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Abstract 

Protein Detection using Semiconducting Single-Walled Carbon Nanotube-Based Field-

Effect Transistors 

 
Wenting Shao, PhD 

 
University of Pittsburgh, 2021 

 
 
 
 

Proteins are large biomolecules that play many critical roles in living organisms, and some 

proteins, the presence or level of which can be directly correlated with disease status, are extremely 

important for disease diagnosis and monitoring. Therefore, recent years have seen a rapid 

expansion of the field of disease relevant protein detection as it is key to the development of rapid 

diagnostics tools and healthcare monitoring devices. Common techniques for protein detection 

include immunoassays, mass spectrometry, and biosensors. Immunoassay-based techniques have 

shown advantages such as low cost and easy mass-production but suffer from low sensitivity. Mass 

spectrometry, although having high speed and sensitivity, necessitates large and expensive 

instruments therefore is not easily accessible. Biosensors have attracted much attention in the field 

of protein detection owing to the high sensitivity, rapid responsiveness, versatility, and 

miniaturability biosensors provide. In particular, field-effect transistor (FET)-based biosensing 

devices have demonstrated great potential for the application of point-of-care diagnostics as they 

offer an excellent platform for rapid, label-free and real-time detection of proteins. 

Carbon nanotubes are an ideal sensing material for electrochemical biosensors, with their 

nanoscale dimensions enabling the sensitive probing of biomolecular interactions. Recently, high-

purity semiconducting (sc-) single-walled carbon nanotubes (SWCNTs) have emerged as a 

promising material for high-performance biosensing devices. At the same time, the successful 
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functionalization of sc-SWCNTs with the specific biorecognition element, together with a 

complete characterization of the sc-SWCNT FET device are crucial for achieving high specificity 

toward the target analyte. 

In this dissertation, high-purity semiconducting SWCNTs, with different chemical 

functionalization, have been utilized to develop FET-based biosensors for protein detection. Sc-

SWCNTs were first decorated with gold nanoparticles and employed in investigating the Ca2+-

induced conformational change of calmodulin – a vital process in calcium signal transduction in 

the human body. The sc-SWCNT FET devices were then incorporated in a three-step strategy to 

develop a sensing platform for the detection of β2-transferrin in body fluids as a potential 

diagnostic tool for cerebrospinal fluid leak. Finally, sc-SWCNT-based FET biosensors were 

functionalized with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) antibodies to 

detect SARS-CoV-2 antigens in nasopharyngeal swab samples. 
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1.0 Introduction 

1.1 Protein Detection 

1.1.1 Significance 

Detection of the presence and/or concentration of a certain type of proteins in a specimen 

is extremely important in biological research and clinical diagnostics. Developing improved 

methods for protein detection has demonstrated growing significance in life sciences research 

especially in recent years. In particular, the field of disease relevant protein detection has expanded 

rapidly as it is key to development of rapid diagnostic tools, providing better healthcare, and 

alleviating the burden on hospital resources.  

One type of disease relevant protein that protein sensing generally focuses on is biomarker. 

A biomarker is a characteristic that can be objectively measured and often used as an indicator of 

a disease due to its specificity to the related disease.1, 2 The detection and quantification of a 

biomarker may provide a diagnosis at early stages, assess disease severity, and even evaluate the 

effectiveness of a treatment.3, 4 Moreover, biomarkers are present in body fluids, such as serum 

and plasma, urine and saliva, hence allow for easy accessible and non-invasive detections.5 

Biomarker detection is especially vital for the diagnosis and treatment of cancers as it can help 

early cancer detection, cancer risk identification and monitor the disease progression, regression 

and recurrence,6 which is critical to improving patient survival rates.7 Much effort has been made, 

in the past few decades, to develop powerful, reliable, and cost-effective strategies for detection 

and monitoring of cancer biomarkers.8-12 Meanwhile, substantial progress has also been made in 
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detection of biomarkers for other diseases, such as Alzheimer’s disease13, Parkinson’s disease14 

and cardiovascular disease15. 

Viral proteins are another type of disease relevant protein that protein sensing focuses on. 

Emerging and re-emerging infectious diseases have been major threats to global health and 

biosecurity.16 Infectious diseases, caused by viruses, such as influenza viruses, human 

immunodeficiency virus (HIV), severe acute respiratory syndrome coronavirus (SARS-CoV), and 

the newly emerged coronavirus SARS-CoV-2, are fast-spreading, causing worldwide social and 

economic disruption. Due to the high transmission rate and/or the absence of vaccine for some 

infectious diseases, rapid diagnosis and large-scale virus surveillance are crucial to controlling the 

outbreak. Therefore, rapid diagnostic tools, which offer rapid identification of virus infection and 

has the potential for low-cost point of care (POC) application, is in great need.  

A virus infects human body by entering the host cells, insert its own generic materials in 

order to replicate itself then leave the host cells and spread inside the body, therefore viral proteins, 

depending on their type and pathogenesis, can be detected in various body fluids such as 

intracellular fluid, blood plasma or serum, and cerebrospinal fluid.17-20 Albeit having lower 

sensitivity than the gold standard nucleic acid amplification tests (NAAT) in general, rapid viral 

antigen test provides fast detection of viral proteins, are relatively inexpensive, and can be used at 

the point of care, making it advantageous for screening.21 Nowadays, rapid antigen tests have been 

applied in clinical practices for the diagnoses of Ebola virus22, pandemic (H1N1) 200923, 24 and 

COVID-1925-27. 
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1.1.2 Common Methods for Protein Detection 

Common methods used for detection and quantification of biologically important proteins 

include immunoassay-based techniques, mass spectrometry, and biosensors. 

Immunoassay-based techniques. Immunoassays are bioanalytical methods that utilize the 

specific interaction between antigen and antibody to detect and quantify target analyte. 

Immunoassay-based techniques have been widely used in bioanalytical settings such as clinical 

diagnostics, food testing and pharmaceutical industries.28-30 The versatility of immunoassay can 

be attributed to the high-throughput detection and high specificity toward a wide variety of 

analytes.  

The most commonly used immunoassay is enzyme-linked immunosorbent assay (ELISA), 

which is routinely used for the detection of various proteins. In an ELISA, a target protein is first 

immobilized on a solid surface and then complexed to a detection antibody. The signal is produced 

via direct or secondary tag on the antibody and detected via absorbance.31 ELISA can be further 

classified into three main types: direct ELISA, indirect ELISA, and sandwich ELISA, depending 

on the different methods used for target protein immobilization and signal generation (Figure 1-1). 

Besides the colorimetric method used for the detection of proteins in immunoassays, fluorescent 

immunoassay (FIA) and chemiluminescence immunoassay (CLIA), the detection of which is 

based on fluorescent labeled molecules and light-generating molecules respectively, are usually 



 4 

used to achieve higher sensitivity when the concentration of the target protein is low in the 

sample.32-35 

 

 

Figure 1-1 Schematic illustration of the three main types of ELISA. Left: Direct ELISA; Middle: Indirect 

ELISA; Right: Sandwich ELISA. 

 

Unlike the aforementioned lab-based assays, another type of immunoassay that is amenable 

for POC applications is lateral flow immunoassay (LFA).  FLA is simple, cheap, and easily mass-

produced, therefore advantageous for rapid in-field protein detection in a low-resource setting.36 

Although traditional LFA-based techniques have relatively low sensitivity, with the growing need 

of rapid viral antigen test devices, extensive research has been done to improve the sensitivity of 

LFA to meet the high standards of viral disease diagnostics.37-40 

Mass spectrometry. Mass spectrometry (MS) has become a primary method for the 

identification of proteins from complex mixtures.41 MS-based protein detection involves 2 steps: 

(1) proteins are first ionized and analyzed by a mass spectrometer, and (2) proteins are identified 

via database searching or de novo sequencing.42 
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Fast and robust identification of protein became possible owing to the rapid growth of 

genomics and bioinformatics. Genomics provides complete genomic sequences, which are critical 

for identification of proteins by the correlation of mass spectrometric measurements of peptides 

with sequence database.43 Recent advances in MS instruments also facilitate the increase in the 

level of automation, allowing the development of proteomic experiments with high-speed and high 

sensitivity.44, 45  

Biosensors. Biosensors are devices that are able to detect biological analytes such as 

proteins46, DNA, antibodies47, and even whole cells48.  The rapid development in the field of 

biosensors during the past three decades has brought new approaches for diseases diagnoses, drug 

delivery, health care, and environmental monitoring.49 A typical biosensor usually consists of three 

fundamental components: (1) a biorecognition element to detect biological analytes, (2) a 

transducer to convert biological process to recordable electronic signal, and (3) a recording device 

(Figure 1-2). Analyte detection is enabled through the specific binding between the analyte and 

its receptor, creating a signal that can be converted to a measurable one and eventually displayed 

on a reader device. 
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Figure 1-2 Schematic diagram of the three fundamental components of a biosensor. (Abbreviations: MNP: 

metal nanoparticles; SAM: self-assembled monolayer.) 

 

Biosensors have several advantages for protein detection because of their high sensitivity 

and specificity, rapid responsiveness, versatility, capability of miniaturization, and potential 

affordability, showing great potential as diagnostic tools, and healthcare monitoring devices.50  

Among various types of biosensors, electrochemical biosensors have attracted interests 

from many researchers. Electrochemical biosensors detect the binding of analyte to the sensory 

interface through generated perturbation in current or voltage signal, offering an excellent platform 

for fast and label-free detection of proteins.46, 51, 52  

1.1.3 Challenges 

Even with the enormous progresses made in the field of protein sensing in recent years, 

there are still challenges limiting protein sensing techniques for their applications in clinical 

practices. The first challenge is the low concentration of proteins presents in the specimen. Unlike 

NAAT, which amplifies the generic material from viruses to meet the requirement for an accurate 
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reading from the detector, protein detection investigates the presence of a small number of 

biomarkers or viral antigens that cannot be pre-concentrated without complex sample processing. 

Therefore, an ultrasensitive detection method is required to produce accurate and reliable results.  

Another challenge faced during protein detection in physiological relevant environment is 

the complexity of the specimen. Body fluid, such as serum and CSF, contains a large number of 

proteins that can possibly interfere with the detection results or lead to fouling of biosensors. This 

requires protein detection in complex biological samples to have high specificity to minimize false 

positive results. 

Current development of protein biosensors is mainly focusing on enhancing the sensitivity, 

selectivity, and stability toward their real-life applications.53 Other challenges include 

reproducibility, long-term stability, instrument accessibility and affordability should also be 

concerned for the future development of protein detection. 

1.2 Single-Walled Carbon Nanotubes and their Applications in Protein Detection 

Carbon nanotubes (CNTs) are seamless cylindrical tubes comprised of graphene sheets.  

There are many different types of CNTs, varying in lengths, thickness, number of layers.  

Depending on the number of rolled graphene sheet layers, CNTs are typically classified as single-

walled carbon nanotubes (SWCNTs) and multiwalled carbon nanotubes (MWCNTs). Depending 

on how the graphene sheet has rolled up to form the tube, SWCNTs can be metallic or 

semiconducting.54 In this dissertation, single-walled carbon nanotubes were used as the sensing 

material for protein detection. 
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1.2.1 Sorting of Single-Walled Carbon Nanotubes 

Single-walled carbon nanotubes have demonstrated remarkable electronic and mechanical 

properties, making them an ideal material for biosensing and other bioelectronic devices.55 The 

properties of SWCNTs are largely dependent on their structure. One way to classify SWCNTs is 

based on the diameter and helicity of a SWCNT, which are characterized by a chiral vector 𝐿𝐿.  𝐿𝐿 =

𝑛𝑛𝒂𝒂 + 𝑚𝑚𝒃𝒃 ≡ (𝑛𝑛,𝑚𝑚), where 𝒂𝒂 and 𝒃𝒃 are the graphene lattice vector, and 𝑚𝑚  and 𝑛𝑛  are integers. 

Therefore, the (𝑛𝑛,𝑚𝑚) indices define the circumference and the chiral angle of the nanotube.56 If 

𝑛𝑛 = 0 or 𝑚𝑚 = 0, the nanotubes are called “zigzag”. If 𝑛𝑛 = 𝑚𝑚, the nanotubes are called “armchair”. 

Other nanotubes, the (𝑛𝑛,𝑚𝑚) indices of which do not satisfy any of the aforementioned rules, are 

chiral (Figure 1-3).54 

 

 

Figure 1-3 Classification of SWCNTs by chiral indices. (a) Schematic of a graphene sheet with chiral vector 

L, where 𝐋𝐋 = 𝐧𝐧𝐧𝐧 + 𝐦𝐦𝐦𝐦 ≡ (𝐧𝐧,𝐦𝐦). (𝐧𝐧,𝐦𝐦) indices determine the semiconducting or metallic property of the 

CNTs. Adapted from Ref. 54. In the case of 𝐦𝐦 = 𝐧𝐧, the nanotube has armchair structure. In the case of 𝐦𝐦 =
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𝟎𝟎 or 𝐧𝐧 = 𝟎𝟎, the nanotube has zigzag structure. Otherwise, the nanotube is chiral. (b) Examples of “zigzag” 

(left), chiral (middle), and “armchair” (right) SWCNT. Adapted from Ref. 57. 

 

The (𝑛𝑛,𝑚𝑚) indices also determine the semiconducting and metallic property of SWCNTs.  

When 𝑚𝑚 − 𝑛𝑛 = 3𝑙𝑙 (where 𝑙𝑙 is an integer), the SWCNTs are predicted to be metallic; Otherwise, 

they are predicted to be semiconducting.58 As a result, the ratio of metallic and semiconducting 

nanotubes appears to be one to two.  

In order to achieve high-performance of biosensing devices, a high purity of 

semiconducting (sc-) SWCNTs are often required.59 High-purity sc-SWCNTs provide high 

mobilities, high energy-efficiency and high on/off ratios for transistors, making them a promising 

material for developing a variety of electronic devices, such as field-effect transistors,60, 61 

electronic skins,62 logic circuits,63 and computers.64 

To date, methods reported for extracting sc-SWCNTs from their metallic counterpart 

include dielectrophoresis (DEP), chromatography, ultracentrifugation, aqueous two-phase 

separation (ATP), and conjugated polymer extraction (CPE).65  

DEP for sorting of SWCNTs is dependent on the different dielectric constant of m-

SWCNTs and sc-SWCNTs, resulting in an opposite movement of m-SWCNTs and sc-SWCNTs 

along the electric field.66 Chromatography is a simple, easy, and scalable method for sorting 

SWCNTs. The separation of m-SWCNTs and sc-SWCNTs is based on the selective adsorption of 

m-SWCNTs and sc-SWCNTs on the column material.67, 68  

Ultracentrifugation sorts SWCNTs according to their sedimentation coefficient, which is 

determined by multiple parameters, such as length, diameter, and buoyant density. Conventional 

ultracentrifugation utilizes a constant density medium, showing low separation efficiency due to 

convolution among multiple parameters.69 Density gradient ultracentrifugation (DGU) addresses 
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this issue by using a gradient medium, and depending on the process conditions, SWCNTs can be 

resolved by length, diameter, (𝑛𝑛,𝑚𝑚) structures, and even handedness.65, 70 

Sorting SWCNTs via ATP is achieved by mixing polyethylene glycol (PEG) and dextran 

(DEX), forming two immiscible aqueous phases, and each has a different affinity toward 

SWCNTs. SWCNTs therefore partition between the PEG-rich phase and DEX-rich phase due to 

the different partition coefficient, resulted from the different chemical potential of SWCNTs with 

different (𝑛𝑛,𝑚𝑚)s.71, 72 The partition of SWCNTs can be further controlled by altering surfactants 

and their concentrations.73 ATP is a promising technique for sorting SWCNTs due to its low 

equipment requirement and high energy and time efficiency.72 

CPE has been demonstrated to be an effective technique to isolate SWCNTs with specific 

chirality with high selectivity (>99.9%)74 and high yield (>10%).75 Conjugated polymers, with 

extensive pi-conjugated structures, interact with SWCNTs through non-covalent 𝜋𝜋–𝜋𝜋 

interactions, and can selectively disperse sc-SWCNTs.76 The process of CPE includes two steps: 

(1) Sonicate the mixture of SWCNTs and conjugated polymers to disperse the SWCNTs, and (2) 

Centrifuge to settle impurities and m-SWCNTs, leaving the sc-SWCNTs in the supernatant for 

subsequent analysis.77 A variety of conjugated polymer has been investigated for sorting of 

SWCNTs. The selectivity of these polymers is strongly dependent on the diameter and chiral 

angles of SWCNTs, thus making CPE an effective way to separate SWCNTs with narrow diameter 

distribution.78, 79  

1.2.2 Functionalization of Single-Walled Carbon Nanotubes 

The immobilization of the biorecognition element to the sensor surface is a central concern 

for the development of biosensors. The conformation, stability and activity of the biorecognition 
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element can dictate the sensing performance of a biosensor.80 For SWCNT-based biosensors, the 

immobilization of the biorecognition element, such as antibody, aptamer, and peptide, enables the 

biocompatibility, specificity and enhanced sensitivity of the biosensor for protein detection. 

