected to improve patient compliance. In addition, their fabrication is simple and inexpensive 

and does not require complex facilities, thus, overcoming limitation of other MN systems35. HMNs 

have recently shown a great potential for diagnostics where the extracted ISF is used for off-site 

detection of different analytes35. Presently, HMN arrays have been developed for in-situ glucose 

and pH measurement36. To date, HMNs have not been exploited for on-needle, on-site sensing of 

other clinically relevant biomolecules, such as drug molecules with narrow therapeutic windows. 
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1.5 Objectives and Scope of the Thesis 

This thesis has two main objectives. First, we aim to modify carbon paste electrode (CPE) to 

enhance the selectivity, sensitivity, stability, reproducibility and linearity of the electrochemical 

CPE electrodes towards the detection of pharmaceutical therapeutic agents, Cilostazol and 

Velpatasvir, in plasma, urine, and pharmaceutical dosage forms. For this purpose, we developed 

two nanomaterials of different types, MnO2-V2O5 and NH2-MIL-53(Al) metal organic 

framework (MOF). 

 Second, we aim to produce a wearable electrochemical aptasensor that can detect vancomycin 

levels in ISF continuously with a minimal invasive way via polymeric microneedles.  

Chapter 2: Provides a background about the electrochemical sensing techniques that can be used 

for sensing applications. 

Chapter 3: Provides a literature review about the utilization of various materials and biomolecule 

modifications for the detection of biomarkers and pharmaceutical therapeutic agents. 

Chapter 4: Provides a literature review about the utilization of various materials and biomolecule 

modifications for the detection of biomarkers and pharmaceutical therapeutic agents. 

Chapter 5: Provides a literature review about the utilization of various materials and biomolecule 

modifications for the detection of biomarkers and pharmaceutical therapeutic agents. 

Chapter 6: Provides a literature review about the utilization of various materials and biomolecule 

modifications for the detection of biomarkers and pharmaceutical therapeutic agents. 
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Chapter 2 Scientific background 

2.1 Types of biosensors according to signal transduction 

According to signal transduction methods, biosensors can be integrated to five categories37: 

 

Figure 2.1 Main parts of a biosensor system38. 

 

1- Electrochemical sensors:  

The term "electrochemical sensors" refers to a class of very significant sensors whose response 

is a result of an interaction between electricity and chemistry. The three main categories of 

electrochemical sensors are conductimetric, potentiometric, and amperometric. The sensors that 

measure electrical resistance, impedance, or admittance are known as conductimetric ones. The 

amperometric sensor response pertains to measuring electrical current, whereas the potentiometric 

sensor response relates to measuring voltage. In essence, a chemical environment is what these 

sensors react to. Chemical species like gases (O2, CO, CO2, H2S, NO, NO2, etc.), protons (pH), 

humidity, or biological amounts like glucose, cholesterol, enzymes, antibodies, proteins, etc. are 
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examples of typical measurands. It is noteworthy to note that these sensors are frequently referred 

to as "bio-electrochemical sensors" by academics working in the domains of biology and medicine 

due to the numerous biological uses for these sensors in humans, animals, and plants39. 

2- Optical sensors:  

A small analytical instrument called an optical biosensor combines an optical transducer 

system with a biorecognition sensing element. An optical biosensor's primary goal is to provide a 

signal that is proportional to the concentration of a material being analysed (analyte). Enzymes, 

antibodies, antigens, receptors, nucleic acids, entire cells, and tissues can all be used by the optical 

biosensor as biorecognition components. The interaction of the biorecognition element with the 

analyte is detected using the evanescent field close to the biosensor surface via optical waveguide 

interferometry, surface plasmon resonance (SPR), and evanescent wave fluorescence40. 

3- Magnetic sensors 

By sensing changes in magnetic characteristics or magnetically induced effects such changes 

in coil inductance, resistance, or magneto-optical properties, magnetic biosensors use 

paramagnetic or super-paramagnetic particles, or crystals, as a technique of detecting biological 

interactions. The particles employed in magnetic biosensors have a diameter that ranges from 

nanometers to microns and are coated with a bio-receptor such an antibody or nucleic acid strand. 

The physical characteristics of the particles change when they interact with the target; this could 

be related to size or movement. Coils, GMR devices, Hall Effect devices, and other optical and 

imaging techniques are some of the technologies used to detect the particles in a magnetic 

biosensor. The ability of a magnetic biosensor to manipulate paramagnetic particles in a magnetic 

field to bring them to a sensor surface where biological interactions take place and enable quick 

detection of a target accelerates the binding interactions41. 
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4- Piezoelectric sensors:  

A material's capacity to generate voltage when mechanically stressed is referred to as 

piezoelectricity or the piezoelectric effect. A sensor component called a piezoelectric platform or 

piezoelectric crystal operates on the theory that oscillations alter when a mass is bonded to the 

surface of the piezoelectric crystal42. 

 

5- Thermal sensors: 

Thermometric biosensors take advantage of heat absorption or evolution, which is a 

fundamental characteristic of biological reactions. The reaction medium's temperature changes as 

a result of this. The extent of the reaction (for catalysis) or the structural dynamics of the 

biomolecules in the dissolved state were calculated in previous studies on calorimetry by directly 

monitoring the change in heat. However, the use of this technology in biosensors resulted in the 

creation of thermometric apparatus. These primarily gauge variations in fluid temperature that 

occur after an appropriate substrate reacts with the mounted enzyme molecules43. 

 

2.2 Electrochemical biosensors 

Electrochemical sensors existed over when M. Cremer proved that there is a proportional link 

between the concentration of the acid in a liquid and the potential that is obtained from the other 

side of a glass membrane19 in 1906 (as aforementioned in chapter 1). The most extensively studied 

and utilised biosensors are electrochemical ones, which operate on the electrochemical 

characteristics of the analyte and transducer. High levels of sensitivity, selectivity, and detection 

are displayed by electrochemical biosensors. This biosensor produces detectable electrochemical 
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signals in the form of voltage, current, impedance, and capacitance as a result of an electrochemical 

reaction between the bioreceptor and analyte on the transducer surface38,44,45.  

2.3 Electrochemical cell 

The electrochemical sensor generates electrical signals like current, voltage, or system 

conductivity using the electrochemical reaction between the sensitive elements and the detected 

materials. The linear relationship between the measured substance's concentration and the 

electrical measured signal is considered to be the main sensing function. One of the most 

significant varieties of electrochemical sensors is the current-type sensor. The counter electrode, 

reference electrode, and working electrode detection system form the foundation of the current-

type electrochemical sensor, as in Figure 2.1. On the surface of the working electrode, a redox 

reaction occurs between the substance being tested and the sensitive material that results in 

changing the current46. 

 

Figure  2.2 The components of an electrochemical cell47 
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2.4 Electrochemical sensing technique 

In (bio-)electrochemistry, the reaction under study would typically either produce a measurably 

large current (amperometric), a measurably small potential or charge accumulation 

(potentiometric), or noticeably small change in the conductivity of a material between electrodes 

(conductometric)48. Other electrochemical detection methods are also mentioned, including 

impedimetric (which measures impedance, including resistance and reactance) 49,50and field-

effect51, which use transistor technology to measure current as a result of a potentiometric effect 

at a gate electrode. Here, all of these measurement methods will be discussed, along with a few 

literature sources that use versions of these methods. 

1. Amperometric sensors:  

An electrochemical sensor can be called an amperometric device when it continuously measures 

the current produced by the oxidation or reduction of an electroactive species during a biochemical 

reaction52. The simplest amperometric biosensors, in which a current is generated in proportion to 

the oxygen concentration, is considered to be Clark oxygen electrodes. The reduction of oxygen 

at a platinum working electrode in comparison to an Ag/AgCl reference electrode at a specific 

potential is used to measure the current from the reaction23. So, the main principal behind 

amperometric detection is that the current of the reaction is measured at a fixed potential that is 

defined as, amperometry. In contrast, voltammetry is the measurement of current during a 

controlled variation of potential. The peak current value that is measured in the electrochemical 

reaction is directly proportional to the bulk concentration of the electrochemical species53–55. 

Herein, the various types of amperometric techniques will be discussed. 
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a- Chronoamperometry:  

Chronoamperometry is a different amperometric method that involves applying a square-

wave potential to the working electrode and measuring a steady state current as a function of 

time56. The expansion or contraction of the diffusion layer at the electrode causes changes in the 

current. Nernst first proposed the idea of a diffusion layer, which states that there is a thin, 

stationary layer of solution in contact with the electrode surface. Diffusion regulates the transfer 

of analyte from the bulk solution of higher concentration to the electrode as the local analyte 

concentration drops to zero at the electrode surface. As a result, there is a gradient of concentration 

away from the electrode surface. Convective transfer keeps the analyte concentration in the bulk 

solution at a value of c0. 

Thus, the Cottrell equation57,58, which is depicted in equation 1, and this 

chronoamperometric technique are related. It describes the current-time dependence for planar 

electrode linear diffusion control. The Cottrell equation relates the current I to the analyte 

concentration (c0), the Faraday constant (F), the number of transferred electrons per molecule (n), 

the electrode area (A), the diffusion coefficient (D), the time (t), and the electrode area. The Cottrell 

equation states that the rate of analyte diffusion to the electrode determines the current. 

𝐼 = 𝑛𝐹𝐴𝑐0√
𝐷

𝜋𝑡
                                                        Equation 2:1 

b- Voltammetric techniques 

Voltammetry is a type of electro-analytical amperometric technique that measures the current 

produced when a potential is changed in order to determine information about an analyte. 

Voltammetry comes in a variety of forms, including polarography (DC Voltage)59, linear sweep, 
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differential staircase, normal pulse, reverse pulse, differential pulse, and even more60,61, because 

there are numerous ways to change a potential while measuring the induced current. We will only 

mention the Square Wave Voltammetry (SWV) technique as it has been extensively used in our 

literature. 

SWV  

2. Potentiometric sensors 

When no current or very little current flows between the working and reference electrodes in 

an electrochemical cell, potentiometric devices measure the accumulation of a charge potential at 

the working electrode 62–64. Potentiometry, then, tells us about the ion activity during an 

electrochemical reaction 65. The Nernst equation, where Ecell stands for the observed cell potential 

at zero current, governs the relationship between concentration and potential for potentiometric 

measurements, as in equation 4. The electromotive force, or EMF, is another name for this. R is 

the universal gas constant, T is the absolute temperature in degrees Kelvin, n is the charge number 

of the electrode reaction, F is the Faraday constant, and Q is the ratio of the ion concentration at 

the anode to the ion concentration at the cathode66. Eo
cell is a constant potential contribution to the 

cell. 

𝐸𝑀𝐹 𝑜𝑟 𝐸𝑐𝑒𝑙𝑙 =  𝐸𝑐𝑒𝑙𝑙
0 −  

𝑅𝑇

𝑛𝐹
 ln 𝑄               Equation 2:2 

Direct potentiometry is the use of the Nernst equation to directly measure the analyte ion 

concentration 67. Currently, ion-selective electrodes (ISE) are frequently used to achieve the lowest 

detection limits for potentiometric devices. The detection limit is analyte-specific by definition, 

and current devices have limits of detection that range from 10-8 to 10-11 M. Potentiometric sensors 
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are useful for measuring low concentrations in small sample volumes because they ideally have 

the advantage of not affecting the sample chemically. Currently, there is a fairly small range of 

ions for which low detection limits are feasible, and these ions lack significant analytes like nickel, 

manganese, mercury, and arsenate ions. In the review by Bakker et al. 65, extensive details about 

potentiometry and their limit of detection (LOD) are provided. 

