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ABSTRACT  
 

Nanostructured Gold-Modified Laser Scribed Graphene Biosensor 

Based on Molecularly Imprinted Polymers  

Abdulrahman Aljedaibi 

 

Recently, laser scribed graphene (LSG) technology has shown great potential for the 

development of a plethora of sensing platforms due to its high sensitivity, 3D porous 

structure, and flexibility. Molecularly imprinted polymers (MIPs) have shown high 

potential as recognition elements for many applications such as biosensing. Hence, we 

report in this thesis a novel biosensing platform that utilizes nanostructured gold to enhance 

the performance of LSG sensors coupled with a biomimetic MIP biosensor. To the best of 

our knowledge, this is the first report of a nanostructured gold modified MIP based LSG 

biosensor to detect HER-2, which is an important breast cancer biomarker. HER-2 positive 

breast cancer is more aggressive and does not respond to the same treatment as standard 

breast cancer. As such, a simple and accurate sensing approach is highly needed for early 

detection of this type of cancer biomarkers. The LSG sensor platform was fabricated by 

irradiation of polyimide substrates using a CO2 laser under optimized conditions. 

Nanostructured gold was electrodeposited onto LSG to enhance its sensitivity and active 

surface area. Deposition parameters such as deposition voltage, deposition time, and gold 

chloride (HAuCl4) concentration were optimized to yield complete nanostructured gold 

coverage and enhanced electrical conductivity of LSG-Au electrodes. A deposition voltage 

of -0.9 V at 50 mM HAuCl4 for 4 minutes proved to be the optimal condition for gold 

deposition to yield a 150% peak current enhancement. To fabricate our MIP biosensor, 3,4-
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ethylenedioxythiophene (EDOT) was chosen from several functional monomers to form 

PEDOT due to its high conductivity and synergy with nanostructured gold. 

Electropolymerization of EDOT is performed after adsorbing 0.4mg/mL of HER-2 on the 

LSG-Au electrode for 20 min. The efficiency of LSG-Au-MIP was optimized by choosing 

an appropriate extraction agent and HER-2 concentration to be adsorbed on gold. The 

developed sensing strategy could differentiate between three rebinding concentrations of 

10 ng/mL, 100ng/mL, and 200 ng/mL, which is sufficient to determine the HER-2 status 

of breast cancer since the clinical cut-off is 30.5ng/mL. The developed sensing strategy 

showed a high degree of novelty and could be useful for the non-invasive detection of 

cancer biomarkers. 
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1. Chapter 1: Introduction and literature review 

1.1. Introduction 
 

Biosensors are on the rise to becoming the future of diagnostics, especially as point-of-care 

devices. This technology enables the detection of deadly diseases by a plethora of methods. 

Many of the deadliest diseases can be detected by a variety of molecules called biomarkers 

that are found within the body where their presence, above a certain threshold, or lack 

thereof, signifies the presence of the aforementioned disease. These molecules are used as 

a marker of those diseases, thereby being called a biomarker. Many deadly illnesses can be 

discovered by their perspective biomarkers such as heart attack and cancer. Early detection 

of these biomarkers can enhance the disease prognosis significantly. As such, heavy 

research is being geared toward the detection of these biomarkers. An ideal biomarker 

sensing platform should be accurate, portable, and affordable such that facile and quick 

detection of the biomarkers is achieved. When detected early, illnesses such as cancer have 

a significantly lower mortality rate. In the case of cancer, early-stage cancers are often 

highly treatable, but as the cancer stage progresses, the mortality rate becomes higher and 

higher. According to the World Health Organization (WHO), cancer is the second highest 

cause of mortality right after cardiovascular disease (CVD). Luckily, research has 

identified some biomarkers for both cancer and CVD. Therefore, research that aims to 

detect these biomarkers could help save many lives by enabling early detection and proper 

treatment. Breast cancer is the most common type of cancer that is often not detected early 

enough. It is also very likely to metastasize, which means that if not detected early, 

cancerous cells will leave the original site and spread within the body, thereby infecting 

other organs with cancer. A particularly aggressive form of breast cancer can form due to 

the mutation or overexpression of a protein called human epidermal growth factor receptor 
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2, or HER-2. Fortunately, HER-2 can be used as a biomarker to detect this cancer, which, 

when detected early, could have a high recovery rate. In this thesis, A sensing platform is 

developed to detect biomarkers such as HER-2, which will be the focus, amongst other 

possible biomarkers. This sensing platform modifies laser scribed graphene electrodes with 

nanostructured gold to improve the sensitivity of the sensor. Then, to sense HER-2 and 

other biomarkers, molecular imprinting technology is used as the recognition element of 

the sensing platform. In this chapter, a thorough background overview is presented to 

explain the working principle and supporting material that was vital to the development of 

the thesis work.  

 

1.2. Sensors 

A sensor is a device that detects and measures a specific event in the environment around 

or on the sensor, and then this event is translated into useful information such as electrical 

or optical signals. There are many types of sensors, depending on the application and the 

sensing method. The proposed sensing strategy is based on electrochemistry, where it 

detects chemical reactions or biological interactions and transforms them into electrical 

signals for interpretation. As such, this sensor can be classified as an electrochemical 

sensor. This sensor is geared toward detecting biomarkers which also classifies it as a 

biosensor. Since the proposed sensing strategy is based on electrochemistry and is for 

biosensing, an elaborate description of electrochemical sensing and detection and 

biosensor will be provided in the following sections. 

 

1.2.1. Electrochemical sensing principle 

 

An electrochemical sensor, as with any other sensing strategy, consists of a transducer and 

a sensing element. In the case of electrochemical sensors, the sensing element is capable 

of detecting chemical events, and then, a transduction mechanism will transform the 

chemical event into an electrical signal to interpret, manipulate, and characterize that event 

better. The sensing element can either be a catalyst, or it could be directly involved in the 

chemical reaction occurring at the sensor as one of the reactants. The transduction 
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mechanism of an electrochemical sensor can rely on current (Amperometric), voltage 

(potentiometric), impedance (impedimetric), and conductance (conductometric) [2] 

 

The electrochemical cell consists of three electrodes, which are the working, reference, and 

counter electrodes, as illustrated in Fig.1. The working electrode is responsible to carry out 

the sensing and measurements of the system. The reference electrode is used to measure 

the potential of the working electrode compared to a fixed reference, hence the name, 

reference electrode. The counter electrode is used to complete the electrical circuit that 

consists of the working electrode, the reference electrode, the electrolyte medium, and the 

counter electrode.  

 

Figure 1: The constituents of a three-electrode system showing the working electrode, the counter electrode, and the 

reference electrode.  
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This electrode system is different from the common ones found in the electrical system 

since the job of the ground electrode is divided into two separate electrodes; the reference 

and counter electrodes. The performance of this system depends primarily on the working 

electrode, which is why there are many different electrode materials and surface 

modification methods that are found in the literature that aims to increase sensitivity, 

selectivity and improve the signal-to-noise ratio (SNR). Since the topic of electrode 

performance enhancement and modification is too broad for the scope of this thesis, only 

the related topics of LSG, Nanomaterial modification, and 3D nanostructuring are 

discussed. 

 

 

 

 

1.3. Biosensors  

A biosensor is an analytical tool that uses specific biological recognition units, such as 

enzymes or antibodies, to detect biological molecules. In other words, a biosensor is a 

device that listens to the complex chemical language of biological systems and translates 

it into a digital language that we humans can understand. The three main components of 

the biosensor are the bio-recognition element that selectively recognizes the analyte, the 

transducer that converts the bio-recognition event into a measurable signal, and the output 

device that processes the transduced signal into a readable digital signal as presented in 

Fig.2.  
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Figure 2: Schematic illustration of the general principle of an electrochemical biosensor [4] 

:  

 

 

 

 

 

1.3.1. Transducers  

A sensor transducer is a device that transforms a sensing event from its original form to 

another, more useful forms such as electrical, optical, or mechanical. The more prominent 

types of transducers for biosensors are electrochemical transducers and optical transducers.  

Electrochemical transducers rely on the chemical reaction between a target analyte and the 

biorecognition unit, which produces a distinct electrical signal. The signal should scale 

with the concentration of that analyte and should be specific to that analyte compared to 

other present molecules [65]. The detection of the analyte can be done via four electrical 

quantity changes, which are a change to the amount of current, the amount of voltage, the 

measured impedance, and the measured conductance. The terms describing these four 

changes are amperometric, potentiometric, impedimetric, and conductometric 

transduction.  

