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AN ABSTRACT OF THE DISSERTATION OF 

Omair Adil, for the Doctor of Philosophy degree in Chemistry, presented on March 28, 2024, at 

Southern Illinois University Carbondale. 

 

TITLE: NEW ELECTROCHEMICAL PLATFORMS FOR THE DETECTION OF 

             NEURODEGENERATIVE DISEASE BIOMARKERS 

 

MAJOR PROFESSOR: Dr. Mohtashim Hassan Shamsi 
 

Neurodegenerative disease (ND) is a collection of progressive disorders which is marked 

by gradual degeneration of the central nervous system (CNS). The damage of brain and nervous 

system causes diminishing of brain and nerve cell which lead to body dysfunction, organ failure, 

paralysis and ultimately death of a patient. Neurodegenerative diseases affect more than 50 

million people worldwide. United States of America is among highest ND prevailing disease 

countries. Yet the number of cases is underreported because of the complexity of disease 

diagnosis. With the increase in aging population the rate of ND cases is also increasing. Another 

important concern is that viral pandemic like COVID-19 may additionally contribute to rise in 

ND affected population. Currently there is no cure available for ND except a few treatments 

which decrease some symptoms and decrease disease progression. Early-stage diagnosis of ND 

is therefore an important and immediate area of research which can improve the quality of life of 

affected people and help in health management.  

Many ND has been associated with abnormal expansion of tandem repeat sequence of 

nucleic acid and other associated protein biomarkers. The discovery of these biomarkers holds 

promise for improving diagnosis, treatment, and efficacy monitoring. Current detection methods 

such as neuroimaging techniques, Real-Time quantitative Polymerase Chain Reaction (RT-

qPCR) and Enzyme-Linked Immunosorbent Assay (ELISA) are complex, expensive, require 

laboratory setup and/or trained operator. Electrochemical biosensing offers a promising portable, 

inexpensive, and sensitive platform for early stage diagnosis and healthcare management. 
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In this dissertation a label free electrochemical method is developed to investigate the 

effect of complex targets for potential genosensing applications and effect of complex biomatrix 

for immunosensing applications. 

We first prepare sensing surfaces with three different backbone microprobe nucleic acids 

to detect length- and sequence-dependent complex secondary structures containing RNA linked 

to Huntington’s disease, based on the charge transfer resistance of the interface. Then we 

reported an immunosensing surface using commercially available screen-printed electrode to 

detect ALS associated biomarker neurofilament light chain in serum samples. Finally, we 

establish an in-house and cost effective electrochemical immunosensing platform for the 

detection of ALS biomarker poly-glycine-proline dipeptide repeat in cerebrospinal fluid. 
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CHAPTER 1 

INTRODUCTION 

1.0. Biosensors 

Biosensing is an interdisciplinary field which is defined by IUPAC gold book15 as “A 

device that uses specific biochemical reactions mediated by isolated enzymes, immunosystems, 

tissues, organelles or whole cells to detect chemical compounds usually by electrical, thermal or 

optical signals.” The device includes biosensing elements, a transducer, and a signal readout unit. 

A biosensing element is a bioreceptor that is immobilized on the sensing surface to selectively 

capture the target analyte in biological samples.16 A transducer is used to convert (bio)chemical 

signal, resulting from the interaction between the analyte and bioreceptor, into visual, optical, or 

electrical signal as shown in Figure 1.1. 

 

On the basis of signal transduction and biorecognition elements, biosensors are placed in 

different categories.17 According to transduction elements biosensors can be classified as optical, 

magnetic, thermal, or electrochemical sensors. Biosensors are also classified according to 

Figure 1.1. General diagram of process and physical elements of biosensor.7 

Adopted from 103 with the permission from Springer Nature. 
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biorecognition elements such as immunosensor, genosensor, aptasensor and enzymatic or 

nonenzymatic biosensor. The basis of bioreceptor and transduction further classifies the sensor 

into affinity-based biosensor or catalytic biosensor.18 In affinity biosensor, binding affinity is 

responsible to associate bioreceptors (antibody, nucleic acid, aptamer etc.) with analyte (nucleic 

acid, antigen, cells etc.).19 While catalytic biosensor involves an enzyme labeled probe with 

biorecognition element or surface, that involves conversion of either analyte, or a substrate 

present in the solution into a signaling product for signal transduction. Sometime biosensor uses 

a label to generate and/or to amplify signal.20 Because some biomolecules or organic analytes are 

difficult to detect, labeling the biorecognition elements using fluorescence, or radioactive 

markers has been used. The label detection strategy may involve a biorecognition element as 

capture probe and a label element as detection probe. On the other hand, more recently due to the 

emergence of sensitive techniques, label free detection techniques are increasingly reported.21, 22 

Label free detection strategy involves binding of analyte with biorecognition element which 

brings physical change on the sensing surface such as resistance, optical quenching, resonance 

frequency and plasmon resonance (Figure 1.2.). 

1.1.Significance of biosensors 

Biosensors are used in applications such as disease diagnosis and monitoring, drug 

metabolite and efficacy monitoring, pollutants detection and monitoring, disease causing virus, 

microorganisms and biomarkers detection in different media including human, plants, animals 

and environment.23, 24 Specifically in medical diagnosis of human beings, biosensors show great 

potential as they can be cost effective, user friendly, and miniaturized devices.25, 26 
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With the advancement in computer, bio and nano technology, biosensors research area 

has also shown improved performance to meet commercial purposes including selectivity, 

sensitivity, shelf life and antifouling capability.27, 28 Additionally with the potential use of 

artificial intelligence, internet of things, cloud-based computing and electronic medical records 

in the healthcare industry are also the driving factor in growth of biosensor research.29, 30 

Furthermore, the demand for biosensors is increasing due to high demand of compact and 

economical diagnostic and point of care devices.31, 32 Wearable biosensors also promise 

continuous health monitoring for better health management.33 The COVID-19 pandemic 

emphasized the usefulness of self-testing through biosensor development which gave rise to the 

medical device industry.34 There are well over 500 companies worldwide presently working in 

the field of biosensors and bioelectronics. The biosensors market was valued at $25.5 billion in 

2021 and is expected to increase to USD 36.7 billion by 2026.25 

 

Figure 1.2. Different types of biosensors and their transducing methods.3 

Adapted from 6 with the permission from Talanta. 
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1.2. Electrochemical Biosensors 

In electrochemical biosensors detection observed by the use of electrodes modified with a 

biorecognition element.35 The biorecognition element specifically binds target analyte and 

physical, chemical, or biological changes is converted into electrochemical measurement which 

is recorded before and after introduction of target analyte.36 Figure 1.3 shows elements and basic 

function of electrochemical biosensor. 

Electrochemical biosensing involves a redox active species which undergoes an electron 

transfer reaction at the sensing surface.37 Many target analytes are redox active species; however 

for non-electroactive species either the surface is decorated with enzymes for catalytic reaction, 

or another electroactive redox species is used to observe the signal.38, 39 (Figure 1.4 c & d). In 

broader perspective, electrochemical biosensors can be categorized into catalytic and affinity 

biosensors (Figure 1.4 a & b). 

 

Figure 1.3. Basic process and elements of electrochemical biosensing.2 

Adapted from 2 with the Creative Commons Attribution (CC BY 4.0 DEED) 

from Biosensors. 
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Catalytic biosensors are further classified into enzymatic and nonenzymatic biosensors. 

In enzymatic biosensing, the electrode surface is modified with target specific enzyme which not 

only captures the target but also converts the target products into redox active species.40 

Nonenzymatic biosensors utilize catalytic properties of nanomaterial to convert targets into 

electroactive species.41 Unfortunately, catalytic biosensors fall into poor stability and 

repeatability which therefore limit their utility in real applications. Affinity biosensing involves 

the affinity of a biorecognition element to selectively capture analyte to form stable complex.42 A 

redox active species observes the surface change after the complex formation and yields an 

electrochemical signal. The high specificity and reproducibility of affinity biosensors has 

promising application in biosensing. Affinity biosensors can be subcategorized into labeled and 

label free biosensors (Figure 1.4 e & f). Labelled biosensors use labels such as fluorescence and 

redox tagged with biorecognition or signaling element usually to enhance sensitivity of target 

detection.43, 44 However, use of label involves time consuming molecular tagging, surface 

preparation and/or complex detection mechanism. Furthermore, labeling can negatively impact 

analyte-receptor interaction. Therefore, biosensors that avoid labels are gaining popularity due to 

their simplicity and effective detection of analyte.45, 46 With the development in biotechnology 

more different and efficient label free biosensors are emerging. 

On the basis of biorecognition element or bioreceptor, biosensors are classified as 

immunosensors, genosensors and aptasensors.47 Immuosensors involve use of antibody or its 

fragments while genosensors involve nucleic acids as bioreceptor. Aptamers are referto nucleic 

acids or peptides that specifically bind to target analytes.48 More recently molecularly imprinted 

polymer has emerged which uses target specific cavity to capture analyte.49 
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Electrochemical setup usually involves an electrochemical cell which contains three 

(working, reference, and counter) electrodes placed in electrolyte solution containing 

electrochemical redox active species. Electrochemical biosensors are used to detect analytes 

using a variety of techniques such as voltammetry, amperometry, coulometry and 

Figure 1.4. Electrochemical biosensors of different types. a) Catalytic 

biosensor b) Affinity biosensor4 c) Enzymatic biosensor10 d) Nonenzymatic 

biosensor13 E) Label free biosensor14 and e) Labelled biosensor. Adapted from 

6 with the permission from Microchimica Acta, adapted from 4812 with the 

Creative Commons Attribution (CC BY 3.0 DEED) from Sensors, adapted 

from 6 with the permission from Applied Physics A and adapted from 2 with 

the Creative Commons Attribution (CC BY 4.0 DEED) from Sensors. 

c 

d 

e f 

a 

b 



7 

 

electrochemical impedance spectroscopy etc.50-52 In voltammetry technique a voltage is applied 

with respect to reference electrode and current response of chemical in electrochemical cell is 

measured. Some of the commonly used voltametric techniques are linear scan voltammetry 

(LSV), cyclic voltammetry (CV), differential pulsed voltammetry (DPV) and square wave 

voltammetry (SWV). The different waveforms of these techniques are given in figure 1.5.8 

 

The graph obtained from the result of voltammetry experiment is called voltammogram. 

In a LSV experiment the potential between working and reference electrodes is swept linearly 

with time and the current response is measured. The current response peaks at specific response 

potential representing oxidation or reduction of chemical species. In cyclic voltammetry 

experiment voltage is swept between working and reference electrode to a given value and then 

reverse in the opposite direction. A plot of response current from both forward and reverse sweep 

is obtained as a function of applied voltage. Different input parameters are used in CV 

Figure 1.5. Input waveforms and put signals of different electrochemical techniques a) 

Chronoamperometry (CA) b) Linear scan voltammetry (LSV) c) Cyclic voltammetry 

(CV) d) Differential pulse voltammetry (DPV) e) Square wave voltammetry (SWV) 

and f) Electrochemical impedance spectroscopy (EIS).8 Adapted from 167 with the 

Creative Commons Attribution (CC BY 4.0 DEED) from Journal of The 

Electrochemical Society. 
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experiments to extract many useful information such as voltage range or potential window, 

number of potential cycles and scan rate.53 

CV is one of the most widely used electrochemical techniques due to simplicity, 

sensitivity, speed, and its wide range applicability in wide range biosensing applications. In 

differential pulse voltammetry, a pulse of fixed amplitude is superimposed on a step potential and 

the current is sampled before and at the end of the pulse. Since in DPV the charging current is 

separated by the background therefore low limit of detection can be achieved useful for 

biosensing application.54 Square Wave voltammetry is emerging as a more powerful 

electrochemical technique in biosensing application.55 It applies superimposed staircase wave 

with square wave and net current signal is obtained by the difference between the forward and 

reverse current at each sampling point as a result better signal to noise ratio is achieved. SWV 

shows similar sensitivities as DPV however has advantage of faster detection. 

Amperometry is an important technique in the development of biosensors. The first 

amperometric biosensor was developed in 1956 to measure dissolved oxygen in blood.56 In 

amperometry a constant voltage is applied, and response current is measured as a function of 

time. An important advantage of using amperometry is that the response current is proportional 

to the concentration of analyte and therefore used in quantitative biosensing measurement. 

Electrochemical Impedance Spectroscopy (EIS) is an important and rapidly emerging 

electrochemical technique because unlike other electrochemical techniques EIS is a steady state 

technique which use small signal analysis and probes signal relaxation over a very wide range of 

applied voltage frequency.57 Due to the small perturbation of signal, it is considered a more 

suitable and sensitive technique for biosensing analysis. 
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Due to the potential of user-friendly point of care device formation, electrochemical 

devices are emerging in the market. Some of the commercially available devices are given in 

figure 1.6. The FreeStyle Libre sensor from Abbott is a wearable continuous glucose monitoring 

device which was recently approved by FDA. The biosensor is an enzymatic amperometric 3-

electrode sensor system. Glucose from interstitial fluid (ISF) diffuses into polymer matrix which 

contains osmium complex mediator and glucose oxidase enzyme which oxidizes the glucose. 

The resulting electrochemical signal is then transduced and converted into readable signal. 

Another electrochemical biosensor has been introduced in the market for point of care diagnostic 

of Lactate and Hemoglobin/Hematocrit is StatStrip LAC/Hb/Hct by Nova Biomedical. The 

biosensor is handheld easy-to-use device which measure lactate and Hemoglobin/Hematocrit 

separately from blood sampled on given test strips. The biosensor takes 0.6 to 1.6 μL of blood 

and provides lab-like accuracy in just 13 seconds. Accu-Chek Sensor by Roche is one of the 

famous handheld biosensors available in the market. The biosensor is based on amperometry that 

measures glucose from whole blood. 

Compared to glucose biosensors which have dominated the biosensor market since last 

50 years, electrochemical biosensors for other biomarkers have not reached their success in the 

commercial market as POC devices.58, 59 One of the main challenges to the market availability of 

these biosensors is the unavailability of a single or set of biomarkers that are specific to one type 

of disease. However, with the progress in proteomics and molecular biology research it will be 

possible to develop electrochemical biosensors for specific diseases. 