3. Conductometric sensors 

The ability of an analyte (such as electrolyte solutions) or a medium (such as nanowires) to 

conduct an electrical current between electrodes or reference nodes is measured by conductometric 

devices. Even though conductimetric devices can be thought of as a subset of impedimetric 

devices, methods for assessing capacitance changes utilizing electrochemical impedance 

spectroscopy are well-described in literature. The majority of the time, conductometric devices 

have been closely linked to enzymes because an enzymatic reaction can change the ionic strength 

and, consequently, the conductivity of a solution between two electrodes. Therefore, enzymatic 

reactions that result in changes in the concentration of charged species in a solution can be studied 

using conductometric devices 68. The applicability of such enzyme-based conductometric devices 

for biosensing is constrained by the variable ionic background of clinical samples and the 

requirement to measure small conductivity changes in media of high ionic strength 69. Another 

strategy is to keep a close eye on how an electrode's conductance changes when, for example, 

enzymes or complementary antibody-antigen pairs are immobilised on the electrode surface. 

The rapid advancement of semiconductor technology and sensor integration with microelectronic 

devices, such as FET devices, have enabled the development of multi-analyte conductance 

biosensors and conductive polymer-based devices 70,71. Conductometric immunosensors combined 

with nanostructures, particularly nanowires, are now receiving more attention for biosensing 72,73. 
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There are examples of successful development of these devices for practical application, such as 

drug detection in human urine and pollutant detection in environmental testing 74, even though 

conductometric sensing has not been widely adopted as it could be 75. In conductometric biosensors 

for toxicity analysis, whole cells have also been used as a biorecognition component by 

immobilising the cells to a transducer of interdigitated electrodes 76. 

4. Impedimetric sensors 

The earliest electrochemical impedance spectroscopy articles were published in 1975 77. One 

can measure the resulting current response I by applying a small, sinusoidally varying potential U 

61,78One can determine the complex impedance of the system, which is the sum of the real and 

imaginary impedance components, as a function of frequency by varying the excitation frequency 

f of the applied potential over a range of frequencies (i.e. angular frequency w). Therefore, as 

shown in Equation 579,80, EIS combines the analysis of both real and imaginary components of 

impedance, namely electrical resistance and reactance. 

𝑍 (𝑗𝑤) =  
𝑈 (𝑗𝑤)

𝐼 (𝑗𝑤)
=  𝑍𝑟(𝑤) + 𝑗𝑍𝑖(𝑤); 𝑤 = 2𝜋𝑓                     Equation 2:3 

IS possesses the ability to study any intrinsic material property or specific processes that could 

influence the conductivity/resistivity or capacity of an electrochemical system. Therefore, 

Electrochemical Impedance Spectroscopy (EIS) is a useful tool in the development and analysis 

of materials for biosensor transduction, such as the study of polymer degradation. For example, by 

coating conductive electrodes with insulating polymers and then introducing this to an enzymatic 

reaction, the direct or indirect degradation of the polymer coating can be studied. If during the 

reaction existing free ions are able to penetrate into the polymer, the insulating nature of the 

polymer would be compromised and result in modified impedance characteristics of the 
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transducing element 81,82. Utilizing electrochemical EIS to describe the formation of a hydrogen 

peroxide Horseradish Peroxidase (HRP) biosensor is a recent example 83. Impedance techniques 

can be used to track changes in electrical characteristics brought on by biorecognition activities 

occurring at the surfaces of modified electrodes, electrochemical sensing, or both. Protein 

immobilisation and antibody-antigen interactions on the electrode surface, for instance, can cause 

changes in the conductance of the electrode and be measured 61,79,84,85.  

5. Field-Effect Transistor (FET) 

An electric field is used to control the conductivity of a channel, or a region depleted of charge 

carriers, between two electrodes, or the source and drain, in a semiconducting material, to create a 

FET. By changing the electric field potential at a third electrode known as the gate relative to the 

source and drain electrodes, the conductivity can be controlled. The presence of a sufficient 

positive or negative potential at the gate electrode would either attract or repel charge carriers (such 

as electrons) in the conduction channel, depending on the configuration and doping of the 

semiconducting material. This would either fill or empty the charge carrier depletion region, 

forming or deforming the conducting channel's actual electrical dimensions. The conductance 

between the source and drain electrodes is regulated by this. An FET switches between the 

conductive and non-conductive states in linear mode when the drain-to-source voltage is 

significantly lower than the gate-to-source voltage. An FET can also function as a constant-current 

source and is frequently employed as a voltage amplifier in saturation mode. The gate-to-source 

voltage in this mode controls the amount of constant current. FET devices are frequently used in 

the developing field of electrochemical biosensing because they are preferred for weak-signal 

and/or high impedance applications86,87. 



34 
 

2.5 Theory behind nanoparticles and biorecognition molecules in electrochemical 

sensing 

Electrochemical sensors and biosensors have made extensive use of a variety of nanoparticle 

types, including metal, oxide, semiconductor, and even composite nanoparticles. The basic roles 

of nanoparticles can be broadly categorised as: 1) immobilising biomolecules; 2) catalysing 

electrochemical reactions; 3) enhancing electron transfer; 4) labelling biomolecules; and 5) acting 

as reactant. These nanoparticles play different roles in various electrochemical sensing systems 

based on their distinctive properties88. 

1. Biorecognition molecules immobilization 

Nanoparticles can strongly adsorb biomolecules due to their high surface free energy and large 

specific surface area, which is a key factor in the immobilisation of biomolecules in biosensor 

construction. In general, biomolecules may frequently become denaturized and lose their 

bioactivity when they are adsorbed directly onto the exposed surfaces of bulk materials. However, 

because nanoparticles are biocompatible, when such biomolecules are adsorbed onto their 

surfaces, they can still be biologically active. Considering that the majority of nanoparticles are 

charged, they can electrostatically adsorb biomolecules of various charges. Some nanoparticles 

can immobilise biomolecules through interactions besides the typical electrostatic one. For 

instance, it has been suggested that gold nanoparticles can immobilise proteins by forming 

covalent bonds with their amine groups and cysteine residues 89,90. All examples for biorecognition 

molecules will be discussed in chapter 3. 
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2. Catalysis of Electrochemical Reactions 

There are many nanoparticles with excellent catalytic properties, particularly metal 

nanoparticles. By adding catalytic nanoparticles to electrochemical sensors and biosensors, it is 

possible to reduce the overpotentials of many analytically significant electrochemical reactions 

and even realise the reversibility of some redox reactions that, at conventional, unmodified 

electrodes, are irreversible. For instance, a sensitive NO microsensor was created by modifying a 

platinum microelectrode with gold nanoparticles, in which the latter catalyse the electrochemical 

oxidation of NO with a decrease in overpotential of about 250 mV 91. At electrodes modified with 

dense gold nanoparticle films, the catalytic oxidation of NO can also be seen 92. Selective 

electrochemical analysis could be accomplished based on the selective catalysis of nanoparticles. 

Based on the catalytic effect of gold nanoparticles on the ascorbic acid oxidation, Ohsaka and 

colleagues 93 developed an electrochemical sensor for the selective detection of dopamine in the 

presence of ascorbic acid. As a result, the ascorbic acid oxidation overpotential was reduced and 

the ascorbic acid and dopamine oxidation potentials were effectively separated, enabling selective 

electrochemical detection. More detailed examples will be mentioned in chapter 3. 

3. Enhancement of Electron Transfer 

A crucial step in the creation of third-generation enzyme electrodes is the electrical contact of 

redox enzymes with electrodes. Since the active centres of enzymes are surrounded by remarkably 

thick insulating protein shells, which prevent electron transfer between electrodes and the active 

centres, enzymes typically lack direct electrical communication with electrodes. However, because 

nanoparticles, mostly metal nanoparticles at nanoscale dimensions, have conductivity properties 

that make them suitable for enhancing the electron transfer between the active centres of enzymes 
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and electrodes acting as electron transfer “mediators” or “electrical wires”88. More detailed 

examples will be mentioned in chapter 3. 

4. Labeling Biomolecules 

The development of sensitive electrochemical biosensors involves the labelling of 

biomolecules like DNA, antigen, and antibody with nanoparticles, which is becoming more and 

more significant. The amount or concentration of analytes can be identified based on the 

electrochemical detection of the nanoparticles that have been used to label the biomolecules. These 

biomolecules can maintain their bioactivity and interact with one another. Stripping voltammetry 

is a very effective electrochemical analytical 0technique for measuring trace metals, so dissolving 

the nanoparticle labels—mostly metal and semiconductor nanoparticles—and measuring the 

dissolved ions with it represents a general electroanalytical procedure94. More detailed examples 

will be mentioned in chapter 3. 

5. Nanoparticles Acting as Reactant 

The development of sensitive electrochemical biosensors involves the labelling of 

biomolecules like Deoxyribonucleic Acid (DNA), antigen, and antibody with nanoparticles, which 

is becoming more and more significant. The amount or concentration of analytes can be identified 

based on the electrochemical detection of the nanoparticles that have been used to label the 

biomolecules. These biomolecules can maintain their bioactivity and interact with one another. 

Stripping voltammetry is a very effective electrochemical analytical technique for measuring trace 

metals, so dissolving the nanoparticle labels—mostly metal and semiconductor nanoparticles—

and measuring the dissolved ions with it represents a general electroanalytical procedure94. More 

detailed examples will be mentioned in chapter 3. 
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Chapter 3 Literature Survey 

3.1 Point of care sensor detection of therapeutic agents and biomarkers 

Based on rapid diagnostics, intelligent data analysis, and statistical informatics analysis, the 

development of sophisticated and miniaturised devices for sensing a wide range of biological 

molecules has emerged as a crucial strategy for the real-time diagnosis of various diseases and 

effective management of disease progression. Because the target analytes recognised by these 

devices are proteins, enzymes, antibodies, DNA/RNA probes, and microorganisms, which can be 

detected with high sensitivity, accuracy, and low detection limits, the fabrication of smart devices 

based on bio-nanomaterials is thought to be the result of a transdisciplinary effort from the 

materials science to the medical field 95. Depending on the biochemical process involved in 

recognition, the bio-detection system can be either a bio-catalytic or a bio-affinity-based system: 

In the first scenario, the bioreceptor (proteins, enzymes, or cells) engages in a catalytic reaction 

with the analyte, whereas in the second scenario, an equilibrium is reached as a result of a particular 

binding mechanism between the bioreceptor (aptamer, antibody), and the analyte 96. The 

biosensors can be divided into electrochemical, piezoelectric, magnetic, optoelectronic, and 

thermal types based on the transduction pathways. Nanostructures, which are frequently 

incorporated into the (bio)sensor by attachment to a suitably modified platform, are related to the 

concept of nano(bio)sensors. The excellent properties of nanoparticles and nanomaterials make 

them ideal for designing sensing systems with improved performance. By customising their size 

and morphology, they can be integrated into transducers by attachment to a suitable modified 

platform, resulting in (bio)sensors with higher sensitivity and faster response times. Due to their 

exceptional combination of biocompatibility, surface area, and conductivity, hybrid materials and 

nanocomposite structures made of metallic NPs, combined with specific conductive polymers and 
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a modified electrode, have been developed for electrochemical sensing 97,98. For signal processing 

on a smartphone, the output of the sensing nano-platform can be connected to wireless devices. As 

a result, these nano-devices could be used to monitor a person's health when implanted in the body. 

According to the European Commission, a nanomaterial is "a naturally occurring, incidental, or 

manufactured material containing particles, in an unbound state, as an aggregate, or as an 

agglomerate, and for 50% or more of the particles in the number size distribution, one or more 

external dimensions is in the size range 1 nm-100 nm." The number size distribution threshold of 

50% may occasionally be replaced by a threshold between 1% and 50% when justified by issues 

with the environment, human health, safety, or competitiveness99.  

3.2 Sensors 

Electrochemical sensors are systems that transduce electrochemical reactions into analytical 

signals.   They are widely favored over other techniques of sensors owing to their cost-efficacy, 

real-time measurements, and straight forward procedures100. According to the signal transduction, 

there are five kinds of electrochemical sensors conductive, potentiometric, impedimetric, 

amperometric, and voltametric101. Out of these five electrochemical techniques, both voltametric 

and amperometric are the most popular ones in literature102. 

Herein, we will discuss the categories of sensors based on the catalyst nanoparticles. 

