
ABSTRACT 

RICHARDSON, HAYLEY . Biochemical Monitoring via Extended Gate Field-Effect Transistor 

Sensors with Aptamer-Functionalized Surfaces. (Under the direction of Dr. Spyridon Pavlidis 

and Dr. Thom LaBean). 

 

Biodevices capable of continuous biochemical monitoring aim to improve the quality of 

life for patients and healthcare providers that seek vigilant symptom tracking, earlier and 

quantifiable diagnoses of diseases, assistance with medication adherence, and overall better health 

and wellbeing. Point-of-care and wearable biosensors are a growing market of such technologies 

that have seen tremendous advances in recent years. Translation challenges with existing biosensor 

systems include wearable form factors, specificity of detected signals, and signal instability from 

both the electronic circuitry and biointerface. Reproducible surface chemistry of functional 

biorecognition elements particularly impacts the application of electrochemical aptamer-based 

biosensors. This research explores the opportunity for new robust biochemical monitoring systems 

at the intersection of surface science and electrochemistry. This is achieved through the 

physiologically-relevant detection of two crucial biomarkers: 1) neuropeptide y (NPY) as a path 

for non-invasive continuous stress monitoring, and 2) histone proteins towards monitoring of 

critical inflammation. 

First, the surface chemistry of aptamer-based sensors is explored. The high binding 

affinities and conformational flexibility of aptamers make them an advantageous candidate for the 

detection of small or charged biochemicals in portable biodevices. Chemical identification of self-

assembled molecules through x-ray photoelectron spectroscopy is examined to validate 

immobilization processes. Then, kinetic binding experiments in surface plasmon resonance 

achieve rate constants that establish the picomolar-concentration binding capabilities of the 

aptamers in different preparation protocols. Lastly, the electron-transfer mechanisms are studies 



by calculating the surface density of aptamer binding sites by chronocoulometry. The conclusion 

of this analysis shows that different immobilized molecules enable the aptamer to have modified 

conformation structure switching during target binding. Studying control surfaces limits non-

specific adsorption to enable signal accuracy and self-calibration. 

After the establishment of a versatile aptamer preparation protocol, the electrical signals 

from binding are analyzed through potentiometry. Potentiometric sensing is a powerful modality 

for electrochemical transduction in biosensors. This low-power technique can detect sensitive 

electrochemical signals with low noise. The platform utilizes an extended gate field-effect 

transistor (EGFET) setup with custom electrodes. The platform is tested for its ability to detect 

changes in pH and ion content with a ±1 mV stability threshold.  

The developed platform for histone detection has a sensitivity of 3.70 mV/decade 

concentration change and a limit of detection (LOD) of 7 pM when testing in buffer. Surface 

chemistry experiments discover a co-monolayer with novel structural support through dual 

chemical modification that enables histone sensing in complex media. These results confirm the 

ability to measure histone levels within physiologically relevant ranges, and hold promise for 

future monitoring of trauma patients with near-critical inflammation.  

The detection of NPY has been successfully demonstrated with a benchtop EGFET 

platform, as well as with two other portable sensing systems. In buffer, the LOD of the benchtop 

system is below the physiological range of NPY in sweat at 0.16 pM. In artificial sweat, the NPY 

LOD increased to 1.4 pM, which is low enough to identify individuals with stress disorders. The 

portable EGFET biosystems successfully detected NPY at the lowest measured concentration of 

0.1 pM. The development and characterization of stable electrochemical aptamer-based sensors 



by potentiometric transduction is a critical step towards reliable continuous biochemical 

monitoring systems.  
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CHAPTER 1 

Introduction  

 

1.1   Biochemical Monitoring 

For the millions of biochemical compounds found in the human body, any deviations in 

concentration from accepted healthy levels can be indicative of diseases or other health conditions. 