 

Amperometric transduction measures a change in the amount of electrical current passing 

through the working electrode. This change is caused by electrochemical oxidation or 

reduction happening at the biorecognition unit on the working electrode. The magnitude of 

change of the current should correspond with the concentration of the analyte molecule 

that is being detected. For amperometric detection, the potential between the working 

electrode and the reference electrode is usually maintained at a voltage that facilitates a 

reaction between the biorecognition unit and the analyte. As the voltage is maintained, the 

current is allowed to change with respect to time to indicate the presence and the 

concentration of the desired analyte. 
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Potentiometric transduction measures the change in potential between the working 

electrode and reference electrode or the charge accumulation. No or minimal amount of 

current is passing from the reference electrode to the working electrode. To ensure effective 

potentiometric transduction, high impedance is necessary to prevent electrical current from 

passing and thereby affecting the charge accumulation on the working electrode.[2]  

 

Impedimetric transduction, which is part of Electrochemical impedance spectroscopy 

(EIS), measures the change in the resistance, capacitance, or overall impedance that is 

caused by an electrochemical reaction between the biorecognition unit and the desired 

analyte. To perform EIS, an electrical signal is applied, which causes an electrical current 

to flow through the working electrode. By varying the frequency of the signal, an 

impedance spectrum is obtained. By observing the phase of the current, the resistance and 

capacitive components of the impedance can be separated and identified[2].  

 

Conductometric transduction techniques sense the change in the conductivity of the 

medium due to the reaction of the biorecognition unit and the sample analyte. For this 

transduction technique to be useful, the electrochemical reaction between the target analyte 

and the biorecognition unit should change the ionic concentration of the medium[2]. 

 

1.3.2. Biological sensing element 

 

A biological sensing element or biorecognition element interacts with the biological system 

to sense a particular event. There are five main types of biological sensing elements. They 

are Enzymatic, Aptamer, Affinity based, biomimetic, and DNA. The biorecognition 

element must be selective to the desired analyte. Otherwise, interference and ‘biological’ 

noise can be a problem in the detection of the desired analyte. Also, the biorecognition unit 

must be sensitive so that the biosensor is useful in detecting an analyte, especially if the 

concentration of the analyte is low-level[5].  
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Enzymatic biosensors utilize certain enzymes as the biological sensing element by relying 

on a specific reaction happening between the analyte to be measured with the enzyme or 

catalyzed by that enzyme [5].  

 

1.3.3. Biomimetic based on molecularly imprinted polymers  

Biomimetic biosensors detect biological events by mimicking their detecting mechanism 

in nature. Molecularly imprinted polymers (MIPs) is a prominent biomimetic sensing 

strategy that forms artificial receptors to capture the desired molecule. From environmental 

applications to medical, purification, and even to administer drugs. The goal of using MIPs 

as a biorecognition element is to mimic the performance of natural antigen-antibody 

systems [6]. Combining the molecular recognition element with techniques that monitor 

the state of the recognition elements, such as the aforementioned electrochemical detection 

techniques, offers the promise of selective and sensitive sensing platforms [6]. Molecularly 

imprinted polymers (MIPs) are considered as synthetic polymers with the capability of 

capturing a specific analyte by mimicking the natural molecular recognition of enzymes 

and antibodies [7, 8]. Currently, the imprinting of polymers is the most cost-effective, 

scalable, and generic approach to design and create artificial receptors.  MIPs provide many 

advantages, which reflects by the growing attention to this filed. These advantages are high 

affinity and selectivity that is similar to biological receptors, stability, long life time, as 

well as their easiness of preparation [9, 10]. The electrochemical sensors based on MIPs 

technology enables a specific recognition of targeted analytes for many applications [11-

14]. Thanks to the high selectivity provided by the MIPs and high sensitivity of 

electrochemical transducers, MIP based electrochemical sensors showed a prospect for 

plethora of sensing applications [15]. Recently, the LSG sensing platforms combined with 

electrosynthesized MIP films started to gain the attention of the researchers.[16, 17]. 

 MIPs’ operating principle is the “lock and key” mechanism, where the template molecule 

is imprinted within a polymer so that the polymer can selectively interact with the template 

molecule alone. Potentially, MIPs offer a low cost specific and selective sensing approach 

that is also durable. Mostly, MIPs operate by producing a polymer with the template 

molecule entrapped within either covalently or noncovalently to the polymer [6]. Then, the 
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template molecule is extracted from the polymer, which leaves behind a cavity that is 

specific to the template molecule, which can now rebind with the template molecule upon 

reapplication. Now, the MIP sensor is ready to detect the desired template molecule. Upon 

reintroduction of the template in a solution, the cavity will selectively bind to the template, 

which can then be detected electrochemically or through other possible detection 

techniques [6]. Fig.3 shows the imprinting process and the resulting cavity once the 

template molecule is extracted. 

 

 
Figure 3:The process of molecular imprinting and template extraction. Adapted with permission from [6]Copyright 

(2014) American Chemical Society 

 

 

There are three main MIPs production techniques, which are synthesis from monomers and 

template, phase inversion by using polymer precipitation through partial dissolving or 

evaporation of the polymer in the presence of the template, or by soft lithography, i.e. 

template stamping [6]. The most prominent of all three techniques is the synthesis from the 

monomer approach and is the one employed within this work. This method works by 

polymerization of the functional monomer around the desired template molecule to entrap 

it by a network of covalent and noncovalent bonds. To connect monomers to form a 

polymer, a cross-linking agent is used, and therefore, for chemical polymerization, it is 

added after sufficient mixing of the template with the molecule [6]. Then, a polymerization 

initiator is added to start the process. Some monomers have the advantage of undergoing 

electropolymerization due to their conductive nature. Therefore, electropolymerization can 

be done without the need for a cross-linker and a polymerization initiator.  

 

1.3.4. Conductive polymers for MIP fabrication 
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The use of conductive polymers can enhance a biosensor considerably due to their excellent 

performance, high stability, and low cost. Their high conductivity allows improved 

sensitivity, and when used in conjunction with MIPs, the selectivity of the biosensor is 

greatly enhanced. There are several conduction polymers, and each has advantages and 

drawbacks, thereby making polymer selection a critical step when designing MIPs sensors. 

The following polymers are examined within this work as they are good candidates to be 

used with the MIPs sensing strategy; Polypyrrole, Polyaminothiophenol, and poly(3,4-

ethylenedioxythiophene) (PEDOT) [6].  

 

1.4. Laser scribed graphene biosensors 

Graphene is a 2D sheet of carbon atoms connected hexagonally akin to honeycombs [18]. 

Discovered in 2004 by Gein and Novoselov, graphene proved to have remarkable electrical 

and structural properties that awarded its inventors a Nobel prize six years later. In addition 

to its high electrical and thermal conductivity, graphene has excellent mechanical stability 

and rigidity, high transparency, and high specific surface area [18-21]. Due to its excellent 

properties, graphene has been incorporated into many devices such as transistors, 

optoelectronic devices, transparent electrodes, energy storage devices, flexible 

electrochemical sensors, and biosensors [21, 22]. Several methods were found to fabricate 

and integrate graphene into devices and sensors to make use of its outstanding properties, 

such as chemical vapor deposition (CVD), micromechanical exfoliation, thermal 

decomposition of silicon carbide, and reduction of graphene oxide[21]. The latter being 

both a low-cost and efficient method, unlike the former techniques. One prominent way to 

reduce graphene oxide is through the use of laser scribing [21]. Fig.4 compares the 

structure of graphene, graphene oxide, and reduced graphene oxide. Graphene oxide is 

much more hydrophilic than graphene, which opens opportunities for biosensing and 

electrochemical sensing applications. However, graphene oxide has poor mechanical and 

electrical properties due to its structural defectivity [22]. Though, this can be mitigated by 

the thermal or chemical reduction of graphene, which is where laser scribing becomes 

attractive due to its efficiency and low-cost, as mentioned previously. 
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Figure 4: Structure of graphene, graphene oxide, and reduced graphene oxide. Adapted from [22]. 

 

Additionally, laser scribed graphene can also be produced by irradiating a Polyimide sheet 

into porous graphene, as described by Lin et al. [23]. Due to simplicity, many devices have 

been developed since using LSG electrodes ( Fig.5). Many parameters in the scribing 

process need to be optimized for optimum graphene quality. These parameters include the 

laser power, vertical laser distance, laser frequency, laser arm speed, and pulse spatial 

frequency (pulses per inch).  