Generally, the functionalization of SWCNTs can be classified as non-covalent approaches 

and covalent approaches (Figure 1-4).81 Non-covalent functionalization of SWCNTs can be 

achieved through 𝜋𝜋–𝜋𝜋 stacking between the aromatic moieties and the 𝜋𝜋-network in SWCNTs, 

electrostatic interactions, and hydrophobic interactions.82 Aromatic molecules (for example, 

pyrene) and conjugated polymers83 are usually non-covalently functionalized on SWCNTs through 

𝜋𝜋–𝜋𝜋 stacking. Moreover, the non-covalent functionalization of an aromatic cross-linker can open 

opportunities for further functionalization of desired chemistry.84 Electrostatic interactions can be 

observed between charged species and SWCNTs, thus some proteins can be absorbed on SWCNTs 

non-covalently.85 Amphiphilic molecules can be non-covalently functionalized on SWCNTs 

through hydrophobic interactions. The hydrophobic side of the amphiphile can interact with the 

SWCNTs, forming micelles in the solution.86 Non-covalent approaches for biomolecules to attach 

to SWCNTs can retain the intrinsic properties of SWCNTs, while remarkedly improve the 

solubility of SWCNTs.87 

Covalent functionalization of SWCNTs, on the other hand, is more robust and versatile. 

During covalent functionalization of SWCNTs, chemical bonds form on carbon nanotube 

sidewalls and at the two ends through chemical reactions. One of the commonly used methods to 

immobilize antigens and antibodies on SWCNTs is 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC)/N-hydroxysulfosuccinimide (sulfo-NHS) coupling. 

This method couples the amine group containing species to the carboxylic acid groups exist on the 

side walls of SWCNTs. To be specific, EDC first activates the carboxylic acid groups to form an 
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unstable O-acylisourea intermediate, which can be easily displaced by sulfo-NHS, forming a more 

stable intermediate, allowing for more efficient conjugation of biomolecules with primary amine 

groups in physiologically relevant environment.88 

 

 

Figure 1-4 Noncovalent and covalent functionalization of SWCNTs. (a) Example of noncovalent 

functionalization of SWCNTs. 1-pyrenebutanoic acid, succinimidyl ester (1) was anchored on SWCNT 

surface via pyrene 𝝅𝝅- 𝝅𝝅 stacking. A protein can then be immobilized on a SWCNT via the reaction between 

amine groups and the anchored succinimidyl ester to form amide bonds.  Adapted with permission from 

Chen et al., J. Am. Chem. Soc. 2001, 123, 3838–3839.89 Copyright 2001 American Chemical Society. (b) 

Example of covalent functionalization of SWCNTs. Lyme antibody was immobilized on a SWCNT via 

EDC/sulfo-NHS coupling for the detection of Lyme flagellar antigen. Adapted from Ref. 90. 

 

Noble metal nanoparticles (NPs), such as Pt, Au, and Ag, are also widely functionalized 

on to SWCNTs to synthesize hybrid nanomaterials. Metal NPs provide strong charge scattering 

sites on SWCNT network, and create interfacial “nano” Schottky barrier on SWCNTs, resulting 

in highly sensitive functional hybrids for chemical sensing.91 Metal NPs-decorated SWCNTs have 
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been applied in gas sensing92 and sensor arrays enabling biosensing using machine learning 

approach.93 

SWCNTs/Au NPs composites have also been used as substrates for surface enhanced 

Raman spectroscopy (SERS).94 SWCNTs provide a large and uniform surface area due to their 

large surface-to-volume ratio, which will result in enrichment of metal nanoparticles and target 

biomolecules, and therefore enhance the Raman signal.94 Therefore, by combining information 

obtained from Raman spectroscopy and electrical measurements of Au NPs-decorated SWCNT 

biosensors, one can gain better insight into the chemical and biological interactions on the device 

surface, which further aid in the design of more sensitive and specific biosensors.95 

1.2.3 Characterization Methods of Single-Walled Carbon Nanotubes 

Characterization methods of SWCNTs are essential as they provide information on 

electrical and structural characteristics of SWCNTs, and aid in understanding the changes resulted 

from surface modification of SWCNTs. Analytical techniques that are commonly used to 

characterize SWCNTs include Raman spectroscopy, ultraviolet-visible-near-infrared (UV-vis-

NIR) absorption spectroscopy, and scanning electron microscopy (SEM). 

Raman spectroscopy. Raman spectroscopy is one of the most powerful tools to 

characterize SWCNTs. Both electronic and structural properties of SWCNTs can be revealed by 

Raman spectra. There are three featured peaks in a typical Raman spectrum of SWCNTs that are 

useful for characterization of SWCNTs, namely radial breathing mode (RBM), D band, and G 

band (Figure 1-5a). The peak present in the range of 150 cm-1 to 300 cm-1 is the RBM peak. RBM 

results from the radial expansion-contraction of carbon atoms. The frequency of RBM peak is 

dependent on the diameter of the nanotube. D band, usually seen between 1300 cm-1 to 1400 cm-
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1, is related to the defects on the nanotube structure. G band originates from the in-plane stretching 

mode of C-C bonds and is the most intense peak around 1600 cm-1.96 The intensity ratio between 

D band and G band (ID/IG) is often used to evaluate the functionalization degree of SWCNTs.97 

Moreover, Raman spectroscopy also shows chiral-selectivity with different laser irradiation 

wavelength, thus enabling discrimination between sc-SWCNTs and m-SWCNTs, and purity 

assessment of sorted SWCNTs.98, 99  

UV-vis-NIR absorption spectroscopy. UV-vis-NIR absorption spectroscopy measures 

the optical absorption of SWCNTs in the UV-vis-NIR region, which originates from inter-band 

electronic transition from van Hove singularities of the valence band to their corresponding energy 

level in the conduction band.100 Therefore, UV-vis-NIR absorption spectroscopy is suitable for 

probing electronic structure of SWCNTs. SWCNTs give rise to different characteristic peaks in 

the UV-vis-NIR region depending on their metallicity (Figure 1-5b). Sc-SWCNTs exhibits two 

peaks denoted as S11 and S22, whereas m-SWCNTs have their characteristic peak (M11) around 

700 nm.101, 102  

Scanning electron microscopy (SEM). High resolution SEM is a powerful technique for 

imaging SWCNTs as it provides three-dimensional morphological information on SWCNT 

networks with high resolution and high efficiency (Figure 1-5c).103 SEM utilizes a beam of high-

energy electrons to generate signal at the surface of a solid sample, forming an image. To be 

specific, accelerated electrons are focused into a beam and come into contact with a sample, 

scanning the sample controlled by scanning coils. Various signals are produced due to electron 

beam-specimen interactions, among which the secondary electrons (SEs) are collected by the 

detector, and the intensity of the signal is displayed as brightness on a screen.104 
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The visualization of detailed structures under SEM requires optimal conductivity of the 

sample. Therefore, non-conductive and low-conductive samples can be covered with a conductive 

coating before imaging. This can be achieved by sputter coating a conductive thin film such as 

gold/palladium, Pt or Cr.105 

 

 

Figure 1-5 Common techniques for characterization of SWCNTs. (a) Raman spectra of two different types 

(S1 and HiPCO) of SWCNTs under excitation of four different wavelengths. Different types of SWCNTs, 

depending on their different sc-SWCNTs and m-SWCNTs content, show different RBM peaks correspond to 

sc-SWCNT and m-SWCNT regions, as well as different shapes of D and G band. Moreover, laser excitation 

at different wavelength can selectively excite sc-SWCNTs and m-SWCNTs. Adapted from Ref. 99 

(https://pubs.acs.org/doi/10.1021/acs.analchem.7b03712) with permission from ACS.* (b) UV-vis-NIR spectra 

 

* Further permissions related to this figure should be directed to the ACS. 

https://pubs.acs.org/doi/10.1021/acs.analchem.7b03712
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of sodium dodecyl sulfate-suspended SWCNTs during selective functionalization controlled by differences in 

the electronic structure of SWCNTs. The gradual decrease of M11 peak (inset) suggests a selective 

functionalization of m-SWCNTs with diazonium salts, while keeping the semiconducting content unaffected. 

From Strano et al., Science 2003, 301, 1519–1522.101  Reprinted with permission from AAAS. (c) SEM images 

of poly(3,4-ethylenedioxythiophene)-SWCNT films spray-coated on a polyethylene terephthalate substrate. 

Adapted from Ref. 103. 

 

Other techniques, such as atomic force microscopy (AFM) and X-ray photoelectron 

spectroscopy (XPS), are also used to characterize SWCNTs, providing information on morphology 

and elemental composition of both SWCNTs and biomolecule modified SWCNTs. 

1.2.4 Single-Walled Carbon Nanotube-Based Field-Effect Transistors for Protein Detection 

Protein detection with field-effect transistors (FET) has been an area of high interest. 

Owing to the high sensitivity, rapid, label-free, and real-time sensing offered by FET-based 

biosensors,106 they have been applied in the detection of a wide variety of disease relevant 

proteins.107  

A field-effect transistor (FET) device consists of a source (S) electrode and a drain (D) 

electrode fabricated on a substrate, semiconductor channels that connect S and D, and a control 

electrode called the gate. In a FET device, electrical current flows from source to drain through 

the semiconductor channel. A gate voltage is applied to the gate electrode and imposes an electric 

field into the device, which regulates the charge carrier flow between source and drain. 

Consequently, the conductivity of the device changes as varying gate voltage (Figure 1-6a).  

SWCNTs are an ideal sensing material for FET biosensors because of two reasons: (1) 

They are very sensitive to changes in their environment. (2) The easy and versatile 
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functionalization of SWCNTs. SWCNT-based FET biosensors are dependent on the interactions 

of biomolecules with the semiconducting SWCNT channel causing alteration in the dielectric 

environment, charge carrier density, work function modulation, or charge transfer into the 

nanotube. At the same time, SWCNT-based FET can be functionalized with custom-designed 

selective chemistry to preferentially interact with desired biomolecules, demonstrating excellent 

sensing behavior in complex media, such as human tears and sweat.108  

Rich information regarding the biorecognition process and sensing mechanism can be 

extracted from the changes in FET transfer characteristics, which is viewed by plotting the source-

drain current (Id) or conductance (G) against the gate voltage (Vg). Several features are selected to 

accurately describe the changes in FET transfer curves, including (1) relative current/conductance 

change at certain gate voltage, (2) relative change in transconductance (gm), and (3) threshold 

voltage (Vth) shift (Figure 1-6b).109 

 

 

Figure 1-6 Illustration of a SWCNT-based FET device and FET transfer characteristics.  (a) Schematic 

illustration of a SWCNT-based FET device. SWCNTs form a network on a Si/SiO2 substrate between source 

and drain gold electrodes. (b) Typical FET transfer curves constructed by plotting source-drain current (Id) 
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versus gate voltage (Vg). Three features are selected to study FET characteristics change during biosensing: 

(1), Relative current change @ -0.5 Vg; (2) Relative transconductance (gm) change, where gm can be calculated 

by the slope of the linear range of FET transfer curves; (3) Relative threshold voltage (Vth) change. 

 

In this dissertation, high-purity sc-SWCNTs were used to develop FET biosensors for 

protein detection. In Chapter 2, sc-SWCNTs were decorated with Au NPs to probe the Ca2+-

induced conformational change of calmodulin. The sensing performance was also compared with 

un-SWCNT-based FET device. In Chapter 3, a three-step strategy was developed to detect CSF 

leak in a short turnaround time. The three-step strategy includes two steps of separation using 

affinity columns to isolate β2-transferrin from other proteins in a CSF sample, and a third step 

using sc-SWCNT-based FET biosensors for detection of β2-transferrin. Three different sensing 

configurations for the sc-SWCNT-based FET biosensor were investigated for obtaining the 

optimal β2-Tf sensing results. In Chapter 4, sc-SWCNT-based FET biosensors were functionalized 

with SARS-CoV-2 antibody and applied in rapid detection of SARS-CoV-2 antigens. The results 

showed that the SARS-CoV-2 antibody functionalized sc-SWCNT FET biosensor has achieved 

sub-fg/mL detection of SARS-CoV-2 antigens in calibration samples and an 82% accuracy with 

NAAT positive nasopharyngeal swab samples. 
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2.0 Probing Ca2+-Induced Conformational Change of Calmodulin with Gold Nanoparticle-

Decorated Single-Walled Carbon Nanotube-Based Field-Effect Transistors 

2.1 Chapter Preface 

The aim of this work was to study the sensing performance of gold nanoparticle-decorated 

high-purity sc-SWCNT-based FET sensing devices by comparing with that of gold nanoparticle-

decorated un-SWCNT FET devices for the detection of Ca2+-induced conformational change of 

calmodulin. The material contained in this chapter was published in Nanoscale in 2019. The full 

citation is listed as Reference 110 in the bibliography section. Reproduced by permission of The 

Royal Society of Chemistry.  

List of Authors: Wenting Shao, Seth C. Burkert, David L. White, Valerie L. Scott, Jianfu 

Ding, Zhao Li, Jianying Ouyang, François Lapointe, Patrick R. Malenfant, Kabirul Islam and 

Alexander Star 

2.2 Introduction 

Single-walled carbon nanotubes (SWCNTs) are considered to be an ideal material for 

electronic devices, such as field-effect transistors (FETs), due to their outstanding electronic and 

mechanical properties.111-117 The properties of SWCNTs are largely dependent on their structure, 

therefore the control of SWCNT structure, such as diameter and chirality, is crucial for developing 

high-performance electronic devices.59, 117 Unsorted (un-) SWCNTs contain a mixture of metallic 
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(m-) and semiconducting (sc-) SWCNTs.58 However, in order to achieve high-performance FET 

devices with high carrier mobility and high on/off ratios, a high purity of sc-SWCNTs is often 

required.59, 118 Common methods for separating m-SWCNTs from sc-SWCNTs, include density 

gradient ultracentrifugation (DGU)119, aqueous two-phase separation (ATP)120, and conjugated 

polymer extraction (CPE)121, 122. Among these methods, a hybrid-CPE protocol has been reported 

to yield sc-SWCNTs with a purity >99.9%.74, 98 Recently, high-purity semiconducting SWCNTs 

have shown promise for chemical sensing applications, such as highly sensitive gas detection123-

125 and humidity monitoring.126  The high sensitivity afforded by sc-SWCNT FETs seen in gas 

sensing could also be employed in the development of ultrasensitive biosensors, such as 

aptasensors127, 128 and label-free protein sensors.129, 130  Here we applied high purity sc-SWCNT 

based FET devices to the investigation of the Ca2+ binding-induced conformational change of 

calmodulin (CaM).  

CaM is a calcium binding messenger protein that modulates calcium transfer in many 

crucial processes in the human body, and ultimately modulates a variety of cellular processes.131, 

132 CaM is a ubiquitous, multifunctional protein that regulates over 30 different proteins and 

enzymes. As a highly conserved protein, CaM consists of only 148 amino acids, has a length of 

65 Å, and a diameter of approximately 30 Å.133 The small dimensions make CaM a suitable 

biological species to study on a carbon nanotube FET device because the conformational change 

of CaM can be monitored without being adversely affected by ionic screening effects when 

measured in relatively low ionic strength solutions. One interesting feature of the Ca2+-induced 

conformational change of CaM is that, upon Ca2+ binding, CaM changes from a closed to an open 

form, exposing the solvent accessible hydrophobic surface, which enables the recognition and 

binding of CaM to its target protein.134 Therefore the conformational change of CaM plays a vital 
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role in calcium signal transduction in the human body. Moreover, understanding of CaM structure 

could allow for the development of better protein conformational switches with applications in 

biosensors, diagnostic tools, and therapeutic agents.135 Nuclear magnetic resonance (NMR) 

spectroscopy134 and X-ray crystallography136 are the primary techniques to study the protein 

conformational change, but these powerful instrumental methods have a limited miniaturization 

potential. Other methods such as fluorescence resonance energy transfer (FRET),137 DNA 

nanolevers,138 and atomic force microscopy (AFM)139 have the advantage of single-molecule 

detection, however often require complex sample preparation such as protein labeling.  

FET devices comprised of individual SWCNTs have already been used for real-time 

monitoring of biomolecular processes on the surface of SWCNTs, including single-molecule 

lysozyme dynamics140 and the conformational dynamics of individual DNA G-quadruplex 

structures.141 However, these approaches necessitate e-beam lithography and covalent attachment 

of biomolecules to nanotube sidewalls through patterning or point-defects. Herein, by utilizing 

networks of sc-SWCNT based FET devices, we detected the calcium ion-dependent 

conformational change of CaM without further modification of the protein or nanotubes. We 

measured FET characteristics to investigate steady state changes associated with ion-induced 

protein conformational changes and to explore the sensing performance and mechanism of sc-

SWCNT FETs. 