10 

 

 

1.3. Neurodegenerative disease 

Neurodegenerative disease (ND) causes brain and nervous system damage which results 

in dysfunction of the nervous system and death of nerve cells.60 Currently no cure is available for 

neurodegenerative disease except a few treatments that relieve some symptoms and slow down 

their progression. There are more than 50 neurodegenerative diseases. Some of the common ND 

are Alzheimer disease (AD), Parkinson disease (PD), Amyotrophic Lateral Sclerosis (ALS), 

Huntington disease (HD), Frontotemporal Dementia (FTD) and Spinal Muscular Atrophy 

(SMA).61 Neurodegenerative disorders affect millions globally, with AD and PD are the most 

common causes. In United States, about 6.2 million and one million individuals may have AD 

and PD respectively.62 According to a study sampled 34% of world population, ALS cases are 

expected to grow from 80 thousand in 2015 to 105 thousand in 2040.63, 64 The study report that 

United States is among the highest ALS prevalence countries. For Huntington disease there are 

currently 41 thousand symptomatic Americans and more than 200 thousand may inherent the 

Figure 1.6. a) An amperometric wearable biosensor FreeStyle Libre by Abbott 

that monitor glucose from interstitial fluid is recently approved by FDA.6 b) 

StatStrip LAC/Hb/Hct by Nova Biomedical is an electrochemical biosensor 

which measure lactate and Hemoglobin/Hematocrit separately from blood 

sampled on given test strips.9 c) Accu-Chek Sensor by Roche is handheld 

electrochemical biosensor that measure blood glucose level using disposable 

test strips.12 Adapted with the universal commons (CC0 1.0 Universal). 

a b c 
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disease, because every child has 50% chance of inheriting the HD mutated gene from affected 

parents.65 Studies show that global prevalence of HD was 2.7 per 100 thousand persons in 2010 

which increase to 4.88 per 100 thousand people.66 The rise in the number of ND population is a 

matter of concern. Especially viral pandemic may potentially trigger the rise in the number of 

ND populations.67 

Neurodegenerative is caused by several factors including genetic factors, deposition of 

amyloid fibrils, exposure to reactive oxygen species (ROS) and metals (especially aluminum, 

copper and zinc), mitochondrial dysfunction and production of neurotoxin oligomers (figure 

1.7).68 

 

For most of the ND, aging is considered as the main risk factor. Recent studies found that 

certain viruses including influenza virus and SARS-COV virus are linked to neurodegenerative 

diseases in the years following infection.69 The findings indicate that the onset of certain 

neurodegenerative diseases could potentially be averted through the prevention of influenza and 

Figure 1.7. Some known factors causing neurodegenerative disease.1 

Adapted from 4 with the Creative Commons Attribution (CC BY 4.0 

DEED) from Molecular Neurodegeneration. 
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other viral infections.70 To improve the life quality of the ND population, different methods have 

been developed for diagnosis and treatment. The discovery of ND linked biomarkers not only 

promises to improve the diagnostic method but also exhibits potential in the development and 

monitoring of ND therapies.71 Many ND has been found to linked with abnormal expansion of 

tandem repeat sequences. Discovery of these genetic repeat sequence offers possibility of 

diagnosis and therapy of ND disease and therefore consider as biomarkers of the disease. Table 

1.1 shows the normal tandem repeat sequence and their pathogenic expansion linked to some 

common ND.72 

Table 1.1. ND disorders and their link to normal sequence length and pathogenic gene length mutation. 

Disorder Repeating units Normal length Pathogenic length Reference 

PD ATTCT 10-32 280-4500 73 

C9ALS GGGGCC 2-25 >25 74 

HD CAG 10-35 >35 75 

C9FTD GGGGCC 2-25 >25 74 

FXS CGG 6-55 >200 76 

SBMA CAG 9-36 38-62 77 

SCA1 CAG 6-35 49-88 78 

FRAXE CCG 4-39 200-900 79 

FRDA GAA 8-33 >90 80 

FXTAS CGG 6-35 55-200 81 

PD = Parkinson disease, C9FTD = C9ORF linked Fronto temporal Dementia, FXS = Fragile X 

syndrome, SBMA = spinal bulbar muscular atrophy, SCA1 = spinocerebellar ataxia 1, FRAXE = Fragile 

XE, FRDA = Friedreich ataxia, FXTAS = Fragile X-associated tremor 

 

Biomarkers are important tools that help identify abnormal processes caused by ND 

dysfunctions. Biomarkers are seen as having` significant potential in predicting disease risk, 

facilitating early detection, and guiding the development of new treatments. ND population is 

increasing worldwide, and their early-stage diagnosis remains difficult. Therefore, the need of 

dependable and consistent biomarkers to diagnose these diseases is increasingly crucial. 

Advances in technology have empowered scientists to pinpoint biomarkers for various 
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neurodegenerative diseases. Table 1.2 shows the biomarkers related to ND and their presence in 

biomatrix. These biomarkers can be classified as invasive and noninvasive due to their sampling 

in different biological areas. Invasive samples include Cerebrospinal fluid (CSF), whole blood, 

serum or plasma, brain or neuron cells.82 Noninvasive samples include urine, sweat, tear and 

saliva etc.83-86 Although sampling of CSF is highly invasive, testing of CSF might be useful as 

biomarkers arising from the central nervous system (CNS) are found in higher concentrations in 

cerebrospinal fluid (CSF) and at much lower levels in the blood.87 On the other hand, 

noninvasive sampling such as urine is easy to sample however urine may not provide as high 

concentration and informative biomarker profile due to its anatomical distance from the central 

nervous system (CNS). 

Table 1.2. Biomarkers present in different biological matrix and their link with different NDs. 

Biomarker Medium Associated disease Reference 

SOD1 blood ALS, 88 

NfH, NfM, NfL CSF, blood plasma and serum All NDs 89 

Aβ42 CSF, blood plasma, AD 90, 91 

PolyGP, PolyGR, PolyGA, 

PolyPA, PolyPR 
CSF, PBMC ALS, FTD 92 

CHI3L1/YKL40 CSF All NDs 93 

pTau181 CSF, blood plasma and serum AD 94 

IL-6 

TNF-α 
CSF, blood All NDs 95, 96 

HTT blood HD 97 

mHTT CSF, blood HD 98, 99 

pTau:tTau CSF ALS 100 

YKL40 CSF ALS 93 

GFAP CSF, blood plasma MS, FTD 101, 102 

Neurogranin CSF AD 103 

α-synuclein CSF, blood plasma and serum PD 104 

VCP = Valosin-Containing Protein, TDP-43 = Transactive response DNA-binding Protein 43,  

SOD1 = Superoxidase Dismutase 1, FUS = Fused in Sarcoma, HTT = Huntingtin, NfH, Neurofilament 

High chain, NfM = Neurofilament Medium chain, NfL = Neurofilament Light chain, Aβ = Amyloid-β 

peptides, PolyGP = Poly Glycine Proline, PolyGA = Poly Glycine Alanine, PolyGR = Poly Glycine 

Arginine, PolyPA = Poly Proline Alanine, PolyPR = Poly Proline Arginine,  PBMC = Peripheral Blood 

Mononuclear Cells, TNF  α = Tumor Necrosis Factor alpha, CHI3L1/YKL40 = Chitinase 3 Like 1, 

GFAP = Glial Fibrillary Acidic Protein, MS = Multiple Sclerosis, pTau:tTau = ratio of phosphorylated to 

total tau; YKL-39, chitinase-3-like protein 2, mHTT = mutant Huntingtin 
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ALS and HD are also diseases of concern because of the projected increase in the number 

of cases in United states and worldwide. ALS was first reported by Charcot and Joffroy in 

1869.105 It is characterized by degeneration of motor neurons in the brain and spinal cord which 

cause muscular atrophy and paralysis. The disease is incurable and lead to death within 5 years 

of onset. Almost 50% familial cases, and 20% sporadic ALS and Fronto- Temporal Dementia 

(FTD) cases arise from GGGGCC hexanucleotide expansions in the Open Reading Framework 

gene 72 localized in Chromosome 9 (C9ORF72). C9ORF72 related ALS, discovered in 2011, 

can be observed by different biomarkers including clinical, neuroimaging and circulating 

biomarkers in serum and CSF.106 G4C2 repeat expansion in the C9ORF72 gene is the most 

common genetic cause of ALS called c9ALS. Pathogenic repeat expansion of G4C2 results in 

loss of C9ORF72 function and gain in toxic function which form sense and antisense RNA 

transcripts of the expanded repeats (Figure 1.8). These RNA transcripts are then used in the 

production of five different dipeptide repeats (DPRs) including poly Glycine-Alanine (poly-GA), 

poly Glycine-Arginine (poly-GR), poly Proline-Alanine (poly-PA), poly Proline-Arginine (poly-

PR) and poly Glycine-Proline (poly-GP). PolyGP is considered an important pharmacodynamic 

biomarker for c9ALS as it is present in C9orf72 expansion carriers and absent in noncarriers. Its 

concentration in cerebrospinal fluids and in peripheral blood mononuclear cells was found 

almost same in both symptomatic and asymptomatic c9ALS patients.107, 108 Other ALS associated 

biomarkers found in both CSF and in blood are neurofilaments (Neurofilament Heavy Chain 

(Nf-H), Neurofilament medium Chain (Nf-M), Neurofilament light Chain (Nf-L)). 
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Huntington's disease (HD) is a ND which affects the CNS. It is determined by 

involuntary choreatic movements, as well as behavioral and psychiatric disturbances, often 

leading to dementia.109 In 1872 George Huntington identified symptoms and provide early 

description of what is now recognized as HD.110 HD typically emerges in adulthood and 

symptoms appear between 30-50 years of age. However, in case of Juvenile Huntington's disease 

(JHD) the symptoms can appear even before the age of 20. 

Patients with HD may show cognitive decline and psychiatric symptoms. The disease 

arises from the mutation in a protein gene called huntingtin (Htt) which was discovered in 

1993.111 This mutation is autosomal inherited mutation i.e., CAG repeats present in chromosome 

4p16.3 in the Huntingtin gene exceed 36 or more repeats. This mutation causes expended stretch 

Figure 1.8. G4C2 repeat expansion that causes loss of C9ORF72 

function and gain of abnormal function that form sense and antisense 

RNA transcripts of the expended repeats which serves as a template for 

the synthesis of proteins of five different dipeptide repeats (DPRs).5 

Adopted from Creative Commons Attribution (CC DEED) from Acta 

Neuropathologica. 
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of the amino acid glutamine within huntingtin protein and lead to abnormal interaction with other 

cell proteins and therefore cause functional changes.112 The length of CAG repeat can correlate 

with the age of disease onset. The longer the repeats, the earlier will be the disease onset. Other 

biomarkers of HD have been emerging these includes neurotransmitters upregulation (dopamine, 

serotonin) and downregulation (GABA, acetylcholine).113 

ALS diagnoses rely on methods including Electrophysiological, neuroimaging, 

neuropathological and muscle biopsy studies. For the detection of ALS biomarkers, many 

methods have been reported which include immunoassay,114 microarray analysis,115 RNA-

sequencing,116 Real-Time quantitative Polymerase Chain Reaction (RT-qPCR),117 Enzyme-

Linked Immunosorbent Assay (ELISA),118 Magnetic Resonance Imaging (MRI),119, 120 Positron 

Emission Tomography (PET),121 Total reflection X-Ray Fluorescence (TXRF),122 fluorescence 

microscopy,123 fluorescence spectroscopy,124 microfluidics125 and electrochemical analysis.126-129 

The challenges linked to ALS and Huntington and other NDs are their early detection, 

treatment and therapeutic monitoring.130 Until now there has been no cure for these diseases. 

However, the discovery of their biomarkers offers the possibility of developing methods for 

early-stage diagnosis and treatment. Currently both ALS and HD are clinically assessed by signs 

and symptoms and cognitive measurement, correlation with familial cases and confirmed 

through DNA testing.131 Until now, clinically no imaging, general blood tests or other diagnostic 

tools are helpful and therefore required multiple testing before conclusion.109  The conventional 

clinical diagnostics methods are expensive and require instruments in laboratory with trained 

personnel. Some of the methods require delicate procedures and the patients suffer painful 

experiences. The availability of these instruments is also a challenge, especially in far-flung areas 

and lower- and middle-income countries.132 
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1.4. Challenges in real sample detection 

Electrochemical biosensors have several advantages over other analytical techniques as 

they have potential in the development of point of care (POC) devices because of their high 

sensitivity, low detection limit, high specificity with accuracy. Compared to other lab-oriented 

methods electrochemical methods promise cost effective, portable, user-friendly, and onsite 

operating capabilities. The method usually requires small sample volumes in microliter range. 

Moreover, they can be integrated into wearable devices and interfaced with digital readout tools 

like smartphones. Rapid analysis of real samples makes them a valuable option for developing 

commercial electrochemical detection methods. These attributes present a promising platform for 

early and reliable diagnosis and healthcare management. 

Despite the promising features of electrochemical method to develop practically feasible 

biosensors, yet these sensors often encounter challenges due to matrix effect present in clinical 

samples and it's uncommon to find biosensors that maintain their promising performance when 

applied to actual clinical samples.133 Achieving the lowest limit of detection under pristine 

laboratory conditions doesn't guarantee success when dealing with real clinical samples.134 

Matrix molecules present in these samples can interact with analytes, raising questions about 

whether the sensitivity observed in a clean environment can be maintained. In some cases, 

especially with mass or size-sensitive sensors, the sensitivity may increase due to analyte binding 

with matrix molecules.135 For instance, in the detection of antibodies in serum, albumin readily 

binds to the constant fragment of antibodies, potentially enhancing sensitivity. 

Furthermore, matrix molecules can interact with the sensor surface, leading to 

nonspecific adsorption and alterations in sensor response, often resulting in drift.136 In 

electrochemical sensors, this nonspecific adsorption can limit access to the sensor surface, 
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reducing sensitivity and detection thresholds. Strategies to mitigate nonspecific adsorption, such 

as surface antifouling, are crucial for enhancing sensor performance.137 Additionally, in 

biological matrix environments, biorecognition elements may exhibit different selectivity 

compared to controlled conditions, potentially leading to cross-reactivity and nonspecific 

interactions. Assessing interference at concentrations typical of biological matrices is critical for 

ensuring sensor specificity and precision. 

1.5. Electrochemical Impedance spectroscopy (EIS) 

Electrochemical Impedance Spectroscopy (EIS) is an emerging technique in the field of 

electrochemical (bio)sensing. The technique involves generation of electrochemical signal from 

the charge transfer resistance of redox chemical species or changes in capacitance at electrode 

solution interface. The change in charge transfer resistance or RCT is caused by physical stearic 

hindrance from biolayer on the surface and increment of analyte concentration captured by the 

biolayer (Figure 1.9 a). The more the transducer surface blocked by the biolayer more hindrance 

in the diffusion of redox active probe occur which cause increase in RCT. Surface charge of the 

transducing surface can also cause electrostatic attraction or repulsion to the redox probe which 

alter the diffusion and therefore the RCT values. The experiment of EIS involves AC potential 

sweeping from high frequency to low frequency overlapping on fixed DC potential as input 

signal. The output signal is a complex graph of imaginary impedance as a function of real 

impedance typically called Nyquist form of EIS plot (Figure 1.9b). Bode plot is another form of 

EIS plot however Nyquist plot is used more frequently as it is easier to interpret and provide 

same information as Bode plot. The experimental data is simulated using so called modified 

Randle equivalent circuit to extract the circuit elements values including RCT and capacitance 

(Figure 1.9c). Compared to other electrochemical techniques, EIS offers advantages, such as it’s 
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a steady state technique which utilizes small signal analysis over a wide range of applied 

frequency. EIS offers label free detection as it exhibits signal change with high sensitivity toward 

the change in analyte concentration (Figure 1.9d). Utilizing antibody-antigen interaction-based 

platform is advantageous as it offers high specificity and low limit of detection and therefore can 

be utilized to build biosensing platform for several applications especially in bioanalysis fields.  