 

Figure 5: Irradiation of Polyimide sheets to produce Laser scribed graphene. Adapted from Beduk et al. [24] 

 

Recently, many advancements have been made to improve the electrocatalytic activity of 

LSG electrodes, with the main goal of improving sensitivity by increasing its active surface 

area and selectivity by special bioreceptor units. One prominent way to enhance the 

performance of LSG is the use of highly conducting metal nanoparticles such as silver 

nanowires [25], palladium [26], gold [27], platinum [1, 28-31], silver [32, 33], and copper 

nanoparticles. [34, 35] metal oxides such as manganese dioxide nanoparticles [36], 

hafnium oxide [33], and copper oxide [37, 38] have also been utilized to improve the 

performance of LSG electrodes. Xuan et al. and then  Hui et al. used a combination of gold 

and platinum nanoparticles and proposed better performance of LSG electrodes as opposed 

to one type of nanoparticles [39, 40]. MXenes have also been used to improve sensitivity 
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for several analytes [41]. Another approach to improving LSG performance is by 

modification with other carbon forms, such as Single-walled carbon nanotubes (SWCNTs) 

[42] and Multi-walled carbon nanotubes (MWCNTs) [27, 43]. Conductive polymers have 

also been used to enhance the performance of LSG electrodes due to LSG’s carbon-rich 

sp2 bonding facilitating π-π interactions between polymeric matrices and LSG surface [44]. 

For example, Poly (3,4-ethylenedioxythiophene) (PEDOT) [16, 45], Polypyrrole [31], and 

PEDOT: PSS [32] were used to modify LSG electrodes. Most LSG modifications are 

realized via electrodeposition or drop-casting as these two methods are simple, low-cost 

fast, and effective [46]. Other methods of modification include spin coating [47], thermal 

evaporation [33], and atomic layer deposition [30], and magnetron sputtering [29]. 

 

Fenzl et al. successfully incorporated Aptamer on LSG, which enabled them to obtain 

extremely lower detection limits of 1 pM and 5 pM for thrombin in buffer and serum, 

respectively [8]. This low detection level is highly desired when testing for Cardiovascular 

biomarkers such as Thrombin, which indicates the presence of blood clots. Thus, early and 

accurate detection of thrombin could lead to much better outcomes following a 

cardiovascular event. Other LSG biosensors have been developed to test for 

chloramphenicol [21], glucose [11][18][29][30][32], hydrogen peroxide [24], dopamine 

[6][12][16], ascorbic acid [6][16], and uric acid [6][16]. Nayak et al. proposed a solution, 

seen in Fig.6, by decorating LSG with platinum and Hong et al. developed another solution 

by laser scribing graphene over ITO; both are capable of selectively detect all three 

biomarkers [6][16].  
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As such, LSG electrodes have proved to exhibit synergistic effects with several 

functionalization and modification processes. Though, there is yet no nanostructured metal 

functionalization of LSG, which can open the door to several applications that benefit 

synergistically from combining both approaches, as will be discussed subsequently.  

1.5. 3D nanostructured electrodes 

This method of manipulating the surface morphology via electrodeposition was first 

reported by Soleymani et al. [48] and Yang et al. [49]. Their initial process was established 

via electrodepositing palladium. Subsequent research has been conducted on palladium 

[48-51], or gold [52-54] or both [55]. This approach of creating 3D nanostructures has 

many advantages that favored its use in this project compared to other alternatives such as 

its simplicity, rapid structuring, precise morphology control, and high performance [50]. 

The latter is proposed to be due to the increase in electrode surface area, thereby increasing 

its conductance. Another possible cause of the increase in performance achieved enhanced 

accessibility to binding sites and active sites as well as the multi-angled interaction 

achieved by 3D structures, as can be seen in Fig.7 [55].  

 

Figure 7: The difference between planar and 3D nanostructured electrodes in capturing DNA. Adapted with 

permission from [53]. Copyright 2014 American Chemical Society. 

Figure 6: a) LSG fabrication. b) SEM. c) Passivation of active area. d) functionalization with 

platinum[1] 
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This approach has been explored primarily in Nucleic acid detection, as it has been found 

to significantly improve DNA hybridization efficiency [50]. However, it can be used for 

plenty of other electrochemical sensing applications. Initially, Yang et al. created 500 nm 

apertures generated by photolithography. The bottom layer is made from the blanket 

deposition of gold. Then, An SiO2 layer is deposited followed by etching of a 500nm 

aperture [49]. Then, palladium was electrodeposited to produce flower-like shapes 

protruding from the aperture, as seen in Fig.8.  

 

 

Figure 8: Palladium nanoflower deposited electrochemically in a 500nm aperture for hybridization of micro RNA [49].  

 

Further studies have explored and characterized the phenomenon further to obtain more 

precise manipulation of the nanostructure morphology and surface roughness [50, 51]. 

Then, 3D nanostructured gold was developed following the same procedure as with 

palladium, especially since both are electrodeposited using chloride salts in a diluted 

solution of hydrochloric acid [52]. Seen in Fig.9. is a flower-shaped gold nanostructure. 

For the production of these flower shapes, an aperture is needed where a conductive area 

is exposed through an isolation layer.  
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Figure 9: A) Nanostructured gold flower produced within an aperture. B) SEM image before deposition. C) SEM 

image after deposition. D) CV curve in 0.1M H2SO4 E) Advantage of 3D nanostructured gold in capturing DNA [52]. 

 

Gold nanostructures differ from palladium nanostructures in several ways. Gold 

nanostructures are significantly larger than palladium nanostructures, where the former can 

span 100 µm while the latter is only several nanometers across [55]. As such, gold 

nanostructures are better when the aim is to have extensive, efficient coverage of the 

electrode surface. Both metals feature size can be as small as several nanometers and can 

be increased by changing the concentration of the metal salt, the deposition voltage, or the 

viscosity of the fluid, which changes the degree of nanostructuring [54]. Thus, these 

structures can be ‘programmed’ to fit the desired application. For palladium, Sage et al. 

reported three different levels of nanostructuring, as seen in Fig.10, where smoothness is 

changed via manipulation of the deposition voltage [53]. 

 

Figure 10: The degree of nanostructuring of palladium. Adapted with permission from [53]. Copyright 2014 American 

Chemical Society. 
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On the other hand, gold exhibits two nanostructures that can be formed in two distinct 

ways, flaky and spikey, as seen in Fig.11, depending on the electrodeposition voltage. In a 

system with an Ag/AgCl reference electrode, deposition voltage of -0.5 V was shown to 

produce spikey nanostructuring of gold, while flower or tree-like nanostructuring is 

achieved by electrodeposition at 0.5 V [21].  

 

 

Figure 11: The deposition of spikey (right) and flaky (left) gold nanostructures Adapted with permission from [55]. 

Copyright 2017 American Chemical Society.  

Mahshid et al. provided a more in-depth study of the characteristic and morphology control 

or ‘programming’ that is done via nanostructuring gold by electrodeposition [54]. In their 

study, the effect of HAuCl4 concentration is studied alongside the effect of fluid viscosity 

by the addition of glycerol in the deposition solution. They have also studied the deposition 

voltage effect. All these experiments were performed for an aperture system where a small 

area of a conductor is exposed and surrounded by an insulating layer [50]. Fig.12 shows 

the effect of concentration and viscosity on the surface morphology of the nanostructured 

gold electrodes.  

 

Figure 12: Effect of gold chloride concentration and solution viscosity on the nanostructure’s morphology. Adapted 

with permission from [54]. Copyright 2016 American Chemical Society.  
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By altering the concentration of gold chloride in solution, the researchers observed three 

distinct structural categories [54]. Increasing viscosity has been observed to yield more 

leaflike or flaky structures due to the slowing down of ion diffusion. The effect of 

electrodeposition voltage has been studied extensively in this paper, as seen in Fig.13 

below. High positive voltages yield more isometric nanostructures, which becomes spikier 

and as the voltage decreases until -0.45 V where it then combines spiky like structuring 

and isometry to form flakey structures. 

 

Figure 13: The effect of deposition voltage on nanostructure morphology Adapted with permission from [54]. 

Copyright 2016 American Chemical Society. 

 

 

 

 

1.6. Electrochemical detection techniques 

To make full use of electrochemical sensors, it is essential to be familiar with electrochemical 

detection techniques. The techniques which are essential to the development of the work within 

this thesis are Cyclic Voltammetry (CV), Differential Pulse Voltammetry (DPV), Square Wave 

Voltammetry (SWV), Electrochemical Impedance Spectroscopy (EIS) and Chronoamperometry 

(CA) [2].  
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1.6.1. Cyclic voltammetry  

 

Cyclic Voltammetry (CV) is one of the most important electrochemical detection methods. 

It is mainly used to find oxidation and reduction peaks and the overall electron transfer 

within the conducting solution. It is performed by cycling the voltage of the working 

electrode and then measuring the resulting current. As such, the input signal to drive the 

CV measurement is a triangular wave, as seen in Fig.14.  

 

 

Figure 14: Driving triangular signal, where a to d is the forward scan and d to g is the reverse scan[2] 

 

The resultant graph, the cyclic voltammogram, is obtained from measuring the resulting 

current flowing through the working electrode during the voltage scan.  