1. Metals and metal derived materials 

3.2.1.2 Metal nanoparticles 

Noble metal nanoparticles, especially gold, silver, and platinum nanoparticles, are the most 

popular metallic nanoparticles used in sensing owing to their spectacular surface and interface 

features in the nanoscale that improves their biocompatibility and signal transduction in 

comparison to their absence103,104. 
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A. Gold nanoparticles (AuNPs) 

Due to their capability to form highly stable nanoparticles with different aspect ratios, that 

can provide higher surface areas, with straight forward manner, they are considered to attain 

interests of the biomedical field researchers over the last three decades105,106. Gold nanoparticles 

has been used for various therapeutic drugs and biomarkers as a catalyst and redox mediator, 

including glucose107–113, dopamine114–119, uric acid114,120–126, bisphenol127, nitrites128–130, 

epinephrine131–134, and ascorbic acid118,120,126,135–139 in addition to some drugs as etoposide, 

epirubicin140, flutamide141, nilutamide142, irinotecan143, topotecan144 (anticancer drugs), 

diclofenac145–147, indomethacin148, aspirin149,150, ibuprofen151,152, ketoprofen151, acetaminophen153 

(non-steroidal anti-inflammatory drugs (NSAID)), hydrochlorothiazide154, amlodipine155, 

timolol156, trazocin157,158, Captopril159, atenolol160, sotalol161, betaxolol162 (antihypertensive drugs), 

tramadol163–166, codiene167–169, Morphine170–172 (Narcotics)… etc.(antifugal) 

B. Silver nanoparticles (AgNPs) 

AgNPs have made a great impact for biomedical sensor applications due to their good 

conductivity, their ability of amplifying signals, and spectacular biocompatibility. Over the last 

two decades they have been extensively used for the detection of several biomarkers and drugs. 

AgNPs have been used to detect biomarkers and drugs as well, such as glucose173–180, hydrogen 

peroxide174,178,181–191, dopamine192–196, epinephrine197 and serotonin198. Drugs that were determined 

by AuNPs include, doxorubicin199, adriamycin200, flutamide201, imatinib202, epirubicin203, 5-

fluorouracil204 (anticancer drugs), ibuprofen205–208, diclofenac209, acetaminophen210–213 (NSAID), 

propranolol 214(antihypertensive drug) 
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3.2.1.3 Metal oxides nanoparticles 

Transitional metal oxides nanoparticles have, including iron oxide, manganese oxide, 

titanium oxide, copper oxide, zirconium oxide, cobalt oxide, nickel oxide, tungsten oxide, silver 

oxide, and vanadium oxide, were extensively used in sensors due to their spectacular 

electrochemical and photochemical properties215. Herein, we will discuss titanium and iron oxide 

being two of the most used metal oxides. 

A. Iron oxide 

Iron oxides, especially magnetite (Fe3O4) nanoparticles have been extensively studies in 

sensors due to its excellent conduction at room temperature that is attributed to the rapid electron 

transfer between Fe+3 and Fe+2 in magnetite nanoparticles216. Iron oxides have proven to possess 

high sensitivity towards biomarkers and drugs in electrochemical sensors, such as glucose 217–222, 

cholesterol222, dopamine 223–227, hydrogen peroxide 228–232, uric acid233,234, epinephrine235,236, and 

nitrate237. In addition, some drugs were determined including metformin238, glicalazide 

239(antidiabetic), doxorubicin240–243, methotrexate244–247, raloxifene248, tamoxifene248 (anticancer), 

diclofenac249–252, acetaminophen253–256, aspirin 257(NSAID). 

B. Titanium dioxide             

Titanium NPs possess high potential as a modified of electrochemical sensors owing to their low 

cost, high conductivity, biocompatibility, and high stability in harsh chemical conditions against 

corrosion258,259. Titanium dioxide nanoparticles has also proven efficiency of improving the 

catalysis of sensors and enzyme sensors through the availability of numerous numbers of active 

sites for chemical reaction260,261. It has served as a perfect catalyst for the detection of some 

biomarkers such as glucose262–270, choleterol271–274, dopamine275–282, uric acid283–286, ascorbic 
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acid283,284,287–293, hydrogen peroxide294–296, epinephrine297–301, and serotonin302,303. In addition to its 

wide use in catalytic electrochemical sensing of some drugs, such as timolol304, 

propranolol305(antihypertensive drugs), paracetamol306–310, diclofenac311,312, and 

piroxicam313(NSAID), dacarbazine314(anticancer). 

https://www.sciencedirect.com/science/article/pii/S2666523921000180 

3.2.1.4 Metal organic frameworks (MOFs) 

MOFs are crystalline porous slid materials that has attracted huge research interests in the last 

decade315. Their highly crystalline structure emerges from the coordinate bonds that self-assembles 

the metal ions with organic ligands tat results in shaping a network like structure that can in one-, 

two- or three-dimensional structures316. In addition to their exceptional porosity and large surface 

area, they have other advantages, including thermal stability, modifiable surface properties, and 

tunable chemical functionalities317. Due to their spectacular features, they constituted a pivotal role 

in various research fields, including gas adsorption318, sensors319, drug delivery320, and catalysis321–

323.  

Several MOFs were used for the detection of glucose, including zeolitic imidazolate framework 8 

copper MOF@ZIF-8324 and bimetallic Cu@Ni organic framework325, hydrogen peroxide, 

including Ni(II)-Based MOF326,graphene@HKUST-1327, copper oxide nanoparticles @ZIF-8328, 

uric acid, including bimetallic zeolitic imidazolate frameworks (BMZIFs) based on ZIF-8 and ZIF-

67329, Cu-BTC MOF330, hierarchical core−shell MOF331, and Ni-MOF332, dopamine, including 

hierarchical core−shell MOF331. In addition, some drugs with different categories were also 

determined using MOFs, such as captopril333,334, amlodipine and losartan335, propranolol336, and 

nifedipine337(antihypertensive drugs), acetaminophen338–340, ibuprofen341, and 
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diclofenac341(NSAID), idarubicin342, doxorubicin343, imatinib344, nilutamide345, gemcitabine 

346(anticancer). 

3.3 Biosensors 

Biosensors are the devices that implements a biological recognition molecule, including enzymes, 

antibodies, aptamers, ssDNAs, for the generation or inhibition of signal that is indicative for a 

biomarker, DNA, RNA, protein, or drug through fixing them on the surface of the electrode. This 

signal is detected recorded and transmitted using the electronic components of the biosensor 

system. The biosensor system is composed of an (a) analyte, (b) biological recognition molecule, 

(c) transducer, (d) electronics and (e) display, as shown in Figure  2.1347. 

Herein, we will discuss the categorization of electrochemical biosensors according to the type of 

the biorecognition molecule. 

1. Antibodies 

Antibodies are the most used biorecognition molecules in biosensors. They are naturally 

released by immune systems of vertebrates as a defensive mechanism when exposed to a foreign 

or toxic substances. They are produced by B-cells that contributes to the immune system of a 

human body, which contains around one trillion B-cells. The antibodies are Y-shaped 

immunoglobulins, each arm of them contains heavy chain (~55 kDa) and light chain (~25kDa) 

antibody that are connected by sulfide bonds. The morphological structure of an antibody is 

constituted from a constant region (that constitutes the lower part of an antibody) and a variable 

region (upper part of antibody). The upper part of an antibody is the part responsible for binding 

with an antigen348.  



43 
 

Usually, sensors that possess antibodies are called immunosensors and they are usually 

used for the detection of proteins and antigens (large molecules) and herein we will mention the 

biomarkers only. Immunosensors have been used in the detection of proteins, such as B-

amyloid349–356 and tau 357–359proteins that are used in early Alzheimer disease diagnosis, and 

enzymes, such as the detection of insulin levels360–363 for the diagnosis of diabetes mellitus 

diagnosis. 

2. Enzymes  

Electrochemical enzyme-based sensors constitute a large category of biosensors that combines the 

ultra-high selectivity and sensitivity towards the targeted analyte. Enzymes are selective catalysts 

which interacts with the substrate to form a product and the electrons involved in the reaction are 

measured through amperometry364. The enzymes utilized in this type of biosensors are either 

oxidases or dehydrogenases that utilizes coenzymes in the oxidation reaction of substrates such as 

(NAD+, NADP+, NADH, NADPH, ATP FAD, FADH), as in first generation enzyme sensors, 

mediators (ferricyanide and ferrocene, although, methylene blue, phenazines, methyl violet, 

alizarin yellow, Prussian blue... etc.), as in second generation enzyme sensors which limits the 

oxygen dependency, or a nano scale wiring element (redox polymer that entraps the enzyme) that 

permits direct electron transfer between the electrode and the substrate, as in third generation 

enzyme sensors which eliminates the need of oxygen in the reaction365. 

Amongst the oxidases utilized in electrochemical enzyme sensors are oxidases that were used for 

the detection of glucose366–369, ethanol370–373, and lactate371,374–376, while dehydrogenases were used 

in the detection of β-hydroxybutyrate377 (ketone bodies). 
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Figure  3.1 The difference between the three generations of enzyme sensors378  

 

3. Aptamers 

Biosensors that utilize aptamers as the biorecognition moieties are called aptasensors. Aptasensors 

were first introduced for literature in 2004 for the detection of thrombin379. Aptasensors possess a 

wide range of merits over other previously mentioned biosensor types since it offers high stability, 

flexibility of design, and cost-efficiency. Amongst these merits is the extremely high affinity and 

specificity of aptamers towards their targets that can be equivalent to antibodies and can be 

produced against non-toxic and non-immunogenic targets, their affinity and sensitivity towards 

targets can be customized (unlike antibodies), they are highly resistant to denaturation and 
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degradation (unlike enzymes), and their easiness of synthesis and modification chemically in 

addition to their storage stability makes them the top choice for research380,381. 

Electrochemical aptasensors have been utilized in the detection of biomarker proteins, including 

Alzheimer tau 382,383 and β-amyloid384–388 protein biomarkers, heart failure troponin I 389–393 and 

C-reactive protein394–397 biomarkers, and lung cancer biomarker epidermal growth factor receptor 

(EGFR) 398–400that is distinctive for metastatic lung disease. In addition, aptasensors can also be 

used for small structure molecules, drugs or biomarkers, regarding their electrochemical activity 

or inactivity. For example, diclofenac401, cocaine402, tetracycline403 and vancomycin404. 
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Chapter 4 Experimental Materials and Methods 

4.1 Materials and methods for sensors of therapeutic agents Velpatasvir (CTL) and 

Cilostazol (CTL) 

4.1.1 Materials for detection of VLP and CTL 

Manganese chloride hexahydrate, MnCl2.6H2O (99.8%, Sigma Aldrich), Vanadyl sulfate 

hydrate, V(O)SO4.XH2O (99.9 %, Alfa Aesar), sodium hydroxide, NaOH (99.9 %, Alfa Aesar), 

ethanol C2H5OH, (99.0 %, Loba Chemie) 2-Aminaterephthalic acid (99.0%, Sigma Aldrich), 

AlCl3.6H2O (99.0%, Sigma Aldrich), Salicylaldehyde (98.0%, Sigma Aldrich), acetic acid 

(≥99%, Sigma Aldrich), bromine (≥99.99%, Sigma Aldrich), ethanol (99.5%, Sigma Aldrich). All 

chemicals and reagents were used as received without any purification process.  

NODCR kindly supplied CTL and VLP drug substance. The dosage form experiments were 

conducted using Pletaal® (Otsuka) tablets containing 100.0 mg of drug. Graphite power with a 

particle size of less than 50 μm3 were obtained from Aldrich. Paraffin oil (Merck Co. Germany) 

was used as the base liquid for carbon paste electrode. The fresh human plasma was provided by 

(VACSERA, Cairo, Egypt). Britton-Robinson buffer (BRB) was prepared by mixing 0.04 M (of 

the final volume) acetic acid, 0.04 (of the final volume) Phosphoric acid, with an appropriate 

amount of NaOH in order to have the desired pH from 2.0 -9.0. 