By comparing un-SWCNT and sc-SWCNT based FET devices, we further investigated 

effects of nanotube structure and functionalization on the biosensing performance. Purified arc-

discharge un-SWCNTs have an unmodified graphitic surface but contain a mixture of m-SWCNTs 

and sc-SWCNTs, whereas semiconductor enriched sc-SWCNTs have a polyfluorene-dodecyl 

(PFDD) polymer coating due to the sorting process. Additionally, polymer coating in sc-SWCNTs 
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can affect AuNP deposition and CaM binding in comparison to un-SWCNTs, which in turn can 

change biosensor performance. In addition to investigating FET transfer characteristics, we used 

ultraviolet-visible-near infrared (UV-vis-NIR) absorption and Raman spectroscopies to get 

additional insight into the electronic structure of the nanotube-gold nanoparticle-protein system.  

2.3 Experimental Section 

Carbon nanotube materials. Commercial unsorted single-walled carbon nanotubes (P2-

SWNT, Carbon Solutions Inc.) and semiconducting single-walled carbon nanotubes were prepared 

according to reference 15 but may also be obtained commercially (IsoSol-S100, Raymor Industries 

Inc.). 

Device fabrication and decoration with gold nanoparticles. Interdigitated gold 

electrodes (channel length of 10 µm) were patterned on a Si/SiO2 substrate using photolithography. 

Un-SWCNT solution was prepared at 0.01 mg/mL in DMF, and sc-SWCNT solution was prepared 

at 0.05 mg/mL in toluene. SWCNTs were then deposited between gold electrodes via DEP with 

an ac frequency of 10 MHz for un-SWCNT, and 100 kHz for sc-SWCNT, applied bias voltage of 

10 V, and bias duration of 60 s for un-SWCNT and 120 s for sc-SWCNT. Gold nanoparticle 

decoration on SWCNTs was achieved through bulk electrolysis from a 1 mM AuCl3 solution in 

0.1 M HCl using a 3-electrode system with a Ag/AgCl reference electrode, Pt counter electrode, 

and SWCNTs acting as the working electrode. A – 0.2 V potential was applied for 30 s for 

formation of AuNPs ranging in diameter from 10 nm to 100 nm. 
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Calmodulin (CaM) was attached to the AuNPs decorated SWCNTs by a 12-hour 

incubation with 50 𝜇𝜇L of a 500 𝜇𝜇g/mL CaM solution in 1 mM phosphate buffered saline (PBS) on 

the devices, followed by thorough rinsing with nanopure water. 

FET measurements. FET characteristics of both un- and sc-SWCNT FET devices were 

studied employing liquid-gated FET device configuration. Dulbecco’s phosphate buffered saline 

(DPBS, 0.01X, Lonza) was used as the gating electrolyte. Characteristic FET curves, i.e., source-

drain conductance (G) versus gate voltage (Vg), were taken by sweeping the gate voltage from 

+0.6 to – 0.6 Vg versus a Ag/AgCl reference electrode with a fixed source-drain voltage of 50 mV. 

 To probe the Ca2+-induced conformational change of CaM, a series of CaCl2 solution was 

added to the device from the lowest concentration to the highest concentration. The device was 

first incubated with CaCl2 solution for 2 min, then rinsed with nanopure water, and measured in 

0.01X DPBS as the electrolyte medium with gate voltage sweeping from +0.6 V to -0.6 V. 

Control experiments were performed employing the same liquid-gated FET configuration. 

For all FET measurements, the device was first incubated with the analyte for 2 min, then rinsed 

with nanopure water, and measured in 0.01X DPBS as the electrolyte medium with gate voltage 

sweeping from +0.6 V to -0.6 V. 

Raman measurements. XplorA Raman-AFM/TERS system was used to record all Raman 

spectra. Raman spectra were recorded using 638 nm (24 mW) and 785 nm (100 mW) laser 

excitation operating at 1% power.  

UV-vis-NIR absorption spectroscopy. UV-vis-NIR spectra were collected using a 

Perkin-Elmer Lambda 900 UV-vis-NIR spectrophotometer. Un-SWCNTs were spray casted on a 

1” X 1” quartz slide using a commercial air gun (Iwata, Inc), and sc-SWCNTs were drop casted 

on a 1” X 1” quartz slide. AuNPs were deposited on both types of SWCNTs through bulk 
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electrolysis from a 1 mM AuCl3 solution in 0.1 M HCl using a 3-electrode system. Both slides 

were then incubated with CaM solution (500 𝜇𝜇g/mL in 1 mM PBS) to allow CaM binding to the 

nanomaterial surfaces.  

SEM characterization. SEM images were taken on an SEM ZEISS Sigma500 VP with an 

accelerating voltage of 3 kV. Devices were sputter coated with 8 nm palladium before SEM 

imaging to limit charging. 

AFM. Bruker multimode 8 utilizing a Veeco Nanoscope IIIa controller in tapping mode 

was used to collect AFM data. AppNano ACST-SS probes having nominal radius of 1-2 nm were 

operated at a frequency of 160−225 kHz, an amplitude set point of 1.70−1.75 V, and a drive 

amplitude of 100−300 mV. Images were processed in Gywiddon. 

Circular dichroism (CD) measurements. Circular dichroism spectra were recorded on 

an Olis circular dichroism spectrophotometer. 1.0 mm quartz cuvettes were used for all 

measurements. 0.1 mg/mL Ca2+ free CaM and 0.1 mg/mL CaM solutions containing 10-15 M, 10-

12 M, 10-9 M, 10-6 M and 10-3 M Ca2+ were prepared for CD measurements. 

Expression of EGFP-CaM. A plasmid for mammalian expression of histidine tagged 

EGFP-calmodulin (EGFP-CaM) was obtained from Addgene (Plasmid # 47602). Human 

embryonic kidney 293T (HEK293T) cells were cultured in a T150 Flask (Corning) in Dulbecco’s 

Modified Eagle’s Media (DMEM) media supplemented with 10% Fetal Bovine Serum (FBS) at 

37oC with 5% CO2. At 80% cellular confluency, 25 µg of plasmid and 62.5 µg lipofectamine were 

added to 1.75 mL Optimem media and incubated at room temperature for 5 minutes, separately. 

Next, the tubes were combined and incubated for 20 minutes. This was added to the cells with 

fresh DMEM 10% FBS. The cells were grown for an additional 24 hours and collected. Cells were 

resuspended in 750 µL lysis buffer containing: 50 mM tris pH 8.0, 200 mM NaCl, 10% glycerol, 
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1 mM phenylmethylsulfonyl fluoride (PMSF), 0.1% triton X, 1x protease inhibitor (Pierce), and 

small amounts of DNase and lysozyme. Following a 10-minute incubation on ice, the cells were 

subjected to sonication at 100 mA for five 60 second pulses with a 30 second resting period in 

between. Samples were then centrifuged at 15,000 rpm for 10 minutes to pellet cell debris. The 

protein was then purified by HisPur Nickel-NTA resin (ThermoFisher). Ni-NTA resin was 

prepared by washing 100 µL of the slurry with 5 column volumes (CV) water followed by 5 CV 

wash buffer: 50 mM tris pH 8.0, 200 mM NaCl, 10% glycerol, 25 mM imidazole, 1x protease 

inhibitor, and 1 mM PMSF. The lysate was applied to the resin and gently mixed for 1 hour at 4oC. 

Next, the beads were washed with 20 CV wash buffer.  600 µL of elution buffer containing 50 

mM tris pH 8.0, 200 mM NaCl, 400 mM Imidazole, 10% glycerol, and 1 mM PMSF was applied 

to the column in 100 µL aliquots. All elutions containing protein were combined and concentrated 

(Sartorius centrifugal concentrator). Protein was quantified via SDS-PAGE with BSA standards 

(Biorad). 

Fluorescence imaging. Fluorescence images were obtained using an Olympus 1X81/1X2-

UCB microscope. 20 µL of 1 µM EGFP-CaM (containing 0.5mM ethylene glycol-bis(𝛽𝛽 -

aminoethyl ether)-N,N,N’,N’-tetraacetic acid, EGTA) was incubated on Au-SWCNT surface at 

4 ° C overnight, and rinsed with nanopure water. Fluorescence images were captured under 

excitation of 489 nm and 655 nm. 20 µL of 1 M CaCl2 was then dropcasted on the device surface 

to induce the conformational change of EGFP-CaM. After rinsing the surface with nanopure water, 

fluorescence images were captured under the same excitation wavelengths. 
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2.4 Results and Discussion 

For all studies, carbon nanotubes were deposited using dielectrophoresis (DEP) between 

interdigitated gold electrodes on Si/SiO2 wafers. AuNPs were then deposited from a solution of 

AuCl3 via bulk electrolysis in a three-electrode system, resulting in AuNPs anchoring to the 

oxygen-containing defect sites on carbon nanotubes.95, 109 CaM functionalization of AuNP 

decorated SWCNTs (Au-SWCNT) was performed by incubating the chip with 500 µg/mL CaM 

solution for 12 h at room temperature, followed by rinsing with nanopure (18.2 MΩ) water.   

Scanning electron microscopy (SEM) was utilized to characterize the difference in surface 

morphology after CaM functionalization for both types of FET devices (Figure 2-1). Figure 2-1a 

and b show the morphology and distribution of AuNPs on un-SWCNT and sc-SWCNT, 

respectively. For both types of SWCNT, nanotube networks were deposited between fingers of 

interdigitated gold electrodes. The un-SWCNTs tended to form large bundles and rope-like 

structures while sc-SWCNTs, due to polymer coating on their surfaces, did not bundle and formed 

denser and more interconnected networks than un-SWCNTs (Appendix Figure A-1). AuNPs 

anchored on defect sites of both types of SWCNTs, forming larger particles (d = 126.3 ± 34.1 nm, 

n = 55) on un-SWCNTs and smaller particles (d = 68.4 ± 20.0 nm, n = 106) on sc-SWCNTs 

(calculated from SEM images of Au-un-SWCNTs and Au-sc-SWCNTs, including 8nm of 

palladium coating). A primary difference between AuNP deposition on un-SWCNTs (Figure 

2-1a) and sc-SWCNTs (Figure 2-1b) is the denser AuNP formation in the former case. Higher 

density AuNP formation is promoted by more available anchoring sites present in the un-SWCNTs 

resulting in larger quantities of CaM binding to the surface (Figure 2-1c), while the polymer 

coating on sc-SWCNTs may limit the decoration with AuNPs leading to less CaM on the surface 

(Figure 2-1d). Based on the prior work, we estimate a 1:1 weight ratio of wrapping polymer to 
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SWCNT in thin films, yet excellent thin film transistor performance indicates that tube-tube 

junctions are not significantly affected by the polymer.142 This is consistent with fewer binding 

locations for AuNPs on the polymer wrapped sc-SWCNTs.  

 

 

Figure 2-1 Binding of CaM on Au-sc-SWCNT and Au-un-SWCNT FET devices. (a-d) Scanning electron 

microscopy (SEM) images of AuNPs decorated un-SWCNT FET device (a) before and (c) after CaM binding, 

and AuNPs decorated sc-SWCNT (b) before and (d) after CaM binding. (Scale bar: 1 µm). Insets in panels c 

and d: zoom-in view of CaM covering AuNPs. (Scale bar: 200 nm). (e) Schematic illustration of a liquid gated 

carbon nanotube FET. Interdigitated gold electrodes (yellow blocks) are configured as source (S) and drain 

(D) whereas gate voltage (Vg) is applied through a Ag/AgCl reference electrode. Source-drain bias (VSD) is 50 

mV. (f-g) FET transfer characteristics, i.e., source-drain conductance (G) versus Vg, of (f) bare un-SWCNTs 
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(black), Au-un-SWCNTs (red), and CaM-Au-un-SWCNTs (blue) and (g) bare sc-SWCNT (black), Au-sc-

SWCNT (red), and CaM-Au-sc-SWCNT (blue). 

 

Binding of CaM on AuNPs was confirmed by atomic force microscopy (AFM), which 

showed height profile change after CaM functionalization (Appendix Figure A-2). CaM binds to 

AuNPs through gold-thiol bonds between its methionine (Met) residues and AuNPs. There are 

nine Met residues in CaM to facilitate stabilization of the open conformation of CaM after Ca2+ 

binding and provide the target binding surface.143 Due to the fact that most of the Met residues 

located at the hydrophobic target-binding surface, the Ca2+-induced conformational change occurs 

near the surface of the device, and the change in FET transfer characteristics can be detected within 

the ionic screening length. A liquid-gated FET device configuration was employed to study the 

transfer characteristics of both types of SWCNT FET devices (Figure 2-1e). All liquid-gated 

measurements were carried out in 0.01 X DPBS where the Debye screening length is calculated to 

be 7.53 nm.144 Figure 1f and 1g show typical transfer characteristics of p-type SWCNT FETs. 

Conductance of un-SWCNT FET devices in the ON state is consistent with what has been 

previously reported.144, 145 The metallic component of un-SWCNTs contributes to the high 

conductance of un-SWCNT FET devices. Similar conductance was achieved for sc-SWCNT 

devices by using a relatively higher concentration of sc-SWCNTs during DEP process, forming 

dense networks across the channel. For both un-SWCNT and sc-SWCNT FET devices, AuNP 

decoration resulted in a significant increase in conductance. This observation can be attributed to 

the charge transfer from SWCNTs to AuNPs, which caused a depletion of electron density of the 

SWCNTs.146 After the incubation with the CaM solution, the conductance decreased in the p-type 

region with more threshold voltage shifting to more negative values due to CaM binding onto the 

gold nanoparticles.  
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UV-vis-NIR absorption spectroscopy (Figure 2-2) provided complementary 

characterization of SWCNTs used in this study and revealed effects of functionalization on their 

electronic structure. UV-vis-NIR absorption spectra showed typical optical characteristics of 

SWCNTs associated with electronic transitions between van Hove singularities. For un-SWCNTs 

(Figure 2-2a), S11, S22 and S33 peaks are characteristic of the semiconducting SWCNTs, whereas 

the metallic portion gives rise to the M11 peaks from 600 nm to 800 nm. For sc-SWCNTs (Figure 

2-2b), the S11, S22 and S33 peaks are sharper with slight shifts to higher energies, indicating 

nanotube diameter selection after the extraction with PFDD polymer, whose presence can also be 

observed as a sharp peak at 392 nm. Additionally, the absence of M11 peaks confirms the high-

purity semiconducting content in the sc-SWCNTs sample. During the functionalization of 

SWCNTs, the decrease in the intensity of the S11 peak in both nanotube samples after AuNP 

decoration indicates the occurrence of charge transfer from SWCNTs to AuNPs during this 

process. However, AuNP-decorated un-SWCNTs (Figure 2-2a) showed more prominent 

absorption at 530 nm, which corresponds to the surface plasmon resonance (SPR) peak of AuNPs. 

After the incubation with the CaM solution, the increase in S11 peak of UV-vis-NIR spectra 

indicates an electron donation into SWCNTs after CaM binding. The AuNP SPR peak was less 

prominent in AuNP-decorated sc-SWCNTs (Figure 2-2b). This observation is consistent with 

SEM results that indicate smaller numbers of AuNPs were deposited on PFDD polymer-coated sc-

SWCNTs as compared to un-SWCNTs (Appendix Figure A-1). The smaller increase of S11 peaks 

after CaM binding is also consistent with smaller portion of AuNP-decorated sc-SWCNT available 

for CaM binding.   
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Figure 2-2 UV-vis-NIR absorption spectroscopy of un-SWCNT and sc-SWCNT during functionalization. UV-

vis-NIR absorption spectra of (a) bare un-SWCNT (black), AuNPs decorated un-SWCNT (red) and CaM-

functionalized Au-un-SWCNT (blue) and (b) bare sc-SWCNT (black), AuNPs decorated sc-SWCNT (red) 

and CaM-functionalized Au-sc-SWCNT (blue). 

 

Raman spectroscopy provided further evidence for characteristics of un- and sc-SWCNTs 

and the charge transfer process during functionalization. For all studies, Raman spectra were 

recorded using a 638 nm laser excitation. As shown in Figure 2-3, both Raman spectra show 

characteristic peaks of SWCNTs, i.e., RBM, D band, G band, and G’ band. For un-SWCNTs 

(Figure 2-3a), the G band, ranging from 1400 cm-1 to 1700 cm-1, is split into two peaks, G+ peak 

and G- peak, which are centered at 1587 cm-1 and 1550 cm-1, respectively. The broad and 

asymmetric G- peak shown in Figure 3a has a Breit-Wigner-Fano (BWF) lineshape, which 

corresponds to the metallic feature of un-SWCNTs.147 Similar to the Raman spectra of un-SWCNT, 

in the G band region of sc-SWCNTs from 1500 cm-1 to 1650 cm-1, there are two peaks- G+ peak 

centered around 1580 cm-1 and G- peak centered around 1554 cm-1 (Figure 2-3b). However, in 

contrast to the broad G- peak of un-SWCNT that has BWF lineshape, the G- peak of sc-SWCNT 

is narrower with a Lorentzian lineshape, indicative of semiconducting carbon nanotubes.74, 148 
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Radial breathing mode (RBM) peaks were characterized using a 785 nm laser excitation. Different 

RBM peak frequencies of un- and sc-SWCNTs under 785 nm laser excitation also confirms the 

high purity content of sc-SWCNTs (Appendix Figure A-3). 