 

Note: Part of this chapter has been published.138, 139 

 

Figure 1.9. a) Elements of EIS representing electrode, transducer surface, 

biorecognition element and analyte. b) Input voltage wave and output signal 

as Nyquist form of EIS plot c) Randle equivalent circuit to fit and extract 

circuit element values from experimental data d) Change in signal response 

with analyte concentration.11 Adapted from 638 with the permission from 

Clinical Microbiology Reviews. 

d) 

a) b) 

c) 
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CHAPTER 2 

MICROPROBES FOR LABEL-FREE DETECTION OF SHORT TANDEM REPEATS: AN 

INSIGHT ON ALLEVIATING SECONDARY STRUCTURE EFFECTS 

 

2.0. Abstract 

Overgrowth of short tandem repeat sequences in our genes can cause various 

neurodegenerative disorders. Such repeat sequences are ideal targets for label-free 

electrochemical detection of such potential expansions. However, their length- and sequence-

dependent secondary structures may interfere with the interfacial charge transfer of a detection 

platform, making them complex targets. In addition, the gene contains sporadic repeats that may 

result in false-positive signals. Therefore, it is necessary to design a platform capable of 

mitigating these effects and ultimately enhancing the specificity of tandem repeats. Here, we 

analyzed three different backbones of nucleic acid microprobes [deoxyribonucleic acid, peptide 

nucleic acid, and lock-nucleic acid (LNA)] to detect in vitro transcribed RNA carrying CAG 

repeats, which are associated with Huntington’s disease, based on the charge transfer resistance 

of the interface. We found that the LNA microprobe can distinguish lengths down to the 

attomolar concentration level and alleviate the effect of secondary structures and sporadic repeats 

in the sequence, thus distinguishing the “tandem repeats” specifically. Additionally, the control 

experiments conducted with and without Mg2+ demonstrated the LNA microprobe to perform 

better in the presence of the divalent cation. The results suggest that the LNA-based platform 

may eventually lead to development of a reliable and straightforward biosensor for genetic 

neurodegenerative disorders.  
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2.1. Introduction 

 

Short tandem repeat expansions are length-dependent mutations in naturally occurring 2–

10 nucleotide repeat combinations, leading to an increasing number of neurodegenerative 

disorders.140 Electrochemical strategies have been widely applied to detect various genetic 

biomarkers due to their high sensitivity, miniaturizability, and potential integration with lab-on-

a-chip platforms.141, 142 However, there have been limited efforts in developing electrochemical 

strategies to detect repeat biomarkers, and the proposed strategies depend on chemical labeling, 

Scheme 2.1. a) General illustration of a DNA, PNA, and LNA nucleotide. b) 

Depicting microprobe platforms comprised DNA, PNA, and LNA backbones 

where the microprobes are immobilized on a gold surface through (CH2)6-S‒ 

linker and a mercaptahexanol layer blocks empty spaces around the probe. c) 

Illustration depicts the charge transfer resistance (RCT) of the microprobe platform 

after capturing the RNA target with repeats using EIS in soluble redox probe 

Fe(CN)6
3−/4−. 



22 

 

sample amplification, or detecting short target lengths.143-150 The concept of label-free 

electrochemical detection of lengthy repeat targets in cell-derived RNA was previously validated 

using deoxyribonucleic acid (DNA) and peptide nucleic acid (PNA) microprobes (<20-mer);151, 

152 however, it has not been determined how the microprobes can alleviate the effect of 

sequence- and length-dependent secondary structures of the target, which limits development of 

a rapid, low-cost, and simple biosensor for repeat mutations. 

Through interfacial impedance signaling of the microprobe platforms, we investigated 

here three backbones of nucleic acid microprobes [DNA, PNA, and lock-nucleic acid (LNA) 

shown in Scheme 2.1a to answer this question. The targets were in vitro transcribed RNA 

containing CAG repeats, as presented in Table 2.1. These targets consist of 17 and 68 CAG 

repeat units, a 17 CUG repeat sequence, a “scrambled” sequence with the same CAG 

composition, and a nontargeting sequence derived from a GFP-encoding gene fragment. In 

addition, the target sequences possessed flanking regions on both ends derived from the naturally 

occurring exon 1 of the huntingtin (HTT) messenger RNA, contributing to the overall secondary 

structures of the RNA. Furthermore, these sequences have sequence- and length-dependent 

secondary structures and distinct free energy ΔG (Table 2.2). The detection strategy in this study 

involved the immobilization of an 18-mer microprobe containing six complementary CTG repeat 

units onto gold electrodes in conjunction with a blocking layer of 6-mercapto-hexanol (MCH), as 

depicted in Scheme 2.1b. The CTG repeats in the microprobe should form Watson–Crick base 

pairs with complementary CAG units in the RNA target. Scheme 2.1c depicts how such complex 

targets likely unzip at different locations in the presence of complementary microprobes, 

resulting in changes to the charge transfer resistance (RCT) of the interface. The impedance signal 
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was compared to concentrations, lengths, nonspecific sequences, secondary structures, tandem 

vs. sporadic repeat, and divalent Mg2+ to evaluate the performance of the microprobes. 

2.2. Experimental 

2.2.1. Materials 

The microprobe sequence with different backbones used for this study was 5′→3′ HS-

C6H12-CTG CTG CTG CTG CTG CTG. Synthetic PNA microprobe with hexane thiol 

modification at the 5′-end was purchased from PNA Bio (USA), while the DNA and LNA 

microprobes were procured from Integrated DNA Technologies (USA). All the nucleotides in 

the LNA microprobe were locked, i.e., the extra methylene group between 2′-O- and 4′-positions 

locks the ribofuranosyl-ring in its 3′-endoconformation. All RNA target and control sequences 

(Table 2.1) were synthesized via in vitro transcription from synthetic or PCR-generated DNA 

templates as described previously,153 and below. Gold-coated silicon substrates with a 100-nm 

gold layer were obtained from Platypus (USA). ACS grade MCH, sulfuric acid (95%–98%), 

hydrogen peroxide solution (30 wt.%), ethylene diamine tetraacetic acid (EDTA) disodium salt, 

and molecular biology grade magnesium chloride solution (1.0 M) were purchased from Sigma-

Aldrich. Molecular biology grade Tris buffer (1.0 M, pH 8) was purchased from EMD Millipore 

Corp. Sodium chloride (99.0%) was procured from Fisher Scientific. Potassium ferricyanide 

(>99%) and potassium ferrocyanide trihydrate (>99%) were purchased from Acros Organic, 

while phosphate-buffered saline (PBS) 10× was obtained from Sigma life science. Silver/silver 

chloride in 3 M potassium chloride reference electrode was purchased from Basi Inc. (USA), and 

platinum wire counter electrode was purchased from CH Instrument (TX, USA). All 

electrochemical measurements were performed using a Metrohm Autolab PGSTAT204 

FRA32M (USA) electrochemical workstation within a Metrohm Autolab Faraday cage. 
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 Table 2.1. RNA target and control sequences with potential binding sites and flanking regions. CAG 

and CUG complementary sites are italicized and highlighted, the noncomplementary sites are only 

italicized, and the flanking regions are in normal font. A few CAG units are present in the flanking region. 

ID Sequences (5′–3′)  Description  

CAG17-152 

GGGAUGGCGACCCUGGAAAAGCUGAUGAAGGCC

UUCGAGUCCCUCAAGUCCUUCCAGCAGCAGCAGC

AGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAG

CAGCCGCCACCGCCGCCGCCGCCGCCGCCGCCUCC

UCAGCUUCCUCAGCC 

Target contained 17 

consecutive units of CAG 

repeats with a total length 

of 152 nucleotides.  

CAG68-306 

GGGAUGGCGACCCUGGAAAAGCUGAUGAAGGCC

UUCGAGUCCCUCAAGUCCUUCCAGCAGCAGCAGC

AGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAG

CAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCA

GCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGC

AGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAG

CAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCA

GCAGCAGCAGCAGCAGCCGCCACCGCCGCCGCCGC

CGCCGCCGCCUCCUCAGCUUCCUCAGCC 

Length control 

contained 68 consecutive 

units of CAG repeats with 

a total length of 306 

nucleotides.  

CAG17-

158(PC) 

GGGAUGGCGACCCUGGAAAAGCUGAUGAAGGCC

UUCGAGUCCCUCAAGUCCUUCCAGCAGCAGCAGC

AGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAG

CAGCAACAGCCGCCACCGCCGCCGCCGCCGCCGC

CGCCUCCUCAGCUUCCUCAGCC 

Positive control 

contained 17 consecutive 

units of CAG repeats with 

a total length of 158 

nucleotides. There were 

minor differences in the 

flanking sequences.  

CUG17-

158(SC) 

GGGAUGGCGACCCUGGAAAAGCUGAUGAAGGCC

UUCGAGUCCCUCAAGUCCUUCCUGCUGCUGCUGC

UGCUGCUGCUGCUGCUGCUGCUGCUGCUGCUGCU

GCUGCAACAGCCGCCACCGCCGCCGCCGCCGCCG

CCGCCUCCUCAGCUUCCUCAGCC 

Specificity control 

contained 17 consecutive 

units of CUG repeats with 

a total length of 158 

nucleotides.  

CAG17-

158(CC) 

GGGAUGGCGACCCUGGAAAAGCUGAUGAAGGCC

UUCGAGUCCCUCAAGUCCUUCCGAAGCGCACAGG

CAGCCAAGAGCCAGAGCGCAACGCGACCAGAGCGA

GCACAACAGCCGCCACCGCCGCCGCCGCCGCCGCC

GCCUCCUCAGCUUCCUCAGCC 

Composition control 

contains a scrambled 

composition of C, A, and 

G residues with a total 

length of 158 nucleotides. 

Five sporadic CAG units 

occurred in the scrambled 

region. 

GFP-158(NC) 

GGGAUGGCGACCCUGGAAAAGCUGAUGAAGGCC

UUCGAGUCCCUCAAGUCCUUCAUGGUGAGCAAGG

GCGAGGAGCUGUUCACCGGGGUGGUGCCCAUCCU

GGUCCAACAGCCGCCACCGCCGCCGCCGCCGCCG

CCGCCUCCUCAGCUUCCUCAGCC 

Nontargeting control 

contains unrelated internal 

sequences with a total 

length of 158 nucleotides. 

The internal sequence is 

derived from a green 

fluorescence protein 

(GFP) coding sequence.  

Note: 1) Target and length control were in vitro transcribed from plasmid. 2) PC, SC, CC, and NC were in 

vitro transcribed from a synthetic template. 3) SC, CC, and NC can also be considered as specificity 

control as their sequences are different than the target sequence. 4) NC can also be considered as structural 

control as its structure is similar to positive control. 5) SC, CC, and NC have sporadic CAG units. 
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2.2.2. Synthesis and PCR amplification of RNA targets. 

Plasmids containing 17 or 68 CAG repeats with upstream and downstream HTT gene 

flanking sequences were prepared following methods described previously.154 The CAG repeats 

and flanking sequence were PCR-amplified with a forward primer incorporating a T7 promoter 

sequence (Htt rep up 3_T7; TAATACGACTCACTATAGGGATGGCGACCCTGGAAAAG) 

and a reverse primer (Htt rep dn; GGCTGAGGAAGCTGAGGAG). PCR was performed with 

Phusion Hi-Fidelity DNA Polymerase (Thermo Scientific) following the manufacturer’s 

recommended protocol at 64 °C annealing temperature, 30 sec extension time, and 34 cycles. 

This product was gel-extracted and used in a second round of PCR as a template to reduce the 

occurrence of nonspecific products and increase yield. The size of the products was confirmed 

by running them on an agarose gel, with CAG17 being 176 base pairs and CAG68 being 342 

base pairs in length (figure 2.1). The products were gel-extracted once more before T7 

transcription to ensure purity.  

Figure 2.1. PCR products resolved on an agarose gel after PCR amplification from CAG repeat-

containing plasmid. Indicated bands were gel extracted for in vitro transcription. 
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2.2.3. T7 Transcription of CAG Repeat Expansions 

We prepared DNA templates for in vitro transcription via PCR amplification of plasmids 

containing the 5′ end of the first exon of the HTT mRNA cloned from cells derived from 

Huntington’s disease patients.154 As described previously, T7 RNA polymerase was used to carry 

out in vitro transcription.153 To remove the DNA template, reactions were incubated at 37 ℃ for 

3 h and then treated with DNase I for 20 min at 37 ℃. A final concentration of 20 mM EDTA 

was added to stop DNase I digestion. The transcribed RNA was extracted with 

phenol/chloroform, precipitated with ethanol, and resuspended in denaturing loading buffer (1× 

TBE, 90% formamide). The sample was incubated at 95 °C for 5 min, cooled, and gel-purified 

by resolving on a 10% denaturing urea-PAGE gel (Figures 2.2 and 2.3), as described 

previously.153 The concentration of the purified RNA was calculated with an absorbance at 260 

nm and a calculated extinction coefficient using Beer’s Law. All synthetic DNA, RNA, LNA, 

and PNA sample solutions were prepared in 100 µM Tris-HCl buffer (pH 8.5) containing 200 

mM sodium chloride and 20 mM magnesium chloride. 

 

Figure 2.2. CAG17-152 and CAG68-306 RNA products resolved by denaturing urea-PAGE 

after in vitro transcription with T7 RNA polymerase. Indicated bands were cut out and gel-

purified. 
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Figure 2.3. Positive control CAG17-158(PC), Specificity control CUG17-158(SC), Composition 

control CAG17-158(CC), and Non-target control GFP-158(NC) RNA products resolved by 

denaturing urea-PAGE after in vitro transcription with T7 RNA polymerase. Indicated bands 

were cut out and gel-purified. 

 

2.2.4. RNA secondary structure prediction 

The secondary structures of RNA listed in Table 2.2 were obtained from open-source 

software of molecular modeling.155, 156 The parameters were kept at default, and secondary 

structures with the lowest free energy were used in this study. 
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Table 2.2. CAG repeat RNA information and simulated sequence structures based on their lowest 

free energy ΔG. 

RNA Information Secondary Structure 3D model 

CAG17-152 

%GC: 68.4 

ΔG: −53.2 kcal/mol 

 

 

 

  

 

CAG68-306 

%GC: 67.7 

ΔG: −115.7 kcal/mol 

 
 

CAG17-158(PC) 

%GC: 67.7 

ΔG: −52.6 kcal/mol 

  

CUG17-158(SC) 

%GC: 67.7 

ΔG: −58.5 kcal/mol 

 

 

CAG17-158(CC) 

%GC: 67.7 

ΔG: −49.1 kcal/mol 

 

 

GFP-158(NC) 

%GC: 67.1 

ΔG: −65.7 kcal/mol 

 

 

Note: Although several secondary structures may exist for each of these sequences, we considered 

the structures with the highest stability indicated by their minimum free energy for the 

interpretation of results. 
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2.2.5. Preparation of a microprobe platform on gold electrodes 

Gold electrodes (2 mm dia.) were prepared by cutting 1 cm2 pieces from a 100-nm gold-

coated silicon substrate. The small substrates were immersed for 10 s in acid piranha 

H2SO4:H2O2 (3:1) before being washed with DI water, 100 µM Tris buffer, and dried with N2. 

On top of the gold substrate, a vinyl sheet with a 2-mm diameter circular hole was adhered to 

define the sensing electrode area. As described previously, the side edges and back of the 

substrate were coated with a resin to insulate the exposed silicon.151 By measuring the charge of 

a stripping peak in 0.5 M sulfuric acid obtained at ~0.9 V during a cyclic voltage sweep from 0 

to 1.6 V at a scan rate of 0.5 V/s, the electroactive area of the gold electrode was determined. 

The measured electroactive area of individual electrodes was used to normalize the subsequent 

electrochemical measurements. Next, a 5-µL aliquot of 1 μM microprobe was applied to the gold 

electrode surface to form a surface-assembled film in a sealed humid container at 8 °C for 4 h. 

The modified electrodes were washed 3× with a wash buffer (100 µM Tris buffer without 

magnesium chloride and sodium chloride) and incubated for 30 min with 1 mM MCH solution to 

block any unmodified surface. Before being exposed to RNA targets, the DNA + MCH, PNA + 

MCH, and LNA + MCH-modified electrodes were washed 3× with the washing buffer and dried 

with nitrogen. The microprobe platform was incubated for 30 min at 8 °C with 5 µL of these 

sequences for surface hybridization with the target and control sequences. To conduct 

measurements without Mg2+, the platforms were washed 3× with 20 mM EDTA in 100 µM Tris 

buffer. 

2.2.6. Detection of repeats 

All electrochemical experiments were conducted in a three-electrode cell system at room 

temperature. Electrochemical impedance spectroscopy (EIS) was performed using 1 mM 
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K4[Fe(CN)6]/K3[Fe(CN)6] (1:1) prepared in 5× PBS (pH 7.4). The following parameters were 

used to run the EIS: Frequency range of 100 kHz to 100 mHz, applied DC potential at open 

circuit potential versus silver/silver chloride, and AC pulse of 5 mV amplitude. For simulations, 

Z-view version 3.5 h was used to fit the EIS data into a modified Randles equivalent circuit, and 

the values were extracted for fitting elements by normalizing the fitting data with the 

electroactive area of each working electrode. For the significance test, the student’s t-test was 

conducted in the Microsoft Excel to confirm statistical differences indicated by probability (p 

values). Before the t-test, the F-test was performed to compare the variances of the data sets that 

were to be used in the t-test. 