4.1.2 Apparatuses utilized in the detection and characterization 

The electrochemical properties of the sample were analyzed by Bio-logic 300 electrochemical 

workstation. A platinum wire electrode from BAS (USA) was used as the counter electrode. The 

experiment potentials were calibrated with respect to Ag/AgCl (3.0 M NaCl) reference electrode 

from BAS (USA). A Hanna HI-5522 pH meter (Hanna instruments, Egypt). All the 
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electrochemical experiments were conducted at an ambient temperature of 25o C. Impedance 

spectroscopy were conducted at a range of 100 mHz to 100 kHz. Scanning electron microscopy 

(SEM) measurements were conducted using a JSM-6700F scanning electron microscope (Japan 

Electro Company). FT-IR spectra was measured using IR-Affinity -1 Fourier Transform Infrared 

Spectrophotometer (Shimadzu, Japan). XRD data and crystalline phases were determined using an 

X-ray diffractometer (XRD) on an X’Pert Pro MRD with a copper source at a scan rate (2 ) of 

1os-1. Sigma Plot 14.0 was used for all statistical data. 

4.1.3 Methods of catalyst material synthesis 

a.  Synthesis of α-MnO2-V2O5 nanocomposite: -  

α-MnO2-V2O5 nanocomposite was synthesized as follows: 1.0 g of MnCl2.9H2O and 0.9 g of 

V(O)SO4.XH2O were dissolved in 50.0 mL distilled water. At room temperature and under 

vigorous stirring condition a homogeneous solution was obtained then 100.0 ml 0.4 M of NaOH 

solution was slowly added.  After stirring for 2 hours, the resulting precipitate was washed twice 

with distilled water then by ethanol before being dried at 60o C overnight. The prepared sample 

was annealed at 500 ⁰C for 2 hr with 5 ⁰C/min. After the annealing process, a black powder of α-

MnO2-V2O5 nanocomposite was collected. 

b. Synthesis of 5-bromo-salicylic acid(5-BSA)-NH2-MIL- 53(Al) 

Synthesis of NH2-MIL- 53(Al) was conducted on three stages as following: 

1- Synthesis NH2-MIL- 53(Al) 

A certain amount (3.75 g) of 2-Aminaterephthalic acid (NH2-H2BDC) and Sodium hydroxide 

(NaOH) were dissolved in deionized water (DI) and ultra-sonicated for 10 minutes. Another 

certain amount of AlCl3•6H2O (5.00 g) is dissolved in 20 ml DI and mixed with the other solution 
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using a magnetic stirrer for 24 hours in room temperature. After seven cycles of centrifugation and 

elution, a faint yellow colloidal material is obtained. Afterwards, the elucidated material is vacuum 

dried at 150O C for 24 hours to remove residual water and obtain NH2-MIL- 53(Al) MOF405. 

2- Synthesis of 5-Bromo Salicylaldehyde 

Salicylaldehyde (1.22 g, 0.01 mol) was suspended in acetic acid (15 mL) in a 

flask and was cooled in an ice bath. To this solution bromine in acetic acid (25% vol., 

6.4 mol) was added slowly drop by drop with constant stirring. The mixture was stirred to 

get a clear solution. After complete addition of bromine, the stirring was stopped, solution 

was allowed to solidify. The solid mass was filtered, washed repeatedly with water to 

remove excess of bromine and recrystallized from alcohol to get white crystalline solid. 

M. P.: 105O C., Yield: 80%406. 

3- Synthesis of 5-BSA-NH2-MIL- 53(Al) 

5-bromo salicylaldehyde (5-BSA) Sensor was synthesized following the synthesis method 

described in the preceding literature with slight modifications407,408. 1.50 gm of NH2-MIL- 53(Al) 

was finely grinded and added to a solution of 5-bromo salicylaldehyde acid (0.50 g) in 40 ml 

ethanol, the mixture was sonicated for 30 min then stirred for 6 h at 80°C.The process was repeated 

several times to ensure the successful covalently attachment. The bale red crystals of 5-BSA 

Sensor were filtered and washed with abundant ethanol. Eventually, this sensor was dried at 70 °C 

for 5 h and transferred to be grinded well. The resulting product was named 5-BSA sensor.    

4.1.4 Drug stock solution 

A stock sample solution of CTL of 1.0 x 10-3 M of CTL (MWT = 369.69 g/mol) and VLP 

(MWT = 883.02 g/mol) was prepared daily by dissolving 18.47 mg of CTL and 44.15 mg of VLP 
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in 50 ml 96.0% ethanol HPLC grade (Sigma-Aldrich) in a volumetric flask. Working solution was 

prepared by adding a proper amount of drug stock solution in 9ml of BRB of a defined pH to 

obtain the desired concentration. These solutions have a stability of a week in a refrigerator of a 4o 

Celsius temperature. 

4.1.5 Recommended experimental procedures 

Before conducting any voltammetric measurements, the modified α-MnO2-V2O5/ CPE and 5-

BSA/ CPE were scanned using SWV in the potential range of 0.0 - 1.2 V at a scan rate of 100 mv. 

s-1 in BRB of 7.0 pH until an electrochemical response was obtained. Afterwards, the modified 

electrode was transferred into another cell containing BRB of 7.0 pH and the required amount of 

CTL and VLP, and a square wave voltammogram is recorded in the potential range of 0 - 1.2 V at 

a scan rate of 100 mV. s-1. In order to obtain a relatively high and sharp peaks, the values of 40 

mV and 3 ms were chosen for pulse amplitude and pulse width, respectively. 

For the calibration procedure, aliquots of CTL and VLP were added to 9.0 ml of drug in order 

to obtain a concentration range of 5 x 10-8 to 1 x 10-3 M of CTL and 1.00 x 10-8 to 1.00 x 10-3 M 

of VLP. The pulse amplitude, pulse width and scan rate were used as aforementioned.  

 

Determination of LDP by SWV analytical procedure was validated according to 

International Conference on Harmonization (ICH) guidelines, concerning linearity, range, 

accuracy, and precision 

4.1.6 Material Characterization  

Panalytical Empyrean X-ray Diffractometer using copper CuKa radiation (λ= 0.15406 nm) 

in the range of 5⁰ to 80⁰ with a step size 0.03 was used to investigate. The phases and crystallinity 
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of the as-prepared nanocomposite. Fourier transform infrared spectroscopy (FTIR) measurements 

were carried out with a BRUKER Vertex 70 FTIR spectrometer. The morphology and elemental 

analysis of resulted materials were identified using field emission scanning electron microscopy 

(FESEM, Zeiss SEM Ultra 60, 5 kV) and energy dispersive X-ray (EDX), respectively. 

4.1.7 Verification of sensors in plasma, urine and dosage form 

a- Analysis of plasma samples for CTL and VLP 

Fresh plasma samples were collected from a healthy individual before the experiments. 10 µl 

of the supernatant were added to 4.50 ml of pH 7.0 BRB with different volumes of CTL and VLP 

stock solution in order to reach the desired concentration. The solution was transferred to an 

electrochemical cell to be analyzed without any further pre-treatments.  

b- Analysis of pharmaceutical formulations for CTL 

Five tablets of Pletaal® 100.0 mg were weighed and ground. The calculated amount of the 

powder containing a defined amount of drug is added to 25.0 ml of ethanol in. Then, ethanol was 

added to the flask to reach 25.0 ml and dissolved using a vortex mortar. The solution was filtered 

using 0.45µm filter paper then the elucidated Ip was calibrated. 

c- Analysis of urine samples for VLP 

Fresh urine samples were collected from a healthy individual before the experiments. 10 µl of 

the supernatant were added to 4.50 ml of pH 7.0 BRB with different volumes of VLP stock solution 

in order to reach the desired concentration. The solution was transferred to an electrochemical cell 

to be analyzed without any further pre-treatment. 
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4.2 Materials and methods for apta-sensors of therapeutic drugs vancomycin (VCM) 

4.2.1  Microneedles (MNs) fabrication 

The VCM system integrates hydrogel microneedles with VCM aptamer modified flexible gold 

electrodes for biorecognition and capturing of VCM in ISF that provides accurate and reliable 

simulation of plasma levels in a minimally invasive method 409–411. For the synthesis of our 

microneedles, we utilized 10% conjugated DAHA hydrogel that was synthesized by synthesizing 

dopamine-hyaluronic acid polymer (DAHA) using 1-Ethyl-3-(3-dimethyl aminopropyl) 

carbodiimide (Sigma-Aldrich) and N-hydroxy succinimide (EDC/NHS) (Sigma-Aldrich) coupling 

reaction based on our well-established protocol. The DAHA was synthesized with different DA 

constitutions in the product confirmed by UV. Increasing the solution’s pH to 8 causes the linkage 

of the carbon atoms of benzene rings together covalently and the formation of DA-DA conjugate 

sites, thus a chemically crosslinked polymeric structure was fabricated.  The DAHA hydrogel was 

then molded into a microneedle array by a negative polydimethylsiloxane (PDMS) mold that was 

then centrifuged at 7000 rpm for 5 minutes and then left to dry in a desiccator for 24 hours before 

use.   

4.2.2 Thiolated aptamer modification of flexible screen-printed gold electrode 

For electrochemical cleaning, as indicated in Plaxco et al. literature, we cleaned the 

electrode surface through Cyclic voltammetry (CV) scanning in 0.5 M NaOH from -0.35 to -1.35 

V with a scan rate of 1 V/s, for 40 cycles, and E step 0.01 V until the shape of the CV scans become 

steady and are not showing any visible peaks to remove any naturally occurring thiols. Afterwards, 

both oxidation and reduction chronoamperometric steps were done in 0.5 M H2SO4, respectively. 

Then the electrode is scanned through CV for 20 cycles for the potential window of -0.35 to 1.5 

V, E step 0.01 V, with a scan rate of 0.1 V/s in 0.5 M H2SO4.
412 
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We utilized 5’ thiol modified VCM aptamer (sequence is provided below) with 3’ methylene blue 

reporter, which was reported in Plaxco et al. literature in our study413. For the modification of our 

electrode with the aptamer 1 µL of 100 µM of 5’ thiol modified VCM aptamer (IDT, Coralville, 

US) was mixed with 1 µl of (1000X molar ratio) 10 mM of Tris (2-carboxyethyl) phosphine 

(TCEP) (Sigma-Aldrich), that is equivalent to 1000X molar ratio of the aptamer, and left in dark 

for 2-3 hours to allow the reduction of disulfide bonds of the 5’ thiol for activation prior to reaction 

with the gold surface of the electrode. The complete reduction of thiol bonds is indicated hen the 

bluish color of the solution turns into complete invisible. Then the aptamer is diluted to 1 µM with 

1X PBS (Sigma-Aldrich) with 2 mM MgCl2 reaching a final volume of 100 µl.  

VCM Aptamer. SH -5-CGAGG GTACC GCAAT AGTAC TTATT GTTCG CCTAT TGTGG 

GTCGG-3-MB  

The electrode was left in solution for 8 hours to react with 5’ thiol modified VCM aptamer with 

3’ methylene blue reporter an then dried with nitrogen and transferred into freshly prepared 2 mM 

6- Mercaptohexanol (MCH) solution to passivate any unoccupied surface area by aptamers for 5 

hours in dark. The electrode is taken and gently rinsed with 1X PBS with 2 mM MgCl2 to remove 

any excess 6-MCH.  

4.2.3 Agarose phantom gel preparation 

The agarose phantom gel was prepared using the protocol of our previous work33 by mixing 

120 mg agarose (Sigma-Aldrich) with 10 ml of PBS with 2 mM MgCl2 and heated until boiling in 

a beaker and stirred until the mixture becomes clear and the amount of vancomycin from the stock 

solution of 1 mM is added whenever the temperature of the beaker becomes lower than 40 0C. 

Afterward, the agarose is covered by a very thin layer of parafilm to mimic the epidermis34. 
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4.2.4 Porcine skin Preparation 

Porcine skin patches were prepared by cutting small pieces of pig ear skin, the patches are then 

washed with DI and soaked in PBS with 2 mM MgCl2 solution with the desired concentration for 

24 hours prior to measurements. The skin patches are then taken away from the solution and dried 

with paper wipes to remove external moisture of the skin 

4.2.5 VCM detection using the gold rod electrode (in solution) 

For the in vitro electrode characterization in solution, we scanned both the flexible gold electrode 

and the gold electrode utilizing Utilizing the signal-on frequency that was proven using the gold 

electrode, that is 100 Hz for square wave voltammetry (SWV), the electrode was scanned between 

0 and -0.5 V with a step potential of 0.001 V and amplitude of 0.025 V using Palmsens potentiostat. 