 

 

Figure 2-3 Raman spectroscopy of un-SWCNT and sc-SWCNT during functionalization. Raman spectra of 

(a) bare un-SWCNT (black), AuNPs decorated un-SWCNT (red) and CaM-functionalized Au-un-SWCNT 

(blue) and (b) sc-SWCNT (black), AuNPs decorated sc-SWCNT (red) and CaM-functionalized Au-sc-

SWCNT (blue). Insets show G region of un- and sc-SWCNT. The peaks labeled with asterisks are associated 

with silicon substrate. 
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Gold nanoparticle-decoration resulted in a 10.6 X and 3.8 X enhancement in G peak 

intensity for un-SWCNT and sc-SWCNT respectively, which is due to surface-enhanced Raman 

scattering (SERS) effect that arises from the excitation of surface plasmons on metal 

nanoparticles.149 The larger enhancement of Raman intensities of un-SWCNTs corresponds to the 

larger quantities of AuNPs on un-SWCNTs. In addition to the enhancement effect, the G+ peak of 

both types of SWCNTs experienced shifting toward higher energy (3.0 cm-1 for un-SWCNT and 

3.3 cm-1 for sc-SWCNT). The blueshift of the G+ peak suggests that the coupling between AuNPs 

and SWCNTs induced an electron transfer from SWCNTs to AuNPs, thus p-doping the SWCNTs, 

hardening the G+ peak.150, 151 This result is consistent with our conclusion from UV-vis-NIR 

absorption spectroscopy. Upon CaM binding, featured peaks from CaM are almost unnoticeable 

in the spectra.131 Therefore, we use SWCNTs as a proxy chromophore to investigate the binding 

of CaM on Au-SWCNTs. A redshift from 1583 cm-1 to 1580 cm-1 of the G+ peak of sc-SWCNTs 

was observed, indicative of electron transfer back to un-SWCNTs.150 However, for un-SWCNTs, 

the charge donation mainly affected the metallic portion of un-SWCNTs, narrowing the G- peak.152  

The Ca2+-induced conformational change of CaM was first studied in solution via circular 

dichroism (CD) spectroscopy. CD spectra of 5.9×10-3 M calcium-free CaM and 5.9×10-3 M  CaM 

solutions containing 10-15 M to 10-3 M Ca2+ were recorded. Increase in the negative bands at 208 

nm and 221 nm was observed due to the increase in α-helical content as more CaM changed from 

calcium-free to calcium-bound conformation (Appendix Figure A-4).153, 154 We further used 

enhanced green fluorescent protein fused calmodulin (EGFP-CaM) to confirm the conformational 

change of CaM on Au-SWCNT surfaces. EGFP-CaM was expressed from cells and purified 

(Appendix Figure A-5). EGFP-CaM was attached on Au-SWCNT surfaces by incubating 2 µM 

EGFP-CaM solution on chip, and fluorescence images of the device surface were captured before 
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and after addition of Ca2+. An enhanced fluorescent signal between interdigitated gold electrodes 

was observed under 489 nm excitation light (Figure 2-4). Previous studies of EGFP-CaM have 

shown that the conformational change of CaM can induce a structural perturbation of the GFP 

moiety, modulating its fluorescence activity, resulting in an increase in EGFP fluorescence upon 

Ca2+ binding to CaM.155, 156 Therefore the enhancement of fluorescence suggests the occurrence 

of the Ca2+-induced conformational change of CaM on the FET device surface.   

 

 

Figure 2-4 Fluorescence images of EGFP-CaM functionalized Au-SWCNT FET device. (a) Before Ca2+ 

binding. (b) After Ca2+ binding. 

 

To investigate the effect of Ca2+-induced conformational change of CaM on carbon 

nanotube FET devices, liquid-gated FET measurements were performed with a Ag/AgCl electrode 

as the gate electrode. For each FET measurement, both nanotube devices were first incubated with 

CaCl2 solution for 2 min, then rinsed with nanopure water, and measured in 0.01X DPBS as the 

electrolyte medium with gate voltage sweeping from +0.6 V to -0.6 V. Measurement at constant 

ionic strength is important to eliminate any impact of different CaCl2 salt concentrations on the 

Debye length and the measured signal of carbon nanotube FET devices.  
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Responses of CaM-Au-un-SWCNT FET devices were recorded in 0.01 X DPBS after 

incubation in a series of Ca2+ solutions with concentrations from 10-11 M to 10-3 M. By plotting the 

source-drain conductance (G) vs. applied gate voltage (Vg), a consistent decrease in the overall 

conductance of the device with increasing concentrations of calcium ions was observed (Figure 

2-5a). A calibration curve was constructed by plotting the relative conductance change at – 0.5 Vg 

(∆𝐺𝐺/𝐺𝐺0, where ∆𝐺𝐺 = |𝐺𝐺−0.5𝑉𝑉𝑔𝑔 − 𝐺𝐺0|, and 𝐺𝐺0  is the conductance in buffer solution before Ca2+ 

exposure at -0.5 Vg) against concentrations of Ca2+ solution. The calibration curve was fit using a 

five-parameter logistic model157, and the linear range of CaM-Au-un-SWCNT FET devices was 

determined to be 10-9 M to 10-7 M with a calibration sensitivity (m, defined as the slope of the 

linear region of the calibration curve) of 0.080 (Figure 2-5b). The FET transfer characteristics of 

CaM-Au-sc-SWCNT FET devices, on the other hand, showed a consistent shift towards more 

positive region in the threshold voltage with increasing concentration of Ca2+ (Figure 2-5c), and 

the linear range of the device was from 10-15 M to 10-13 M with a calibration sensitivity of 0.12 

(Figure 2-5d). FET characteristics measured on different devices showed larger device-to-device 

variation for sc-SWCNT FET devices (Appendix Figure A-6).  

Control experiments were performed to compare their sensitivity with the sensitivity of the 

CaM-Au-SWCNT FET devices. Figure 2-5e shows the calibration sensitivity of the active and 

control systems. The active system for both types of SWCNT FET devices have the best sensitivity 

in the corresponding dynamic range. Among control systems, both types of devices display 

sensitivity towards Ca2+ when having CaM on bare SWCNTs, but the sensitivity is significantly 

less than that of the active system which we attribute to reduced CaM present and random 

orientation of binding on the defect sites of SWCNTs (Appendix Figure A-7). In the absence of 

CaM on the SWCNTs and Au-SWCNTs, the responses of both types of devices show minimal 
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sensitivity or poor linearity towards different concentrations of Ca2+ due to the lack of 

conformational change of CaM (Appendix Figure A-7). Additionally, the poor sensitivity of the 

active systems towards Mg2+, an ion that induces less pronounced structural changes of CaM than 

Ca2+ does when bound to the protein,158 provides further evidence that the sensitivity of the devices 

is a result of the conformational change of CaM. In the presence of bovine serum albumin (BSA), 

an interfering protein that has a calcium binding constant of ~90 M-1 in 0.01 X PBS buffer (3-4 

orders of magnitude lower than that of CaM),159 the active systems still show good sensitivity 

toward Ca2+ with 41% lost in calibration sensitivities for un-SWCNT devices and 27% for sc-

SWCNT devices. However, it is demonstrated that the devices are not sensitive toward BSA itself 

(Figure 2-5e). The loss in calibration sensitivity is likely due to the binding between Ca2+ and 

BSA, reducing the amount of CaM that undergoes the conformational change. 

Gate leakage current in both types of devices was also analyzed to investigate whether not 

encapsulating Au source and drain electrodes would affect the sensing performance. The results 

show (Appendix Figure A-8) that the leakage current is insignificant compared with the measured 

source-drain current, therefore the effect of leakage current is negligible. 
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Figure 2-5 Ca2+ sensing with CaM-un-SWCNT and sc-SWCNT FET devices. (a) FET characteristic curves of 

un-SWCNT FET devices upon exposure to increasing concentrations of CaCl2. (b) Calibration plot for Ca2+ 

sensing with un-SWCNT FET devices. (c) FET characteristic curves of sc-SWCNT FET devices with 

exposure to increasing concentrations of CaCl2. (d) Calibration plot for Ca2+ sensing with sc-SWCNT devices. 
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e) Calibration sensitivity of the active system and control systems for un- and sc-SWCNT FET devices. 

Calibration sensitivity is defined as the slope of the linear range. (Error bars are calculated from multiple 

devices). 

 

For Au-un-SWCNT devices, the sensing mechanism behind the consistent drop in device 

conductance is attributed to the Schottky barrier effect. With the occurrence of conformational 

change at the SWCNT-AuNPs contact region, the local work function of metal is reduced, which 

leads to an alteration of the Schottky barrier of the nanotube-metal interfaces, therefore decreasing 

the conductance of the FET device.160 This effect is further amplified by the presence of multiple 

nanoscale Schottky barriers formed across AuNP-nanotube interfaces.91-161 However, the opposite 

shift of the FET characteristics of Au-sc-SWCNT devices suggests an alternative sensing 

mechanism due to the different properties between un-SWCNT and sc-SWCNT. Instead of 

Schottky barrier effect, the conformational change of CaM caused an exposure of its negatively 

charged side chains to the local environment,162 inducing additional hole carriers in sc-SWCNTs, 

therefore shifting the I-Vg curves toward more positive gate voltages due to electrostatic gating 

effect.163 This effect does not play a dominant role in un-SWCNT due to the presence of metallic 

SWCNTs and multiple interfaces between AuNP and SWCNTs. M-SWCNTs have constant 

density of state (DOS) near the Fermi level,164 making them less sensitive to Fermi level shifts, 

and Schottky barrier modulation consequently overwhelms the doping effect on semiconducting 

nanotubes in un-SWCNTs.  

Interestingly, the sc-SWCNT FET devices display a higher slope of the calibration curve 

and a linear range over lower Ca2+ concentrations when compared with un-SWCNT FET devices. 

The higher slope of the calibration curve can be attributed to the high on/off ratio of the transistor. 

In our case, the on/off ratio of un-SWCNT FET device is only ~3, whereas the on/off ratio of sc-
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SWCNT FET device is ~104 (Appendix Figure A-9). Higher on/off ratio can lead to higher 

relative response, making the FET more sensitive to small shift in the threshold voltage, hence the 

better calibration sensitivity for sc-SWCNT FET devices (Appendix Figure A-10). The high 

purity of semiconducting SWCNT contributes to the high on/off ratio of sc-SWCNT FET devices. 

In contrast, the presence of metallic SWCNTs in un-SWCNTs provides electrically conducting 

pathways, inhibiting the ability of the transistor to reach low off state conductance. However, sc-

SWCNT FET devices saturated at lower concentrations of Ca2+ than un-SWCNT devices. The 

absolute relative conductance change increased linearly with Ca2+ from 10-15 M to 10-13 M (in 

logarithmic scale), and then reached a plateau after 10-11 M, showing saturation of the devices 

(Figure 2-5d and Appendix Figure A-6). This can be attributed to the limited amount of CaM 

detectable on sc-SWCNT devices. As mentioned earlier, AuNP deposition formed larger and 

denser AuNPs on un-SWCNTs than sc-SWCNTs, but the average size of CaM after binding to 

AuNPs on un-SWCNTs and sc-SWCNTs, 137.7 ± 37.4 nm (n = 45) and 155.2 ± 42.5 nm (n = 26) 

respectively (calculated from SEM images of CaM-Au-un-SWCNTs and CaM-Au-sc-SWCNTs, 

including 8 nm palladium coating), are relatively comparable considering the large standard 

deviation. This is indicative of more CaM aggregates on each AuNP on sc-SWCNTs due to limited 

binding sites for CaM. However, due to the limitation of Debye screening length, only the 

conformational change of CaM occurring at the SWCNT-AuNPs contact region can be probed. 

Therefore, with smaller AuNP surface area on sc-SWCNT devices, the amount of CaM detectable 

upon conformational change is reduced, making the sc-SWCNT FET devices saturate at lower 

concentration of Ca2+ than un-SWCNT devices. 

Therefore, high-purity sc-SWCNTs FETs, besides their outstanding sensing performance 

towards small molecules such as hydrogen and ammonia gas, sensitively detect the change of 
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charge distribution of CaM upon Ca2+-induced conformational change with Ca2+ as low as 10-15 

M. This low limit of detection indicates only 0.2 femtomolar CaM is required for the detection of 

the conformational change,165 which significantly lowered the amount of CaM sample required by 

other techniques such as NMR134 and X-ray crystallography.136 Furthermore, with the limit of 

detection of 10-15 M Ca2+, our CaM-functionalized Au-sc-SWCNT FET device can also function 

as a Ca2+ sensor that provides ultrasensitivity and selectivity when compared to other Ca2+ 

detection methods (Appendix Table A-1).166-169 

2.5 Conclusions 

In summary, we compared FET responses of un- and sc-SWCNT FET devices during Ca2+-

induced conformational change of CaM. The sc-SWCNT FET devices exhibited better sensitivity 

towards the conformational change of CaM. The higher sensitivity can be attributed to the high 

on/off ratio of sc-SWCNT FET devices, arising from the effective bandgap of high purity sc-

SWCNT. The dynamic range at lower concentrations of Ca2+, on the other hand, was due to the 

low CaM density on the device surface induced by the polymer wrapping on sc-SWCNT. Our 

SWCNT FET devices provide a label-free, highly sensitive and efficient way to probe the 

conformational change of CaM. To further improve our device for reliable and standardized 

sensing, controllable deposition and alignment of SWCNTs on FET devices are crucial. For 

example, uniform SWCNT networks can be formed in the channel by inkjet printing142 or dip 

coating170 for making thin-film transistors (TFTs) with <10% variability. We envision that our 

AuNPs-decorated high-purity semiconducting SWCNT FET devices can have further applications 

in detecting protein interactions.  
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3.0 Cerebrospinal Fluid Leak Detection with a Carbon Nanotube-Based Field-Effect 

Transistor Biosensing Platform 

3.1 Chapter Preface 

The aim of this work was to present a three-step strategy for the rapid detection of 

cerebrospinal fluid (CSF) leak. The 3-step design, which includes two steps of affinity 

chromatography and a rapid sensing step using a high-purity semiconducting (sc-) single-walled 

carbon nanotube (SWCNT) field-effect transistor (FET) device, circumvented the lack of 

selectivity that anti-transferrin antibody exhibits for transferrin isoforms, and markedly shortened 

detection time to 1 hour. Furthermore, three different sensing configurations for the sc-SWCNT 

FET sensor were investigated for obtaining the optimal β2-Tf sensing results. The work presented 

in this chapter will be submitted for publication in the near future. 

List of Authors: Wenting Shao, Galina V. Shurin, Xiaoyun He, Michael R. Shurin and 

Alexander Star 

3.2 Introduction 

Leakage of cerebrospinal fluid (CSF) is a serious condition that can result from trauma, 

invasive tumors, congenital malformation, or surgical procedures and results in significant 

morbidity and mortality if left untreated.171 Without appropriate treatment, CSF leaks can lead to 

life-threatening cases of meningitis, intracranial hypotension, or pneumocephalus. Identification 
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of CSF in non-native sites requires immediate surgical intervention, usually in the form of 

endoscopic endonasal or transcranial surgery.172 However, the diagnosis of CSF leak is often 

difficult to confirm. Traditional chemical analyses of biological fluids (e.g., glucose, total protein, 

specific gravity) are unreliable and have been largely abandoned. Radiographic and magnetic 

imaging methods, especially those involving the injection of dyes or radiographic agents, are not 

always successful, require expensive, time-consuming procedures, and may introduce additional 

risks to the patient.173 Accumulating clinical data do not support the use of the ring sign, glucose 

testing, radionuclide cisternography, or computed tomography cisternography for identification of 

CSF leak.  

Clinical laboratory detection of CSF leak takes advantage of the heterogeneity of 

transferrins in bodily fluids and utilizes beta2-transferrin (β2-Tf) detection in available specimens 

as an indicator of CSF presence.174 Transferrin is a 79 kDa iron-binding protein transporting and 

maintaining iron homeostasis.175
 The number of sialic acid groups varies to create 9 transferrin 

isoforms ranging from 0 to 8 sialic acid groups.176
 The major isoform with 4 sialic acid groups is 

β1-transferrin, the predominant form in most body fluids including serum. In contrast, β2-TF 

(carbohydrate-free, desialated), is formed by loss of sialic acid due to the presence of 

neuraminidase in the central nervous system (CNS) and is confined to the CSF, aqueous humor, 

and perilymph.177, 178
 Thus, β2-TF is a CSF-specific variant of transferrin used as an endogenous 

marker of CSF leakage if detected in nasal or aural fluid. β2-Tf can be resolved from the other 

isoforms of transferrin because differences in sialic acid content change the isoelectric point of the 

protein, allowing separation by gel electrophoresis.179, 180 However, the main problem with 

electrophoretic separation of transferrins and their staining is a running time required for 

electrophoresis + transfer + Western blot: 3 to 6 h, which is not always adequate for the β2-TF 
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assay when ordered on STAT turnaround time priority level (from the Latin statim - immediately 

or without delay) by neurosurgeons. Another problem is the result interpretation which requires a 

pathologist or a highly trained and experience medical technologist who are not always available 

for STAT procedures.  