2.3. Results and Discussion 

2.3.1. Generation of microprobe-based platforms 

DNA microprobes (~25-mer) are structurally flexible, carry a negative charge, and have 

been extensively studied for DNA biosensing applications over the past two decades.157-163 

Owing to its neutral and rigid peptide backbone, an artificial PNA-based microprobe introduced 

simultaneously demonstrated enhanced hybridization efficiency and duplex stability.164 In 

contrast, in the late 1990s, an artificial analog (LNA) with a negative charge like DNA and 

backbone stiffness like PNA was synthesized.165, 166 LNA was demonstrated to have even greater 

binding affinity and duplex stability for its DNA and RNA complementary sequences than PNA 

does for its complementary strands later.167 LNA spontaneously forms A-type duplexes with 

complementary targets via Watson–Crick base pairing. Here, we investigated the potential of 

these three types of nucleic acid to address the sequence- and length-dependent structure effects 

on label-free impedance-based detection of CAG repeat sequences in RNA. We compared their 

performances against concentrations, lengths, nonspecific sequences, secondary structures, 

tandem vs. sporadic repeat, and divalent Mg2+. 
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Additionally, we measured the interfacial charge transfer in the presence of a soluble 

redox probe, Fe(CN)6
3−/4−, using EIS. The negatively charged redox probe diffuses through the 

film on the electrode surface to transfer an electron, which can be inhibited at the biosensing 

interface by physical and electrostatic barriers.168 Due to the incomparable size difference 

between the microprobe and long repeat targets, perfect hybridization is impossible. We 

hypothesized that the backbone of the microprobe could improve the distinction between lengthy 

and complex sequences. 

Figure 2.4 shows the EIS signal and extracted RCT for each layer of the microprobe 

platforms, i.e., DNA (a and d), PNA (b and e), and LNA (c and f). The RCT emerged from the 

physical and electrostatic barriers to the diffusion of the redox probe to exchange electrons with 

Figure 2.4. Representative Nyquist form of impedance plots and bar graphs 

for charge transfer resistance (RCT). a and d) DNA microprobe, b and e) 

PNA microprobe, and c and f) LNA microprobe platforms. The RCT for 

each layer of the platforms were extracted after fitting the data into the 

modified Randles equivalent circuit shown in the inset of bar graphs. The 

error bars represent the standard deviation for N ≥5 distinct measurements. 

All measurements were normalized with the electroactive area of the 

electrodes.  
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the electrode. The RCT of DNA and LNA layers are in a similar range in the absence of the 

mercaptahexanol (MCH) blocking layer, i.e., 1.2 and 1.5 kΩ·cm2, respectively, while after the 

deposition of MCH, the RCT is 3.9 and 3.2 kΩ·cm2 respectively. Relative standard deviation 

(RSD) (LNA) = 8% vs. RSD (DNA) = 16% demonstrates that the LNA microprobe performs 

significantly better than DNA microprobe. The enhanced precision of the LNA microprobe is 

attributed to its rigid backbone and higher hybridization efficiency. In contrast, the RCT of the 

PNA-based microprobe without MCH (0.092 kΩ·cm2) and with MCH (0.64 kΩ·cm2) is 

significantly lower. The significantly lower RCT of the PNA microprobe is attributable to its 

neutral backbone, which poses no electrostatic repulsion to the redox probe. However, both PNA 

and LNA microprobes exhibit RSD ~8%, indicating that the stiffness of the LNA and PNA 

microprobes plays a critical role in the relatively precise bilayer formation. It is important to note 

that the surface coverage of the microprobes may vary and play a role in the sensitivity of the 

platform; nevertheless, the probes were subjected to identical experimental conditions to 

compare their performance in this study. 

2.3.2. Detecting Huntington’s CAG repeats in RNA. 

First, the normal and pathological lengths of in vitro transcribed RNA sequences were 

examined (Table 2.1). Due to the 3′- and 5′-flanking regions, the normal CAG repeat target 

contains 17 repeats with a total length of 152 nucleotides. The expanded pathological target 

length contained 306 nucleotides and 68 CAG repeats. These CAG repeat RNAs were exposed 

to the microprobe platforms at concentrations ranging from 100 aM to 100 nM, followed by 

measuring the interfacial resistance of the platform using EIS. Accordingly, the representative 

EIS signals of all concentrations are shown in Figures 2.5a–2.5f.  
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The box and whisker plots in Figure 2.6 compare the RCT signals of the CAG lengths 

over the concentration range measured by each microprobe platform. From these plots, several 

interesting observations were made. First, both targets show significantly lower RCT than the 

Figure 2.5. Representative Nyquist form of EIS plots of the targets at 

concentration range 100 aM – 100 nM. CAG17-152 (left) and 

CAG68-306 (right) targets were tested on DNA microprobe (a & b), 

PNA microprobe (c & d), and LNA microprobe (e & f). The data was 

collected in the presence of Mg2+. All measurements were 

electroactive area normalized. 
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respective microprobes (p < 0.0001). The decrease in resistance following the target binding can 

be attributed to the accumulation of Mg2+, which is electrostatically bound to the target, making 

the interfaces positively charged, facilitating the diffusion of the redox probe. Several studies 

have demonstrated the role of divalent cations in lowering the interfacial RCT of surface-

assembled DNA and PNA films.151, 169-172 

 

In addition, control experiments conducted in the absence of Mg2+ (discussed later) 

confirm the effect and corroborate the literature. Secondly, the longer target (68 repeats) shows 

an even lower resistance than the shorter target (17 repeats). We hypothesize that the lengthy 

target incorporates more divalent cations, thereby facilitating the diffusion of the redox probe 

and decreasing the RCT signal. Third, the PNA and LNA microprobes resolve the target sizes 

better at most concentrations (p < 0.0001). These results suggest that PNA and LNA microprobes 

can invade intrastrand base pairs of the target and bind the complementary repeats more 

effectively than the DNA microprobe. This is due to the enhanced hybridization efficiency and 

duplex stability of these artificial microprobes, which are a result of their rigid backbones.167, 173-

Figure 2.6. Box and whisker plots comparing the RCT of the targets containing 17 

and 68 CAG repeats on the a) DNA microprobe, b) the PNA microprobe, and c) 

the LNA microprobe. These platforms were exposed to the targets at 100 aM–100 

nM concentrations. The data were collected in the presence of 20 mM Mg2+. All 

the measurements were normalized with electroactive area of the working 

electrodes and each box plot carries N ≥5 replicate measurements. 
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176 However, the lower sensitivity of the flexible DNA microprobe may be due to its propensity 

to form self-hybridized secondary structures that are incapable of invading the complex target 

structures. Figure 2.6 illustrates the quantitative measurements performed for each microprobe 

where the LNA microprobe is the most sensitive because it can distinguish target lengths at 100 

aM level with p < 0.01 (Figure 2.6c). The target sample size was 5 µL, indicating that there were 

~300 copies of the target to detect. The lack of a linear response for concentration may be due to 

the surface saturation caused by the length of the target. Thus, the convolution of length and 

concentration-dependent response is prevented. 

 

Repeat expansions are known to form secondary structures,177-182 and Mg2+ may facilitate 

folding by screening the negative charge between the phosphate groups at a lower entropic 

cost.183 As the interaction with Mg2+ is electrostatic, the folded structure is primarily sequence- 

and length-driven. To confirm the effect of the divalent positive charge on the interfacial 

resistance of the platform, we washed the Mg2+ from the microenvironment of the interface with 

an EDTA solution following target binding. Experiments were performed at 100 pM target 

concentration, where PNA and LNA microprobes distinguished the lengths with a significant 

Figure 2.7. Box and whisker plots comparing the RCT of the targets 

containing 17 and 68 CAG repeats in the presence and absence of Mg2+. The 

responses of the a) DNA microprobe, b), the PNA microprobe, and c) the 

LNA microprobe following the exposure of the targets at 100 pM 

concentrations. The Mg2+ was removed from the interface by washing with 20 

mM EDTA. All the measurements were electroactive area normalized and 

each box carries N ≥5 replicate measurements. 
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difference (p < 0.00001 and p < 0.05, respectively), whereas the DNA microprobe, which does 

not fully resolve the lengths, performs relatively better. Figure 2.7 compares the RCT signals of 

the target lengths in the presence and absence of Mg2+, while Figures 2.8a–2.8c provide 

representative Nyquist plots.  

 

After removing Mg2+, resistance increased significantly (p ≤ 0.001) in each of these 

instances. The RCT after Mg2+ removal reflects the physical and electrostatic resistance of the 

targets. Furthermore, the length of the DNA microprobe (Figure 2.7a) was resolved in the 

absence of Mg2+ (p < 0.01). For the PNA microprobe (Figure 2.7b), the lengths were resolved in 

the presence and absence of Mg2+ (p < 0.00001) and (p < 0.05), respectively. For the LNA 

microprobe (Figure 2.7c), the lengths were more resolved in the presence of Mg2+ (p < 0.05) 

than in its absence. The contrasting performances of the DNA vs. LNA and PNA vs. LNA can be 

rationalized based on the difference in backbone stiffness in the former and the charge difference 

in the latter case. Based on the performance in the presence of Mg2+, we further investigated the 

Figure 2.8. Representative Nyquist form of EIS plots comparing the target 

CAG17-152 and CAG68-306 in the presence and absence of Mg2+. The 

responses of a) DNA microprobe, b) PNA microprobe, and c) LNA 

microprobe following exposure to the targets with 100 pM concentrations. 

The Mg2+ was removed from the interface by washing with 20 mM EDTA. 

All the measurements were electroactive area normalized.  
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PNA and LNA microprobes to uncouple sequence vs. structure effects in the following 

experiments. 

We used different controls on the PNA and LNA microprobes, as detailed in Table 2.1 

and 2.2, against the CAG17-152 target. In the presence of Mg2+, Figure 2.9 compares CAG17-

152 to multiple controls on PNA (a–d) and LNA (e–h) platforms. Figures 2.10a–2.10h illustrate 

the EIS plots for these control experiments. 

Initially, we evaluated a positive control (PC) sequence, CAG17-158, which is essentially 

the same sequence but transcribed from a "synthetic DNA template" instead of the target 

sequence, which was transcribed from plasmid DNA. Structurally, CAG17-152 is predicted to 

fold into four hairpins of nearly identical length, whereas the PC sequence is predicted to fold 

into one hairpin longer than the others (Table 2.2). Figures 2.9a and 2.9e demonstrate that both 

microprobes cannot distinguish between the target and the PC sequences because both sequences 

contain the same number of tandem CAG repeats. Figures 2.9b and 2.9f show the results of the 

specificity control (SC) sequence CUG17-158. CUG17-158 is not expected to bind efficiently 

with the microprobes because of the U–T (pyrimidine–pyrimidine) mismatches in the binding 

region. Notably, single-stranded CNG RNAs, in which N can be A, C, G, or U, tend to form 

semistable A-form-like helical and hairpin structures with common mismatches, as observed in 

the structure of the SC.181, 184, 185 The results demonstrate that both microprobes can distinguish 

between the target and the SC sequences. The lack of specificity led to significantly increased 

resistance in the control sequence, indicating a weaker or nonexistent binding between the 

control sequence and the microprobes. Interestingly, PNA and LNA microprobes differ in 

composition control (CC) sequence CAG17-158, as shown in Figures 2.9c and 2.9g. This CC 



38 

 

sequence comprises the same C, A, and G nucleotides, but in a scrambled fashion, resulting in a 

few “sporadic” CAG repeats. 

 

Figure 2.9. Box and whisker plots comparing the performances of the PNA 

microprobe (a–d) and LNA microprobe (e–h) by testing control sequences 

against the target CAG17-152: (a and e) Positive control CAG17-158, (b 

and f) Specificity control CUG17-158, (c and g) Composition control 

CAG17-158, and (d and h) Nontarget control GFP-158. All the 

measurements were performed in the presence of Mg2+ at 100 pM target 

concentration. All the measurements were electroactive area normalized and 

each data point carries N ≥6 replicate measurements.  
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The absence of “tandem” CAG repeats should theoretically prevent this CC sequence 

from binding to the microprobes. Consequently, the RCT signals show that the LNA microprobe 

does not bind the CC sequence and can differentiate between the target and the CC sequence. 

Nevertheless, the PNA microprobe detects the CC sequence and does not distinguish between the 

target and the control sequence. Perhaps the charge neutrality of the PNA makes it possible for 

the microprobe to hybridize with the sporadic CAG repeats. Although it is a strength of PNA to 

detect randomly dispersed complementary repeats, it is undesirable for detecting the short 

tandem repeats. Finally, we evaluated the nontarget control (NC), GFP-158, which has no 

complementarity with the microprobe but is structurally similar to the PC. Figures 2.9d and 

2.9h show that the resistance of the NC is similar to the probe (p > 0.05), indicating that neither 

probe binds to its target. Notably, despite the structural similarity with the PC, GFP-158 does not 

bind to PNA or LNA microprobes, whereas the PC binds to these microprobes via its 

complementary binding region. 

 

Figure 2.10. Representative Nyquist form of EIS plots comparing the target 

CAG17-152 with control sequences on PNA and LNA platforms in presence of 

Mg2+. (a&e) Positive control CAG17-158(PC), (b&f) Specificity control 

CUG17-158(SC), (c&g) Composition control, and (d&h) non-target control 

GFP-158(NC). Target concentrations are 100 pM. All the measurements were 

electroactive area normalized.  
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The results presented in Figure 2.9 required additional evidence to confirm the binding 

of the different controls with the microprobe. Accordingly, the binding was confirmed by 

removing Mg2+ from the biosensing interface, assuming that removing Mg2+ should not affect 

the signal of the microprobe if it had not bound a target. The EIS signals are illustrated in 

Figures 2.11a–2.11h. 

 

For both PNA and LNA microprobes, the PC produces the greatest change in resistance 

upon removal of Mg2+ (p < 0.001), as shown in Figures 2.12a and 2.12e. Moreover, there was 

no difference between the RCT response in the presence and absence of Mg2+ compared to the SC 

(p > 0.05), as shown in Figures 2.12b and 2.12f. This confirms that none of these microprobes 

hybridize with the SC sequence. Interestingly, with CC, PNA shows a significant increase in 

resistance following the removal of Mg2+ (p < 0.005), indicating that it detected the sporadic 

CAG repeats (Figure 2.12c). However, LNA showed no change in resistance with and without 

Figure 2.11. Representative Nyquist form of EIS plots comparing the control 

sequences in presence and absence of divalent cation Mg2+ on PNA (left) and 

LNA (right) platforms. (a&e) Positive control CAG17-158(PC), (b&f) 

Specificity control CUG17-158(SC), (c&g) Composition control, and (d&h) 

non-target control GFP-158(NC). Target concentrations are 100 pM. All the 

measurements were electroactive area normalized.  
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Mg2+ due to the absence of binding with the CC sequence (Figure 2.12g). Both PNA and LNA 

microprobes failed to bind the nontarget GFP sequence; therefore, resistance was unaffected by 

the removal of Mg2+ (Figures 2.12d and 2.12h). 

 

Figure 2.12. Box and whisker plots comparing the performances of the PNA 

microprobe platform (a–d) and LNA microprobe platform (e–h) in the 

presence and absence of Mg2+ for the control sequences: (a and e) Positive 

control CAG17-158, (b and f) Specificity control CUG17-158, and (c and g) 

Composition control CAG17-158, and (d and h) Nontarget control GFP-158. 