 

Figure 15: An explanation of cyclic voltammogram that shows the oxidation and reduction peaks [2] 
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Epc is the peak cathodic voltage, and ipc is the peak cathodic current, which occurs during 

the reduction phase of the CV. Epa is the peak anodic voltage, and ipa is the peak anodic 

current. The CV technique is useful in studying various redox reactions and identifying the 

redox peaks, the presence of specific elements of known redox peaks, or the reversibility 

of a reaction [2].  

 

1.6.2. Differential pulse voltammetry 

 

Differential Pulse Voltammetry (DPV) is an excellent technique for measuring small 

quantities of an analyte in a solution since this technique is highly sensitive compared to 

CV. This is due to the reduction in capacitive current compared to the faradaic current that 

is why this technique is superior in sensitivity compared to CV. The current in this 

technique is measured twice during each pulse, first at the beginning of the applied pulse, 

and second at the ending of that same pulse [2].   

 

1.6.3. Square wave voltammetry  

 

Square Wave Voltammetry (SWV) is one of the most sensitive electrochemical analytical 

techniques. It is used for analyte detection as the peak net current is proportional to the 

analyte concentration. This technique is quite useful when studying reactions with fast 

electron transfer. Fig.16 shows the driving signal for square wave voltammetry 

detection[56].  

 

Figure 16: The driving signal for square wave voltammogram[56] 



31 

 

 

The resultant wave is the difference between the oxidation and reduction signals, as 

shown in Fig.17. 

 

Figure 17: A diagram showing the measured current during the application of square wave voltammetry[56] 

 

 

1.6.4. Electrochemical impedance spectroscopy (EIS) 

 

Electrochemical impedance spectroscopy is a reliable method to study the surface of the 

modified electrode. It is carried out by measuring the working electrode impedance at low 

frequency and observing the resultant phase shift. This phase shift carries essential 

information on many aspects of the electrochemical system. Fig.18 shows an 

Electrochemical impedance spectroscopy curve where a circuit is modeled and 

characterized via information from the curve, such as the dependence of impedance on the 

system frequency response. 
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Figure 18: Electrochemical impedance spectroscopy [2] 

 

1.6.5. Chronoamperometry (CA) 

Chronoamperometry is an important electrochemical analysis method where the potential 

between the working electrode and the reference/counter electrodes is kept constant. The 

constant potential is chosen such that the surface of the electrode is depleted of 

electroactive species at that potential due to faradaic reactions. This technique is often used 

with stationary working electrodes and no stirring [2]. Thus, the diffusion of the 

electroactive species plays an important role in the resultant current from this method. 

Fig.19 shows the driving pulse and the resulting current relationship. 

 

Figure 19: Driving signal for chronoamperometry detection and resultant current relationship [2]  

 

 

 

 

 

 



33 

 

 

1.7. Cancer biomarkers 
 

Cancer is one of the world's leading dangerous diseases, with more than 200 types 

identified and more than 1500 deaths per day [57]. Moreover, the number of new cases of 

cancer per year is estimated to rise to 23.6 million by 2030, according to the National 

Cancer Institute. 

 

Despite recent technological advances, the survival rate of cancer patients remains low due 

to late diagnosis and poor prognosis of cancer. The development and progression of cancer 

is a multi-stage disease and is associated with a complex set of genetic or epigenetic 

alterations disrupting cell signaling and, leading to tumor transformation and malignancy 

[58]. The molecules, which are significantly altered during the cancer process, are known 

as biomarkers. In oncology, biomarkers have substantial scientific and clinical value. A 

cancer biomarker is a substance that indicates the presence of cancer. It could be secreted 

by a tumor or result from a specific response to cancer.   Biomarkers can be used to 

diagnose cancers at an early stage, suggest the likely outcome (prognosis) in the absence 

of treatment, and predict the likely response to treatment [59, 60]. 

 

The goal of clinical cancer diagnosis involves the development of analytical techniques 

that are explicitly capable of sensitive biomarkers detection, offering a practical point-of-

care test.  The classical methods for diagnosis of cancer may take several hours or even 

days from when tests are ordered to when results are received. These methods can be 

tedious, time-consuming, and often require extra care and expensive instruments. This 

especially makes early diagnosis of cancer more difficult for cancer patients who are 

admitted to an emergency department. Consequently, the monitoring of carcinomatous 

markers is essential for the diagnosis of cancer. A more sensitive and faster technology 

platform is urgently needed to meet the requirements for the rapid diagnosis of cancer 

markers in the early stages of the disease [61].  

Recently, there has been a growing interest in the development of electrochemical 

biosensors for the detection of biomarkers as they offer superior analytical performance 

and analysis over time. Their lower detection limits mean that they can measure very low 

levels of biomarkers in physiological samples, which may assist in the early diagnosis of 
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cancer. Also, electrochemical biosensors are portable and inexpensive. They are considered 

an interesting alternative to facilitate the rapid diagnosis of biomolecules, reducing the time 

of the test, which is very beneficial for patients [62]. 

 

Recently, electrochemical biosensors have gained more attraction for the early detection of 

cancer biomarkers [63, 64]. Indeed, different strategies have been developed for the 

detection of different kinds of cancer biomarkers. One of the most important breast cancer 

biomarkers is the human epidermis receptor type 2 protein, HER-2. This protein is used for 

the detection of several types of cancer, one of each is HER-2 positive breast cancer. It can 

be identified by the higher than usual presence of the HER-2 protein in the blood. The 

problem with HER-2 positive breast cancer is that it is both more aggressive than HER-2 

negative breast cancer and also does not respond to the treatment that works for HER-2 

negative breast cancer. Fortunately, early detection of this type of cancer is possible by 

testing for the presence of HER-2 in the patient’s serum sample [65]. As such, HER-2 is 

an attractive biomarker that helps detect and also provide specific treatment to this type of 

cancer [66]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 20: Different cancer biomarkers used for the early diagnosis of cancer [61] 
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1.8. Thesis positioning 

In this chapter, an overview of electrochemical sensing and biosensing, laser scribed 

graphene electrodes, nanostructuring, and nanomaterial modification, and finally, 

molecularly imprinted polymers have been provided. This lays the ground for the work 

presented within this thesis, which aims to develop a sensing strategy that can be utilized 

for sensing many biological analytes. For the scope of this thesis, human epidermal growth 

factor receptor 2 (HER-2), which is a breast cancer biomarker, is chosen as the desired 

sensing analyte due to its prevalence and importance. Precise detection of the biomarker is 

essential to determine the type, and subsequently, the treatment for the breast cancer case 

at hand. In this thesis, the fabrication and characterization of 3D nanostructured gold 

modified LSG electrodes is achieved. Then, molecular imprinting is used to augment the 

aforementioned sensing platform for sensitive, selective detection of biomarkers such as 

HER-2. 
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2. Chapter 2: Methodology 

 

In this section, an overview of the methodology is presented. In this chapter, the detailed 

procedure to build the proposed biomimetic sensor is given, along with the materials used, 

the equipment utilized, and any important remarks that are needed to develop this sensing 

strategy. 

 

2.1. Chemicals and reagents  

Gold (III) chloride hydrate (HAuCl4), Acetic Acid (CH₃COOH; ≥99 %), 3,4-

ethylenedioxythiophene (EDOT), 97%, Sodium dodecyl sulfate, Hydrochloric acid and 

pyrrole (C4H4NH; ≥98 %), were purchased from Sigma-Aldrich. Potassium ferrocyanide 

and Potassium ferricyanide were purchased from MP Biomedicals. Palladium (II) chloride 

99% (PdCl2), were purchased from Alfa Aesar. Phosphate buffered saline tablets 

containing 0.0027 M potassium chloride (KCl) and 0.137 M sodium chloride (NaCl) with 

pH 7.4 ((certified ACS; 99.0–100.5 %) were purchased from Fisher Bioreagents. HER-2 

antigen was purchased from Novusbiologicals. The ultrapure water (resistivity, 

18.2 MΩ cm) from a Milli-Q® integral water purification system (Merck KGaA, 

Darmstadt, Germany) was used in all aqueous solution experiments. All chemicals were 

used as received without any further treatment. 