Nanomaterial-based biosensors have shown great potential in diagnostic tools as they offer 

high sensitivity, label-free and rapid detection of biomolecules as well as easy fabrication and 

miniaturization.181-187 In particular, CNT-based field-effect transistor (FET) biosensors are 

promising candidates for point-of-care diagnostic devices, owing to the outstanding electronic and 

mechanical properties of CNTs.81, 188, 189 CNT-based FET biosensors probe the interactions of 

biomolecules with the semiconducting (sc-) single-walled carbon nanotube (SWCNT) channel 

causing alteration in the electrical conductance of the sc-SWCNTs. Therefore, high-purity sc-

SWCNTs, which enable high on-state conductance and high on/off ratio for FETs, are ideal 

material in order to develop high-performance FET devices.59, 79, 118 Recently, high-purity sc-

SWCNTs have shown promise for sensing applications, such as gas sensors,123-125, 190 humidity 

monitor,126 infrared imaging sensor,191 as well as ultrasensitive biosensors, such as aptasensors127, 

128 and label-free protein sensors.110, 129, 130 Herein, we present a new β2-Tf laboratory detection 

method for different biological fluids with high sensitivity, short turnaround time and easy 

instrument access. The 3-step strategy for β2-Tf detection includes two steps of affinity 

chromatography to isolate β2-Tf and a rapid β2-Tf sensing step utilizing a high-purity sc-SWCNT 

FET device. Three different sensing configurations for the sc-SWCNT FET sensor were 

investigated for obtaining the optimal β2-Tf sensing results. Finally, β2-Tf detection in body fluids, 

namely CSF and serum, employing the 3-step strategy demonstrated markedly improvement in the 
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sensitivity and responsiveness than the gold standard electrophoresis method, indicating a proof-

of-principle for use as a rapid CSF leak diagnostic tool. 

3.3 Experimental Section 

Affinity column preparation. Anti-transferrin antibody functionalized column was 

prepared by immobilizing anti-transferrin antibody (Tf-ab, Fisher Scientific, Cat#: PA184854) on 

CNBr-activated Sepharose® 4B (MilliporeSigma, Cat#: C9142) according to manufacturer’s 

instructions. Briefly, 25 mg of lyophilized CNBr-Sepharose were suspended in 1 mM HCl in a 

spin column (Thermo Fisher Scientific, Cat#: 69725), pH 3.0 and subsequently washed with 1 mM 

HCl for 15 min. Tf-ab was diluted 10-fold in coupling buffer (0.1 M NaHCO3, 0.5 M NaCl, pH 

8.3), mixed with Sepharose (1 mg of Tf-ab per mg of Sepharose 4B) and incubated at room 

temperature for 2 h. After incubation, excess ligand was washed away with coupling buffer by 

centrifugation. The suspension was then incubated with 300 µL of 1 M ethanolamine, pH 8.0 for 

2 h at room temperature in order to block any remaining active groups. After blocking, the material 

was washed with three cycles of alternating pH (0.1 M sodium acetate, 0.5 M NaCl, pH 4.0 and 

coupling buffer, pH 8.0). The final product was then washed with 300 µL nanopure water and 

stored in 0.5 M NaCl at 4ºC. 

Serotonin (MilliporeSigma, Cat#: H9523) was immobilized via its amine on CNBr-

Sepharose by the cyanogen bromide method, similar to Tf-ab functionalization. Briefly, 25 mg of 

lyophilized CNBr-Sepharose were suspended in 1 mM HCl, pH 3.0 and subsequently washed with 

1 mM HCl for 15 min. 40 mg serotonin-HCl were dissolved in 10 mL coupling buffer (0.1 M 

NaHCO3, 0.5 M NaCl, pH 8.3) and added to the activated CNBr-Sepharose in a spin column and 
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incubated for 2 h at room temperature with light protection. Following, excess ligands were 

washed away, and the remaining active groups were blocked using 1 M ethanolamine, pH 8.0 for 

2 h at room temperature. After blocking, the column was washed with three cycles of alternating 

pH, and then equilibrated in 0.5 M NaCl for storage at 4 °C. 

Affinity chromatography. CSF (Thermo Fisher Scientific, Cat#: 50-203-6082) and serum 

(Thermo Fisher Scientific, Cat#: BP2657100) samples were used as a positive and a negative 

control. Serum samples were diluted 100-fold with 1× phosphate buffered saline (PBS) prior to 

chromatography steps. CSF samples had no pretreatments. 

In step 1, 200 µL of CSF (or 100-fold diluted serum) sample was loaded onto the Tf-ab 

functionalized column and incubated for 20 min at room temperature before centrifugation at 

10,000 × g for 2 min for elution. The bound total transferrin was eluted from Tf-ab/Sepharose 

column by applying the stripping buffer (0.1 M Glycine HCl, pH = 2.6, 200 µL each time) twice. 

The pH of the eluate was recovered immediately by adding 1 M Tris (pH 8.3) and loaded to the 

serotonin functionalized column for step 2. After a 20 min incubation at room temperature, the 

column was centrifuged at 10,000 × g for 2 min and the eluate was collected for β2-Tf detection 

in step 3. The column was then stripped with 500 mM sodium chloride in 20 mM sodium phosphate 

(pH = 6).  

Enzyme-linked immunosorbent assay (ELISA). Transferrin human ELISA kit was 

purchased from ThermoFisher Scientific (Cat#: EHTF). For the standard curve, transferrin 

standards at concentrations of 0.1 ng/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL, 500 ng/mL, 1 µg/mL 

and 10 µg/mL were prepared using recombinant human serum transferrin (MilliporeSigma, Cat#: 

T8158). A 2 mg/mL recombinant human serum transferrin solution mixed with 10 mg/mL BSA in 

PBS was treated with neuraminidase (MilliporeSigma, Cat#: N7885) and used as the positive 
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sample. The same solution without the neuraminidase treatment was used as the negative sample. 

Both positive and negative samples were run through the two steps of separation using Tf-ab 

functionalized and serotonin functionalized affinity columns. The eluate from step 2 was collected 

for ELISA test.  

ELISA was performed following the instruction provided with the kit. Absorbance was 

measured at both 450 nm and 550 nm (as background) using a Tecan M1000 pro plate reader. For 

data analysis, background was subtracted from all samples measured. The standard curves were 

run twice to determine the intra-assay precision. Both positive and negative samples were run 

twice, and the blank was run 5 times. All data reported in the figure and table were Mean ± SD. 

Device fabrication. High-purity semiconducting single-walled carbon nanotubes were 

obtained commercially (IsoSol-S100, Raymor Industries Inc.) and were prepared at 0.02 mg/mL 

in toluene. Interdigitated gold electrodes (channel length of 10 µm) were patterned on a Si/SiO2 

substrate using photolithography. SWCNTs were then deposited between gold electrodes via 

dielectrophoresis (DEP) with an AC frequency of 100 kHz, applied bias voltage of 10 V, and bias 

duration of 120 s.  

Anti-transferrin antibody (Tf-ab) functionalization on SWCNTs was achieved via 1-ethyl-

3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC)/N-hydroxysulfosuccinimide 

(sulfo-NHS) coupling. The SWCNT FET devices were first activated in 100 µL of EDC/sulfo-

NHS solution (50 mM/50 mM in 1× PBS, pH = 5.5) followed by a rinse with nanopure water. The 

devices were then incubated with 10 µL of 100 µg/mL Tf-ab (in 1× PBS) for 2 h at room 

temperature and rinsed thoroughly with nanopure water after incubation. To prevent nonspecific 

binding, the devices were soaked in a blocking buffer (0.1% Tween 20 and 4% polyethylene glycol 

in PBS) for 30 min to block unreacted surface.  
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FET measurements. FET characteristics of SWCNT FET devices were studied employing 

liquid-gated FET device configuration. Nanopure water was used as the gating electrolyte. 

Characteristic FET curves, i.e., source-drain conductance (G) versus gate voltage (Vg), were taken 

by sweeping the gate voltage from +0.6 to –0.6 Vg versus a Ag/AgCl reference electrode with a 

fixed source-drain voltage of 50 mV. 

A series of transferrin solutions ranging from 10–4 fg/mL to 1 µg/mL were prepared using 

recombinant human serum transferrin (MilliporeSigma, Cat#: T8158). For transfer characteristic 

measurements using bare SWCNT and Tf-ab-SWCNT approach, the sc-SWCNT FET devices 

were first incubated in 10 µL of transferrin solution for 2 min, then rinsed with nanopure water, 

and measured in nanopure water as the gating electrolyte. For transfer characteristic measurements 

using Au electrode approach, the gold disk surface (2 mm diameter) was immersed in 10 µL of 

transferrin solution for 2 min. The Au electrode was then washed with nanopure water and 

measured in nanopure water as the gate electrolyte.  

For body fluid tests, 10 µL of the eluate from step 2 was added to the sc-SWCNT FET 

devices or the gold disk surface for incubation for 2 min followed by a rinse with nanopure water. 

All FET characteristics measurements were recorded in nanopure water as the gating electrolyte. 

The relative response (R) of each FET device was calculated using R = ΔId/I0, where ΔI = 

|Id− I0|, and I0 is the drain current in nanopure water before transferrin exposure at −0.5 Vg. To 

construct the calibration curve, relative responses calculated from each device tested were 

averaged at each concentration and plotted against transferrin concentrations on a logarithmic 

scale. Error bars represented one standard deviation (SD). The number of devices (n) tested for 

each experiment was specified in the text. 

Electrochemical impedance spectroscopy (EIS). All impedance measurements were 
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performed using a CH Instruments electrochemical workstation (Instrument model: 7042C). 

Recombinant transferrin solutions were prepared from 1 fg/mL to 1 µg/mL. For each 

concentration, 10 µL of the transferrin solution was added on the gold disk surface at an increasing 

concentration order and incubated for 2 min, followed by a rinse with nanopure water. The 

impedance was measured in PBS solution with an AC amplitude of 5 mV over a frequency (f) 

range of 0.05 Hz to 105 Hz. 

UV-vis-NIR absorption spectroscopy. 100 µL of 0.02 mg/mL sc-SWCNTs were drop 

casted on a 1” × 1” quartz slide and heated at 200 °C to evaporate the solvent. UV-vis-NIR spectra 

of sc-SWCNT were collected using a Perkin-Elmer Lambda 900 UV-vis-NIR spectrophotometer.  

Fluorescence imaging. Fluorescence images were obtained using an Olympus 1X81/1X2-

UCB microscope. For nonspecific binding of transferrin on sc-SWCNTs, 10 µL of 100 µg/mL 

Alexa Fluor 647 conjugated transferrin (Thermo Fisher Scientific, Cat#: T23366) was added to the 

sc-SWCNT device and incubated for 2 min at room temperature. Fluorescence images of bare sc-

SWCNT devices before and after Alexa Fluor 647 conjugated transferrin binding were captured 

under excitation of 633 nm. For Tf-ab functionalized sc-SWCNT devices, Tf-ab was 

functionalized on the sc-SWCNTs via EDC/NHS coupling. 10 µL of 10 µg/mL Alexa Fluor 546 

conjugated anti-IgG secondary antibody (Thermo Fisher Scientific, Cat#: A11056) was then added 

to the device and incubated for 10 min at room temperature. As a control, 10 µL of 10 µg/mL 

Alexa Fluor 546 conjugated anti-IgG secondary antibody was also added to a bare sc-SWCNT 

FET device with blocking. All fluorescence images were taken under excitation of 532 nm. 

Raman spectroscopy. Raman spectroscopy was performed on a XplorA Raman-

AFM/TERS system. 785 nm (100 mW) excitation laser was used and operated at 1% power.  
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Gel electrophoresis and Western blot. Gel electrophoresis was carried out on a glass 

slide on 1% agarose (SeaKem® Agarose, Lonza) in a barbital buffer (MilliporeSigma, Cat#: 

B5934). Each sample (2 µL) was applied on the gel using a 6-lane template as the alignment guide. 

Excess sample was removed by gently blotting the template with a Whatman filter paper. The glass 

slide was placed inside the electrophoresis chamber (Horizontal Electrophoresis System, C.B.S. 

Scientific) with 4 trimmed pieces of blotter C paper (Helena) premoistened with barbital buffer on 

each side as a conduit for the buffer. The gel electrophoresis was run at 250 V for 1 hour in barbital 

buffer with a circulated cooling solution or cold water. 

After electrophoresis, a 0.45-μm pore nitrocellulose membrane (GE Healthcare Life 

Sciences) moistened with deionized (DI) water was placed on top of the glass slide and pressed 

for 30 min with weights to transfer the protein from the gel to the membrane. The membrane was 

then blocked with 1% nonfat dry milk in BupH™ Tris buffered saline (ThermoFisher Scientific, 

Cat#: 28379) for 20 min, followed with rinses with DI water for 6-8 times. Next, the membrane 

was first incubated in a buffer with 1:2500 diluted goat anti-transferrin antibody (Cappel, catalog# 

55139), 1% bovine serum albumin (BSA), 4% polyethylene glycol (PEG), and 0.05% Tween-20, 

Tris-buffered saline solution for 20 min. Then blots were rinsed with DI water 6-8 times, and 

incubated with 1:5000 diluted horseradish peroxidase-conjugated chicken anti-goat IgG antibody 

(MilliporeSigma, Cat#: AP163P) in a 1% BSA, 4% PEG, and 0.05% Tween-20, Tris-buffered 

saline solution for 20 min. After another rinse with DI water for 6-8 times, the membrane was 

incubated in a 0.85% NaCl solution for 10 min and then developed in 3,3’,5,5’-

Tetramethylbenzidine (TMB) reagent (MilliporeSigma, Cat#: T0440). The membrane was washed 

3 times with DI water when the development was finished.  
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3.4 Results and Discussion 

Due to the lack of specific receptor for β2-transferrin (β2-Tf), separation steps were 

employed to first separate β2-Tf from a specimen in order for the detection on a SWCNT FET 

sensor. Thus, here we present a 3-step design for β2-Tf detection: 1) Isolation of all transferrin 

isoforms from other biological species present in the sample, 2) separation of β2-Tf from the other 

isoforms and 3) β2-Tf detection with a SWCNT FET sensor (Figure 3-1). Both steps 1 and 2 are 

achieved by utilizing commercial affinity chromatography platform. In step 1, transferrin (all 

isoforms) was separated from other species using an anti-transferrin antibody (Tf-ab) immobilized 

Sepharose column. The bound transferrin was then stripped from the column and loaded into a 

serotonin (5-hydroxytryptamine) functionalized column (step 2) for the separation of β2-Tf. 

Serotonin is a sialic acid-binding molecule, which is nontoxic and commercially available at a 

relatively low price, making it suitable for clinical use.192 Affinity of serotonin towards sialylated 

glycoproteins was proven193, 194 and since then it was used successfully for the analysis and 

purification of glycans, glycopeptides, and glycoproteins. The successful separation of β2-Tf using 

the 2-step separation approach was proved by enzyme-linked immunosorbent assay (ELISA), 

where transferrin was detected in eluate from step 2 from the positive sample, while no transferrin 

was detectable from the negative sample due to the absence of β2-Tf in the original sample 

(Appendix Figure B-1 and Appendix Table B-1). 
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Figure 3-1 The 3-step strategy for detection of β2-Tf. Step 1, separation of all transferrin isoforms from the 

sample using anti-transferrin antibody functionalized affinity column. Step 2, separation of β2-Tf from other 

isoforms using serotonin functionalized affinity column. Step 3, detection of β2-Tf with a sc-SWCNT FET 

device. Insets show 3 different approaches for β2-Tf detection using a sc-SWCNT FET device, i.e., I. Bare 

SWCNTs: nonspecific binding of β2-Tf to bare sc-SWCNTs; II. Tf-ab-SWCNTs: detection of β2-Tf via anti-

transferrin antibody functionalized sc-SWCNTs; III. Au electrode: detection of β2-Tf through binding to a 

gold gate electrode. 

 

The β2-Tf FET sensing device was built utilizing high purity sc-SWCNTs as the sensing 

material. Sc-SWCNTs were deposited via dielectrophoresis (DEP) between interdigitated gold 

electrodes patterned on a 2 mm × 2 mm Si/SiO2 wafer. Scanning electron microscopy (SEM) 

characterization of the device surface showed dense and interconnected networks formed by sc-

SWCNTs, and UV-vis-NIR absorption spectroscopy of the sc-SWCNT sample showed no M11 

peak, confirming the high purity semiconducting content in the sc-SWCNT (Appendix Figure B-

2). 