Target concentrations are 100 pM. All the measurements were area 

normalized, and each data point carries N ≥6 replicate measurements. 
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2.4. Conclusion 

The effect of secondary structures and sporadic repeats on the label-free detection of 

short tandem repeat sequences was investigated in this study. We designed three biosensing 

platforms with different nucleic acid microprobe backbones (DNA, PNA, and LNA) and 

detected Huntington’s CAG repeats in in vitro transcribed RNA sequences. We found that 

pathogenic lengthy repeats show lower signal than the normal sequence, more distinctly, on PNA 

and LNA platforms than DNA microprobes. LNA distinguished lengths at concentrations as low 

as 100 aM and sequences in the presence of Mg2+. Furthermore, PNA and LNA microprobes 

were unaffected by the secondary structure of the control sequences and detected tandem CAG 

repeats with high specificity. However, unlike PNA, LNA did not detect sporadic repeats, which 

rectifies the false-positive signaling caused by sporadic repeats in real samples. 
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CHAPTER 3 

ELECTROCHEMICAL IMPEDANCE IMMUNOASSAY FOR ALS-ASSOCIATED 

NEUROFILAMENT PROTEIN: MATRIX EFFECT ON THE IMMUNOPLATFORM 

 

3.0. Abstract 

Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disorder, which has 

complex diagnostic steps. Electrochemical immunoassays may make the diagnosis simpler and 

faster. Here, we present the detection of ALS-associated neurofilament light chain (Nf-L) protein 

through an electrochemical impedance immunoassay on reduced graphene oxide (rGO) screen-

printed electrodes. The immunoassay was developed in two different media, i.e. buffer and 

human serum, to compare the effect of the media on their figures of merit and calibration 

models. The label-free charge transfer resistance (RCT) of the immunoplatform was used as a 

signal response to develop the calibration models. We found that exposure of the biorecognition 

layer to human serum improved the impedance response of the biorecognition element with 

significantly lower relative error. Moreover, the calibration model obtained in the human serum 

environment has higher sensitivity and a better limit of detection (0.087 ng/mL) than the buffer 

medium (0.39 ng/mL). The analyses of the ALS patient samples show that concentrations 

obtained from the buffer-based regression model was higher than the serum-based model. 

However, a high Pearson correlation (r = 1.00) between the media suggests that concentration in 

one medium may be useful to predict the concentration in the other medium. Moreover, the Nf-L 

concentration appears to increase with age in both male and female groups, while overall higher 

Nf-L was found in the male group than the female group.   
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3.1. Introduction 

Amyotrophic lateral sclerosis (ALS) is a fatal neuromuscular disease that causes death 

within five years of onset of symptoms.105 Diagnosis for ALS relies on a detailed history of the 

symptoms, a series of muscle testing to rule out other diseases, and imaging tests.186 The 

availability of a range of sensitive tools to diagnose the disease is difficult in a resource-limited 

region.132 However, recent progress in the identification of ALS-associated biomarkers present in 

biological fluids is promising for developing sensitive and inexpensive electroanalytical 

diagnostic protocols.88, 187-189 In contrast to current ALS diagnostics methods, electrochemical 

detection methods190 have emerged as a promising alternative due to their simplicity,  quick 

process 191 affordability, and sensitivity.192  These methods can be integrated into miniaturized 

platforms, such as screen-printed electrodes and microfluidic chips,193 to detect a wide range of 

analytes in different biological samples, including blood,194 urine,195 sweat,196 and saliva.197 The 

electrochemical detection platform incorporates a diverse range of surfaces, harnessing the 

unique properties of nanomaterials to enhance its sensing capability.198, 199 One such material is 

reduced graphene oxide, a class of two-dimensional nanomaterial, which is utilized for its 

convenient functionalization in immobilizing biorecognition elements.200 The material shows 

remarkable electrochemical conductivity, high surface area, biocompatibility, and hydrophilic 

characteristics, resulting in improved sensitivity and detection limits in the electrochemical 

detection process.201 

In past 25 years,202 a number of protein biomarkers have been linked to ALS such as  

polydipeptide repeats (DPRs), Neurofilament Heavy Chain (Nf-H), Neurofilament light Chain 

(Nf-L), and phosphorylated neurofilament heavy (pNfH) and light chain (pNfL).106 Currently, 

these biomarkers were detected in cerebrospinal fluid (CSF) due to their high concentration in 
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the biological fluid,203, 204 while obtaining a CSF sample is highly invasive. Recently, Nf-L 

received a significant attention as a biomarker for early-stage diagnosis,205 which can be detected 

in serum.205, 206 We expect that the detection of Nf-L in serum using a rapid, label-free, and 

sensitive detection method will make the diagnosis procedure less invasive, thus less painful, for 

ALS patients.  

Detection of diagnostic biomarkers in a complex biological medium (e.g., serum) usually 

requires tedious sample preparation to enrich the biological sample with a desired biomarker. In 

contrast, testing enriched and complex target samples via highly sensitive techniques, such as 

impedance, may fall beyond the dynamic range of the calibration model. Therefore, dilution of 

such samples might be necessary but also at risk of compromising accuracy and precision. In this 

work, we have detected the ALS-associated Nf-L protein in patients sera using impedance-based 

electrochemical immunoassay. Scheme 3.1 depicts the detection strategy where an antibody 

biorecognition layer was formed on a reduced graphene oxide (rGO) screen-printed electrode 

through an electrografting method where anti-Nf-L antibody is immobilized on the rGO surface 

through a 4-carboxyphenyl linker.207, 208 Then, Nf-L was detected using the immunoplatform by 

monitoring the label-free impedance signal of the detection platform. The immunoassay was 

employed in buffer and serum to compare the effects of the media on the figures of merit and 

regression model of the assay and to observe the effect on the analysis of real samples. This 

detection strategy is simple, label-free, and less invasive compared to other electrochemical 

methods that used brain tissues and various signal amplification methods.127, 128, 209  
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3.2. Experimental 

3.2.1. Materials 

Synthetic neurofilament light chain (Nf-L)—a human recombinant protein (P01)—with 

theoretical molecular weight 87.9 kDa, was purchased from Abnova corporation. Anti-Nf-L 

monoclonal antibody (DA2) was procured from Invitrogen, Thermo Fisher Scientific. 

Commercial human serum (from human male AB plasma, USA origin, sterile-filtered), bovine 

serum albumin (BSA) lyophilized powder (≥96%), sodium nitrite (≥99.0%) and 4-aminobenzoic 

acid (≥99%) were purchased from Sigma-Aldrich. ALS patient serum samples were acquired 

from National ALS Biorepository, obtained, and stored at -80 oC. 1-ethyl-3-(3-

Scheme 3.1. Depicting step by step preparation of the electrochemical 

immunosensing platform on rGO screen-printed electrodes and the detection 

of ALS-associated Nf-L biomarker in patients sera using the developed 

immunosensing platform. 
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dimethylaminopropyl)carbodiimide (EDC) hydrochloride, N-hydroxysuccinimide (NHS) and [2-

(N-morpholino)ethanesulfonic acid] (MES) 0.1 M, with 0.9% sodium chloride were purchased 

from ThermoFisher Scientific. Potassium ferricyanide (99+%) and potassium ferrocyanide 

trihydrate (99+%) were purchased from Acros Organic while phosphate buffer saline 10× were 

obtained from Sigma life science. All the solutions were prepared in ultrapure water (18.2 

MΩ·cm) from Barnstead Smart2Pure 3LPH, Thermo Scientific. Reduced graphene oxide 

modified screen printed carbon electrode (DRP-110RGPHOX) were purchased from Metrohm 

USA. All electrochemical measurements were performed employing Metrohm Autolab 

PGSTAT204 FRA32M (USA) electrochemical workstation connected with Metrohm Dropsens 

adapter (DRP-DSC4MM70734) inside Metrohm Autolab Faraday cage. 

3.2.2. Preparation of Immunoplatform. 

A biorecognition layer was prepared on the reduced graphene oxide (rGO) screen-printed 

electrode (SPE). The SPE comprised of an rGO working electrode with 4 mm diameter, a carbon 

counter electrode, and a silver pseudoreference electrode. The rGO working electrode was first 

modified with carboxyphenyl group using electrografting method.207, 208 First, 2 mM of NaNO2 

was added into 2 mM of 4-aminobezoic acid prepared in 0.5 M HCl to generate diazonium 

cation. After 5 minutes of reaction, 150 μL of the solution was dropped onto the rGO surface. 

Covalent immobilization of 4-carboxyphenyl group was obtained by electrografting using cyclic 

voltammmtery (CV) from 0.4 to -0.6V for 3 cycles at 200 mV/s scan rate. For anti-Nf-L antibody 

immobilization, 10 μL of 100 mM EDC and 20 mM NHS prepared in 100 mM MES buffer (pH 

5) was dropped on carboxy phenyl modified rGO surface and the electrode was incubated around 

8 ○C for 1 h. The surface was carefully washed with MES buffer followed by incubation of 10 μL 

of 20 ng/mL anti-Nf-L antibodies, prepared in 1× PBS buffer (pH 7.4) for 3 h at 8 ○C. Then, the 
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surface was washed with PBS buffer and exposed to 10 μL of 1% BSA as a blocking layer for 1 

h followed by washing with PBS buffer. The biolayer was also exposed to 10 μL undiluted serum 

for 15 minutes followed by washing with PBS buffer. Synthetic Nf-L targets in the concentration 

range 0.01 to 1.5 ng/mL were prepared in 1× PBS and in serum separately and were immobilized 

in respective biorecognition layer for 15 minutes followed by washing with PBS buffer. 

3.2.3. Nf-L detection by EIS. 

Each of the biolayer preparation steps and target immobilization steps were 

electrochemically characterized to confirm the modification. EIS was performed using 1 mM 

K4[Fe(CN)6]/K3[Fe(CN)6] (1:1) prepared in 1× PBS (pH 7.4) as a soluble redox active probe. 

The EIS measurements were performed in frequency range of 100 kHz to 0.150 Hz with an 

applied DC potential (open circuit potential), and AC pulse of 5 mV amplitude. For simulations, 

Z-view version 3.5h was used to fit the EIS data into a modified Randles equivalent circuits. The 

experimental and extracted values of fitting elements were normalized by electroactive area at 

each step. For real samples, serum samples from ALS patients were obtained National ALS 

biorepository and stored in -80 ○C freezer. Aliquots of samples were taken out in small 

Eppendorf tube and diluted with 1× PBS (pH 7.4) and then around 150 μL of sample was 

incubated for 15 minutes in closed container with humid environment at room temperature. The 

electrodes were then washed with 10 μL of 1× PBS for three times before EIS measurements. 

3.3. Results and discussion 

3.3.1. Preparation of immunoplatform. 

The immunoplatform on rGO screen-printed electrode was prepared by immobilizing 

anti-Nf-L antibody on the electrodes using electrografting method.207, 208 Figure 3.1 presents the 
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formation of the biorecognition layer comprising bare rGO, antibody (anti-Nf-L) onto rGO, and 

BSA treatment of the immobilized antibody.  

 

Figure 3.1a shows the Nyquist form of the EIS plots of main layers, i.e., electrode (rGO), 

antibody (G/Ab), complete biolayer (rGO/Ab/BSA), and human serum exposed biolayer. Figure 

3.1b summarizes the impedance of each layer, i.e., charge transfer resistance (RCT), emerged 

from steric hindrance to the soluble redox probe. The unmodified rGO surface has extremely low 

resistance (0.040 ± 0.003 kΩ·cm2), which increased almost two orders of magnitude (1.95 ± 0.20 

kΩ·cm2) after covalent immobilization of the anti-Nf-L on the electrografted rGO surface. After 

the exposure of rGO/Ab to 1% BSA, the resulting rGO/Ab/BSA biolayer had impedance of 2.4 ± 

0.25 kΩ·cm2 with RSD ~ 10%. The purpose of BSA in preparing such platforms is to reduce 

non-specific adsorption. However, the 10% relative error indicates that the platform is prone to 

high false-positive signal. Then, we exposed the rGO/Ab/BSA biolayer to an undiluted 

commercial human serum followed by washing with the buffer. The exposure to human serum 

Figure 3.1. a) EIS plots for biolayer formation including 

unmodified rGO surface (inset), anti-Nf-L antibody rGO/Ab, after 

1% BSA treatment rGO/Ab/BSA, and after the human serum 

exposure. b) Comparing RCT values after modifying the rGO 

electrode with each successive layer. The error bars represent n ≥ 4 

distinct replicates. 
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significantly improved the precision of the biolayer response, i.e.  2.5 ± 0.07 kΩ·cm2 and RSD ~ 

3%. Rationally, human serum is more biologically relevant toward biorecognition layer and the 

serum exposure may have covered some exposed rGO surface left after the adsorption of 

BSA.210 

3.3.2. Nf-L detection in buffer and serum media. 

The Nf-L concentration in human serum has been reported in the range 0.05 – 0.879 

ng/mL for early-stage ALS and 0.02 – 4.2 ng/mL for late-stage ALS patients.211, 212 Despite the 

wide and varied ranges of Nf-L concentration in human serum, the median values for both stages 

are very similar, i.e. 0.26 ng/mL and 0.2 ng/mL respectively. Clinical serum has a complex 

matrix, which makes it highly challenging to detect the target biomarker. Protein enrichment is 

needed for the detection of low abundant target in serum. However, sample preparation may 

result in quantitative loss of molecule of interest.213 It is critical to know that buffer-based 

calibration model usually do not relate with real sample matrix, such as serum samples. To better 

understand the matrix effect on the immunoplatform, it is important to compare a buffer-based 

calibration with a serum-based calibration. It was assumed that an appropriate regression model 

may be around the reported median value of the Nf-L in serum. Therefore, we prepared and 

analyzed the synthetic Nf-L target in concentration range of 0.01 - 1.5 ng/mL prepared in PBS 

buffer and filtered human serum. Figure 3.2a shows EIS signals of the synthetic Nf-L target in 

PBS buffer. The increase in RCT signal with the concentration confirms the immobilization of the 

target on the immunoplatform. The dynamic response was observed in the concentration range 

that can be observed in the calibration curve shown in inset of Figure 3.2a. The limit of 

detection (LOD) was calculated as 0.39 ng/mL (S/N =3) from linear regression equation (y = 

1.9x + 2.9) obtained in the buffer medium. Figure 3.2b represents EIS response of the synthetic 
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Nf-L protein prepared in human serum along with the regression curve in the inset. The response 

of the concentrations were higher in the serum medium, which was expected due to the 

complexity of the medium. Nevertheless, the sensitivity (slope) of the curve was higher (y = 2.4x 

+ 3.0) and LOD was calculated as 0.087 ng/mL (S/N =3), which is one order of magnitude better 

than that of the buffer medium. We assume that the better precision of the serum-exposed 

biolayer improved the LOD from serum-based calibration plot due to similar matrix. We 

performed comparative analysis of RCT signals of two data sets obtained from serum and buffer 

calibration media and found no significant difference in variance (p>0.08) and in means (p>0.6). 

Which further approves that there is similarity of the results obtained from both media and can 

be correlated from each other. 

 

The correlation between the RCT signals obtained from buffer and serum-based 

calibration curve (Figure 3.3) shows that both calibration models are reasonably correlated as 

indicated by the Pearson correlation coefficient r = 0.952. Since we use monoclonal anti-Nf-L 

Figure 3.2. EIS signals of the synthetic Nf-L target captured at the 

immunoplatform from concentration range (0.01 to 1.5 ng/mL) in buffer 

medium PBS pH 7.4 a) and in serum b). The insets in a) and b) show 

corresponding calibration plots of RCT vs. concentration. Each error bar 

represents n ≥ 3 replicates. 
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antibody therefore we assumed that there is no significant interference observed and due to the 

reason, the buffer and serum matrix results show high correlation. Due to the correlation, we 

used both regression models to calculate concentrations of Nf-L in the diluted sera samples from 

ALS patients. 