Chronic diseases like diabetes, heart disease, and kidney disease require frequent monitoring of 

glucose levels [1], blood coagulation time [2], and cholesterol [3], respectively. Complex 

biomarkers are customarily measured in clinical settings by practices like comprehensive 

metabolic panels and immunoassays (Table A.1) [4] - [16]. In response to the rising cost of health 

services, there is a demand to make healthcare more effective and efficient. This calls for more 

personalized approaches to healthcare that can be enabled by continuous biochemical monitoring 

and real-time feedback [17]. To achieve this, advanced biosensing systems and technology are 

needed. 

The main components of a biosensor depend on whether the sensor is monitoring a physical 

or chemical target. A physical biosensor measures a physical biosignal that is transduced and 

analyzed for interpretation. The signal generated can be a biopotential or other energy on the body 

(e.g. temperature). This is measured by a transducer which converts this to an interpretable signal 

(e.g. acoustic, optical, electrochemical, thermal, etc.). Then, the signal of interest is amplified and 

processed. A chemical biosensor has additional components to sense chemical biosignals. An 

analyte, the chemical species to be measured, is generated by the body. This is collected and  

detected by the biorecognition component. This recognition creates a biosignal by changing some 
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property of the chemistry of the system. Then, like the physical sensor, the signal is converted into 

a processable signal by the transducer, amplified, and read-out.  

Ideal electrochemical biosensors have features such as low power requirements, high 

sensitivity, low sample consumption, and miniaturization. Their fundamental operation tracks 

electrical property changes due to chemical interactions or reactions between the sensor and the 

biological medium. Ions and molecules (e.g. proteins, metabolites, hormones) can be detected in 

biofluids such as sweat, saliva, blood, and interstitial fluid (ISF) [18]. For accurate detection, a 

sensor should generate a sensitive signal in physiologically relevant solutions and environments. 

It should be selective and only produce a signal that is generated from the presence of the analyte(s) 

of interest and not from any interactions with other chemicals or molecules in the medium. 

Accomplishing this has inherent challenges, particularly in the surface science development and 

signal reliability of the sensor.  

 

1.2   Point-of-Care and Wearable Sensors 

State-of-the-art point-of-care (POC) biosensors should be capable of delivering results 

quickly without sacrificing accuracy or precision when compared to standard clinical monitoring 

[19]. Creating sensors capable of handling real, complex samples also eliminates the need for extra 

sample preparation before analysis [20]. Technological driving forces behind POC and wearable 

biosensors involve cheaper manufacturing, improved signal quality and performance, enhanced 

user convenience, and compatibility to existing systems. Products with optimal engineering criteria 

(e.g. functionality, reliability, and convenience) will be received better by consumers. Features 

like minimal data post-processing are sought after characteristics. 
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Challenges in designing POC devices include considerations of suitable form factors, data 

reliability, and energy efficiency. Adequate power supply and consumption are limiting factors in 

the accelerated commercialization and development of many wearable electronic biosensor 

systems. Energy efficiency affects the operational lifetime, data collection rate (i.e. sampling 

interval for continuous monitoring), and processing power. The essentials of POC devices are that 

they must be small, accurate, and consume little power.   

To address these translation challenges, the Advanced Self-Powered Systems of Integrated 

Sensors and Technologies (ASSIST) Center has created several sensor systems: the Health and 

Exposure Tracker (HET) [21], the Self-Powered and Low-Power Adaptive Platform (SAP) [22], 

and the new low-power electrochemical sensing system (LESS) (Figure 1.1). These subsystems 

and testbeds establish a path toward a comprehensive understanding of the body for consumer and 

medical grade wearable data through the detection of a variety of biosignals and targets [23]. Until 

now, potentiometric transduction has only been demonstrated for enzymatic sensing systems (e.g. 

lactate [24], glucose [25], and uric acid [26]). In this dissertation, the adaptability of these systems 

is proven by the opportunity to improve a potentiometric modality for complementary sensing. 
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1.3   Affinity Biosensing 

Early affinity biosensors were designed in the late 1970ôs and researched the use of the 

protein Concanavalin A to detect glucose levels [27]. Most commercial affinity biosensors or 

assays detect a signal from an antibody-antigen interaction. Examples of common affinity systems 

that use antibodies are the COVID-19 at-home test and the enzyme-linked immunosorbent assay 