4.2.6 VCM detection in agarose hydrogel and porcine skin: 

For the in vitro and ex vivo electrode characterization in agarose hydrogel and porcine skin, we 

scanned both the flexible gold electrode and the gold electrode utilizing Utilizing the same 

aforementioned conditions using CHI 1040 potentiostat. 
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Chapter 5 Results and Discussion 

5.1 MnO2-V2O5 nanorods for the detection of the antiplatelet prodrug agent Cilostazol 

in pharmaceutical formulations 

The experimental part, including the reagents, apparatus, and the followed procedures to 

synthesize, characterize, and electrochemically determinate CTL using α-MnO2-V2O5 NRs along 

with the methodology used to analyze plasma and dosage form samples, is listed in the supporting 

information. Figure 1 illustrates the used procedures. 

 

Figure 5.1 Illustration of the preparation of the α-MnO2-V2O5 nanocomposite, detection of CTL, 

and the involved oxidation mechanism.  

5.1.1 Surface and electrochemical characterization of the fabricated sensors 

The morphology of the synthesized α-MnO2-V2O5 nanocomposite shown in Figure 5.2a reveals 

a successful formation of nanorods that are ca. 68.5 nm in diameter. Furthermore, the EDX scan 

was used to investigate the elemental composition of the nanocomposite. Figure 5.2b displays the 

EDX and mapping results of the prepared nanocomposite, revealing the coexistence of V, Mn, and 
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O, which are uniformly distributed. The atomic presents of the O, Mn, and V were found to be 

58.41, 32.93, and 6.66, respectively. 

 

Figure 5.2 (a,b) Low and high magnification FESEM  images of the prepared α-MnO2-V2O5 

nanocomposite, and (c) EDX spectra and mapping of the O, Mn, and V elements. 

To investigate the crystal structure of the as-prepared nanocomposite and its chemistry, the 

X-ray diffraction spectra were recorded. Figure 5.3 shows the XRD pattern of the annealed α-

MnO2-V2O5 nanocomposite and their references with multiple characteristic peaks at 2θ = 12.781⁰, 

18.112⁰, 32.538⁰, 41.932⁰, 49.848⁰, 56.354⁰, 60.255⁰, 65.059⁰, 69.666⁰, and 72.675⁰ which are 

related to the diffraction from the (1 1 0), (2 0 0), (1 0 1), (3 0 1), (1 4 1), (6 0 0), (2 5 1), (0 0 2), 

(5 4 1), and (1 3 2) crystal faces of tetragonal α-MnO2, respectively with a space group: I4/m 

(JCPDS card no. 04-007-2142) with interplanar distances (d) of 6.92, 4.89, 2.75, 2.15, 1.82, 1.63, 

1.53, 1.43, 1.35, 1.3 Å, respectively. In addition, the XRD pattern exhibits two strong peaks at 

28.776⁰ and 38.050⁰, which could be related to the (2 1 0) and (3 0 0) plans, respectively of 

orthorhombic V2O5 with space group: PE (JCPDS card no. 00-053-0538)414 with interplanar 

distances (d) of 3.10 and 2.36Å, respectively. Moreover, Fourier transform infrared (FT-IR) 

spectroscopy was used to investigate the functional groups in the synthesized α-MnO2-V2O5 

nanocomposite. Figure 5.3 shows the stretching band of surface hydroxyl group (surface-OH) and 
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adsorbed water molecules (H-O-H) at 3420 cm-1 and 1629 cm-1, respectively. The vibrations band 

of Mn-O bond appeared at 520 cm-1 415.  The peak centered at 695 cm-1 is assigned to the V–O–V 

stretching mode, as shown in Figure 5.4.  

 

Figure 5.3 XRD pattern of the prepared nanocomposite α-MnO2-V2O5 and their reference. 
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Figure 5.4 the FT-IR spectra of the prepared nanocomposite α-MnO2-V2O5. 

 

5.1.2 Electrochemical performance 

 Square wave voltammetry (SWV) was used to investigate the electrochemical behavior of 

bare CPE against α-MnO2-V2O5 NRs-modified CPE platforms for the sensing of CTL in BR buffer 

of 7.0 pH using 0.10 mM of CTL, Figure 5.5a There are no detectable anodic or cathodic peaks in 

the absence of CTL, which indicates electrochemical inactivity of the utilized sensor platform in 

the working potential window. For bare CPE, the anodic oxidation peak current of CTL was 24.99 

µA at 756.02 mV. Upon the use of α-MnO2-V2O5 NRs, the peak current of the anodic oxidation 
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was drastically increased to 65.88 µA at 748.08 mV, revealing the facile oxidation of CTL. Before 

forming the composite, the oxidation occurred at the beak current of 38.11 µA for α-MnO2 and 

54.54 µA for V2O5, which indicates the superiority of the formed composite in the catalysis of the 

reaction. Thus, α-MnO2-V2O5 NRs/CPE can be utilized for the sensitive lower potential detection 

of CTL. Furthermore, α-MnO2-V2O5 NRs/CPE has shown to possess the highest electrochemical 

activity towards CTL, good conductivity, and a high rate of electron transfer. The electroactive 

surface area of the prepared α-MnO2-V2O5 NRs/CPE sensor platform was estimated by cyclic 

voltammetry by using a 5.0 x10-3 M K3Fe (CN)6 in 0.10 M KCl and recording the current vs voltage 

peak at various scan rates, using the Randles‐Ševčík equation for a quasi-reversible reaction as in 

equation 5.1416: 

Ip = 2.65 × 105n
3

2AD
1

2Cν
1

2  

Equation 5:1 

where Ip is considered as the peak current, n is the number of electrons involved in the 

electrochemical anodic oxidation, D is the diffusion coefficient, C is the redox probe 

concentration, A is the electrochemical surface area of the electrode, and ν is the applied scan rate. 

The D value for K3Fe(CN)6 is 7.6 x 10-6 cm2 s-1.417 From the slopes of the Ip vs. ν1/2 plot and using 

Eq. 5.1, the electrochemical surface area was estimated to be 31.67 and 66.69 cm2 for CPE and α-

MnO2-V2O5 NRs/CPE, respectively.  

Utilizing the electrochemical impedance spectroscopy, many electrochemical properties of the 

material can be explored, including the kinetics of the reaction, the mass transport, and the charge 

transfer coefficient as shown in Figure 5.5b. These measurements were conducted in a 1:1 solution 

of 5.0 mM K3Fe(CN)6 and 0.1 M KCl. Note that the charge transfer resistance at the electrode 

interface (RCT) can be estimated from the diameter of a semi-circle in the high-frequency regime. 
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Henceforth, the proposed material enhanced the charge transfer at the modified electrode 

compared to α-MnO2, V2O5, and bare CPE counterparts as analyzed by Nyquist plots. Upon fitting 

the data, the RCT of the semi-circle was estimated to be 5857 Ω at the CPE, which was decreased 

to 800 Ω for the α-MnO2-V2O5 NRs-modified CPE. Before the formation of the composite, the 

RCT of the semi-circle was 1670 Ω for the V2O5 NPs and 3135 Ω for α-MnO2 NPs, Which indicated 

the enhanced conductivity of the formed composite in comparison to the parent two metal oxides. 

Thus, the EIS data are in agreement with the SWV findings, revealing that α-MnO2-V2O5 NRs 

possess better electron conduction than the bare electrode due to its interactive nature. Using 

square wave voltammetry, the electrochemical activity of α-MnO2-V2O5 nanocomposite/ CPE was 

compared to bare CPE in 1.0 mM K3Fe (CN)6 in 0.1 M KCl solution. As illustrated in Figure 5.5c, 

the oxidation peak for α-MnO2-V2O5 nanocomposite/ CPE was 3.95 times higher than that of bare 

CPE. Moreover, the use of α-MnO2-V2O5 nanocomposite enhanced the electron transfer on the 

surface of the electrode, as the peak separation (EPa-EPc) was enhanced from 405 mV in α-MnO2 

NPs to 160 mV in α-MnO2-V2O5 indicating the enhanced electron transfer in the formed 

composite418. 

 

Figure  5.5(a) Square wave voltammogram of 0.10 mM of CTL in BR Buffer (pH 7.0) at the scan 

rate of 100.00 mV s-1, (b) impedance in 1.0 mM K3Fe (CN)6 in 0.10 M KCl, and (c) cyclic 

voltammograms of 5.00 x10-3 M K3Fe (CN)6 in 0.1 M KCl at the scan rate of 100.00 mV s-1 showing 

a comparison between bare CPE, α-MnO2, V2O5, and α-MnO2-V2O5/CPE. 
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5.1.3 Effect of pH 

The effect of pH of the electrolyte of on the electrochemical anodic oxidation of CTL was 

studied using square wave voltammetry in the pH range of 2.0- 10.0 as shown in Figure 5.6 Upon 

increasing the electrolyte pH, there was a notable negative shift in the peak potential, which can 

be ascribed to the dependence of the reaction on the protonation-deprotonation process during the 

electrochemical oxidation of CTL, in accordance with Nernst equation419. Upon increasing the pH 

gradually from 2.0- 10.0 using BRB buffer, the anodic oxidation peak increased gradually until 

pH 7 then decreased due to the poor solubility of CTL in alkaline pH. Therefore, pH 7 was used 

for further investigation of CTL as it gives the highest anodic oxidation peak and it mimics the 

physiological pH of the blood. Analysis of the voltammetric response in terms of the peak potential 

(Ep) manifests a linear relationship with the change of the electrolyte pH as: Ep (V) = 0.9907- 

0.0297 pH, (R2 = 0.9958). As the pH of the electrolyte increased, the voltammetric profile changes 

accordingly. Furthermore, the best line fit of data (29.7 mV per unit pH at 25 oC) is following the 

Nernstian behavior, which indicates that the electrochemical oxidation reaction involves two 

protons and one electron transfer as suggested in Figure  5.1.  
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Figure 5.6 Square Wave Voltammograms of 0.10 mM CTL at different pH values using α-MnO2-

V2O5 nanocomposite and a Scan rate of 0.1 V s-1. The inset shows a plot of the anodic peak 

potential of CTL versus pH change. 

 

5.1.4 Effect of scan rate 

The influence of scan rate on the electrochemical anodic oxidation mechanism of 0.1 mM 

CTL on α-MnO2-V2O5 nanocomposite/CPE is investigated. The irreversible electrochemical 

oxidation was obvious as the peak potential (Ep) becomes more shifted towards the positive value 

at lower scan rates. A linear relationship was obtainable by plotting the peak current (Ip) against 

the square root of the scan rate (v1/2): Ip (μA) = 6.5029 ν1/2+ 2.4716 µA, where the correlation 

factor equals 0.9990, Figure 5.7a. The linear relationship indicates that the anodic oxidation 

process is a diffusion-controlled process. A direct proportionality was found between log Ip and 

log ν in the range of 10 – 200 mV s-1 as: log Ip (µA) = 0.4943 mV s-1 + 0.8431 µA, see Figure 5.7b. 
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Note that the slope was less than 0.5, which indicates that the electrochemical oxidation is a 

diffusion-controlled process, revealing the sufficiency of using α-MnO2-V2O5 NRs420. The results 

imply that the electrochemical oxidation reaction of CTL on α-MnO2-V2O5/CPE is a diffusion-

controlled process. Furthermore, the peak potential shifts towards the positive direction as we 

increase the scan rate, which indicates the kinetic limitation in the reaction between the drug and 

the electrode surface421. 

 

 

Figure 5.7 Square wave voltammograms of 0.10 mM CTL in pH 7.0 BR buffer using α-MnO2-

V2O5 nanocomposite/CPE sensor recorded at various scan rates (10–200 mV s−1). Insets: (A) a 

plot of peak current vs. scan rate and (B) a plot of log Ip and log ν. 