 

3.3.3. Target Nf-L determination in ALS patients’ serum. 

Finally, ALS sera samples were tested from male and female groups of varied ages to 

determine Nf-L concentration using the immunoplatform and the regression models. The samples 

were 10× diluted in 1× PBS buffer (pH 7.4) followed by exposure to immunosensing platform. 

After the brief exposure, the EIS measurements were performed preceded by washing as 

described above. Table 3.1 shows the RCT signals of the sera samples normalized by the 

electroactive area of the electrodes and corresponding concentration of Nf-L calculated from 

buffer- and serum-based regression equations. The concentrations obtained were multiplied with 

10× dilution factor to estimate the actual concentration in the sera.  

Figure 3.3. Correlation plot between RCT of synthetic Nf-L 

targets in commercial human serum with the RCT obtained in 1× 

PBS buffer. Pearson correlation coefficient r = 0.952 shows 

high correlation between target signals obtained in these two 

media. 
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Table 3.1. Charge transfer resistance (RCT signals) of ALS serum samples and the concentration of Nf-L 

obtained in serum-based and PBS buffer-based calibration model. The data is divided into two groups based 

on gender and it represents varied ages. Actual concentration of Nf-L in the serum was calculated by 

multiplying the concertation obtained from the regression model with 10× dilution factor. RCT and 

concentration values of each sample show standard error for n ≥ 3 replicates. 

Sample 

ID 
Gender Age RCT (kΩ∙cm2)  

 Nf-L (ng/mL) 

Serum 

Nf-L (ng/mL) 

Buffer 

1 

Male 

40s 4.1 ± 0.17  4.4 ± 0.7  6.0 ± 0.9  

2 50s 5.1 ± 0.37  8.9 ± 1.6  12 ± 2.0  

3 60s 4.8 ± 0.52  7.4 ± 2.2  9.7 ± 2.7  

4 70s 5.1 ± 0.43  8.9 ± 1.8  12 ± 2.3  

5 80s 5.5 ± 0.31  10.3 ± 1.3  13 ± 1.6  

6 

Female 

30s 3.9 ± 0.24  3.9 ± 1.0  5.3 ± 1.2 

7 50s 4.2 ± 0.27  5.2 ± 1.1 7.0 ± 1.4  

8 60s 4.1 ± 0.18  4.7 ± 0.8 6.3 ± 0.9  

9 60s 4.3 ± 0.43  5.5 ± 1.8  7.3 ± 2.2  

10 70s 4.9 ± 0.20  7.9 ± 0.8  10 ± 1.0 

 

The serum dilution may be useful when target concentration in patient is expected to 

present at elevated level than the dynamic range of the regression model such as in case of late-

stage ALS (4.2 ng/mL).214 The concentrations of the Nf-L from patients were plotted in male and 

female groups in Figure 3.4a. Interestingly, we found that Nf-L concentration tends to increase 

with age in both male and female patients. It is important to note that there have been 

inconsistent reports on the correlation between Nf-L concentration and age of ALS patients, for 

instance, a report states no direct correlation,215 while another report shows Nf-L concentration 

correlation with the age of healthy controls and other neurological diseases.216 We also observed 

average Nf-L concentration higher in the male group than the female group, which is also not 

proven from previous studies. Since the work of the biomarker identification and their estimation 

in biological fluids is still in progress, therefore, more reports are expected in the future for 

conclusive evidence. Figure 3.4b shows the high correlation (r = 1.00) between the 

concentrations obtained from buffer-based calibration and serum-based calibration models, 
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which indicates that the correlation can be used as predictive model to find the concentration in 

one medium from other medium and vice versa.  

 

There have been several recent studies on electrochemical detection of Nf-L. However, 

these studies relied on complex biorecognition elements and label for signal amplification. One 

of such detection strategies involved sandwich type immunoassay complexes formed over 

magnetic microbead, which was conjugated with horse radish peroxidase (HRP) to generate 

electroactive product for amperometric detection209, In another work, electrochemical detection 

was based on ratio of glycosylated Nf-L (oNf-L) to total Nf-L (tNf-L) was determined.128 Both 

targets were detected in buffer diluted serum where tNf-L detection involved sandwich type 

immunoassay bearing nanoparticles over gold electrode surface. Nanoparticles containing Cu2+ 

provides electrochemical reduction signal to quantify tNf-L. While, oNf-L detection involved 

horseradish peroxidase–wheat germ agglutinin (WGA–HRP) complex‒specifically immobilized 

Figure 3.4. a) Plot of target Nf-L concentration in ALS serum samples. 

The concentrations calculated from serum-based calibration plot (orange 

circle) and buffer-based calibration plot (blue square). b) shows correlation 

plot between the concentration of Nf-L in real ALS samples calculated 

from serum-based calibration model versus buffer-based calibration model. 

Pearson correlation coefficient r = 1.00 shows very high correlation 

between these two media. 
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on oNf-L, which then catalyzed reduction of O2 from H2O2. Nf-L was also detected on metal 

organic framework-derived material (ZrO2@La2O3) using a simple immunoassay for voltametric 

detection.127 Nevertheless, such metal organic frameworks are expensive materials compared to 

graphene oxide which is simple to synthesize and modify through chemical and electrochemical 

methods as we described in this report. In our work, using the serum-based calibration we were 

able to achieve LOD as low as 0.087 ng/mL, which is sensitive enough to detect reported mean 

concentration of Nf-L in serum samples of neurodegenerative disease patients (0.65 ng/mL).217 

3.4. Conclusion 

In this work, we demonstrated the effect of immunoassay medium on electrochemical 

detection of ALS-associated Nf-L protein biomarker. The immunoplatform was prepared on 

reduced graphene oxide screen-printed electrodes by immobilizing the anti-Nf-L antibody 

through electrografting method. The final biorecognition layer showed improved charge transfer 

resistance response when exposed to human serum and the relative standard error reduced from 

10% to 3%. The regression models obtained in the serum medium showed higher sensitivity and 

better limit of detection (0.087 ng/mL) than the buffer medium (0.39 ng/mL). Both calibration 

models were found reasonably correlated (r = 0.952) and used to estimate Nf-L concentration in 

patient serum samples. The estimation of Nf-L from buffer-based regression was found slightly 

higher than the serum-based regression model but the concentrations were found highly 

correlated (r = 1.00), which can be used to predict a concentration in serum medium using the 

concentration from buffer medium and vice versa. Interestingly, we found increase in Nf-L level 

with age in both male and female groups of ALS patients. We also found an average higher 

concentration in the male group than the female group. The immunoplatform developed here is 

label-free, simple, and sensitive to detect Nf-L for ALS diagnosis through less-invasive method. 
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CHAPTER 4 

ELECTROGRAFTED LASER INDUCED GRAPHENE: SENSITIVE DETECTION OF 

NEURODEGENERATIVE DISEASE BIOMARKER IN CEREBROSPINAL FLUID 

 

4.0. Abstract 

There are more than 50 neurodegenerative disorders and amyotrophic lateral sclerosis 

(ALS) is one of the most common disorders that poses diagnostic and treatment challenges. Poly 

Glycine Proline (polyGP) dipeptide repeat is a toxic protein that has been recognized as 

pharmacodynamic biomarker of c9+ ALS, a sub type of ALS which originates from genetic 

mutation. An early detection of pharmacodynamic biomarkers like polyGP will help healthcare 

providers start timely gene therapy. Here, we developed a label-free electrochemical 

immunoassay for simple detection of polyGP in unprocessed CSF samples from ALS patients. 

We employed for the first time electrografting of Laser Induced Graphene (LIG) electrode 

system in a sandwich format to detect polyGP using label-free electrochemical impedance 

technique. The results show that E-LIG modified surface exhibited high sensitivity and 

selectivity in buffer with limit of detection (LOD) of 0.142 ng/mL and in CSF (LOD = 0.224 

ng/mL). The precision of the calibration model in CSF was found better than buffer. The E-LIG 

immunosensor can easily select PolyGP target in presence of other dipeptide proteins translated 

from c9 gene. Further study with real CSF samples from ALS patients demonstrates that the E-

LIG-based immunosensor not only quantifies polyGP in the complex CSF matrix but also 

distinguishes between c9+ and c9- ALS patients. The results promise that the proposed 

sandwich-type E-LIG electrochemical system offers a sensitive and cost-effective tool to detect 

neurodegenerative biomarkers in complex biological matrices. 
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4.1. Introduction 

Amyotrophic lateral sclerosis (ALS) is among 50 neurodegenerative disorders, which 

causes progressive degeneration of motor neurons that leads to death within 5 years of onset.105 

Length mutation—also known as repeat expansion—of G4C2 repeats in C9orf72 gene is the 

leading genetic cause of ALS.218, 219 If genetic biomarkers are detected sooner, then the life of the 

patient can be improved through gene therapy.106, 220 The G4C2 length mutation translates into the 

production of dipeptide toxic proteins, prevalently Poly Glycine Proline (PolyGP), which is an 

important pharmacodynamic biomarker. Thus, rapid and sensitive detection of polyGP may 

facilitate diagnosis in both symptomatic and asymptomatic patients but also offers insights into 

the treatment efficacy. Recently, polyGP was found in high quantities in cerebrospinal fluids 

(CSF),107, 108 which carries substantially low protein content, i.e. 0.2 – 0.4 mg/mL,  in contrast to 

serum containing 60 – 80 mg/mL.221, 222 Therefore, detection of polyGP in CSF may simplify 

diagnosis through direct detection using patient CSF without sample preparation steps.  

Various techniques are employed to discriminate between C9orf72 and non C9orf72-

patients, such as polymerase chain reaction,223 224 immunohistochemistry,225 and neuroimaging 

techniques.226-228 However, these methods are time-consuming, involve sophisticated procedures 

and instrumentation, and well-trained personnel.229, 230 Electrochemical sensors can help by 

providing a sensitive, miniaturized, and cost-effective diagnostic tool for faster diagnosis.231 One 

of the biggest advantage of the electrochemical tools is the low sample requirement down to 

nanoliters (nL) level,232 which is desirable for the samples difficult to obtain, such as CSF.221 The 

sensitivity of electrochemical platforms can be further enhanced using conductive 2D 

nanomaterials as a transducer surfaces such as graphene, MoS2 etc.233-235 
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We present here the direct detection of polyGP biomarker in CSF from patients on laser-

induced graphene (LIG) electrodes. LIG is a wet-free method to create 3D porous graphene in 

single step using a CO2 laser.236 The porous graphene produced by this method provides a large 

surface area and superior electronic conductivity, which is key to enhance detection sensitivity 

for complex biological samples, especially for label-free detection strategy.237, 238 Scheme 4.1a 

illustrates the fabrication of LIG sensors in a single-step by exposing a polyimide substrate to 

CO2 laser. The LIG sensors were functionalized with carboxyphenyl groups via electrografting 

followed by the immobilization of anti-polyGP antibodies to prepare a biorecognition as shown 

in Scheme 4.1b. The sensor construct was assembled into a sandwich format, as depicted in 

Scheme 4.1. a)  A single step formation of LIG by rastering CO2 laser over 

Polyimide film. A vinyl passive film was pasted to cover the wire connection 

followed by pasting 1.8 mm dual adhesive acrylic gel as spacer. b) Electrografting 

of LIG to functionalize surface with carboxyphenyl group to form E-LIG. 

Covalent immobilization of anti-polyGP antibody form biorecognition layer then 

filling remaining surface with BSA followed by polyGP target capture. c) 

Detection of polyGP on a sandwiched electrochemical system in presence of redox 

probe [Fe(CN)6]
-3/[Fe(CN)6]

-4 
where the top bare LIG electrode serves as a pseudo 

reference/counter electrode.  
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Scheme 4.1c, where the surface was filled with redox probe solution within the circular area 

defined by dual adhesive tape. Subsequently, an unmodified and freshly prepared LIG as 

pseudoreference/counter electrode was pasted over modified working electrode at a gap (1.8 

mm) of the adhesive tape. Finally, EIS response of the immuno-surface was obtained, and results 

were simulated to extract RCT values.  Such assembly is desirable to enhance sensitivity by 

minimizing ohmic drop across the electrodes.239, 240 The label-free detection of polyGP on LIG 

was performed using electrochemical impedance where the sensitivity and selectivity were 

optimized in buffer and in commercially available human CSF media. Finally, LIG electrodes 

were applied to detect polyGP directly in CSF sample to discriminate C9orf72-positive and 

C9orf72-negative ALS. 

4.2. Experimental 

4.2.1. Material 

Synthetic dipeptides repeat targets, i.e. Poly Glycine-Proline (Poly GP), Poly Glycine-

Alanine (Poly GA), and Poly Glycine-Arginine (Poly GR), with eight peptide repeats were 

purchased from Life Technologies Corporation (CA, USA). Anti-Poly GP Polyclonal antibody 

was acquired from Millipore Sigma Corporation. Pooled Human Cerebrospinal Fluid (CSF), a 

product of Innovative Research Inc., was purchased from Fisher Scientific. Bovine serum 

albumin or BSA (lyophilized powder ≥96%), Sodium Nitrite (reagent plus ≥99.0%), and 4-

Aminobenzoic acid (reagent plus ≥99%) were purchased from Sigma-Aldrich. 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) hydrochloride, N-hydroxysuccinimide (NHS) and [2-

(N-morpholino)ethanesulfonic acid] (MES) 0.1 M (with 0.9% sodium chloride, pH 4.7 buffer) 

were purchased from Thermo Fisher Scientific. Hydrochloric acid (ACS grade) was purchased 

from Fisher Science Education. Potassium ferricyanide (99+%) and potassium ferrocyanide 
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trihydrate (99+%) were purchased from Acros Organic, while phosphate buffer saline 10× was 

obtained from Sigma life science. Polyimide film (Thickness 0.10 mm) on Polyethylene 

terephthalate (PET) substrate was obtained from Addicore (San Diego, CA). Laser printer 5th 

Generation Hobby Laser (20 × 12 inch) equipped with 40 W CO2 (10.6 μm) standard laser tube, 

FSL100 laser fume extractor with HEPA filter and submersible water pump for laser assembly 

cooling was purchased from Full Spectrum Lasers (Las Vegas, NA). An optical microscope 

Motic 215 series with a Moticam tablet (BMW8) was purchased from Fisher Scientific. Sheet 

resistance was measured to confirm the formation of LIG using four-point probe, Jandel 

HM21test unit purchased from Jandel Engineering Limited, England, UK. Scanning Electron 

Microscopy (SEM) with Energy Dispersive X-ray Spectroscopy (EDS), Quanta 450 FEG (FEI) 

was used to analyze LIG and E-LIG surfaces. Attenuated Total Reflectance Fourier Transform 

Infrared spectroscopy (ATR-FTIR) with Nicolet 6700 Spectrometer and Raman Spectroscopy 

with iHR 550 Horiba Scientific, wavelength 785 nm, Laser power 10 mW with objective lens 

X50 and 600 grooves/mm of grating have been used to characterize prepared LIG and E-LIG 

electrodes. Reduced graphene oxide modified screen printed carbon electrode (DRP-

110RGPHOX-U50) were purchased from Metrohm USA. All electrochemical measurements 

were performed on Metrohm Autolab PGSTAT204 FRA32M (USA) electrochemical 

workstation within Metrohm Autolab Faraday cage. 