(ELISA). Antibodies are frequently used as the biorecognition element (BRE) in detecting 

immunochemical reactions. As a key part of an electrochemical biosensor, the BRE interacts with 

                                                                                                                                        

 
 

 

Figure 1.1. The multi-level organization of the system testbeds and research thrusts within the 

ASSIST Center. Adapted from [23].  
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the analyte of interest and generates a biosignal with electrical properties. BRE binding may not 

directly generate the signal, but instead cause another intermediate molecule to produce the desired 

electrical response. It is typically a functional part on the biointerface of the biosensor. 

Antibodies are naturally produced immunological agents that exhibit very high affinity 

binding for specific antigens because of their unique physicochemical structure. When this 

happens, a signal or property will change and can then be transduced and quantified. Either the 

antibody or antigen can be immobilized on the sensor surface. Both molecules have many 

multivalent sites for noncovalent binding, which create a stable complex.  

 

1.4   Electrochemical Aptamer-Based Sensors 

Like affinity biosensors, nucleic acids can generate a biosignal from a specific binding 

interaction between two complementary molecules (Figure 1.2). This type of complementary 

sensing leverages the strong intermolecular interactions from hydrogen-bonding that is specific 

for base pair sequences. These nucleic acids are aptamers: small single-strand DNA or RNA 

sequences. Generated by the systematic evolution of ligands by exponential enrichment (SELEX) 

process from a large random library of sequences, nucleic acids are effective for small molecule 

or low concentration detection. Combining the high binding affinity of aptamers with sensitive 

electrically generated signals establishes the field of study of electrochemical aptamer-based (E-

AB) biosensors. In Figure 1.2, the scale of the aptamers and protein are based on the spatial 

dimensions of serum albumin [7.5 nm × 6.5 nm × 4.0 nm] [28] and the H4 histone protein tail of 

7.8 nm [29]. The average distance between the base pairs (bps) of nucleic acid strands is 

approximately 3.4 Å [30]. Given the secondary structure and bps of the histone aptamer, the 

estimated size is 8 nm. 
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Complementary sensing with aptamers has several advantages over conventional affinity 

biosensors that use BREs such as antibodies [31]. Aptamers are smaller in size than antibodies, 

which allows them to target analytes with high charge densities without sacrificing the proper 

conformation for binding, and the binding is nearer to the sensorôs surface. [32]. Although smaller, 

aptamers can also have higher binding affinity to certain targets than antibodies can, which results 

in a larger discernible electrical signal. Specific aptamer sequences should be able to generate a 

signal at a lower concentration, thus lowering the limit of detection (LOD) or limit of quantification 

(LOQ) to sub-micromolar concentrations at the range that many biochemicals persist in biofluid 

 
 

 

Figure 1.2. Schematic of aptamer BRE layer formation through self-assembly of thiol-gold 

sorption (red). Starting with a gold surface, aptamers assemble for a set time-scale and arrange 

in a way based on parameters such as spatial density and electrolyte content. Then, the surface 

is prepared for sensing by the addition of spacer molecules to passivate exposed metal and 

provide structural support to the BRE. Finally, the electrode is subjected to analyte injections, 

which cause a conformational change of the aptamers and a shift in electron-transfer. 5 nm 

approximate scale bar. 
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(Table A.1). Low values of kinetic dissociation rate constants at binding equilibrium are possible 

with the strong hydrogen-bond interactions of aptamers and make sensing possible in low sample 

volumes, which is advantageous for portable biosensors.  

Additionally, aptamers can be even designed to complement targets that do not possess a 

natural immune response. This is because the selection and development of aptamers can be 

performed in vitro (i.e. outside of a living organism), whereas antibodies are produced in live 

animals or cells. Purification steps, like chromatography or precipitation, can reproducibly yield 

high purity aptamers. Other benefits include easier chemical modifications and fewer storage 

requirements due to moderate chemical stability.  