Three approaches for the transferrin detection were evaluated in order to obtain the best 

transferrin sensing results. The first approach was using bare sc-SWCNTs for transferrin detection 

as proteins can bind to bare SWCNTs nonspecifically, changing the device characteristics.81, 85 

Fluorescent images taken before and after exposing sc-SWCNT to Alexa Fluor 647 conjugated 
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transferrin demonstrated the nonspecific binding of transferrin on bare sc-SWCNTs, as red 

fluorescent became observable on the device surface after the addition of transferrin (Appendix 

Figure B-3). To test for the transferrin sensing capability of bare sc-SWCNT FET devices, a series 

of transferrin solutions with increasing concentrations were added to the sc-SWCNT FET devices 

for a 2-min incubation, and all FET transfer characteristics were recorded in nanopure water to 

eliminate any impact on the sensing results caused by having different ionic strengths. The 

calibration curve was constructed by plotting the relative response (R) at −0.5 Vg against 

concentrations of transferrin on a logarithmic scale (Figure 3-2). FET transfer characteristics 

showed a decrease in the ON state current as transferrin being absorbed on sc-SWCNTs 

nonspecifically. However, the calibration curve demonstrated poor dose-dependent responses, and 

the sensitivity was significantly limited by the large device-to-device variability due to the 

uncontrollable amount of protein binding to each device. Furthermore, the large variance in each 

device may render low reliability of the sensing results, which can result in serious problems in 

clinical practices. 
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Figure 3-2 Detection of transferrin using bare SWCNT FET devices. (a) FET characteristic curve of bare 

SWCNT FET devices upon exposure to increasing concentration of transferrin. (b) Calibration plot for 

transferrin detection using bare SWCNT FET devices. All data points in the calibration plot are Mean ± SD 

(n = 5 devices). 

 

In order to improve the reliability, we introduced specificity to the transferrin sensor by 

functionalizing Tf-ab on the sc-SWCNT FET device via EDC/NHS coupling. In this case, the 

detection of transferrin relies upon the specific interaction between transferrin and Tf-ab near the 

sc-SWCNT surface. The successful integration of Tf-ab on sc-SWCNT was characterized using 

fluorescence microscopy (Appendix Figure B-4). Moreover, Raman spectroscopy revealed a 

diameter dependent functionalization of Tf-ab on sc-SWCNTs (Appendix Figure B-5). Figure 

3-3a shows the FET transfer characteristic (I-Vg) curves of the Tf-ab functionalized FET device 

upon exposure to recombinant transferrin at varying concentrations. The threshold voltage shifted 

toward less negative values with increasing concentration of transferrin, which can be attributed 

to the introduction of negatively charged transferrin (pI ranges from 5.4 to 6.2)195 near the sc-

SWCNT surface, thus p-doping the SWCNTs.163 The sensing performance of the Tf-ab 

functionalized sc-SWCNT FET sensor was then evaluated by plotting the calibration curve 
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(Figure 3-3b, black). The limit of detection of the sensor was determined to be 0.01 fg/mL, 

suggesting an ultrasensitivity toward transferrin. The dynamic range (linear region) of the sensor 

was 10 fg/mL to 1 pg/mL and the calibration sensitivity, which is defined as the slope of the linear 

region of the calibration curve, was determined to be 0.06. 

 

Figure 3-3 Detection of recombinant transferrin using sc-SWCNT FET devices. (a) FET characteristic curves 

of Tf-ab functionalized SWCNT (Tf-ab-SWCNT) FET device upon exposure to increasing concentration of 

recombinant transferrin. The inset shows the threshold voltage shift. (b) Calibration plot for transferrin 

detection using Tf-ab-SWCNT approach and Au electrode approach. Results are Mean ± SD. The number (n) 

of devices used for calculation are indicated in the parenthesis in the legend. (c) FET characteristic curves of 

sc-SWCNT FET device with increasing concentration of recombinant transferrin absorbing on the Au gate 

electrode. (d) Bode plot of EIS measurement of the Au electrode upon transferrin binding. The inset shows a 

zoom-in view of the impedance of the Au electrode surface in the capacitive response region. 
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While Tf-ab functionalized sc-SWCNT FET sensor demonstrated ultrasensitivity toward 

transferrin, this type of sensor also suffered from quick saturation at around 1 pg/mL of transferrin 

due to the limited binding sites available on the Tf-ab functionalized sc-SWCNTs. It led us to the 

third approach where the gate electrode was replaced by a gold electrode, which provided a 2 mm 

diameter gold disk for binding target analyte. In this configuration, instead of altering the chemical 

environment of SWCNT surfaces, the transferrin was being absorbed on the gold surface of the 

gold disk electrode, and the capacitance in the gate/electrolyte interface is changed through 

modulation on the gate electrode, therefore changing the total capacitance between the gate and 

the semiconducting channels, inducing characteristic changes of the devices.196-198 Figure 3-3c 

showed an increase in the ON state current with transferrin absorbing on the Au surface, and the 

calibration curve, constructed the same way as previously described, indicated a limit of detection 

at 10 fg/mL and a dynamic range from 10 pg/mL to 10 ng/mL with a calibration sensitivity of 0.15 

(Figure 3-3b, navy).   

The capacitance change in the gate/electrolyte interface during transferrin detection was 

monitored using non-faradaic EIS. Non-faradaic EIS, which is performed without a redox probe, 

measures the impedance upon analyte binding to the gold surface by charging and discharging the 

double-layer capacitance, therefore eliminates the effect of charge transfer resistance (Rct).199, 200 

A decrease in the imaginary impedance was observed in the Nyquist plot, suggesting an increasing 

double-layer capacitance as higher concentrations of transferrin being absorbed on the Au 

electrode (Appendix Figure B-6).200 Bode plot (Figure 3-3d) also showed a decrease in the 

overall impedance with increasing concentrations of transferrin in the frequency range where 

capacitive response was dominant, indicated by the phase angle around –85°. These results can be 

explained as more transferrin molecules bind to the gold surface, more charges were stored within 
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the double layer, increasing the double-layer capacitance, which lead to the decrease in the overall 

impedance.201 This increase in the gate capacitance with higher concentrations of transferrin 

consequently also induced the increase in transconductance (gm) of the FET characteristics 

(Appendix Figure B-7),202 which was observable as the increasing ON state current in the I-Vg 

curves. 

Figure 3-3b compares the sensing performances of the Tf-ab-SWCNT and Au electrode 

approach for the detection of transferrin. Tf-ab functionalized sc-SWCNT FET devices exhibited 

ultrasensitivity at a limit of detection of 0.01 fg/mL while the Au electrode approach showed 

evident response toward transferrin at 10 fg/mL. The lower limit of detection of Tf-ab-SWCNT 

approach is consistent with the lower dissociation constant of the binding between transferrin and 

Tf-ab (18 fg/mL for Tf-ab and 202 pg/mL for Au electrode), which corresponds to the 

concentration at half-maximum response.203 However, transferrin sensing with Au electrode 

outperformed the Tf-ab-SWCNT approach in terms of dynamic range of the sensor and its 

calibration sensitivity, as Au electrode provided a larger sensing area, hence more available 

binding sites for transferrin molecules. Therefore, various factors, such as transferrin 

concentration, sensitivity and specificity requirements, need to be considered before choosing the 

optimal transferrin sensing method. 

Our 3-step strategy for β2-Tf detection was then applied to differentiate samples of CSF 

and serum. Transferrin component of both CSF and serum were studied using electrophoresis and 

western blot (Appendix Figure B-8). CSF, which contains β2-Tf, showed two transferrin bands 

with the leading band representing β2-Tf. Serum, on the other hand, only yielded one transferrin 

band due to the lack of β2-Tf. Four pairs of CSF and serum samples were tested following the 3-

step method, and the β2-Tf detection in step 3 was carried out using both Tf-ab-SWCNTs and Au 
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electrode approach. Both detection methods achieved the differentiation between CSF and serum 

samples, but Tf-ab functionalized sc-SWCNT FET devices displayed better sensing performance 

by yielding higher signal and more reliable results due to the ultrasensitivity in the lower transferrin 

concentration range. However, as previously mentioned, the Au electrode approach might 

outperform the Tf-ab-SWCNT approach with higher transferrin concentration present in the 

sample. Therefore, the selection of the sensing approach in step 3 should depend on the transferrin 

concentration.   

 

 

Figure 3-4 β2-Tf detection in CSF (blue) and serum (grey) using Tf-ab-SWCNT FET devices and Au 

electrode approach. Results are mean ± SEM. The number (n) of devices tested for each sample was 

summarized in Appendix Table B-2. (ANOVA; **, p<0.01; ***, p<0.001) 
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The successful discrimination between CSF and serum samples employing our 3-step 

strategy with a sc-SWCNT FET biosensor platform suggested the potential for its application in 

the clinical practice for CSF leak detection. With the 3-step strategy and the sc-SWCNT FET 

biosensor platform, we shorten the detection time from at least 3-6 hours (using gel electrophoresis 

with Western blot) to around 1 h. Moreover, unlike radiographic and magnetic imaging methods, 

our method only requires simple instruments and easy operations, making CSF leak detection more 

accessible for patients in need. 

3.5 Conclusions 

In this work, we presented a 3-step strategy for rapid β2-Tf detection in body fluids, which 

is required in clinical diagnostic of CSF leakage after traumatic brain injury (TBI) or surgical 

procedures. The 3-step strategy includes two steps of affinity columns for separating β2-Tf from 

other proteins present in the fluid sample, and a third step using high purity sc-SWCNT FET 

devices for β2-Tf detection. Both Tf-ab-SWCNT and Au electrode approach in step 3 have shown 

their capability of β2-Tf detection with high sensitivity and reliability. Tf-ab functionalized sc-

SWCNT FET devices exhibited ultrasensitivity at a limit of detection of 0.01 fg/mL with a 

dynamic range of 10 fg/mL to 1 pg/mL, hence suitable for the ultrasensitive β2-Tf detection in 

sub-pg/mL range. On the other hand, transferrin sensing with Au electrode outperformed the Tf-

ab-SWCNT approach in the ng/mL transferrin range with wider dynamic range and higher 

calibration sensitivity. By applying the 3-step strategy to body fluids, we have successfully 

differentiated CSF (positive) and serum (negative) samples using both Tf-ab-SWCNT and Au 



 59 

electrode approach. Compared to current methods for CSF leak diagnosis, such as electrophoresis 

and imaging methods, our 3-step strategy is capable of offering high quality CSF leak detection 

with a short turnaround time, easy instrument access and simple operations, which could 

potentially benefit patient care for TBI patients and other people in need. 
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4.0 Rapid Detection of SARS-CoV-2 Antigens using High-Purity Semiconducting Single-

Walled Carbon Nanotube-Based Field-Effect Transistors 

4.1 Chapter Preface 

The aim of this work is to develop a rapid COVID-19 diagnostic tool utilizing high-purity 

semiconducting (sc-) single-walled carbon nanotube (SWCNT)-based field-effect transistor (FET) 

decorated with specific binding chemistry to assess the presence of SARS-CoV-2 antigens in 

clinical nasopharyngeal samples. The results showed that the SARS-CoV-2 antibody 

functionalized sc-SWCNT FET biosensor has achieved sub-fg/mL detection of SARS-CoV-2 

antigens in calibration samples and an 82% accuracy with NAAT positive nasopharyngeal swab 

samples. The material contained in this chapter was published in ACS Applied Materials & 

Interfaces in 2021. The full citation is listed as Reference 187 in the bibliography section. 

Reprinted with permission from Shao et al., ACS Appl. Mater. Interfaces, 2021, 13, 10321–10327. 

Copyright 2021 American Chemical Society.  

List of Authors: Wenting Shao, Michael R. Shurin, Sarah E. Wheeler, Xiaoyun He and 

Alexander Star 

4.2 Introduction 

Rapid detection of SARS-CoV-2 infection is critical for reducing morbidity and mortality 

of Coronavirus disease 2019 (COVID-19).204 The current methodology in assessing the present 
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infection of SARS-CoV-2 relies on nucleic acid amplification tests (NAAT) which detect the 

genetic material from SARS-CoV-2.205 While NAAT-based tests demonstrate excellent sensitivity 

for detection of viral RNA, it is a high complexity test requiring specialized equipment and 

training, and current shortages mean results can take up to a week to be returned in some areas.    

Testing for SARS-CoV-2 antigens is an appropriate addition to NAAT. Antigen detection 

in general is relatively inexpensive, can have a short turnaround time, and is amenable to point-of-

care diagnostic methodologies. Currently existing rapid antigen testing tools in both laboratories 

and clinics are mostly based on lateral flow immunoassay (LFA) platforms.25, 26, 206-209 LFA is 

cheap and easily mass-produced, making it advantageous for rapid in-field detection of SARS-

CoV-2 antigens.36 However, the sensitivity of LFA is generally not high enough to accurately 

screen COVID-19 patients. 

Among several potentially useful detection methods for viral protein detection, field-effect 

transistor (FET)-based biosensing devices are advantageous as they offer high sensitivity, small 

size, and label-free and real-time detection.210-212 Recently, graphene-based FETs have been 

applied for COVID-19 detection. Zhang et al.213 have developed a label-free graphene-FET 

immunosensor that can identify and capture the SARS-CoV-2 spike protein S1 within 2 min with 

a limit of detection of 0.2 pM. The detection relies on the highly specific interaction between 

SARS-CoV-2 spike protein S1 and the SARS-CoV-2 spike S1 subunit protein antibody (CSAb) 

or human angiotensin-converting enzyme 2 (ACE2)-functionalized graphene surface. Seo et al.214 

developed a SARS-CoV-2 viral detection platform with a graphene-based FET biosensing device 

functionalized with the anti-SARS-CoV-2 spike antibody. The reported COVID-19 FET sensor 

detects SARS-CoV-2 spike proteins in nasopharyngeal swabs without preprocessing of the 

samples and can detect SARS-CoV-2 when RNA is present at 2.4 ×102 copies/mL. Both graphene-
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based FET sensors showed promise for applications in COVID-19 diagnosis albeit with lower 

sensitivity compared to NAAT but with a short detection time.  

Herein, we developed a SARS-CoV-2 antigen (Ag) FET nanobiosensor by employing 

high-purity semiconducting (sc-) single-walled carbon nanotube (SWCNT) functionalized a with 

specific antibody to access the presence of two SARS-CoV-2 structural proteins: spike protein (S 

antigen, SAg) and nucleocapsid protein (N antigen, NAg) (Figure 4-1). High-purity sc-SWCNTs 

offer high on-state conductance and high on/off ratio for FETs, providing higher analytical 

sensitivity toward the target analyte compared to other carbon nanomaterials such as unsorted 

SWCNT and graphene. Sc-SWCNT FETs have demonstrated value as ultrasensitive biosensors 

including applications as aptasensors128, 215 and label-free protein sensors.110, 129, 130 Moreover, the 

SWCNT is significantly cheaper and more widely available than CVD graphene films, thus 

lowering the cost of SWCNT FET sensors.  

By integrating the anti-SARS-CoV-2 spike protein antibody (SAb) and anti-nucleocapsid 

protein antibody (NAb) with high-purity sc-SWCNTs, our SARS-CoV-2 Ag FET biosensor 

showed ultrasensitivity at an order of magnitude lower than other sensors to date and high 

analytical specificity towards SARS-CoV-2 SAg and NAg in calibration samples. Qualitative 

comparison of the NAAT and our SARS-CoV-2 Ag FET device indicated successful 

discrimination between positive samples and negative samples, suggesting their potential in 

COVID-19 diagnostics. 
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Figure 4-1 Detection of SARS-CoV-2 Ag using SWCNT-based FET biosensors. (a) Schematic structure of 

SARS-CoV-2 to demonstrate targeting proteins. (b) Schematic illustration of a liquid-gated SWCNT FET for 

detection of SARS-CoV-2 SAg and NAg. Interdigitated gold electrodes (yellow blocks) are configured as the 

source (So) and drain (Dr). Source-drain bias (VSD) is 50 mV. Gate voltage (Vg) is applied through a 

silver/silver chloride reference electrode. Insets show SAb- and NAb-functionalized SWCNTs for specific 

detection of SAg and NAg, respectively. 