 

5.1.5 Analytical performance and method validation 

The accredited guidelines of the International Conference on Harmonization (ICH) for 

validation of analytical methods were adopted for the validation of the proposed sensing 

protocol422. Square wave voltammetric studies were implemented using α-MnO2-V2O5 

nanocomposite/CPE surface in BR buffer of pH 7.0 containing different concentrations of CTL. 

The calibration curve was constructed by considering the pivotal practical range, based on the 
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normal tablet concentration of CTL in its pharmaceutical formula, in order to achieve accuracy, 

precision, and linearity. The square wave voltammograms (SWVs) are illustrated in Figure 5.8 

along with the calibration plot (inset of Figure 5.8). SWV of α-MnO2-V2O5 nanocomposite/CPE 

electrode in B–R buffer at a scan rate of 100 mV s−1 solution (pH 7.0) containing different 

concentrations of CTL showed a calibration range of 1.11×10-7 to 2.7×10-5 M CTL, see Table 5-

1. The analytical characteristics of the proposed sensor platform show oxidation peak currents of 

CTL using α-MnO2-V2O5 nanocomposite/CPE, which are dependent on the concentration of CTL 

in the electrolyte. The peak currents exhibited a linearity over the concentration range of 1.11×10-

7 to 2.7×10-5M (Ip (μA) = 1.6315 μM + 4.8569 μA, R2 = 0.9986). Moreover, the limit of detection 

(LOD) of this platform was estimated using the equation 5.2, where SD is the standard deviation 

of the peak currents of CTL oxidation for a number of trials (n) that is equal to 5, and x is the slope 

of the calibration curve. The calculated LOD was 2.482×10-8 M. The limit of quantification (LOQ) 

was calculated using the equation 5.3, which was found to be 8.265×10-8 M. 

𝐿𝑂𝐷 =  
3 𝑆𝐷

𝑥 
                 

Equation 5:2 

𝐿𝑂𝑄 =  
10 𝑆𝐷

𝑥
            

Equation 5:3 
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Figure 5.8 Square wave voltammogram for various concentrations of CTL (0.11 - 100 µM) in pH 

7.0 of BR buffer at the scan rate of 100 mV s-1 using α-MnO2-V2O5 nanocomposite /CPE while the 

inset shows the calibration curve of CTL in pH 7 of BR buffer. 

Table 5-1. Analytical parameters for the determination of CTL in B-R buffer pH 7.0 using α-MnO2-

V2O5 nanocomposite /CPE via the proposed SWV method. 

Analytical parameter SWV method 

 Standard Plasma 

Linear concentration range (M) 1.11×10-7– 2.70×10-5 3.33×10-7 - 1.70×10-5 

Intercept (µA) 4.8569 6.2908 

Slope (µA µM-1) 1.6315 1.5306 

Standard deviation of intercept (µA) 0.064 0.043 

Standard deviation of slope (µA µM-1) 0.051 0.065 

Coefficient of determination (R2) 0.9989 0.9999 

LOD (M) 1.17×10-8 2.07×10-6 

LOQ (M) 8.265×10-8 6.89×10-6 
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The repeatability of the adopted method was assured by analyzing the sample five times 

using its pure form. As shown in Table 5-1, the RSD values assure the good reproducibility of our 

proposed electrochemical platform. Consequently, in order to determine the mean precision of the 

method, the same procedures were repeated within five consecutive days as can be seen in Table 

5-1, which indicates good values for the developed sensor. Moreover, plasma samples of CTL 

were tested in order to investigate the applicability of the proposed platform. Henceforth, a 

calibration curve of the elucidated current against the CTL concentration in plasma was 

constructed as illustrated in Figure 5.9 The plasma calibration curve exhibited a straight line in the 

range of 0.33 × 10-7 - 2.70 × 10-5 M with R2 = 0.9999, achieving LOD and LOQ of 2.07 × 10-7 M 

and 6.89 × 10-7 M, respectively (undetectable in urine). Thus, it is crystal clear from these results 

that a wide concentration range of CTL can be determined using the SWV method. 

5.1.6 Reproducibility and stability of α-MnO2-V2O5 NRs Nanocomposite. 

The reproducibility of the proposed sensor platform was assessed using five electrodes as 

proposed in the experimental part. The Relative standard deviation of the peak current is 1.95 % 

for 1.00 × 10-4 M CTL, revealing a good reproducibility of the fabrication procedure. The 

repeatability of the proposed electrode was examined by performing the experiment 5 times for 

the electrochemical determination of the same solution concentration (1.00 × 10-4 M CTL). The 

RSD of the Ip was calculated to be 1.41 %, indicating excellent repeatability of the sensor platform. 

The paste was stored with exposure to air for three weeks and the oxidation peak achieved 99.20% 

of its original response in 1.00 × 10-4 M CTL. Thus, the sensor is appropriate for routine analysis 

of CTL. 
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5.1.7 Interference studies 

The selectivity of the suggested sensor platform to CTL was assessed by the presence of 

uric acid that is considered an abundant molecule in the human body. Both uric and ascorbic acids 

are normally existing metabolites within urine and plasma, which can interfere with the detection 

of the drug electrochemically423. The use of α-MnO2-V2O5 nanocomposite helped in the 

appearance of the uric acid peak in comparison to bare CPE. The square wave voltammogram 

showed well-defined and separated oxidation peaks of ascorbic acid, uric acid, and CTL at 340.06, 

589.96, and 749.29 mV, respectively. Other substances that are present within pharmaceutical 

formulations and can interfere with the determination of CTL were investigated electrochemically, 

including magnesium stearate, stearic acid, talc powder, potassium sorbate, methylcellulose, 

povidone-iodine, starch, colloidal silicon oxide, croscarmellose, mannitol, gums, dextrin, inulin, 

pectin, agar, carboxy-methyl cellulose, titanium dioxide, and microcrystalline cellulose that exist 

as excipients in the pharmaceutical formulations in addition to some cations that include Cu2+, 

Zn2+, Mn2+, Mg2+, and Na+. These materials were assessed in the presence of 10 µM in BRB of 

pH 7. None of these excipients were found to interfere with the electrochemical detection of CTL 

in solution with a tolerance limit of less than ± 5.0% for each excipient.  

5.1.8 Analytical application 

Using the standard addition method, various CTL concentrations were electrochemically 

detected, see Table 5-2. The recovery percentages for the detection of CTL in both dosage form 

and plasma samples are denoting a good precision of the proposed platform. The experimental 

results indicate that the sensor platform has excellent potential for the detection of CTL in both 

dosage form and plasma samples, as could also be seen in Figure 5.9. 
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Table 5-2 Application of SWV for the determination of CTL in plasma and dosage form. 

 

 

 

Pharmaceutical 

formulations 

Amount added 

(µM) 

Amount found 

(µM) 

Recovery% 

Pletaal® (100mg/tab) 0.22 0.22 99.26 

0.77 0.76 99.73 

5.50 5.51 100.22 

13.15 12.92 98.32 

17.46 17.31 99.18 

21.73 21.82 100.45 

27.027 26.65 98.62 

Mean ± S.D 99.40±0.78 

Plasma 

  

 

0.33 0.33 100.33 

0.44 0.45 102.12 

8.80 8.78 99.81 

13.15 13.20 100.37 

17.46 17.28 98.96 

21.73 21.63 99.53 

27.027 27.00 99.91 

Mean ± S.D 100.15±0.99 
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Figure 5.9 Square wave voltammogram for various concentrations of CTL in spiked plasma 

samples (0.33 - 100 µM) in pH 7.0 of BR buffer at the scan rate of 100 mV s-1 using α-MnO2-V2O5 

nanocomposite /CPE while the inset shows the calibration curve of CTL in spiked plasma samples 

in pH 7 of BR buffer. 

 

5.1.9 Previous studies 

In comparison to previous studies, there was only one report on the electrochemical sensing 

of CTL. Our method reported a wider range of detection with a wider linearity, a lower limit of 

detection, and quantification on the surface of the modified electrode in comparison to the 

previously reported method, see Table 5-3. Moreover, our method is considered to be much 

cheaper and enjoys a simpler preparation method.  

Table 5-3 Comparison between previous reports and our findings. 

Methods Electrode Modifier pH LWR Detection 

limit 

Verification in 

real samples 

Ref. 
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5.2 Sensitive Determination of SARS-COV-2 and Anti-Hepatitis C Virus Agent 

Velpatasvir Enabled by Novel Metal-Organic Frameworks  

 

The surface amine groups were sacrificed to modify the surface of the parent MOF via the 

reaction of 5-bromosalicylaldehyde ligand with the amino groups, resulting in the formation of 

salicylidene (R–N=C–C6H4OH(Br)) moiety as a bidentate ligand, Figure 5.10.  

CV/SWV GCE Bismuth 

NPs/ 

MWCNTs 

2.5 2.16 ×10-6 – 

3.51 × 10-5 

M 

2.057 

µM 

Plasma/dosage 

form 

38 

SWV/EIS CPE α-MnO2-

V2O5 NRs 

7.0 1.11×10-7 – 

2.70×10-5  

M 

0.248 

nM 

Plasma/dosage 

form 

This 

study 
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Figure 5.10 Schematic of the preparation of 5-BSA-NH2-MIL- 53(Al) and the suggested oxidation 

mechanism of VLP. 

 

5.2.1 Surface and electrochemical characterization of the fabricated sensors 

Figure  5.11a,b depicts the FESEM images of NH2-MIL-53(Al) and 5-BSA-NH2-MIL- 

53(Al), respectively. The images reveal a sheet-like with a mean side length of ~118±2 nm. Note 

that the addition of 5-bromosalicylaledhyde does not result in a profound change in the 

morphology of the material. To elucidate the crystal structure and phase purity of the NH2-MIL-

53(Al) MOF and 5-BSA-NH2-MIL- 53(Al) materials, x-ray diffraction (XRD) spectra were 

recorded as depicted in Figure 2c. The XRD spectra of both NH2-MIL-53 (Al) and 5-BSA-NH2-

MIL- 53(Al) indicate similar peaks at 2θ = 8.8°, 10.5°, 15.08°, 17.5°, 20.2°, and 26.4° 424–426. 

Hence, 5-BSA-NH2-MIL- 53(Al) and NH2-MIL-53(Al) possess the same crystalline structure with 

no change upon imine formation. However, the broadness of the XRD peaks of NH2-MIL-53(Al) 

reveals a smaller crystallite size.47  
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The BET adsorption isotherm of NH2-MIL-53(Al) depicted in Figure 2d reveals type IV 

isotherm. The steep increase upon increasing the relative pressure in the low-pressure region 

indicates microporous structure 427,428, while the hysteresis loop in the high-pressure region reveals 

mesoporous characteristics 429,430. The BET surface area of NH2- MIL-53(Al) was estimated to be 

794 m2.g-1, which is decreased to 652 m2.g-1 for the 5-BSA-NH2-MIL- 53(Al) counterpart, 

revealing the preservation of free -NH2 within the NH2-MIL-53(Al). The non-local density 

functional theory (NLDFT) method was used to determine the cumulative pore volume of 5-BSA-

NH2-MIL- 53(Al) and NH2-MIL-53 (Al). Comparatively, the pore volume of the prepared 5-BSA-

NH2-MIL- 53(Al) (1.111 cm3/g) was found to be lower than the parent NH2- MIL-53(Al) MOF 

(1.407 cm3/g). This decrease in both the surface area and pore volume is indicative of the 

successful post-synthetic imine formation. The pore radius as estimated from the BJH model for 

5-BSA-NH2-MIL- 53(Al) and NH2-MIL-53(Al) were found to be 1.89 and 1.99 nm, respectively. 