4.2.2. Fabrication of laser-induced graphene electrodes. 

Scheme 4.1a depicts the preparation of the LIG electrode. First, PI sheet was cut into 

small substrates of 3 cm × 4.5 cm dimension and then placed in laser cutter/engraver chamber in 

ambient condition. Then, LIG electrodes were fabricated by rastering a CO2 laser head over 

polyimide film. Electrode was designed using vector graphic editor Inkscape software version 
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1.3. The total length of the electrode from connector to the sensing area is 2.5 cm where the 

working/sensing electrode is 4 mm in diameter. CO2 laser of 10.6 μm wavelength was used for 

the formation of LIG electrodes using the computer-controlled laser cutting machine. A range of 

laser power and speed combination was used to optimize the fabrication condition. The spot size 

of the laser beam was ~50 µm diameter with 500 dpi setting. The laser instrument was operated 

using software RetinaEngrave 3D version 4.430 under raster engrave condition. The laser head 

rastered along the electrode length to form LIG. Then, a vinyl sheet was pasted on top of the 

connecting wire to passivate the connection. A square piece (3 cm × 3 cm) of dual adhesive 

acrylamide gel (1.8 mm thick) with a circular hole (1.5 cm dia.) was pasted over the LIG 

electrode as a spacer, which also holds liquid for the sandwich format. The prepared electrode 

was first observed by visual inspection of the whole electrode and then the working area of the 

electrode was observed under an optical microscope. A four-probe test unit was used to 

determine the sheet resistance of the prepared electrode by placing the probe on the surface of 

LIG. To minimize the error in measurement, three measurements were performed to determine 

an average value from a single electrode and at least three different electrodes were tasted to 

obtain an average result at each condition. 

4.2.3. Electrografting of LIG. 

Scheme 4.1b illustrates the electrografting of the LIG electrode. The LIG working 

electrode was first modified with carboxyphenyl group using electrografting method. First, 2 

mM solution of NaNO2 was added into 2 mM 4-aminobezoic acid made in 0.5 M HCl to 

generate a diazonium cation. After 5 min of reaction, 150 μL of the mixture was dropped onto 

the LIG surface. Covalent immobilization of 4-carboxyphenyl group on the LIG surface was 

achieved by electrografting using cyclic voltammmtery (CV) from +0.6 to −0.6 V for 3 cycles at 
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100 mV/s scan rate. Scanning electron microscopy was performed to inspect the surface and 

cross-sectional morphology of the prepared LIG and E-LIG. To confirm the elemental 

composition of the LIG and E-LIG, electron dispersive x-ray spectroscopy (EDS) and Fourier 

transform infrared (FTIR) spectroscopy were performed. Surface modification of LIG and E-LIG 

was observed through Raman spectroscopy and cyclic voltammetry (CV). 

4.2.4. Immobilization of antibody. 

Scheme 4.1b also illustrates the preparation of immunosensor on the E-LIG electrode. 

For anti-polyGP antibody immobilization, 10 μL of 100 mM EDC and 20 mM NHS prepared in 

100 mM MES buffer (pH 5) were dropped on carboxy phenyl modified LIG surface and the 

electrode was incubated around 8 °C for 1 h in humid condition. The surface was carefully 

washed with MES buffer followed by incubation of 10 μL of 20 ng/mL anti-polyGP antibodies, 

prepared in 1× PBS buffer (pH 7.4) for 3 h at 8 °C in humid condition. Then, the surface was 

washed with PBS buffer and exposed to 10 μL of 1% BSA as a blocking layer for 1 h followed 

by washing with PBS buffer. The biolayer was also exposed to 10 μL undiluted CSF for 15 min 

followed by washing with PBS buffer. Synthetic polyGP target in the range of 0.01 to 2 ng/mL 

concentration was prepared in 1× PBS and in CSF media separately and incubated on the 

biosensing platform for 15 min followed by a washing step.  

4.2.5. PolyGP detection in buffer and CSF by EIS 

Scheme 4.1c depicts the detection of the target on the E-LIG electrode in a sandwich 

format electrochemical cell. 1 mM K4[Fe(CN)6]/K3[Fe(CN)6] (1:1) prepared in 1× PBS (pH 7.4) 

as a soluble redox probe solution (~250 μL) was filled in the spacer area and then an unmodified 

LIG electrode as a pseudoreference/counter electrode was pasted over the modified working 
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electrode to form a sandwich assembly with a gap of spacer thickness. Each of the biolayer 

preparation steps and target immobilization steps were electrochemically characterized to 

confirm the modification. The EIS measurements were performed in frequency range of 100 kHz 

to 0.015 Hz with an applied DC potential (open circuit potential), and AC pulse of 5 mV 

amplitude. For simulations, Z-view version 3.5 h was used to fit the EIS data into a modified 

Randles equivalent circuit. 

4.2.5. PolyGP detection in CSF of c9+ALS and c9-ALS patients. 

Real CSF samples were collected by lumbar puncture from deceased ALS patients, 

received, and stored in -80 ◦C. Since polyGP is the biomarker of c9+ ALS patients and found 

absent in non c9+ ALS patients. We collected four CSF samples from c9+ and 6 samples from 

c9- ALS patients. 10 μL of each sample without dilution was incubated on E-LIG modified 

immuno surface for 15 min, washed with PBS buffer and tested using sandwich electrochemical 

cell as discussed above for standard samples spiked in commercial human CSF. The obtained 

RCT signal was used to calculate concentration using equation evaluated from standard polyGP 

spiked concentrations in commercial human CSF. Table 4.1 shows ALS patients’ samples 

information, including sample ID, age range and detected concentration. 

4.3. Results and Discussion 

4.3.1. Fabrication of laser-induced graphene electrodes. 

LIG offers sensitive and low-cost sensing platforms through an eco-friendly and all-dry 

method.236 Laser power and speed have a critical role in producing the sensors with mechanical 

durability and superior conductivity,241-244 which might vary because of the substrate of interest 

and laser. To prepare durable and electrically sensitive LIG electrodes, we optimized the laser 
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power and speed followed by extensive characterization of the electrodes. Figure 4.1a shows the 

optical microscopic images of the part of the pristine LIG electrodes prepared by varying 

combination of the laser power and laser speed with the 10% increment in both directions. The 

optical images clearly show that low raster speed and high laser power produce brittle electrodes 

as well as burning of the surface, e.g. 10% speed and 90% laser power. While, low power and 

high speed cause incomplete carbonization, such as 20% and 30% power above 50% speed. One 

may notice stable LIG formation when observing diagonally between the laser power and speed 

as indicated by the red arrow in Figure 4.1a. 

 

Figure 4.1. a) Optical images of the LIG electrodes made at different 

combinations of laser speed and power. b) Sheet resistance study of the LIG 

electrodes at different laser power and laser speed. (c & g) SEM images of PI 

and LIG cross section. (d & h) SEM of PI and LIG surface. (e & i) EDS of PI 

and LIG. (f & j) Elemental composition of PI and LIG, respectively. The color 

code given in table is to compare the false color images from EDS. 
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Then, electrical performance using a four-probe confirmed the graphitization of the PI 

after laser induction. The nonconductive nature of the PI sheet was confirmed through the 

resistivity >10 M Ω per square. The resistivity of the LIG electrodes (Rs) was plotted as a heat 

map with respect to the combination of laser power and speed, see Figure 4.1b. Evidently, at any 

value of laser power the sheet resistance increased with the increase in laser speed. We found the 

best obtained sheet resistance = 43 Ω per square at 100% power ‒ 60% speed and 44 Ω per 

square at 40% power ‒ 10% speed combination. Note: The black area represents the brittle 

electrodes that peeled off once coming in contact with the probe. The scanning electron 

microscopy in Figure 4.1c & 4.1d show cross section and surface images of the PI substrate 

(thickness ~27 μm), which confirms the smooth and featureless surface of the PI layer. While the 

LIG (thickness ~ 45 μm) appears with porous morphology as observed in Figure 4.1g & 4.1h, 

where the cross-sectional area shows a sponge like structure resulting in high surface area, which 

may favor higher current density. The elemental composition through EDS (Figure 4.1i & 4.1j) 

clearly confirms >20% increase in carbon content and 8% loss of nitrogen and 13% loss of 

oxygen because of the formation of 3D network of graphitic material, as reported previously.245 

The electrochemical performance of the LIG electrodes was confirmed using cyclic 

voltammetry against Ag/AgCl as reference electrode and Pt wire as counter electrode. The 

electrodes were tested in 1 mM [Fe(CN)6]
3‒/[Fe(CN)6]

2‒ (1:1) dissolved in 1× PBS  buffer. 

Figure 4.2a shows a heat map representing effect of laser power and laser speed toward the peak 

separation ‘ΔE’ in cyclic voltammogram performed at 100 mV/s. Overall, the lowest peak 

separation was observed at 30% power vs. 50% speed and 30% power vs. 40% speed as 

highlighted in Figure 4.2a. Figure 4.2b shows CV at different scan rate from 5 - 100 mV/s on 

the optimized LIG (30% power vs. 50% speed). 
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It is evident that ΔE increases with the scan rate, which entails that the electron transfer at 

LIG electrodes follow quasi-reversible system, a typical LIG behavior due to the presence of 

basal plane and edge defects.246 The electrochemical performance of the LIG electrodes, Figure 

4.2c, shows no significant drift in the cyclic voltamogram even after 100 cycles confirming the 

fidelity of the LIG electrode prepared at 30% power vs. 50% speed.  

4.3.2. Electrografting of LIG. 

  To prepare biorecognition layer for electrochemical immunosensing, some reports have 

adopted cross linking strategy to bind antibodies on LIG surface. In such method, AuNPs was 

deposited onto LIG surface followed by assembling sulfur link cross linker that binds to AuNPs 

at one end and covalently bind antibodies at other end via amide bond formation.247, 248 Another 

report anchored 1-pyrenebutyric acid via π-stacking and hydrophobic interactions to the laser 

scribed graphene (LSG) electrode followed by covalent attachment of antibodies via amide bond 

formation.249 Direct linking of antibody on LIG via amide bond formation using the native 

Figure 4.2. Electrochemical performance of prepared LIG electrode. a) Heat 

map showing peak separation ‘ΔE’ of CV performed at 100 mV/s for the 

electrodes prepared at different laser power and speed, orange box shows the 

optimal region for electrochemical performance. b) Cyclic voltamogram (100 

cycles) of a LIG electrode obtained at 30% laser power and 50% laser speed 

at 10 mV/s. c) Cyclic voltamogram of LIG at 30% laser power and 50% laser 

speed performed at different scan rates 5-10 mV/s. 
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carboxyl groups on graphitic surface has been reported.246, 250 However, the method may lack 

surface coverage of antibodies on graphitic surface, due to lack of active or functionalized sites 

to immobilize antibodies.251 However, electrografting may robustly activate the graphene surface 

for  antibody immobilization as reported previously.252, 253 We are reporting for the first-time 

electrografting of carboxyphenyl group on LIG surface to activate the surface for antibody 

immobilization. Electrografting allows covalent immobilization of biorecognition elements and 

enhances surface  hydrophilicity.254 This process creates covalent bonds by forming aryl radicals 

that react with the substrate.255 

 

Figure 4.3a shows first cycle of CV of electrografting on LIG. The high current of the 

reduction peak at ‒200 mV shows successful electrografting of carboxyphenyl group on LIG 

surface. The FTIR spectra in Figure 4.4a shows LIG with no obvious peak as reported earlier.256 

After electrografting, new peaks appeared at ~1200, ~1700 and ~3500 cm-1 correspond to the C-

O, C=O, and O-H respectively, confirming successful electrografting of the LIG surface. The 

formation of E-LIG was further confirmed using Raman spectroscopy, Figure 4.4b, where LIG 

Figure 4.3. a) Electrografting of LIG and SPE b) CV response of E-

LIG and E-SPE. 
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shows distinct peaks at ~1300 cm-1, ~1550 and 2650 cm-1 corresponding to the D, G and 2D 

bands, respectively. The split in graphitic (G) peak observed after electrografting, which appears 

as D’ band representing defects introduced in C=C basal plane confirming the covalent 

attachment of the organic modifiers.257 Electrochemical analyses of LIG and E-LIG surfaces 

show significant differences, Figure 4.4c, with high current response by LIG (i.e. ΔE = 189 mV, 

Ipc = 222 μA) and five-fold decrease in current and two-fold increase in peak separation in case 

of E-LIG (i.e. ΔE = 472 mV, Ipc = 46 μA), which is due to the formation of carboxyl anions on 

the E-LIG. 

 

The surface morphology of LIG and E-LIG in the SEM images, Figure 4.4d & 4.4e, 

show that E-LIG surface furnishes high porosity compared to LIG, perhaps result of etching. 

However, such high porosity was not observed when commercial screen-printed electrodes were 

Figure 4.4. Comparison of LIG before and after electrografting. a) FTIR-ATR 

spectra, b) Raman spectra, c) Cyclic voltamograms, d) SEM image of LIG, and  

e) SEM image of E-LIG.  
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treated with electrografting process (Figure 4.5), where we observed no obvious difference in 

morphology between SPE and E-SPE). Nevertheless, the high surface area of the E-LIG may 

improve sensitivity of the assay. It is interesting to note that the E-LIG current response is 

significantly higher than E-SPE as shown in Figure 4.3b. This is perhaps due to the higher 

surface area and porous network of E-LIG surface compared to E-SPE. 

 

4.3.3. Biorecognition layer on E-LIG 

E-LIG surface was activated with EDC and NHS as coupling agent to covalently bind 

antibodies via amide linkage. Antibodies concentrations were optimized using 5, 10, 20, 50, and 

75 μg/mL. The resistance to charge transfer (RCT) from EIS measurements, shown in Figure 

4.6a, were used to analyze the responses. The RCT values were extracted from the Nyquist plot of 

EIS by fitting the data into Randles equivalent circuit as shown in Figure 4.7. 

Figure 4.5. SEM micrographs of SPE before and 

after electrografting. a&b) Surface morphology 

and c&d) cross sections of SPE and E-SPE 

respectively. 



70 

 

 

The RCT response increased with the antibody concentration, shown in Figure 4.6b, 

which is due to steric hindrance to diffusion of the soluble redox probe. Notably, the signal 

response at 10 μg/mL was 5.7± 0.6 kΩ that almost two-fold increased to 10.3± 0.7 kΩ at 20 

μg/mL and did not significantly change at 50 and 75 μg/mL concentrations given the standard 

error. Therefore, the optimized antibody concentration of 20 μg/mL was used for biolayer 

formation in subsequent experiments. Figure 4.6c shows the EIS response of each layer of the 

biosensing interface, i.e. pristine E-LIG, after immobilization of antibody (Ab), and after the 

exposure of BSA to block non-specific adsorption. The RCT of the biolayer (Ab/BSA) was found 

to be 18.7± 2.2 kΩ, Figure 4.6d. However, the RCT signal of the biolayer on commercial SPE 

Figure 4.6. Response of biorecognition layer formation on E-LIG 

surface. a) Nyquist form of EIS plot of different concentration of anti-

polyGP antibodies. b) Bar graph of RCT versus anti-polyGP antibodies 

concentration. c) Nyquist form of EIS plots of step-by-step formation 

of biolayer LIG (inset), antibody and BSA after antibody to form final 

modification of biolayer. d) Shows bar graph of RCT response of each 

layer of the biosensing interface. 
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was found to be 91.2 ± 3.6 kΩ under same experimental conditions, see Figure 4.8 c and d. This 

can be due to the presence of high surface area and high electrochemical performance of LIG 

surface compared to SPE surface. 