 

4.3 Experimental Section 

Device fabrication. Interdigitated gold electrodes were patterned on a Si/SiO2 substrate 

using photolithography, forming 10 µm channels. Semiconducting SWCNTs (IsoSol-S100, 

Raymor Industries Inc.) were prepared at 0.02 mg/mL in toluene, and deposited between gold 

electrodes via dielectrophoresis (DEP) with an ac frequency of 100 kHz, applied bias voltage of 

10 V, and bias duration of 120 s. The devices were annealed at 200 °C for 1 h before use. 

The functionalization of the SARS-CoV-2 antibody on SWCNTs was achieved via 1-ethyl-

3-(3-dimethylaminopropyl)carbodiimide (EDC)/N-hydroxysulfosuccinimide (sulfo-NHS) 

coupling. Specifically, 50 µL of EDC/sulfo-NHS solution [50 mM/50 mM in 1X phosphate-

buffered saline (PBS), pH = 5.5] was first added to the devices to activate the carboxylic acid 
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groups on SWCNTs. The devices were then rinsed with nanopure water and incubated with 2 µL 

of 100 µg/mL SARS/SARS-CoV-2 coronavirus spike protein (subunit 1) polyclonal antibody 

(Thermo Fisher Scientific, Waltham, MA, USA; Cat# PA5-81795) for 12 h at 4 °C for SAb-

functionalized devices, and 4 µL of 50 µg/mL anti-SARS-CoV-2 NP antibody (Clone# 6F10) 

(BioVision Inc., Milpitas, CA, USA; Cat# A2060) for NAb-functionalized devices. After a 

thorough rinse with nanopure water, the devices were soaked in a blocking buffer (0.1% Tween 

20 and 4% polyethylene glycol in PBS) for 30 min to block unreacted surfaces. After blocking, 

the devices were rinsed again with nanopure water before any FET measurements. 

Fluorescence imaging. Fluorescence images were obtained using an Olympus 1X81/1X2-

UCB microscope. The enhanced green fluorescent protein (EGFP) antibody (Antibodies-online 

Inc, Limerick, PA, USA) was immobilized on the SWCNT FET device using the same method as 

described in the “Device Fabrication” section. EGFP protein solution (2 µL, 10 µg/mL) was then 

added to the device and incubated for 10 min at room temperature. Fluorescence images before 

and after the addition of EGFP were captured under an excitation of 489 nm. As a control, 2 µL of 

10 µg/mL EGFP protein solution was also added to a bare SWCNT FET device with blocking. 

Fluorescence images of the bare SWCNT FET device before and after EGFP binding were also 

taken under an excitation of 489 nm. 

UV-Vis-NIR absorption spectroscopy. Sc-SWCNTs (100 µL, 0.02 mg/mL) were drop 

casted on a 1” × 1” quartz slide and heated at 200 °C to evaporate the solvent. UV-vis-NIR spectra 

of sc-SWCNT were collected using a PerkinElmer LAMBDA 900 UV-vis-NIR 

spectrophotometer.  

Atomic force microscopy. Atomic force microscopy (AFM) data were collected using 

Bruker Multimode 8 AFM system with a Veeco Nanoscope IIIa controller in the tapping mode. 
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The AFM image and height profiles were processed and obtained in Gywddion.  

X-ray photoelectron spectroscopy. X-ray photoelectron spectroscopy (XPS) data were 

generated on a Thermo ESCALAB 250 Xi XPS using monochromated Al Kα X-rays as the source. 

A 650-µm spot size was used, and the samples were charge-compensated using an electron flood 

gun.  

Raman spectroscopy. The XplorA Raman-AFM/TERS system was used to record all 

Raman spectra. The radial breathing mode (RBM) region was recorded using a 785 nm (100 mW) 

excitation laser operating at 1% power. D and G peak regions were recorded using a 638 nm (24 

mW) excitation laser operating at 1% power. 

FET measurements. Liquid-gated FET device configuration was employed to study the 

FET transfer characteristics of SARS-CoV-2 antibody-functionalized FET devices for the 

detection of SARS-CoV-2 antigens. Nanopure water was used as the gating electrolyte. FET 

characteristic curves were recorded by collecting the source-drain current (Id) while sweeping the 

gate voltage from +0.6 to –0.6 V versus a Ag/AgCl reference electrode with a fixed drain voltage 

of 50 mV. 

A series of SARS-CoV-2 spike S1-His recombinant protein (Sino Biological, Beijing, 

China; Cat# 40591-V08H) solutions ranging from 0.55 fg/mL to 55 µg/mL, and recombinant 

coronavirus nucleoprotein (BioVision Inc.; Cat# P1523) ranging from 0.016 fg/mL to 16 µg/mL 

were prepared in PBS. All protein solutions were tested from the lowest to the highest 

concentrations. For each measurement, 2 µL of the protein solution was added to the antibody-

functionalized devices and incubated for 2 min. The devices were then washed three times with 

nanopure water to remove any unbound protein and measured in nanopure water as the gating 

electrolyte. 
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The relative response (R) of each FET device was calculated using R = ΔId/I0 at −0.5 Vg, 

where ΔI = Id− I0, and I0 is the drain current in nanopure water before antigen exposure at −0.5 Vg. 

The final results reported were averaged relative responses of two to six devices with standard 

deviation (SD) as error bars. The number of devices (n) tested for each experiment was specified 

in the figure. 

Clinical sample tests. Remnant nasopharyngeal swab samples tested by NAAT for SARS-

CoV-2 RNA on emergency use authorized platforms for standard clinical care were used under 

the auspices of the University of Pittsburgh IRB study number 20040220. A total of 28 PCR-

positive samples and 10 negative nasopharyngeal swab samples were tested. Each sample (10 µL) 

was added to the antibody-functionalized devices and incubated for 2 min. After 2 min, the sample 

was removed from the devices and the devices were washed three times with water. FET 

measurements were taken in water as the gating electrolyte. 

The relative responses were calculated using the same method as previously described in 

“FET Measurements”. The final results reported were averaged relative responses of one to four 

devices with SD as error bars. The number of devices (n) tested for each sample is summarized in 

the supporting information. 

4.4 Results and Discussion 

As shown in Figure 4-2a, the sensor chip contains four FET devices with interdigitated 

gold source and drain electrodes patterned on a Si/SiO2 substrate. The channel length is 10 µm. To 

fabricate the SWCNT FET devices, sc-SWCNTs were deposited between interdigitated gold 

electrodes via DEP, forming dense and interconnected networks on the Si/SiO2 surface (Figure 
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4-2b). UV-vis-NIR absorption spectroscopy was utilized to investigate the semiconducting content 

in the sc-SWCNTs (Appendix Figure C-1), and the absence of the M11 peak confirmed the high-

purity semiconducting content. 

SARS-CoV-2 SAb and NAb were conjugated onto sc-SWCNTs via EDC/sulfo-NHS 

coupling between the carboxylic acid groups on the SWCNT sidewalls and the amine groups on 

the antibody. The EDC/sulfo-NHS coupling of antibodies on sc-SWCNTs was visualized using 

the EGFP antibody and EGFP (Appendix Figure C-2). The morphology of SAb on SWCNTs was 

characterized using scanning electron microscopy (SEM) and AFM (Figure 4-2c,d). The height 

profiles indicated a 12-15 nm increase in height after SAb immobilization (Figure 4-2e). XPS 

provided complementary evidence for the integration of the antibody on SWCNTs. The high-

resolution C 1s scan of the bare SWCNTs confirmed the presence of oxygenated defect sites on 

SWNTs (Appendix Figure C-3). The appearance of the N 1s peak and C-N (285.3 eV) peak after 

antibody coupling also suggested successful conjugation of the antibody on SWCNTs (Figure 

4-2f,g and Appendix Figure C-3). Raman spectroscopy revealed the effect of antibody 

functionalization on SWCNTs. Two major peaks were observed in the radial breathing mode 

(RBM) region. The peak that ranged from 125 to 225 cm-1 decreased in intensity during 

functionalization, suggesting a preference of antibody functionalization on SWCNTs with larger 

diameters (Figure 4-2h).216 Meanwhile, the ID/IG ratio increased from 0.044 to 0.085, indicating 

an increase in the degree of functionalization on SWCNTs due to the covalent bonding of 

antibodies to the SWCNTs (Figure 4-2i). In FET transfer characteristics (Figure 4-2j,k), the shift 

of threshold voltage toward more negative gate voltages and the decrease in the device 

conductance in the p-type region also revealed the successful functionalization of SAb and NAb 

on sc-SWCNTs. Further shift of the threshold voltage and decrease in the conductance were 
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detected after the addition of blocking buffer (0.1% Tween 20 and 4% polyethylene glycol) to 

prevent nonspecific binding. Meanwhile, the gate leakage current was negligible compared with 

the ON state source-drain current, suggesting good insulation between the gate and source-drain 

electrodes, therefore no encapsulation was required for Au electrodes (Appendix Figure C-4). 

 

 

Figure 4-2 Characterizations of SARS-CoV-2 antibody-functionalized SWCNT FET devices. (a) Microscopic 

image of SWCNT FET devices. (b) SEM image of SWCNT networks deposited on a FET device and (c) after 

SAb functionalization. The inset shows a zoom-in view of SAb-functionalized SWCNTs. (d) AFM image of 

SAb-functionalized SWCNTs. (e) Height profiles of SAb immobilized on the SWCNT and bare SWCNTs. (f) 

High-resolution XPS spectra of N 1s of the bare SWCNT and antibody-functionalized SWCNT, and (g) C 1s 

of the antibody-functionalized SWCNT with deconvolutions of the overall signal. (h) RBM region and (i) D 

and G peak regions of Raman spectra of the SWCNT during antibody functionalization. The RBM region 

was recorded using a 785 nm excitation laser. All spectra were normalized to the Si peak at 507 cm-1. D and G 

peak regions were recorded using a 638 nm excitation laser. All spectra were normalized to the G peak at 

1587 cm-1. (j) FET transfer characteristics of an SWCNT FET device during NAb functionalization and (k) 

SAb functionalization. 
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We first investigated the performance of our SARS-CoV-2 Ag FET biosensors using 

SARS-CoV-2 SAg and NAg in calibration samples. All FET transfer characteristics were recorded 

by employing a liquid-gated FET configuration using nanopure water as the gating media to 

eliminate the impact of different ionic strength on the sensing results. Figure 4-3a shows the I-Vg 

curve of SARS-CoV-2 SAb-functionalized FET devices for the detection of SAg. A shift toward 

more positive threshold voltages can be observed in the FET characteristics when only 0.55 fg/mL  

SAg was introduced to the device. The threshold voltage shifted further toward more positive 

values with increasing concentration of SAg (Appendix Figure C-5a). This positive shift of the 

I-Vg curve can be attributed to the introduction of negatively charged SAg (pI = 6.24) near the 

SWCNT surface,217 inducing additional hole carriers, thus p-doping the SWCNTs.110, 163 The 

calibration curve (Figure 4-3b) was constructed by plotting the relative response (R, R = ΔId/I0, 

where ΔI = Id− I0, and I0 is the drain current in nanopure water before antigen exposure at −0.5 Vg) 

against concentrations of SAg in a logarithmic scale, where the dynamic range of the SAg sensor 

can be determined to be 5.5 fg/mL to 5.5 pg/mL and the calibration sensitivity, defined as the slope 

of the linear region of the calibration curve, to be 0.25 by fitting the calibration curve (Appendix 

Figure C-5b). Control experiments with NAg demonstrated the high specificity of the SAb-

functionalized devices. The low relative response of the bare SWCNT FET sensor with or without 

blocking toward SAg further indicated that the responses of the SAb-functionalized device toward 

SAg were indeed induced by the specific antigen-antibody interaction. 
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Figure 4-3 Detection of recombinant SARS-CoV-2 antigen proteins. (a) FET characteristic curves of SAb-

functionalized SWCNT (SAb-SWCNT) FET devices upon exposure to increasing concentration of 

recombinant SARS-CoV-2 SAg. The inset shows the schematic illustration of FET configuration for SAg 

detection. (b) Calibration plot for SAg detection and nonspecific protein detection. (c) FET characteristic 

curves of NAb-functionalized SWCNT (NAb-SWCNT) FET devices upon exposure to increasing 

concentration of recombinant SARS-CoV-2 NAg. The inset shows the schematic illustration of FET 

configuration for NAg detection. (d) Calibration plot for NAg detection and nonspecific protein detection. All 

data points plotted in the calibration plots are mean ± SD. The number of devices (n) used for calculation is 

indicated in the parenthesis in the legend. 
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Similar to SAg detection, FET transfer characteristics of NAb-functionalized FET devices 

showed a consistent shift of the threshold voltage towards the more positive region with increasing 

NAg concentration (Figure 4-3c and Appendix Figure C-6a) due to the electrostatic gating effect. 

However, with the addition of positively charged NAg, the sensing mechanism is likely due to the 

neutralization of the positively charged antibody upon NAg binding.218 By fitting the calibration 

curve, the dynamic range is found to be 16 fg/mL to 16 pg/mL and the calibration sensitivity is 

0.22, displaying similar sensing performance to SAg detection (Appendix Figure C-6b). 

Meanwhile, the NAb-functionalized FET devices showed minimal responses to nonspecific 

proteins, and SWCNT FET devices without NAb conjugation also did not respond to the addition 

of NAg, exhibiting the high specificity of the NAg sensor (Figure 4-3d). 

Our SARS-CoV-2 Ag FET biosensors were then tested with clinical samples. A total of 28 

NAAT positive samples and 10 NAAT negative samples were tested using both SAb- and NAb-

functionalized FET biosensors. All clinical samples were nasopharyngeal swabs suspended in the 

viral transport medium (VTM), and the viral load of each sample was measured by approved FDA 

EUA NAAT assays. The existing literature indicates that the NAAT and antigen detection are 

biologically well correlated but not 100% concordant.21, 219 The NAAT can detect RNA before a 

significant antigen is produced, additionally, the temporal course of the antigen versus RNA 

clearance after active infection is unclear. Figure 4-4 summarizes the relative responses of both 

SAb- and NAb-functionalized sensors for all samples and blank VTM. A total of 23 out of 28 

SAb-functionalized FET devices responded positively to NAAT positive samples, consistent with 

what was observed previously, yielding a 17.8% false negative rate compared to the EUA NAAT. 

On the other hand, 7 out of 10 gave negligible or negative responses toward NAAT-negative 

samples.  The blank VTM, which contains Hank’s balanced salt solutions, fetal bovine serum 
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(FBS), gentamicin, and amphotericin B, only induced small negative relative response of the 

devices. Therefore, the negative responses and false positive responses from the NAAT negative 

samples may come from other biological species collected from the nasopharyngeal swab or 

represent the continued presence of the antigen after RNA clearance. The results suggested that 

our SAb-functionalized FET biosensor has the potential to work as a rapid clinical SARS-CoV-2 

antigen detection diagnostic.  

The NAb-functionalized FET devices demonstrated less effective discrimination between 

positive and negative samples as 15 out of 28 positive samples produced positive responses. 

Moreover, the induced responses are in general lower than those of SAb-functionalized devices. 

The less effective detection of NAg may be attributed to the lower concentration of available NAg 

present in the clinical samples. While SAg is on the surface of SARS-CoV-2 virus, NAg, whose 

primary function is to form a capsid to protect the viral genome and enter the host cell, is released 

only when the virus enters the host cell.220-222 Without further sample processing, NAg might be 

limited within the virus or infected cell and therefore cannot be detected. For negative samples, 

although NAb-functionalized devices yielded the same false positive rate as SAb-functionalized 

devices, they had increased comparative responses to negative samples and blank VTM.  This may 

indicate a higher susceptibility of NAb-functionalized devices to nonspecific binding of 

biomolecules or cross-reactivity of the antibody with other proteins. However, it is worth 

mentioning that the results for NAg detection are antibody-specific. Better sensing performance 

might be achieved using a different NAb. 
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Figure 4-4 Clinical sample tests with a SAb and NAb functionalized FET devices. (a) Sensing performance of 

SAb-functionalize devices. (b) Sensing performance of NAb-functionalized devices. All data plotted are mean 

± SD. The number of devices (n) tested for calculation are summarized in Appendix Table C-1. 

4.5 Conclusions 

In conclusion, we used SARS-CoV-2 antibody-functionalized SWCNT-based FET 

biosensors to assess the presence of the SARS-CoV-2 antigen in less than 5 min and at a few cents 

per test. Both SAb- and NAb-functionalized FET biosensors exhibited ultrasensitivity and high 
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specificity towards their specific SARS-CoV-2 antigen in calibration samples. The limit of 

detection is determined to be 0.55 fg/mL for SAg and 0.016 fg/mL for NAg. Our SARS-CoV-2 

Ag FET biosensor also achieved rapid detection of SARS-CoV-2 antigens in clinical samples 

without prior sample processing, and the results suggested that SAb-functionalized devices 

performed better than NAb-functionalized devices in discriminating COVID-19 positive and 

negative samples collected from nasopharyngeal swabs, and are less susceptible to nonspecific 

species present in the clinical samples. Furthermore, our sc-SWCNT FET detection assay approach 

opens the opportunity for multiplex detection of not only viral antigens but also antibodies 

recognizing these antigens.  
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5.0 Future Outlook 

The sc-SWCNT FET detection assay approach presented in this dissertation opens the 

opportunity for a variety of disease relevant protein detection. Future endeavors will be focusing 

on improving sensitivity, specificity, reproducibility, and reliability of sc-SWCNT based FET 

biosensors for protein sensing. 