 

2.2. Solution preparation 
 

To prepare the stock solution of HAuCl4, gold chloride salts are dissolved in 0.1M HCl to 

yield a final concentration of 0.1M for HAuCl4, which is then diluted as needed. 4mg/mL 

HER-2 Antigen is diluted in 0.01 mM PBS to reach desired concentrations. For 

electrochemical detection, a solution of 2.5 mM potassium ferrocyanide and 2.5 mM 

potassium ferricyanide in 0.1M KCl and 0.1M PBS. EDOT solution is periodically 

prepared in glass containers in a concentration of 20 mM and must be stored away from 

light and in a cool place (+4 C) as it degrades quickly. A solution of PdCl2 was prepared 

in 0.1 M HCl. All solutions are prepared in Milli Q water. All measurements were 

performed at laboratory temperature.  
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2.3. Electrochemical measurements 
 

CV graphs were conducted by ranging the potential from -0.6 V to 0.4 V in 2.5 mM 

Ferricyanide, 2.5mM Ferrocyanide, 0.1M KCL, and 0.1M PBS with a scan rate of 

100mV/s. DPV graphs were conducted by ranging the potential from -0.3 V to 0.3V. at a 

pulse amplitude of 50mV, the scan rate of 100 mV/s, and pulse width 0.1s.  

 

2.4. Apparatus 

All electrochemical processes and characterization are carried out using MultiEmStat 3 

with the accompanying Multi-trace 4 software from Palmsens company BV Houten 

(Netherland). The setup can accommodate up to four sensors at the same time enabling 

higher throughput in the fabrication process of the sensors. To ensure reproducibility, the 

same amount of solution, 70 µL, is placed on top of the electrode for electrochemical 

characterization and deposition. For laser scribing, A CO2 laser (Universal Laser Systems® 

PLS6.75) with a wavelength of 10.6µm and spot size of ~150 µm is used to form graphene 

on a commercial PI sheet (Kapton Width:12”, Utech Products, USA). Electrode surface 

morphology was investigated by scanning electron microscopy (FEI Teneo VS, Quanta 3D 

FEG SEM/FIB). All the measurements were performed) with LSG reference and counter 

electrodes. 

 

2.5. Preparation of LSG electrodes  
 

LSG electrodes are fabricated by irradiating a pre-cleaned sheet of polyimide with a CO2 

laser at an optimized laser power, vertical distance, and duration of exposure. The 

commercially available polyimide sheet purchased from Utech Products with Width of 12 

inches was used in the experiments. The optimal laser parameters are 3.2 W power, 1000 

pulses per inch, 2.8 cm/s speed, and 2.5 mm z distance which multilayer graphene with the 

high surface area. The electrodes are then modified by passivating the working, reference, 

and counter electrodes by several methods. One way is to apply nail polish in a precise 

manner to isolate the electrode areas so that the results are more consistent. Another way 
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is to create a Polydimethylsiloxane (PDMS) well mold that is placed on top of the electrode 

to isolate the active sensing area.  

 

2.6. Preparation of LSG-Au electrodes 
 

The electrodeposition of gold is achieved by immersing the  LSG working electrode in a 

solution containing 50 mM HAuCl4 dissolved in 0.1M HCl. Different concentrations of 

HAuCl4  and deposition voltage yield different morphology of the deposited gold, thereby 

enabling the creation of nanostructures by tuning both parameters. The deposition time 

affects the amount of gold deposited onto the working electrode surface, but not so much 

the morphology and structure of the deposited gold.  

 

2.7. Preparation of LSG-AuMIP electrodes 
 

MIP creation is achieved in several steps. First, the desired analyte is incubated for 15 

minutes on the surface of the working electrode only. A 5 µL solution of concentration 50 

µg or more has been observed to be sufficient to create enough protein cavities within the 

polymer. After incubating the protein, a 70 µL solution of 20 mM EDOT is gently placed 

around and atop the working electrode area. Then, electropolymerization via 

chronoamperometry is carried out at 0.85 V for 120 seconds. After that, the working 

electrode is then washed gently with DI water and air-dried. Upon complete dryness, the 

template molecule is extracted using ethanol for 15 min. The sensor is then stored in a cool 

dark place until the desired sensing time.  
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3. Chapter 3: Nanostructured gold LSG biosensor based on 

molecularly imprinted polymer 

 

 

3.1. Introduction 
 

In this section, the main sensing platform is presented. This novel approach is created by 

electrodepositing gold on LSG electrodes. After that, the Molecularly imprinted polymer 

is created to sense the target analyte. The chosen polymer is PEDOT due to its high 

conductivity, excellent stability, and presence of a thiol group that should interact favorably 

with the nanostructured gold film beneath it.  

 

The electrodeposited gold increases the electrocatalytic effect of the graphene electrodes 

by increasing the surface area due to its nanostructured nature. As such, by increasing the 

surface area, the sensor sensitivity is improved. Also, depositing nanostructured gold on 

graphene has the additional benefit of introducing new interactions such as thiol-gold 

bonds that attract organosulfur compounds such as some proteins and biomarkers. The 

nanostructured gold also adds an element of stochasticity to the surface morphology, which 

may increase bioreceptor performance by enabling varying angles of binding.  

 

When comparing gold to other deposited metals such as platinum, palladium, and silver on 

the LSG electrode, it is found that gold deposition has two distinct advantages over these 

other electrodeposited metals. First, the deposited gold can cover the surface much more 

than the other metals, which only fills it sparsely. Second, the deposited gold is 

nanostructured, which increases the surface area much more compared to other metals [1, 

32, 53]. After optimizing the gold deposition parameters, the next step is to create the 

imprinted film with the template molecule entrapped within. The chosen method is to 

adsorb HER-2 on the nanostructured gold film for some time before imprinting to enhance 

the chances of creating cavities. This step is done to adsorb the HER-2 protein molecule 

on the gold enhanced surface, as seen in Fig.21. The functional monomer EDOT is 

electropolymerized to form a layer of HER-2 protein encapsulated by PEDOT. Then an 

extraction procedure is done to remove the HER-2 protein from PEDOT, leaving HER-2 
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shaped cavities in the polymer. Now, the biosensor is ready to detect HER-2, which is 

achieved in the rebinding step of this sensor, as illustrated in Fig.21. 

 

 
  

Figure 21: Overview of the sensor functionalization process showing the first step which is 3D nanostructured gold 

deposition followed by the adsorption of HER-2 on the working electrode. Then, PEDOT is electropolymerized on the 

working electrode. After that, HER-2 is extracted from the MIP cavity. Then, a sample containing HER-2 is 

reintroduced for measurement and detection.  

3.2. Nanostructured gold deposition and characterization 
 

Several deposition parameters control the gold deposition on the LSG electrode. First, the 

longer the deposition time, the more gold is deposited on the electrode. Up to a certain 

limit, this increases the performance of the sensor considerably. However, if too much gold 

is deposited, sensor performance decreases as gold is forming a uniform layer rather than 

a nanostructured one, which causes a reduction in the surface area of the electrode. As 

such, it is important to optimize the deposition of gold to maximize the usable surface area 

on the sensor’s working electrode. Several parameters need to be considered for 

electrodeposition of gold which are: 

• Deposition time 

• Electrodeposition voltage 

• Concentration of HAuCl4 
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3.2.1. Deposition time 

 

While the deposition time affects primarily the amount of gold deposited straightforwardly, 

deposition voltage and HAuCl4 concentration also affect the gold structure's morphology 

significantly. To optimize the deposition time, the other parameters are kept fixed, and 

deposition time has been altered. The electrodeposition process is relatively fast since gold 

can be visibly seen on the working electrode after only half a minute. The optimization 

process included deposited gold for 1, 2, 3, 4, 5, and 10 minutes to characterize the effect 

of deposition time on the performance of the sensor. Fig.22 shows the CV results following 

the investigation of the effect of deposition time.  

 

 

 

 

 

 

 

 

 

 

Figure 22: CV plot showing the response for different deposition durations ranging from bare to 5 minutes, deposited 

at -0.9V in 50mM gold chloride. Measurement is done in a solution of 2.5 mM Ferri/Ferrocyanide, scan rate 100 mV/s. 

The bar curve shows a summary of peak current responses. 

It is observed that 4-minute deposition yields the highest peak current intensity, and then 

the current response is hindered with longer deposition duration. Also, when observing 

the chronoamperometry curve, seen in Fig.23, of 10 minutes deposition, it is observed 

that the highest current magnitude occurs at the 4 min mark, thereby confirming the 

aforementioned results. Current is lowest, and then the current starts to increase, thereby 

signaling a decrease in conductivity. Therefore, it is proposed that the deposition time 

that produces the lowest current corresponds to the most optimal time for the highest 

sensitivity, which usually occurs between 220 s and 240 s. 
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Figure 23: The chronoamperometry study of nanostructured gold electrodeposition for 10-minute deposition at -0.9V 

in 50mM gold chloride.  

It is proposed that the decrease in current seen in the chronoamperometry plot, in Fig.23, 

is caused by the over deposition of gold to the point that gold film is becoming less 

nanostructured and more uniform. This noticeably occurs after the 4-min mark, thereby 

making 4 minutes the most optimal deposition time. Since 3 and 4 minutes have almost the 

same current value, further examination of the surface morphology was necessary. Fig.24 

shows the difference in surface morphology of the nanostructured gold between 3 and 4 

minutes of deposition. 