 

 

Figure 4.7. Modified Randle equivalent 

circuit to fit experimentally determined 

Nyquist form of EIS plot and to extract 

charge transfer resistance value RCT 

which is determined by adding R2 and 

R3 values. RCT = R2 + R3 

Figure 4.8. Response of biorecognition layer formation on E-SPE 

surface. a) Nyquist form of EIS plot of different concentration of 

anti-polyGP antibodies. b) Bar graph of RCT versus anti-polyGP 

antibodies concentration. c) Nyquist form of EIS plots of step-by-

step formation of biolayer SPE (inset), antibody and BSA after 

antibody to form final modification of biolayer. d) Shows bar 

graph of RCT response of each layer of the biosensing interface. 
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4.3.4. Calibration of E-LIG sensor in buffer 

The E-LIG sensor was calibrated in the range of 0.01‒2 ng/mL polyGP in PBS buffer 

medium, as shown in Figure 4.9a. There, resistance increases with the increment in 

concentration, and the overall percent change between the lowest (0.01 ng/mL, RCT ~ 20 ± 2.4 

kΩ) and highest concentration (2 ng/mL, RCT = 114 ± 5.6 kΩ) found ~484%. The same 

experiment on SPE sensor, Figure 4.9b, shows lower amount of change between the lowest 

(0.01 ng/mL, RCT = 98 ± 4.1 kΩ) and highest concentration (2 ng/mL, RCT = 184 ± 1.2 kΩ) i.e., 

87%, representing lower signal resolution on SPE compared with E-LIG. The calibration plots in 

Figure 4.9c evidently show lower background signal and higher sensitivity in case of E-LIG 

(slope = 45.601 kΩ mL/ng) compared to SPE (slope = 40.983 kΩ mL/ng) with correlation 

coefficients 0.995 and 0.927 respectively. The limit of detection (LOD = 3 × Standard deviation 

of blank ∕ slope) obtained on E-LIG platform was 0.146 ng/mL, which was comparable with SPE 

LOD, i.e. 0.263 ng/mL. Overall, the results show E-LIG based platform has better correlation 

coefficient, sensitivity, and LOD. 

 

Figure 4.9. Synthetic polyGP target in buffer medium was prepared at 

different concentration and the response was tested through Nyquist form of 

EIS plot and simulation fit of the experimental results on a) E-LIG based 

platform and b) SPE based platform c) calibration plot of E-LIG based 

platform and SPE based platform. Error bars of each data points represents N 

≥ 4 replicates. 
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The specificity of the E-LIG immunoplatform was tested against non-specific dipeptide 

repeats (polyGA and polyGR) that are also present in CSF along with polyGP.225, 258 Specifically, 

polyGA and polyGR at 1 ng/mL were tested individually as shown in Figure 4.10a, where box 

and whisker plot compares RCT signal against the specific and non-specific target. The results 

show that GA (RCT = 20 ± 4 kΩ) and GR (RCT = 20 ± 4 kΩ) respond very much like the blank 

with no statistical difference (p>0.05). While polyGP alone and with non-specific targets shows 

similar response but substantially higher RCT signal than blank and individual non-specific 

targets, i.e. GP (RCT = 66±3 kΩ), GP + GA (RCT = 68±3 kΩ), and GP + GR (RCT = 67±4 kΩ). 

Single factor ANOVA finds that the response of GP is significantly not different compared to 

GP+GA (p>0.3) and GP+GR (p>0.4). Thus, the E-LIG immunoplatform is highly selective 

toward the target polyGP and essentially nonresponsive toward other interfering dipeptide 

repeats. While E-SPE immunoplatform fails T-test to distinguish between blank and GA (p<0.02) 

and blank and GR (p<0.002). Single factor ANOVA resulted that E-SPE furnishes no significant 

difference between GP and GP+GR (p>0.5), but it shows significant difference between GP and 

GP+GA (p<0.04). This suggested that E-SPE modified surface although distinguish the presence 

and absence of polyGP however the presence of interferents decrease the sensor performance by 

resulting high variability in the replicates. The results suggested that E-LIG based 

immunoplatform is a better alternative compared to E-SPE modified immunoplatform not only in 

terms of performance but also in terms of economy. A rough cost analysis revealed that a single 

A4-size PI sheet cost around $22 which produces around 60 electrodes or 30 sandwich 

electrochemical systems, when including LIG production cost a single electrochemical system 

cost around below ~$1, which is 10 time lower than the commercial SPE which a single unit cost 

around $10. 
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4.3.5. PolyGP detection in commercial CSF  

To further evaluate the performance of the E-LIG immunosensor in complex matrix, we 

tested synthetic polyGP target (0.01‒2 ng/mL) prepared in commercial human CSF (undiluted) 

and measured their EIS response as shown in Figure 4.11a. Preparing calibration plot in CSF 

matrix is useful to quantify target in more complex matrix relevant to real sample 

composition.253, 259, 260 Therefore, when testing real sample, the calibration plot must be the 

representative of the sample matrix. The calibration plot prepared in CSF matrix shown in 

Figure 4.11b has a correlation coefficient of 0.991, sensitivity of 40.725 kΩ mL/ng, and LOD 

0.224 ng/mL. The calibration plot shows that E-LIG immunosensor is capable of quantifying 

polyGP in undiluted CSF sample. To test the specificity of the immunoplatform in CSF matrix, 

the same experiment was performed as shown in Figure 4.10 above. Figure 4.11c shows box 

and whisker plot of blank exposed to CSF, 1 ng/mL polyGA and polyGR in CSF matrix. The 

results show that GA (RCT = 21 ± 5 kΩ) and GR (RCT = 22 ± 5 kΩ) respond similar to the blank 

with no statistical difference (p>0.1). While polyGP with and without non-specific targets shows 

Figure 4.10.  Selectivity of synthetic polyGP target in PBS buffer at 1 ng/mL in 

the presence and absence of interferent polyGA and polyGR each at 

concentration of 1 ng/mL. RCT response of each EIS measurement was 

extracted and for each data set box and whisker plot has been plotted. a) 

Selectivity response of LIG based platform. b) Selectivity response of SPE 

based platform.  (N = 6 independent replicates) 
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considerably higher RCT signal than blank and individual non-specific targets, i.e. GP (RCT = 

62±6 kΩ), GP + GA (RCT = 65±5 kΩ), and GP + GR (RCT = 64±5 kΩ). Single factor ANOVA 

suggested that GP response is not significantly different compared to GP+GA (p>0.3) and 

GP+GR (p>0.5). The E-LIG platform sustains the specificity and selectivity trend as in buffer 

with slightly higher standard error. The results confirm that the sensor can aptly perform in actual 

CSF medium obtained from ALS patient. 

 

4.3.6. PolyGP detection in ALS patient CSF. 

Finally, the E-LIG immunoplatform was applied to test ALS patients CSF. A total of ten 

ALS samples were collected with four c9+ and six c9- samples.  The EIS signals of c9+ samples 

show significantly high RCT values 66.4±0.4, 75.6±0.3, 52.3±6, and 75.6±5 kΩ. The RCT values 

were used to calculate the polyGP concentration in CSF using the calibration equation obtained 

above (Figure 4.11b), which calculated the concentrations that are very close to reported values 

in the literature, i.e. 1.1±0.1, 1.3±0.1, 0.74±0.2, and 1.3±0.1 ng/mL respectively.92, 225 The c9- 

signal is similar to the blank signal in Figure 4.11b and the negative concentration values in CSF 

in Table 4.1 is due to the RCT values of the interface slightly lower than the y-intercept of the 

calibration model. The results are consistent with the reported Meso Scale Discovery (MSD) 

Figure 4.11. a) EIS response of polyGP target in undiluted commercial CSF. 

b) Calibration plot obtained in CSF matrix for concentration range of 0.01 - 2 

ng/mL with N ≥ 4 replicates. c) Box and whisker plot showing selectivity of 

the E-LIG platform in CSF matrix (N = 6). 
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electrochemiluminescence detection technology which found presence of polyGP in c9+ ALS 

(median value in symptomatic 0.8 ng/mL and asymptomatic 0.5 ng/mL) and absence in c9- ALS 

(0.0 ng/mL) CSF samples.92, 225 

Table 4.1. Real ALS patients sample information with sample ID, gender, age range at the time of death, 

EIS signal and polyGP concentration calculated using CSF based calibration equation. In sample ID + and - 

signs represent c9+ ALS and c9- ALS respectively.  

ID Gender 
Age range 

(years) 

RCT  

(kΩ) 

Concentration  

(ng/mL) 

1+ F 60-69 66.4±0.4 1.1±0.1 

2+ M 70-79 75.6±0.3 1.3±0.1 

3+ M 50-59 52.3±6.1 0.7±0.2 

4+ M 50-59 74.9±4.9 1.3±0.1 

5- M 50-59 20.9±2.5 -0.04 ± 0.06 

6- M 60-69 20.4±2.9 -0.05±0.07 

7- F 70-79 20.9±2.7 -0.04±0.07 

8- M 70-79 22.5±3.6 0.003±0.009 

9- F 70-79 21.4±2.7 -0.03±0.07 

10- M 70-79 21.9±3.1 -0.012±0.08 

 

4.5. Conclusion 

We prepared electrografted-laser-induced graphene based electrochemical immunosensor 

for label free detection of c9+ neurodegenerative disease linked polyGP in c9+ ALS patients’ 

CSF samples. An inexpensive in-house electrochemical detection system was formed by 

preparing and optimizing LIG electrode. LIG modified immunoplatform was built by first time 

electrografting of LIG to prepare carboxyl group functionalized E-LIG surface followed by 

exposing anti-polyGP antibodies to form biorecognition immunoplatform. The synthetic polyGP 

detection and selectivity in buffer shows that E-LIG based immunoplatform exhibits better 

performance compared to E-SPE which is 10 times more expensive than E-LIG. Calibration plot 

(LOD = 0.224 ng/mL) and specificity of polyGP spiked in commercial human CSF in the 

presence and absence of potentially coexisting other dipeptide proteins strongly promises that E-
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LIG based immunoplatform can be used as tool to detect biomarkers in CSF samples without any 

dilution or pretreatment. On testing real ALS patients CSF samples, it was found that RCT signal 

from c9+ ALS patients’ samples was found as low as 0.74±0.15 and as high as 1.31±0.08 ng/mL 

which corresponds to the presence of polyGP in the given samples. While c9- ALS patients 

samples exhibit signals overlapping with the signals of commercial human CSF which represent 

absence of polyGP. These results show that E-LIG based platform not only quantifies polyGP in 

the complex CSF matrix but also distinguishes between c9+ and c9- ALS patients, which 

strongly suggest the potential use of the tool to use as diagnosis and gene therapy monitoring of 

c9+ patients. The results promise that the proposed sandwich-type E-LIG electrochemical system 

offers a sensitive and cost-effective tool to detect neurodegenerative biomarkers in complex 

biological matrices. 

 

 

 

 

 

 

 

 

 

 



78 

 

CHAPTER 5 

CONCLUSION 

The motivation of this dissertation is to develop a label-free detection method for 

neurodegenerative biomarkers through the utilization of highly sensitive electrochemical 

impedance spectroscopy technique. Since electrochemical detection may be affected by complex 

target and/or complex biological matrix, the research investigates the impact of complex targets 

on potential genosensing applications, as well as the influence of complex biomatrix on 

immunosensing applications. It is crucial to understand the detection capabilities of various 

nucleic acid microprobes towards complex secondary structures carrying target RNA, especially 

in the context of detecting neurodegenerative disease-linked long pathogenic tandem repeat 

sequence biomarkers. Additionally, there is a need to develop label free, sensitive, and cost-

effective platforms for detecting biomarkers in complex biological samples to advance the 

development of biosensors for ND diagnosis. 

Short tandem repeat sequences offer promising targets for label-free electrochemical 

detection of long expansions. However, their complex secondary structures, dependent on both 

length and sequence, can complicate interfacial charge transfer within detection platforms. 

Furthermore, the presence of sporadic repeats within the gene may lead to false-positive signals. 

We investigated the impact of secondary structures and sporadic repeats on label-free detection 

of short tandem repeat sequences. Three biosensing platforms were designed employing different 

nucleic acid microprobe backbones [deoxyribonucleic acid (DNA), peptide nucleic acid (PNA), 

and lock-nucleic acid (LNA)] to detect Huntington’s CAG repeats in in vitro transcribed RNA 

sequences. Results revealed that pathogenic lengthy repeats exhibited lower signals compared to 

normal sequences, particularly on PNA and LNA platforms. LNA demonstrated superior 
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performance, distinguishing lengths at concentrations as low as 100 aM in the presence of Mg2+, 

effectively addressing the challenge of secondary structures and sporadic repeats while 

specifically identifying tandem repeats. Furthermore, both PNA and LNA microprobes exhibited 

high specificity in detecting tandem CAG repeats, with LNA outperforming PNA in the presence 

of Mg2+. Interestingly, LNA microprobes did not detect sporadic repeats, therefore it avoids the 

issue of false-positive signals. These findings suggest that LNA-based platforms hold promise 

for developing reliable biosensors for genetic neurodegenerative disorders. 

Next, we investigated the impact of immunoassay media on the electrochemical detection 

of the ALS-associated neurofilament light chain (Nf-L) protein biomarker using an 

electrochemical impedance immunoassay. The immunoplatform was constructed on reduced 

graphene oxide screen-printed electrodes by immobilizing the anti-Nf-L antibody using the 

electrografting method. Two different media, buffer, and human serum were utilized to develop 

the immunoassay in order to compare their effects on the performance metrics and calibration 

models. The label-free charge transfer resistance (RCT) of the immunoplatform served as the 

signal response for constructing the calibration models. Exposure of the biorecognition layer to 

human serum resulted in an enhanced impedance response of the biorecognition element with 

significantly reduced relative error. Furthermore, the calibration model developed in the serum 

environment demonstrated higher sensitivity and a better limit of detection (0.087 ng/mL) 

compared to the buffer medium (0.39 ng/mL). Both calibration models exhibited a strong 

correlation (r = 0.952) and were employed to estimate Nf-L concentration in patient serum 

samples. Analysis of the ALS patient samples revealed that concentrations obtained from the 

buffer-based regression model were higher than those from the serum-based model. However, a 

high Pearson correlation (r = 1.00) between the media suggests that concentrations in one 
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medium may be predictive of concentrations in the other medium. The developed 

immunoplatform offers a label-free, simple, and sensitive method for detecting Nf-L, facilitating 

ALS diagnosis. 

Finally, we developed an in-house, inexpensive, and label-free electrochemical 

immunoassay for the straightforward detection of ALS linked biomarker Poly Glycine Proline 

(polyGP) in unprocessed cerebrospinal fluid (CSF) samples. We employed electrografting of the 

laser induced graphene (E-LIG) electrode system in a sandwich format for the first time to detect 

polyGP using label-free electrochemical impedance spectroscopy.  Our findings from the 

synthetic polyGP detection and selectivity tests in buffer solution indicate that the E-LIG based 

immunoplatform outperforms the commercially available screen-printed electrode (E-SPE), 

which is ten times more expensive than E-LIG. The precision of the calibration model in CSF 

was superior to that in buffer solution. The calibration plot (LOD = 0.224 ng/mL) and specificity 

of polyGP spiked in commercial human CSF, in the presence and absence of potentially 

coexisting other dipeptide proteins, strongly suggest that the E-LIG based immunoplatform can 

effectively detect biomarkers in CSF samples without requiring any dilution or pretreatment. 

Analysis of real CSF samples from ALS patients revealed that the proposed sandwich-type E-

LIG electrochemical system not only quantifies polyGP in the complex CSF matrix but also 

distinguishes between c9+ and c9- ALS patients, suggesting its potential utility in the diagnosis 

and gene therapy monitoring of c9+ patients.  

Overall, this dissertation provides the development of new biosensing platforms for 

sensitive electrochemical detection of neurodegenerative disease. We propose that these 

platforms provide insight for the detection of complex biomolecule target and/or analyte in 



81 

 

complex biological matrix which will be applicable in detection of other biomarkers in complex 

biological matrices, environmental monitoring, and the development of lab on a chip devices. 
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