Therefore, the micropore diameters of the 5-BSA-NH2-MIL- 53(Al) and NH2-MIL- 53(Al) seem 

to be distributed within this range. The FTIR spectra (Figure 5.11) of both 5-BSA-NH2-MIL- 

53(Al) and NH2-MIL-53(Al) reveal -NH2 symmetric and asymmetric stretches of NH2-BDC ligand 

at 3492 and 3384 cm-1 431. However, the peaks at 3501 and 3384 cm–1 assigned to the N-H were 

diminished in the case of 5-BSA-NH2-MIL- 53(Al), indicating the formation of the imine group 

upon the reaction of the amine of the NH2-BDC ligand with the aldehyde group of the 5-

formylsalicylaldehyde ligand 431,432. 
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Figure 5.11FESEM images of (a) NH2-MIL-53 (Al) and (b) 5-BSA-NH2-MIL- 53(Al), (c) XRD of 

both NH2-MIL-53(Al) and 5-BSA-NH2-MIL- 53(Al), and (d) BET adsorption-desorption isotherms 

of NH2-MIL-53(Al) and 5-BSA-NH2-MIL- 53(Al). 

 

5.2.2 Electrochemical performance 

The square wave voltammetry (SWV) technique was utilized to elucidate the 

electrochemical performance of bare CPE compared to 5-BSA-NH2-MIL- 53(Al) -modified CPE 

for the electrochemical oxidation of VLP in Britton-Robinson Buffer (BRB) pH 7.0 using 1.0 × 

10-3 M VLP, Figure 5.12 a. Neither anodic nor cathodic beaks were detected in the absence of 

VLP, which demonstrates that our sensor platform has no electrochemical activity in the working 

potential window. For the unmodified CPE, the Ip of the electrochemical oxidation of VLP was 

14.03 µA at 8820 mV, which is greatly increased to 36.12 µA at 8226 mV upon the modification 

of bare CPE with 5-BSA> This enhancement in Ip reveals the facile oxidation of VLP on the 
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modified electrode, revealing the necessity of using 5-BSA-NH2-MIL- 53(Al) for the sensitive 

lower potential detection of VLP.  

The electrochemically active surface area of the 5-BSA-NH2-MIL- 53(Al)-modified CPE 

was estimated from the Cyclic Voltammogram (CV) using the Randles‐Ševčík equation (Equation 

5.1). For a quasi-reversible reaction in a 1:1 solution of 1.0 × 10-3 M K3Fe (CN)6 and 0.10 M KCl 

and recording the current was elucidated vs peak potential at various scan rates 416.  

where Ip is the peak current, n is the number of electrons involved in the electrochemical anodic 

oxidation, D is the diffusion coefficient, C is the redox probe concentration, A is the 

electrochemical surface area of the electrode, and ν is the applied scan rate. The D for K3Fe(CN)6 

was taken as 7.6 × 10-6 cm2 .s-1 416. The electrochemically active surface areas of the bare CPE and 

the 5-BSA-NH2-MIL- 53(Al)-modified CPE were 0.067 and 0.338 cm2 as calculated from the 

slopes of the Ip vs v1/2 graphs.  

Utilizing the electrochemical impedance spectroscopy (EIS) diagrams (Figure 5.12 b), 

reaction kinetics, mass transport, and charge transfer coefficient through the electrode surface were 

inspected using a 1:1 solution of 1.0 ×10-3 M K3Fe(CN)6 in 0.1 M KCl. Note the quasi-circle in 

the high-frequency window, where the diameter of the semi-circle enables the estimation of the 

charge transfer resistance at the electrode/electrolyte interface (RCT). The Nyquist plot reveals a 

Warburg-type equivalent circuit model. Thus, modifying the CPE with the proposed MOF 

enhances the charge transfer compared to the unmodified CPE. Upon fitting, the RCT of the bare 

CPE was found to be 4400 Ω that was sharply decreased to 1541.13 Ω upon modification with 5-

BSA-NH2-MIL-53(Al), which can be attributed to the large surface area of the MOF and its 

interactive nature that enhances electron transfer. Moreover, the electrochemical activity of bare 

CPE was compared to that of 5-BSA-NH2-MIL- 53(Al)/CPE electrode in a 1:1 solution of 1.0 ×10-
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3 M K3Fe(CN)6 in 0.1 M KCl as illustrated in Figure 5.12 c. The anodic peak current value of the 

5-BSA-NH2-MIL- 53(Al)/CPE electrode was almost five multiple times that of bare CPE. 

Furthermore, the use of 5-BSA-NH2-MIL- 53(Al)/CPE decreased the peak separation (Ep anodic-Ep 

cathodic) significantly from 0.32 to 0.17 V in comparison to bare CPE, revealing enhanced electron 

transfer 418. Therefore, 5-BSA-NH2-MIL- 53(Al) has a good catalytic activity towards the 

electrochemical oxidation of VLP, good conductivity, and a high rate of electron transfer.  

 

Figure 5.12 (a) square wave voltammograms (SWV) of 0.1 mM of VLP in BR Buffer (pH 7.0) at 

the scan rate of 0.1 V.s-1, (b) impedance plots at a scan rate of 0.1 V.s-1 in 1.0 mM K3Fe (CN)6 in 

0.1 M KCl, and (CV of 1.0 mM K3Fe (CN)6 in 0.1 M KCl at the scan rate of 100 mV.s-1. 

 

5.2.3 Effect of pH 

The effect of pH on the electrochemical anodic oxidation of VLP was assessed in the pH 

range of 2.0 to 10.0 as shown in Figure 5.13. Upon varying the pH of the solution from 2-10, the 

peak potential was shifted towards the zero potential, indicating the protonation-deprotonation 

electrochemical reaction of VLP 419. Plotting the peak potential (Ep) versus the buffered solution 

pH, the voltammetric response of VLP can be assessed as Ep (V) = 1.2703-0.0598 pH, (R2 = 

0.9990). It was found that the slope of the obtained linear relationship is near to the known 

Nernstian value of a one electron-one proton electrochemical oxidative reaction, as indicated in 

Figure 5.13, which is 59.0 mV per pH unit at ambient temperature. Utilizing the Nernestian 



75 
 

behavior of VLP electrochemical oxidation, the suggested mechanism of oxidation is depicted in 

Figure 5.10. 

 

Figure 5.13 SWV of 0.1 mM of VLP at different pH values of BRB buffer using 5-BSA-NH2-MIL- 

53(Al) at a scan rate of 0.1 V.s-1. The inset linear graph shows the linear relationship between the 

solution pH and the peak potential (Ep). 

 

5.2.4 Effect of scan rate 

The effect of scan rate on the electrochemical anodic oxidation of VLP was also 

investigated using 5-BSA-NH2-MIL- 53(Al)/CPE, Figure 5.14. Upon increasing the scan rate, the 

peak potential (Ep) is shifted into more positive values, indicating an irreversible electrochemical 
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behavior of VLP. A linear relationship was obtained by plotting the peak current (Ip) versus the 

square root of the scan rate (𝜈1/2) in the range of 0.010 – 0.100 Vs-1. This indicates a diffusion-

controlled process, as in equation Ip (μA) = 4.4194 ν1/2 (mV/s) + 2.7671 µA, R2 =  0.9986, as 

illustrated in Figure 5.14, a. Furthermore, the slope of the relation between the algorithm of scan 

rate and the measured current was less than 0.5, log Ip (μA) = 0.4529 mVs-1+ 0.7638 µA, R2 = 

0.9981, which supports the point that the anodic oxidation process is diffusion-controlled one, as 

in Figure 5.14, b. All of these findings necessitate the use of CPE modified with 5-BSA-NH2-MIL- 

53(Al). 
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Figure 5.14 CV of 0.10 mM VLP at pH 7.0 using 5-BSA-NH2-MIL- 53(Al)/CPE in a wide scan rate 

(0.010- 0.200 V.s-1). Insets: (A) a plot of peak current vs. the square root of scan rate, and (B) a 

plot of the algorithm of peak current vs. the algorithm of scan rate. 

5.2.5 Analytical performance and method validation 

The proposed sensing protocol is optimized based on the accredited system of the 

International Conference on Harmonization (ICH) 422. SWV scans using 5-BSA-NH2-MIL- 

53(Al)/ CPE in Britton-Robinson Buffer of pH 7.0 containing several dilutions of VLP were 
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performed and analyzed. To achieve linearity, accuracy, and precision, the calibration curve was 

established taking into consideration the practical range of  VLP in normal tablet concentration. 

The SWVs of these dilutions are shown in Figure 5.15. At a scan rate of 0.1 V.s-1, VLP showed 

two linear behaviors based on its concentration in BRB. In the range of  1.11 × 10-6 – 1.11 × 10 -7 

M, the regression equation is Ip (μA)= 4.9059 C μM + 3.7830 μA, R2 = 0.9954, while in the range 

of 1.11 x 10-7 – 25.97 × 10 -6 M, the regression equation is Ip (μA)= 0.8388 C μM+ 8.2987 μA, R2 

= 0.9954. The main cause for the decrease in the slope of the second linear range of higher 

concentrations is the increase of the required energy for anodic stripping in addition to the ohmic 

drop in such high levels of VLP 135. Furthermore, the limit of detection (LOD) and limit of 

quantification (LOQ) were calculated to be 8.776 × 10-9 and 2.924 × 10-8 M, respectively, as in 

equation 5.2 and 5.3.  

where SD is the standard deviation of Ip of VLP anodic oxidation for 5 trials and x is the slope of 

the calibration curve. 
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Figure 5.15 SWV of several dilutions of VLP (25.97 - 0.11 µM) in pH 7.0 Britton-Robinson buffer 

utilizing 5-BSA-NH2-MIL- 53(Al)/ CPE sensor at a scan rate of 0.1 V.s-1. The inset illustrates the 

plot of the peak current as a function of concentration in the range of 1.11 × 10-6 – 1.11 × 10 -7 

and 1.11 × 10-7 – 25.97 × 10 -6 M. 

5.2.6 Reproducibility and stability of α-MnO2-V2O5 NRs Nanocomposite. 

A sensor platform should possess three important characteristics, repeatability, storage stability, 

and reproducibility. Repeatability was tested by using the same electrode for 10 consecutive SWV 

scans against 0.10 mM VLP in pH 7.0 BRB and the relative standard deviation (RSD) was found 
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to be 2.47%, as in Figure 5.16a. Stability analysis was evaluated by storing the electrode at ambient 

temperature after scanning it in similar conditions and repeating the SWV scanning every week 

for 4 weeks as in Figure 5.16b. Reproducibility was examined by plotting the Ip for 7 CVs of 

different freshly prepared electrodes, as in Figure 5.16c, where the RSD was found to be 1.21%. 

5.2.7 Analytical application 

 Utilizing the serial dilution method, vast concentrations of VLP in spiked plasma and urine 

samples have been determined electrochemically and compared to the added concentration in 

Table 5-4. The proposed 5-BSA-NH2-MIL- 53(Al)/ CPE sensor reveals a good precision via the 

recovery results, which showed no apparent changes from the added values. According to the 

electrochemical studies, the sensor can determine VLP concentrations in plasma and urine 

samples, as shown in Figure 5.16.  

Table 5-4 Application of SWV for the determination of VLP in plasma and urine samples. 

Sample Standard amount added 

(M) 

Amount found 

(M) 

Apparent 

recovery% 

Plasma 

 

1.11 × 10-7 1.08 × 10-7±0.09 102.78 

 
7.77 × 10-7 7.88 × 10-7±0.08 101.53 

 
1.11 × 10-6 1.13 × 10-6±0.04 98.23 

 
7.07 × 10-6 7.09 × 10-6±0.08 99.71 

 16.40 × 10-6 16.37 × 10-6±0.06 100.18 
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 25.97 × 10-6 26.02 × 10-6±0.10 100.20 

Urine 1.11 × 10-7 1.12 × 10-7±0.07 99.10 

 7.77 × 10-7 7.68 × 10-7±0.05 98.87 

 1.11 × 10-6 1.07 × 10-6±0.09 103.73 

 7.07 × 10-6 7.12 × 10-6±0.04 99.29 

 16.40 × 10-6 16.44 × 10-6±0.10 99.75 

 25.97 ×10-6 26.10 ×10-6±0.07 100.05 

 

 

Figure 5.16 SWV for serial dilutions of VLP spiked (a) plasma samples and (b) urine samples 

25.97 - 0.11 µM in pH 7.0 Britton-Robinson buffer utilizing 5-BSA-NH2-MIL- 53(Al)/ CPE sensor 

at a scan rate of 0.1 V.s-1. Insets illustrate the plot of the peak current as a function of concentration 

in the range of 1.11 × 10-6 – 1.11 × 10 -7 and 1.11 ×10-7 – 25.97 × 10 -6 M. 