 

A       B 

     

 

 

 

Figure 24: Surface morphology comparison between A)  4-minute, scale bar is 50µm and B) 3-minute, scale 

bar is 20µm. The nanostructured gold deposition is at -0.9V in 50mM gold chloride. Although both have 

almost complete gold surface coverage, 4-minute gold deposition has the advantage of greater surface 

roughness and thus greater active surface area. Scale bar 
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Since each of the three parameters alter each other considerably, it was paramount to study 

only one parameter at a time and fix the other two. To study the deposition time, the 

concentration was fixed to 50 mM, which is reported by [33] as the most optimal. Also, 

the deposition voltage was chosen as -0.9 V in our 3-electrodes system, which corresponds 

to about -0.5 V when using an external Ag/AgCl reference electrode. This voltage of -0.5 

V was also found to yield optimal results for spikey structures in previous studies [34].   

 

 

3.2.2. Effect of deposition potential 

 

 

In this study, we also optimized the effect of the deposition potential on the conductivity 

of the LSG-Au as well as the coverage of the working electrode surface. Indeed, we have 

tested several values of potential ranging from -0.3V to -0.9V by fixing the concentration 

of gold chloride at 50 mM and by choosing 180 s  as the deposition time. Fig. 25 shows 

several deposition voltages where -0.9 V yielded the highest peak current intensity. 
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Figure 25: CV plot showing the response for different deposition potential ranging from bare to -0.9V, deposited for 

three minutes in 50mM gold chloride. Measurement is done in a solution of 2.5 mM Ferri/Ferrocyanide, scan rate 100 

mV/s. The bar curve shows a summary of peak current responses. 
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3.2.3. Effect of scan rate 

 

The effect of the scan rate on LSG and LSG-Au electrodes was studied, and the 

voltammograms obtained are presented in Fig.26. The active surface area of the LSG and 

LSG-Au electrodes was calculated based on Randles-Sevick equation as presented below: 

Ipa =       268600 n3/2 A D1/2 C v1/2      Eq (1) 

Where D is diffusion coefficient (D = 6.70 × 10-6 cm2 s-1), A is the active surface area of 

the electrode, C is the concentration of [Fe(CN)6]3- (mol·cm-3), and v is scan rate (mV s-1) 

and Ip is the anodic peak current (A). From the slope of the above equation, the active 

surface area of the LSG-Au electrode was determined as 0.250 cm2, which is higher than 

the active surface area of LSG (0.110 cm2). This significant increase in the active surface 

area is attributed to the highly active surface area provided by the nanostructures of gold 

as well as their electrocatalytic effect leading to an increase in terms of sensitivity of the 

sensor.  

 

            A         B 

 

  

 

 

 

 

 

 

 

Figure 26: CV plot showing the effect of scan rate for  A) Bare LSG and B) LSG-Au deposited at -0.9V for 3 minutes in 

50mM gold chloride. Measurement is done in a solution of 2.5 mM Ferri/Ferrocyanide 

 

 

To observe the increase in active surface area, it is necessary to view both the gold modified 

and bare LSG electrodes under the SEM, as seen in Fig.27.  

https://www.sciencedirect.com/topics/chemistry/diffusion-coefficient
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Figure 27: Comparison of bare LSG (top) and gold modified LSG (bottom) electrodes where the bottom image shows 

full 3D nanostructured gold coverage of LSG electrode at -0.9V for 3 min with 50mM Gold chloride. Scale bar for 

images from left to right: 1mm, 20µm, and 5µm for both top and bottom figures. 

 

Carrying on with the deposition voltage characterization, we observe the highest coverage 

of the entire LSG electrodes occurs at -0.9 V, and electrode coverage decreases as voltage 

decreases when other parameters are fixed. Since coverage is also a function of deposition 

time, this comparison holds only when fixing the time parameter. Additionally, we also 

note a higher degree of nanostructuring and smaller feature size as the voltage decreases 

until -0.3 V, which matches the value in [50], when we correct for the reference electrode 

shift. By fixing the deposition time and gold chloride concentration and only changing the 

deposition voltage, we can observe the difference in both surface coverage and degree of 

nanostructuring and the possible link between the two. Fig.28 shows the deposition of 

nanostructured gold on LSG at the following voltages: for -0.9 V, -0.7 V, -0.5 V, and -0.3V 

under SEM. 
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Figure 28: SEM images showing different deposition voltages where A) corresponds to -0.9 V, B) corresponds to -0.7 

V, C) corresponds to -0.5 V, and D) corresponds to -0.3V. 

 

A closer look at the nanostructuring that occurs at deposition voltage of -0.3 V, it is 

observed that the nanostructuring is in the order of tens to hundreds on nanometers, which 

is much higher than the structures produced at -0.9 V. However, gold is barely deposited 

on the electrode at -0.3 V with very minimum coverage. As such, there is a trade-off 

between electrode coverage and nanostructuring level that can be controlled by the 

deposition voltage. Seen in the Fig.29 is the nanostructuring that occurs at deposition 

voltage of -0.3V 
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Figure 29:Fine nanostructuring of gold at deposition voltage of -0.3 V for 3 minutes in 50mM gold chloride. Scale bar 

is 4µm.  

 

The difference in the performance was investigated between an embedded three-electrode 

system where the counter and reference electrodes are within the sensor (i.e. made from 

LSG) and an external three-electrode system where the counter and reference are made 

from platinum and Ag/AgCl, respectively. Fig.30 shows the difference under the optimal 

deposition conditions. Both CVs are almost identical except for a shift of about 270 mV 

caused by using Ag/AgCl as a reference electrode instead of graphene.  
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Figure 30: Embedded vs external 3 electrode system voltammograms deposited at -0.9V in 50mM gold chloride for 3 

minutes. Measurement is done in a solution of 2.5 mM Ferri/Ferrocyanide, scan rate 100 mV/s. 
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3.2.4. HAuCl4 concentration 

 

The final parameter to be optimized is HAuCl4 concentration. The effect of HAuCl4 

concentration is two folds, where the concentration affects the surface coverage and also 

the morphology of the deposited gold. The concentration of HAuCl4 affects surface 

coverage in that higher concentration results in higher deposition current, which causes the 

agglomeration of nanostructured gold. If the concentration of HAuCl4 is higher than 

optimal, this causes excessive deposition on the electrode surface, which results in a lower 

degree of nanostructuring [55]. Seen in Fig.31 is the CV curve showing four different 

concentrations, 25 mM, 50 mM, 75 mM, and 100 mM. It can be seen from the bar graph 

that 50mM outperforms the other concentrations. 

 

 

 

 

 

 

 

 

 

 
Figure 31: CVs of LSG-Au electrodes prepared using different concentrations of gold chloride at deposition voltage of 

-0.9V for 3 minutes. Measurement is done in a solution of 2.5 mM Ferri/Ferrocyanide, scan rate 100 mV/s. The bar 

curve shows a summary of peak current responses. 

 

Interestingly, the concentration yielding the best and most consistent result is 50 mM. This 

is also the same concentration used by Mahshid et al. [55]. When studying the resultant 

graph from the chronoamperometric gold chloride deposition, we observe that the higher 

the concentration of gold chloride ions in the solution, the higher the resultant current 

during amperometric deposition. A possible explanation of why performance drops after 

50 mM arises from this observation, where higher deposition current causes less 
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nanostructuring due to more gold aggregation that forms a smoother film that has less 

surface area than that at 50 mM.  

0 20 40 60 80 100 120 140 160 180 200 220 240

-1600

-1400

-1200

-1000

-800

-600

-400

-200

0

200

C
u

rr
e

n
t 

(µ
A

)

Time (s)

 25mM

 50mM

 75mM

 100mM

 

Figure 32: Chronoamperograms of deposition of different concentrations of gold chloride deposited at -0.9V for three 

minutes. 

 

Another valuable observation from the chronoamperometry deposition curve is the ripple 

effect in the deposition curve. This ripple is not found when electrodepositing other metals 

such as palladium as seen in Fig.33. A possible explanation is provided by Zhang et al. 

where they observed that higher current causes the structures to be clump together, which 

produces higher density structures but with less surface area [67].  
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Figure 33:Chronoamperogram of the deposition of palladium in LSG at -0.7V in 5mM palladium chloride for 15 

minutes. 
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3.2.5. Optimized nanostructured gold  

The most optimal results demonstrated an increase in the peak current intensity of the LSG-

Au electrode compared to the LSG bare electrode, as seen in Fig.34. This increase is about 

150 % compared to bare LSG, seen by the arrow. This is due to the high active surface area 

of the LSG modified nanostructured gold under optimized parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3. Polymer selection  
 

To optimize the MIP layer, A proper polymer has to be selected. Three polymers have been 

tested with this sensing platform, which are Polypyrrole, Polyaminothiophenol, and 

PEDOT. The first polymer to be tested on top of the nanostructured gold is Polypyrrole. 