The protein sensing performances of sc-SWCNT FET devices that based on antibody-

antigen interactions are highly dependent on the antibody used. Therefore, finding the optimal 

biorecognition element for the FET sensing devices is necessary to improve the avidity and expand 

the dynamic range of the devices. On the other hand, controllable deposition of sc-SWCNTs on 

FET devices, such as inkjet printing, is key to produce FET devices with low variability, thus 

improving the reproducibility of sensing results. To improve the reliability of sc-SWCNT FET 

biosensors as potential disease diagnostic tools, a sensor array composed of sc-SWCNT FET 

biosensors decorated with various specific receptors for the related proteins can be developed as a 

multiplex sensor. Moreover, a high throughput automated sensor test system can be developed, 

which will drastically increase the efficiency of disease relevant protein testing in clinical 

laboratories.  
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Appendix A Chapter 2 Supporting Information 

 

Appendix Figure A-1 SEM characterization of Au-un-SWCNTs and Au-sc-SWCNTs. (a) SEM image of 

AuNPs decorated un-SWCNTs. (b) SEM image of AuNPs decorated sc-SWCNTs. Both SEM images show an 

area of 1578 nm X 2353 nm on the device surface. It can be observed that less un-SWCNTs were deposited on 

the substrate than sc-SWCNT, indicating that sc-SWCNT formed denser networks than un-SWCNTs. [Scale 

bar: (a) 200 nm; (b) 200 nm] 
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Appendix Figure A-2 AFM characterization of Au-unSWCNTs before and after CaM binding. (a) AFM 

image of Au-SWCNTs. (b) AFM image of Au-SWCNTs after CaM binding. (c) Height profile of Au-sc-

SWCNTs. (d) Height profile of CaM-Au-sc-SWCNTs. 
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Appendix Figure A-3 Raman spectroscopy characterization of un-SWCNTs and sc-SWCNTs in the RBM 

region. (a) RBM peaks of un-SWCNTs. (b) RBM peak of sc-SWCNTs. Both spectra were recorded under 785 

nm laser excitation. Peaks in the shaded area from 120 cm-1 to 170 cm-1 are associated with the metallic 

features of SWCNTs. un-SWCNT has an RBM peak centered around 145 cm-1. In contrast, this peak is 

absent in sc-SWCNT, a broad and splitting RBM peak arises at 204 cm-1 instead. This result confirms the 

high purity content of sc-SWCNT.74, 79, 98 

 



 79 

 

Appendix Figure A-4 Circular Dichroism solution spectra of calcium-free CaM (apo-CaM) and calcium-

bound CaM with different concentrations of CaCl2. 
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Appendix Figure A-5 Expression of EGFP-CaM in HEK293T cells. (a) Successful expression of EGFP-CaM 

in HEK293T cells was confirmed by live-cell imaging using Zeiss microscope. (b) In-gel fluorescence showing 

purified EGFP-CaM protein. 

 

 

Appendix Figure A-6 Device reproducibility of un-SWCNT and sc-SWCNT FET devices. (a) Calibration plot 

for un-SWCNT FET devices. (b) Calibration plot for sc-SWCNTs devices. Both calibration curves were 

constructed by plotting the averaged relative conductance changes from multiple devices at – 0.5 Vg against 

concentrations of Ca2+ solution. Error bars were calculated from 4 different devices for un-SWCNT devices, 

and 5 different devices for sc-SWCNT devices. The larger error bars for sc-SWCNT devices suggest larger 

device-to-device variations for sc-SWCNT devices. 
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Appendix Figure A-7 Control experiments with un-SWCNT and sc-SWCNT FET devices. (a) SEM image of 

CaM on un-SWCNT networks. (b) SEM image of CaM on sc-SWCNT networks. c) Calibration plot of the 

active system and control systems of un-SWCNT FET devices. d) Calibration plot of the active system and 

control systems of sc-SWCNT FET devices in the corresponding linear range. 
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Appendix Figure A-8 Comparison of source-drain current (Id) and gate leakage current (Ig) for sc-SWCNT 

and un-SWCNT FET devices. For both (a) sc-SWCNT and (b) un-SWCNT FET devices, the gate current is 

insignificant compared to the source-drain current, therefore the effect of leakage current is negligible. 

 

 

Appendix Figure A-9 Comparison of on/ff ratio of un-SWCNT and sc-SWCNT FET devices. (a) FET 

characteristic curves of CaM-Au-un-SWCNT FET device during each step of functionalization plotting in 

logarithmic scale. (b) FET characteristic curves of CaM-Au-sc-SWCNT FET device during each step of 

functionalization plotting in logarithmic scale. The on/off ratio of un-SWCNT FET device was ~3, while the 

on/off ratio of sc-SWCNT FET device was ~104. sc-SWCNT FET devices show better on/off ratio due to the 

lack of metallic carbon nanotubes, therefore efficiently turning off the device. 
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Appendix Figure A-10 Comparison of calibration sensitivity of un-SWCNT and sc-SWCNT FET devices. 

Absolute relative response of (a) CaM-Au-un-SWCNT FET device and (b) CaM-Au-sc-SWCNT FET device 

to 10-11 M Ca2+. With higher on/off ratio, sc-SWCNT FET device had a significant higher absolute relative 

response than un-SWCNT FET device, even though the shift of gate voltage was similar. 
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Appendix Table A-1 Comparison of various methods for Ca2+ detection 

Ca2+ detection method Ca2+ detection limit Reference 

Ca2+ selective PVC-

membrane electrode 

7.5 × 10−7 M 164 

Solid-contact Ca2+ selective 

electrode 

(3.4-8.2) × 10−6 M 165 

NiCo2O4/3-D Graphene 0.38 µM 166 

Fluorescent carbon quantum 

dot 

77 pM (in human serum) 167 

CaM-Au-sc-SWCNT FET 10-15 M This work 
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Appendix B Chapter 3 Supporting Information 

 

Appendix Figure B-1 Transferrin ELISA standard curve. All data points are Mean ± SD (n=2). 

 

 

Appendix Table B-1 Transferrin concentration of positive and negative sample after 2 steps of separation 

determined from the standard curve. (n is the number of samples tested.) 

Sample Absorbance Transferrin concentration 

Positive (n = 2) 0.15 ± 0.02 0.46 ng/mL 

Negative (n = 2) 0.0217 ± 0.0006 0 ng/mL 

Blank (n = 5) 0.021 ± 0.001 0 ng/mL 
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Appendix Figure B-2 Characterizations of high-purity semiconducting single-walled carbon nanotubes. (a) 

Scanning electron microscopy (SEM) image of sc-SWCNT deposited on a FET device, forming dense and 

interconnected networks. (b) UV-vis-NIR spectrum of sc-SWCNT. The S11, S22 and S33 peaks are 

characteristic of the semiconducting SWCNTs. The absence of M11 peak confirms the high-purity 

semiconducting content of sc-SWCNT samples. The polyfluorene-dodecyl (PFDD) peak appeared at 392nm 

corresponds to the polymer coating on sc-SWCNT during sorting process. 
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Appendix Figure B-3 Nonspecific binding of Alexa Fluor 647 conjugated transferrin on bare sc-SWCNTs. (a-

b) Fluorescent image of sc-SWCNT FET device (a) before and (b) after Alexa Fluor 647 conjugated 

transferrin binding. Red fluorescence was observable after adding Alexa Fluor 647 conjugated transferrin, 

indicating the absorbing of transferrin on bare sc-SWCNTs. 
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Appendix Figure B-4 Fluorescence characterization of Tf-ab functionalized sc-SWCNT FET device. (a-b) 

Fluorescence images of Tf-ab functionalized sc-SWCNT FET device (a) before and (b) after Alexa Fluor 546 

conjugated anti-IgG antibody binding. (c-d) Fluorescence images of a blocked bare sc-SWCNT FET device 

(c) before and (d) after Alexa Fluor 546 conjugated anti-IgG antibody binding. Fluorescence was observable 

when the secondary antibody was added to Tf-ab functionalized device but not on blocked sc-SWCNT device 

without Tf-ab, indicating the successful functionalization of Tf-ab on the sc-SWCNT surface. 
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Appendix Figure B-5 RBM region of Raman spectra of sc-SWCNTs before (black) and after (blue) Tf-ab 

functionalization. All spectra were normalized to Si peak at 502 cm-1. A split of RBM peak was observed after 

the immobilization of Tf-ab, and the peak at higher wavenumber decreased in intensity, suggesting a 

diameter dependent functionalization of Tf-ab on sc-SWCNTs. 
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Appendix Figure B-6 Nyquist plot for EIS measurement of the gold disk surface upon exposing to increasing 

concentrations of transferrin. 
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Appendix Figure B-7 Relative transconductance change of sc-SWCNT FET devices for transferrin sensing 

using the Au electrode approach. 
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Appendix Figure B-8 Western blot of Serum and CSF. (a) Serum sample, as the negative control, yielded only 

1 transferrin band due to the lack of β2-Tf. (b) CSF yielded 2 transferrin bands with the leading band 

(indicated by the arrow) representing β2-Tf. 
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Appendix Table B-2 Relative response of each body fluid sample tested with sc-SWCNT FET devices using 

Tf-ab-SWCNT and Au electrode approach. 

Samples Tf-ab-SWCNT Au electrode 

Average SD # of dev. Average SD # of dev. 

CSF1 0.383 0.041106 n = 4 0.107 0.015359 n = 4 

CSF2 0.302 0 n = 1 0.0806 0 n = 1 

CSF3 0.196 0.066343 n = 2 0.0505 0.018261 n = 3 

CSF4 0.274 0.001462 n = 2 0.140 0.030117 n = 4 

Serum1 0.000436 0.008957 n = 3 0.00194 0.010033 n = 4 

Serum2 0.004995 0.013606 n = 3 -0.0139 0.013089 n = 3 

Serum3 -0.00271 0.011827 n = 3 -0.000547 0.00018 n = 2 

Serum4 0.018587 0.008431 n = 3 0.00713 0.00458 n = 2 
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Appendix C Chapter 4 Supporting Information 

 

Appendix Figure C-1 UV-vis-NIR spectrum of sc-SWCNT. The S11, S22 and S33 peaks are characteristic of the 

semiconducting SWCNTs. The absence of M11 peak further confirms the high-purity semiconducting content 

of sc-SWCNT samples. The sharp peak at 392 nm can be attributed to polyfluorene-dodecyl (PFDD) polymer 

coating on sc-SWCNT due to the commercial sorting process. 
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Appendix Figure C-2 Functionalization of enhanced green fluorescent protein (EGFP) antibody on a SWCNT 

FET device. (a) Top: Microscopic image of the 4-device FET biosensing chip. (Scale bar: 200 µm) Bottom: 

Zoomed in image shows the area where fluorescence images were taken. (b-c) Fluorescence images of EGFP 

antibody functionalized SWCNT FET device (b) before and (c) after EGFP binding. (d-e) Fluorescence 

images of a blocked bare SWCNT FET device (d) before and (e) after EGFP binding. Green fluorescence was 

observable when EGFP was added to EGFP antibody functionalized device but not on bare SWCNTs without 

EGFP antibody, indicating the successful functionalization of EGFP antibody on the SWCNT surface. 
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Appendix Figure C-3 XPS spectra of sc-SWCNT FET devices. (a) High resolution C 1s XPS spectrum of sc-

SWCNT. The deconvoluted C 1s spectrum indicated the presence of C=C (283.3 eV) and C=O (287.5 eV), 

thus confirming the presence of COOH functional groups on sc-SWCNT. (b) XPS survey of sc-SWCNT 

device before and after SAb functionalization. N 1s peak appeared after SAb functionalization, and the 

atomic percent of N increased from 0% to 5%, suggesting the successful immobilization of SAb on SWCNTs. 

 

 

Appendix Figure C-4 Comparison of source-drain current (Id) and gate leakage current (Ig) of SAb-SWCNT 

FET device and NAb-SWCNT FET device. (a) Id and Ig for SAb-SWCNT FET device. (b) Id and Ig for NAb-

SWCNT FET device. The effect of leakage current is negligible as Ig is insignificant compared to Id. 
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Appendix Figure C-5 FET characteristic curves and calibration curve of S antigen detection using S antibody 

functionalized FET devices. (a) Id-Vg curves of the SAb-SWCNT FET device showed shift of the threshold 

voltage towards the more positive region with increasing concentration of SAg. (b) The calibration curve was 

fit using a five-parameter logistic model. The dynamic range was indicated by the dashed red line. The 

calibration sensitivity, defined as the slope of the linear region of the calibration curve, was determined to be 

0.25. 

 

  



 98 

 

Appendix Figure C-6 FET characteristic curves and calibration curve of N antigen detection using N 

antibody functionalized FET devices. (a) Id-Vg curves of the NAb-SWCNT FET device showed shift of the 

threshold voltage towards the more positive region with increasing concentration of NAg. (b) The calibration 

curve was fit using a five-parameter logistic model. The dynamic range was indicated by the dashed red line. 

The calibration sensitivity, defined as the slope of the linear region of the calibration curve, was determined 

to be 0.22. 
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Appendix Table C-1 Number of devices (n) tested for each clinical sample. 

Sample S antibody functionalized 

FET device 

N antibody functionalized 

FET device 

Positive 1 n = 4 n = 3 

Positive 2 n = 3 n = 3 

Positive 3 n = 4 n = 3 

Positive 4 n = 3 n = 4 

Positive 5 n = 4 n = 3 

Positive 6 n = 3 n = 2 

Positive 8 n = 2 n = 3 

Positive 9 n = 1 n = 4 

Positive 10 n = 4 n = 4 

Positive 12 n = 4 n = 3 

Positive 13 n = 3 n = 3 

Positive 14 n = 4 n = 4 

Positive 15 n = 2 n = 2 

Positive 16 n = 1 n = 3 

Positive 17 n = 3 n = 3 

Positive 18 n = 2 n = 3 

Positive 19 n = 4 n = 3 

Positive 20 n = 3 n = 3 

Positive 21 n = 3 n = 2 

Positive 22 n = 2 n = 4 
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Positive 23 n = 3 n = 2 

Positive 24 n = 3 n = 3 

Positive 25 n = 3 n = 2 

Positive 26 n = 1 n = 3 

Positive 27 n = 4 n = 4 

Positive 28 n = 4 n = 3 

Positive 29 n = 3 n = 4 

Positive 30 n = 2 n = 3 

Negative 1 n = 2 n = 4 

Negative 2 n = 3 n = 4 

Negative 3 n = 3 n = 2 

Negative 4 n = 3 n = 3 

Negative 5 n = 3 n = 1 

Negative 6 n = 3 n = 2 

Negative 7 n = 2 n = 2 

Negative 8 n = 3 n = 2 

Negative 9 n = 3 n = 2 

Negative 10 n = 4 n = 3 
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Appendix D List of Publications during PhD Study 

(1) Zeng, Z.; Sorescu, D. C.; White, D. L.; Hwang, S. I.; Shao, W.; He, X.; Schulte, Z. M.; 
Rosi, N. L.; Star, A. Heterogeneous Growth of UiO-66-NH2 on Oxidized Single-Walled 
Carbon Nanotubes to Form “Beads-on-a-String” Composites, ACS Appl. Mater. Interfaces, 
2021, DOI: 10.1021/acsami.0c21509.  

(2) Shao, W.; Shurin, M. R.; Wheeler, S. E.; He, X.; Star, A., Rapid Detection of SARS-CoV-
2 Antigens Using High-Purity Semiconducting Single-Walled Carbon Nanotube-Based 
Field-Effect Transistors. ACS Appl. Mater. Interfaces 2021, 13, 10321–10327. 

(3) Shao, W.; Burkert, S. C.; White, D. L.; Scott, V. L.; Ding, J.; Li, Z.; Ouyang, J.; Lapointe, 
F.; Malenfant, P. R. L.; Islam, K.; Star, A., Probing Ca2+-Induced Conformational Change 
of Calmodulin with Gold Nanoparticle-Decorated Single-Walled Carbon Nanotube Field-
Effect Transistors. Nanoscale 2019, 11, 13397–13406. 

(4) Mukherjee, S. P.; Gliga, A. R.; Lazzaretto, B.; Brandner, B.; Fielden, M.; Vogt, C.; 
Newman, L.; Rodrigues, A. F.; Shao, W.; Fournier, P. M.; Toprak, M. S.; Star, A.; 
Kostarelos, K.; Bhattacharya K.; Fadeel, B. Graphene Oxide is Degraded by Neutrophils 
and the Degradation Products are Non-genotoxic, Nanoscale, 2018, 10, 1180–1188. 

(5) Michael, Z. P.; Shao, W.; Sorescu, D. C.; Euler, R. W.; Burkert, S. C.; Star, A., Probing 
Biomolecular Interactions with Gold Nanoparticle-Decorated Single-Walled Carbon 
Nanotubes. J. Phys. Chem. C 2017, 121, 20813–20820. 

(6) Seo, W.; Carpenter, K. L.; Gaugler, J. A.; Shao, W.; Werling, K. A.; Fournier, P. M.; 
Lambrecht, D. A.; Star, A. Polybenzobisimidazole-Derived Two-Dimensional 
Supramolecular Polymer, J. Polym. Sci. A Polym. Chem., 2017, 55, 1095–1101. 
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