82 
 

The selectivity of the proposed 5-BSA-NH2-MIL- 53(Al)/ CPE sensor was determined in the 

presence of ascorbic acid as one of the prevalent elements in the plasma that can interfere with the 

electrochemical determination of some therapeutic elements423. The utilized 5-BSA-NH2-MIL- 

53(Al)/ CPE sensor illustrated the ability to determine both ascorbic acid and VLP in the same pH 

7.0 Britton-Robinson buffered solution as two separate peaks at 0.35 V and 0.85 V, respectively, 

as shown in Figure 5.17. Other excipients that are commonly used during tablet manufacturing 

and can interfere with VLP determination have been determined electrochemically in the presence 

of 1.0 mM of VLP at pH 7.0 Britton-Robinson buffered solution separately, as shown in Figure 

5.17. Note that none of the tested materials obviously interfered with the detection of VLP in 

solution with a tolerance limit of less than ± 5.0% for each separate excipient. Therefore, we report 

a cheap and simple method for the electrochemical determination of VLP. 

 

Figure 5.17 Obtained Ip of SWV of 0.10 mM VLP mixture with the most used excipients at pH 7.0 

using 5-BSA-NH2-MIL- 53(Al)/CPE at a scan rate of 0.1 V.s-1. 
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5.3 VCM-Tracker apta-sensor for the detection of vancomycin 

 

 

Figure 5.18 Overview of the VCM-Tracker. (A) An illustration of VCM detection using DAHA-

HMNs and flexible electrodes. HMNs penetrate into the dermis and VCM diffuses into the patch’s 

needles where it can be measured by the flexible electrode. The flexible electrodes are composed 

of gold working and counter electrode, and silver/ silver chloride reference electrode. (B) the 

kinetics of the reduction reaction of aptamer-MB redox mediator in the absence of VCM and (C) 

in the presence of VCM. 

 

5.3.1 Vancomycin detection using flexible electrodes 

First, we validated the VCM detection using the selected aptamer on gold rod as a working 

electrode. Square wave voltammetry (SWV) scans of various frequencies (10- 100 Hz) were 

conducted for six different concentrations (0.2, 1.0, 3.0, 10.0, 50.0, 100.0, 200.0 µM) to elucidate 

the effect of various frequencies and concentrations upon the change of the peak current Ip of the 

electrode. Due to the dependency of the electron transfer rate on the folding of aptamer upon 

binding to the target, as shown in Figure 5.19A, the current response of VCM aptamer is a function 

of SWV frequency change, which produces three unique responses upon binding to the target, 
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signal-on, signal-off, and non-responsive57,58. As it appears in the Figure 5.19B from the 

concentration-signal response for the range of 2 x 10-4 µM to 200 µM, 100 Hz is considered to be 

the Signal-On frequency, 10 Hz is considered to be the Signal-Off frequency, and 30 Hz appears 

to be the non-response frequency. The same data using 100 Hz as the main frequency of the 

calibration was used to illustrate a calibration plot, as in Figure 5.19C and its inset. From this plot, 

we determined the dissociation constant of a monolayer of VCM (Kd) that is equal to 28.67 µM. 

 

Figure 5.19 (A) illustrates the effect of VCM-aptamer binding on electron transfer rate. (B) 

concentration-signal response for the range of 2 x 10-4 µM to 200 µM, 100 Hz is considered to be 

the Signal-On frequency, 10 Hz is considered to be the Signal-Off frequency, and 30 Hz appears 

to be the non-response frequency. Calibration plot for gold electrode in PBS buffer solution 

containing VCM. 
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Then we utilized our flexible gold electrode that is shown in Figure 5.20A for in vitro 

measurements. After aptamer modification of the flexible electrode, the electrode was scanned in 

10 mM potassium ferric cyanide KFe(CN)6 with 100 mV/s in order to verify the attachment of the 

thiolated aptamer to our gold electrode, which is shown in 5.20B. From the behavior of the CVs, 

it was obvious that the negatively charged attached aptamer has reduced the redox peak currents 

of KFe(CN)6 in comparison to the bare gold electrode. This is attributed to the electrostatic 

repulsion of Fe(CN)6
3- by the negatively charged aptamer molecules59,60. Utilizing the signal-on 

frequency that was proven using a gold electrode, that is 100 Hz for SWV, the graph in 5.20C 

concentration-response curve was obtained by scanning two flexible gold electrodes in various 

concentrations of VCM using SWV and plotting the signal change ratio over the concentration of 

VCM in micromolar. The plot was fitted using one site saturation fitting where the apparent 

equilibrium dissociation constant (Kd) was found to be 20.08 µM with an R2 of 0.9547. The 

linearity of the concentration-response curve for the same two electrodes in PBS buffer was found 

to be 5- 40 µM with an R2 of 0.9043 as in 5.20C inset. The selectivity of our flexible sensor for 

VCM detection was studied in the presence of abundant elements in the ISF that can interfere with 

the signal for VCM, including MgCl2, ascorbic acid, uric acid, and glucose. Our 20 µM VCM 

solution in PBS was spiked with the normal levels of these elements and the impact of these 

compounds on the signal was shown against zero to show the percentage of change that showed 

to have a negligible impact over the current of the VCM signal, as in Figure 2D. 
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Figure 5.20 characterization of the flexible gold electrodes in vitro. (A) the flexible gold electrode 

consists of 8 gold working electrodes, a silver/ silver chloride reference electrode, and a gold 

counter electrode. (B) CV measurements of the VCM aptamer-modified electrode in 10 mM 

Fe(CN)6
-3 / 0.1 M KCl shows higher redox peaks than the unmodified electrode. (C) the signal 

change ratio that indicates the signal-response curve of VCM aptamer in 1X PBS buffer containing 

5-90 µM of VCM. The KD was estimated to be 20.08 µM with an R2 = 0.9562 and (D) the linearity 

range is from 5.0 µM to 40 µM. Means  ± s.d. from two independent experiments. The slope and 

intercept of the dynamic orange are 0.0171 and 0.1669 respectively with an R2 of 0.9043. (E) 

selectivity of our flexible gold modified electrode was studied by scanning the electrode in 20 µM 

VCM in 1X PBS solution containing one of the interfering elements of 0.5 mM MgCl2,0.5 mM 

ascorbic acid, 0.5 mM uric acid, and 10 mM glucose. Means  ± s.d. and each measurement were 

conducted at least five times. 
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5.3.2 Integrated assay for VCM detection using ex vivo skin model 

The main goal of our VCM-Tracker which is composed of the flexible gold electrode and 

DAHA-MN is to determine vancomycin in human skin ISF with a minimally invasive and real-

time procedure. Hence, we determined and optimized the detection of vancomycin 

electrochemically within in vitro and ex vivo models in skin-mimicking agarose phantom hydrogel 

module and porcine ear skin respectively. The agarose phantom gel was prepared using the 

protocol of our previous work33, various concentrations were prepared (0- 35 µM) for the 

assessment of the VCM-Tracker. The DAHA microneedle is gently pushed against the skin and 

the aptamer-modified electrode is fixed on top of the microneedle using a transparent adhesive 

film dressing and left for 10 minutes to allow the flow of ISF into the DAHA MN. The electrode 

was scanned with the signal-on frequency, utilizing SWV scans in the voltage range from 0 V to -

0.5 V. The concentration-response curve obtained showed a linear correlation between the 

concentration of vancomycin and the signal change ratio with an R2 of 0.9 in the linear range of 

(5-35 µM), which covers the biological range of vancomycin and the overdose region, as shown 

in Figure  5.21. 

 

Figure 5.21 Characterization of VCM-Tracker in agarose phantom gel for the concentration range 

0-30 µM 
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Porcine skin patches were dried with paper wipes to remove external moisture from the 

skin after being loaded with the required concentration of VCM. The scan is conducted after 

pushing the DAHA MN against the skin gently, positioning the aptamer-modified electrode on top 

of the microneedle, and fixing the whole setup with the same aforementioned dressing, as in Figure 

5.22A. In order to exclude the external moisture effect of the skin that can be caused by 

perspiration, the electrode was first scanned against bare skin with zero and 20 µM of vancomycin 

without MNs. The results were compared to the presence of MN inside the skin patch with the 

same concentration as shown in Figure 5.22B. It was found that there was no signal recorded for 

the zero concentration in the absence of DAHA MN while the signal in the presence of MN had 

an average of 0.3581 µA in the presence of MN. For the 20 µM skin patches, the obtained result 

for the MN containing skin was nearly four times more than the signal obtained without skin, 

which demonstrates the necessity of our DAHA MN to absorb the ISF from the skin for 

vancomycin detection. Utilizing the signal-on frequency that was proven using gold electrode, that 

is 100 Hz for square wave voltammetry (SWV), the electrode was scanned between 0 and -0.5 V. 

The graph in Figure 5.22C concentration-response curve was obtained by scanning two electrodes 

in PBS buffer containing various concentrations of vancomycin using SWV. The plot was fitted 

using one site saturation fitting where the apparent equilibrium dissociation constant (Kd) was 

found to be 20.08 µM with R2 of 0.9547. The linearity of the concentration-response curve for the 

same two electrodes in PBS buffer was found to be 5- 40 µM with an R2 of 0.9043 as in Figure  

5.22D inset.  
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Figure  5.22 Characterization of VCM-Tracker in porcine skin. (A) the VCM-Tracker system 

consists of DAHA-MNs that penetrate the skin to absorb ISF, VCM aptamer-modified flexible gold 

electrode, and transparent adhesive film dressing. (B) SWVs of the response of VCM-Tracker on 

porcine skin containing 20 µM VCM with and without DAHA-MN in which the effect of adding 

DAHA-MN shows a significant increase in the signal. (C) SWVs of VCM tracker system in porcine 

skin. Curves were obtained by scanning from 0.1 V to -0.5 V with 100 Hz frequency, 0.025 V 

amplitude, and 0.001 step potential. The scans involved five concentrations including 0.0, 5.0, 

10.0, 20.0, and 30.0 µM of VCM. (D) the linear range of VCM that is from 5.0 to 35 µM of VCM 

with an R2 of 0.9527. Means ± s.e. three electrodes or more were involved for each concentration. 
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5.4 Chapter 6  Conclusion and Future Work 

Despite their development as early as the 20th century, electrochemical sensors are still being 

widely used in many applications, due to their cost-effectiveness, capability of wireless detection, 

portability, and wide range of electrochemical active materials that are encountered in our lives 

and are essential to determine, including biomarkers, therapeutic agents, pesticides and toxins, 

heavy metals, and microorganisms, as discussed in the previous chapters. This thesis addressed 

different strategies that can enhance the detection of therapeutic agents. First, MnO2-V2O5 

nanorods were synthesized and used as a platform for the determination of CTL, an antiplatelet 

drug, in plasma and dosage forms. Second, NH2-MIL-53(Al) MOF was fabricated and utilized as 

a catalyst for the determination of VLP in urine and plasma. Finally, VCM-Tracker aptasensors 

were manufactured and developed for the determination of VCM. In all of these studies, highly 

sensitive platforms were developed that were able to determine the levels of the targeted drugs in 

their normal levels in blood and detect overdoses.  

In the future, this research can be an extension for other points, such as: 

1- Testing the same system utilized in VCM-tracker for the detection of other therapeutic 

agents and biomarkers in the ISF 

2- Testing NH2-MIL-53(Al) MOF for other antiviral agents that are similar to VLP  

3- Testing MnO2-V2O5 nanorods in other applications of electrochemistry such as vanadium 

lithium batteries due to their spectacular electrochemical properties 
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