Pyrrole as a monomer has attractive properties and has been used previously on LSG 

electrodes with excellent results [24]. On bare LSG, Polypyrrole performs greatly, as 

reported by Beduk, et al. and also as seen in the Fig.35. The deposition approach was 

utilized with cyclic voltammetry and the parameters were 20 deposition cycles and the 

voltage is swept from -0.7 V to 0.5 V in 200mM pyrrole and 50mM PBS. 
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Figure 34: CV figure showing the response of bare LSG compared with optimized LSG-

Au depositied at -0.9V in 50mM gold chloride for four minutes. Measurement is done in 

a solution of 2.5 mM Ferr/Ferrocyanide, scan rate 100 mV/s  
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Figure 35: CVs of LSG and LSG/PPy electrodes deposited using CV from in a solution of 2.5 mM of Ferri/ferrocyanide 

solution. Scan rate: 100 mV/s 

However, when the same deposition parameters are also attempted for Polypyrrole, the 

capacitive current becomes too high, and the electrode performs poorly as seen in Fig.36. 

After deposition of the pyrrole onto the surface of the LSG-Au working electrode, an 

increase of the resistance of charge transfer is due to the excessive layers deposited onto 

the electrode surface. There is no synergistic effect of the Au and PPy nanocomposite. 

Therefore, for MIP preparation, we have tested other conducting polymers onto the LSG-

Au electrode. 
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Fig. 36: CVs of LSG, LSG-Au, and LSG-Au-PPy in a solution of 2.5 mM of Ferri/ferrocyanide solution. Scan rate: 100 

mV/s 
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The second polymer experimented was Aminothiophenol (ATP), which was proposed to 

have a more favorable interaction with the underlying nanostructured gold layer due to the 

presence of thiol groups [68]. Upon the polymerization of ATP on nanostructured gold, the 

peak current response is hindered greatly. The polymerization is done via CV with potential 

from -0.3V to 0.7V for 10 cycles. The monomer concentration is 10mM of ATP in 50mM 

of PBS, and the scan rate is 50mV/s 
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Fig. 37:CVs of LSG-PATP  in a solution of 2.5 mM Ferri/Ferrocyanide, scan rate 100 mV/s 

 

Fig.38 presents the cyclic voltammograms of the LSG-PATP electrode before the 

extraction of the HER-2 protein and after extraction. It can be seen that the MIP with 

Aminothiophenol performed better than NIP since there is about 8 µA increase in the 

current before and after extraction of HER-2. However, due to its poor NIP performance, 

other options are considered, and Aminothiophenol is disregarded.  
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Figure 38: MIP using aminothiophenol as the polymer in a solution of 2.5 mM of Ferri/ferrocyanide solution. Scan 

rate: 100 mV/s 

 

The last polymer that was tested is poly 3,4-ethylenedioxythiophene or PEDOT. It also 

contains a thiol group that is expected to produce a favorable interaction with the 

underlying nanostructured gold layer. PEDOT is also an attractive option due to its high 

conductivity, excellent biocompatibility, and favorable gold-PEDOT interaction [69]. 

However, there are several challenges with imprinting PEDOT due to smoothness in the 

morphology of the PEDOT film, which becomes very undesirable during the template 

extraction phase [69]. Fig.39 shows a comparison between the bare LSG, LSG/Au, and 

PEDOT/Au/ LSG electrodes. It is observed that PEDOT not only maintains the high 

current produced but also improves the performance of the electrode. 
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Figure 39: CV curve comparing Au/LSG with PEDOT/Au/LSG in a solution of 2.5 mM of Ferri/ferrocyanide solution. 

Scan rate: 100 mV/s 

 

To justify the selection of PEDOT on gold, an experiment is carried out to compare PEDOT 

on nanostructured gold and PEDOT on bare LSG as seen in Fig.40. The gold and PEDOT 

combination is indeed a synergistic combination.  
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Figure 40: CVs of LSG/NIP and LSG/AuNIP in a solution of 2.5 mM of Ferri/ferrocyanide solution. Scan rate: 100 

mV/s 
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After choosing PEDOT as a suitable polymer to be imprinted, it is paramount to find the 

most optimal imprinting parameters that yield the highest sensitivity. Several parameters 

are needed to optimize the PEDOT for MIP sensing. These parameters are the 

concentration of EDOT, the electropolymerization time, and voltage. In this section, the 

parameters that yield the highest current response is chosen. The polymerization voltage 

has been explored from 0.7 V to 0.9 V where 0.85 V yielded the highest current intensity. 

The monomer concentration, EDOT, has been explored from 10 mM to 40 mM, where 

10mM is found to have the least capacitance current, and thus it was chosen. Finally, the 

polymerization time was explored between 70 s, 120 s, and 180 s where the former yielded 

the highest current intensity. As such, the most optimal parameters for PEDOT 

electropolymerization on LSG-Au are 0.85  V in 10 mM EDOT for 70 s as seen in Fig.41. 
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Figure 41: Optimization of PEDOT polymerization parameters where A) shows different 

polymerization voltages for 70s at 10mM EDOT. B) shows the response of different 

EDOT concentration under 0.85V for 70s. C) shows the response of different 

polymerization durations at 0.85V and 10mM EDOT. Measurement is in a solution of 2.5 

mM of Ferri/ferrocyanide solution. Scan rate: 100 mV/s 
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However, in hindsight, this has not been the best course of action to take since other criteria 

also affect the quality of the MIP film, such as smoothness and swelling or enlargement of 

the MIP film. These affect the MIP film somewhat significantly and cause the extraction 

process to become quite inefficient [69]. Fig.42 shows SEM micrographs of PEDOT NIP 

under the optimal conditions of 0.9 V electropolymerization of 10mM EDOT for 70 s. 

 

 

Figure 42: SEM image of LSG modified with PEDOT NIP at optimal parameters of 0.85V for 70 seconds in 10  

mM EDOT on LSG-Au. Scale bar 50µm. 

 

First, to compare the efficiency of electropolymerization using chronoamperometry against 

cyclic voltammetry, the most optimal approach is to examine both the current response and 

the quality of the formed cavities in the MIP stage. Since we are still in the NIP stage, only 

the current response is accounted for in the decision to choose which is better. This will be 

revisited once MIP Production is concerned. 

 

3.4. Optimization of Molecularly Imprinted Polymers Parameters  
 

Upon selection of the desired monomer and optimization of the polymerization process, 

the next step is to optimize the imprinting process. Here, the difference is that before the 

electropolymerization process, the template molecule is either added in situ to the monomer 

solution or adsorbed to the electrode surface before electropolymerization. For our case, 
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we adsorb the desired template molecule, the HER-2 protein, onto the working electrode. 

To prepare the MIPs film, three main steps must be optimized. The first step is the 

incubation step, where HER-2 is incorporated into the polymer matrix. Then, the second 

step is the template extraction, where HER-2 is extracted from within the polymer. Now, 

the sensor is ready to be used to sense for HER-2. The third step is rebinding, where HER-

2 is reintroduced again to the sensor for detection. Many difficulties were faced in this area 

since HER-2 is a protein that is harder to imprint than other organic and inorganic 

molecules. Additionally, PEDOT turned to be a very good conducting polymer, but due to 

its smooth morphology and likelihood of cavities to deform, the incubation and extraction 

procedures were challenging to optimize as will be discussed subsequently [69]. 

 

3.4.1. Template incubation  

 

Several parameters are to be optimized for template fabrication. First, an important 

parameter to be optimized is the concentration of HER-2, the template molecule. Too much 

or too little is often not desired where the former can cause aggregation of the template 

molecule, which deforms the cavities while the later decreases efficiency and sensitivity of 

the system. Several concentrations have been tested from the full concentration of 4 mg/mL 

of the stock solution, down to 400 µg/mL. The incubation duration was explored between 

20 minutes, 30 minutes, and 1 hour with no observed differences. As such, the chosen time 

of incubation is 20 minutes for all subsequent data. Fig.42 shows the CV plots of the sensor 

before and after extracting HER-2, depending on the initial template concentration where 

A is using 0.4 mg/mL, B is using 1 mg/mL, C is using 2 mg/mL and D is using 4 mg/mL. 
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Figure 43: CV curves showing the effect of HER-2 adduct concentration on peak current difference between 

post and pre extraction stages. A) Shows the curve for adduct concentration 0.4mg/mL. B) Shows the curve for 

adduct concentration 1mg/mL . C) Shows the curve for adduct concentration 2mg/mL . D) Shows the curve for 

adduct concentration 4mg/mL . E) Shows Bar graph summary of the CV curves. Measurement is in a solution 

of 2.5 mM of Ferri/ferrocyanide solution. Scan rate: 100 mV/s 
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Upon finishing the incubation phase, EDOT is then added on top of the working electrode 

to be electropolymerized into PEDOT. Careful placing of EDOT is essential since forceful 

ejection of the fluid might displace many of the adsorbed molecules thereby decreasing the 

efficiency of the sensor. 

 

3.4.2. Template extraction 

 

Several ways can be used to extract HER-2 from PEDOT. One approach is through the use 

of a mixture of acetic acid and SDS at a concentration such as 0.5 % each for 30 min [70]. 

Another approach is the use of 0.5 M oxalic acid overnight [71]. It is important to choose 

an extraction solution that does not damage the polymer layer or does minimal damage to 

the polymer that the cavities remain damage-free. In this section, both extraction methods 

using the mixture of acetic acid and SDS, as well as oxalic acid, are used. Then, HER-2 at 

a lower concentration is then reintroduced to the sensor to observe its performance which 

is called the rebinding step. Fig.44 below shows the difference in extraction using Acetic 

acid/SDS and oxalic acid which were incubated for twenty minutes. Then oxalic acid is 

kept in a covered container in room temperature overnight. The acetic acid and SDS is 

placed gently on the MIP film for 30 minutes. We observe that rebinding HER-2 at 100 

ng/mL decreases current from extraction step noticeably using acetic acid/SDS solution , 

while in the case of oxalic acid, no measurable difference is observed, indicating that this 

approach does not work with our sensor configuration. The oxalic acid is not an efficient 

removal agent for HER-2 from the MIP polymeric network. 
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Figure 44: CVs of LSG/AuMIP adduct, LSG/AuMIP after extraction, LSG-AuMIP after rebinding 10 ng/mL of HER-2 

A) Oxalic acid (B Acetic acid/SDS. Measurement. in a solution of 2.5 mM of Ferri/ferrocyanide solution. Scan rate: 

100 mV/s 

 

 

 

 

 

3.4.3. Rebinding and HER-2 detection 

 

The rebinding procedure is very straight forward in that the solution containing HER-2 is 

incubated for some time and then the current is measured and correlated with the 
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concentration via one of the several electrochemical detection techniques mentioned 

earlier. The rebinding time is fixed at 1 h to ensure proper rebinding of the template 

molecule. The criteria needed for the detection of HER-2 in human serum samples, where 

the mean level for healthy and HER-2 negative patients is 7.3 ± 3.1 ng/ml and 14.64  ± 

5.28 ng/ml. On the other hand, HER-2 positive patients have serum levels were between 

33.2 -166.6 ng/ml. The cut-off value of 30.5 ng/ml [72]. As such, three concentrations at 

10nM, 100nM, 200nM have been chosen to test the HER-2 detection performance of LSG-

AuMIP. Fig.45 shows three rebinding concentrations 10 ng, 100 ng, and 200 ng, which 

should show the ability of the sensor to differentiate between positive and negative HER-

2 breast cancer patients.  

             A      B 
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Figure 45: Rebinding with A)10ng, B)100ng, C) 200ng, in a solution of 2.5 mM of ferri/ferrocyanide solution. Scan 

rate: 100 mV/s D) Bar graph shows the reduction of current as HER-2 rebinding concentration increases.  
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4. Chapter 4: Summary and future work 
 

4.1. Summary 

This thesis describes  the development and characterization of nanostructured gold 

modified LSG biosensors that utilize molecular imprinting technology to capture the 

desired analyte. This novel sensing platform has been developed for the detection of HER-

2. However, this is also useful for the detection of any other analyte that can be imprinted 

in PEDOT. HER-2 was selected due to its importance in early detecting and treating breast 

cancer, especially the type known as HER-2 positive breast cancer. In healthy and HER-2 

negative breast cancer patients, the presence of the protein in blood is very minimal, less 

than the clinical cut off value of 30.5 ng/ml [72]. For the proposed sensor to successfully 

determine HER-2 status, the sensor limit of quantification should be lower than the cut off 

value, and the sensor linear working range includes the values before and after the cut off 

value. Indeed, as seen in the results section of this thesis, the sensor can detect and quantify 

HER-2 levels below and above the clinical cutoff. Therefore, the sensor can differentiate 

between HER-2 levels found in HER-2 positive and negative cancer patients. The limit of 

detection and the full linear range can be quantified in future studies.  

 

4.2. Prospective, tips and future work  
 

In this thesis, a new electrochemical biosensor is developed by modifying LSG electrodes 

with nanostructured gold and employing MIP as the biorecognition element for HER-2 

detection. However, other biosensing mechanisms can also be explored with the main 

novelty of this work, the combination of LSG and nanostructured gold. For example, a 

standard immunoassay might also be improved by using nanostructured gold-modified 

LSG electrodes. Also, the combination of nanostructured gold and other metals such as 

palladium, platinum, or silver can prove to be synergistic. Since nanostructured gold 

modified LSG is a novel sensing platform, many more techniques can be used to enhance 

the sensing properties of these electrodes further for different applications in environmental 

monitoring, food safety, and clinical diagnosis. 

Additionally, improvements can also be made on the LSG layer even before 

nanostructuring. For example, LSG could be doped with nitrogen, which decreases 
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resistivity almost three folds [41]. Furthermore, the MIP film in this study has not been 

studied to its full potential as there could be more room for improvements such as better 

ways to imprint in PEDOT, or a different polymer altogether.  

 

One crucial parameter which was observed during these studies was the quality of LSG 

electrodes. For example, depending on the status of the CO2 laser, the quality of LSG 

electrodes can differ significantly when the laser has been overworked or not properly 

maintained. As such, it is essential to inspect and characterize the LSG electrode before 

starting the experiment, both visually and via an Ohmmeter, by selecting electrodes with 

low resistivity. This sensing platform suffers from the lack of batch fabrication, making 

bulk manufacturing difficult and variations between individual sensors worsening the 

detection limit. Currently, the graphene scribing method is done serially, which decreases 

fabrication throughput significantly. Similarly, the deposition of nanostructured gold and 

polymer imprinting are both serial processes suffering from decreased manufacturing 

throughput. One possible cause of the variations is the imperfect electrode passivation 

approach, where it is difficult for two sensors to have the same active working area. 

Another possible cause of the variations between electrodes is the stochasticity of the 

fabrication process either in the scribing graphene or nanostructuring gold where both yield 

slightly different performance each time, which increases the standard deviation of the 

system thereby possibly worsening the overall theoretical detection limit of the system. 

Future work should aim to mitigate these problems to create a more robust system as well 

as exploring the different functionalization methods that can be utilized to enhance the 

performance of this system. For instance, future work could aim to enable batch fabrication 

of LSG electrodes or batch deposition on nanostructured gold. Also, a more uniform 

passivation approach is desirable.  

 

Moreover, several important steps need to be taken before this sensing platform is fully 

ready. Although the sensor has shown the capability of detecting HER-2 in a PBS solution 

in relevant concentrations, the full linear range of the sensor and detection limit are yet to 

be determined. Then, the selectivity of the sensor toward other interfering molecules needs 

to be tested. For example, the sensitivity of the sensing platform towards analytes such as 
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myoglobin and troponin compared to HER-2 can be tested to ensure that the performance 

will not be hindered by the presence of these interferons. Additionally, the sensing platform 

can then be tested for the detection of HER-2 in human serum samples as an analytical 

application. Electrochemical characterization and SEM imaging have been utilized to 

verify and justify the design choices of this sensing platform. However, other techniques 

must be utilized to further justify and provide a deeper analysis of the sensor's performance. 

For example, atomic force microscopy (AFM) can be used to study the MIP film quality 

and the morphology of the imprinted polymer cavities. X-ray photoelectron spectroscopy 

(XPS) can be used to study the quality of MIP cavities and the level of analyte extraction 

within the imprinted polymer. Energy dispersive x-ray analysis (EDX) can be used to study 

the quality of the imprinted film and provide a deeper analysis of the interaction between 

the extraction agent and the imprinted polymer. Work function analysis can be used to 

justify the synergy of PEDOT and gold with the underlying graphene and the electrolyte 

solution. 

 

All in all, the developed sensing platform combining nanostructured gold with LSG is 

shown to be quite versatile with great potential. This combination has the advantage that 

both processes are simple, cheap, and fast, thereby making this sensor configuration an 

attractive combination for point-of-care diagnostics. The MIPs films are compatible with 

the configuration of the sensor, as mentioned above, and aid in the detections of many 

imprintable molecules. The novel work presented within this thesis provides a simple label-

free detection approach with good performance and a high potential for improvement in 

the detection of biomarkers. 
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