 

1.4.1 Self-Assembled Monolayers 

Many E-AB biosensors depend on the formation of self-assembled monolayers (SAM) to 

aid in the generation of an interpretable electrical signal from a biological medium [33]. Self- 

assembly relies on the ability of the molecules to spontaneously organize into a thin monolayer 

based on adsorption or chemical coupling between themselves and the substrate surface. The 

monolayer is a more thermodynamically favorable structure by the reduction of the surface free 

energy of the substrate. 

Stable SAMs on sensor surfaces are contingent on orientation-dependent interactions that 

rely on the mass migration and charge diffusion of adsorbates to approach the substrate. Molecules 

must travel from the bulk electrolyte to the surface, arrange with appropriate conformation for 

binding, and react with the surface in an ordered and packed manner to form an effective film of 

functional BREs. The strength of the bonding interaction can involve chemical reactions 

(chemisorption) as well as weaker secondary forces (physisorption). Physisorption happens 
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quickly because of the lack of energy activation barrier and is reversible. Chemisorption has 

variable kinetic rates, is limited to monolayer formation, and often irreversible; yet, it relies on 

physisorption attraction to help transport molecules to the surface. One common assembly method 

is through thiol-modification. Thiol-gold assembly is theorized to have an ideal balance of  

chemi/physisorption interactions as alkanethiol compounds have been shown to organize and form 

functional monolayers for a variety of applications [34], [35]. The electrical high conductivity and 

low resistance of gold electrodes make them a suitable metal for E-AB sensing. 

 

1.4.2 Translation Challenges of E-AB Sensors 

Functional and stable SAMs are crucial in E-AB sensing. The quality of the SAM is directly 

related to the parameters and environment selected during the assembly procedure. The processing 

and performance relationships for a specific SAM are difficult to estimate without experimentation 

that examines the interdependencies of the molecular biophysics, electrolyte composition, and 

surface formation. A useful SAM formation process must limit the degree of variation in the 

structure and organization from surface-to-surface.  

Understanding the properties of the aptamer SAMs in biological media is an ongoing field 

of study [36]. The surfaces can experience biofouling and non-specific adsorption (NSA) from 

other molecules in the biofluid. This can introduce noise and drift that mask the specific signal 

from the conformation changes from aptamer and target binding complexes. Self-calibration and 

modifying the surface chemistry of the solution are necessary for E-AB sensor development. The 

threat of competitive binding is influenced by the composition of the solution. Additionally, the 

concentration of certain background ions can affect the structure of the aptamer, which 

subsequently impacts the reaction rate time-constants and electron transfer kinetics of binding. 
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Aptamers can be subject to environmental degradation. The lifetime of aptamers is partially 

dependent on the nitrogenous bases in its sequence. Several studies have shown that RNA is more 

susceptible to degradation in ambient conditions than DNA [37]. RNA contains more hydroxyl 

groups and oxygen atoms than DNA that makes it more susceptible to hydrolysis. Within this 

dissertation, preliminary experiments were conducted to compare the performance of E-AB 

sensors with either immediate or delayed use. Understanding the surface chemistry of the aptamers 

after a storage period is a crucial milestone before the sensors are considered for use in portable 

systems, where they must be able to endure logistical considerations of acquisition and 

transportation before use. 

 

1.4.3 SAM Procedure with Fabricated Electrodes 

A universal SAM procedure was synthesized for the proposed system through literature 

review to combine useful methodology (Figure 1.3). This procedure was used for all gold working 

electrodes (WE) in this thesis, except where specified. Each electrode type received different 

cleaning procedures based on suggested best practices from the manufacturer and literature [38] 

[39]. Of note, all electrodes for Chapter 4 and Chapter 5 that were prepared for complete 

biochemical monitoring with aptamer-sensing use this procedure.  

In-house electrodes were fabricated in the NC State Nanofabrication Facility (NNF) by 

electron-beam evaporation of 20/100 Ti/Au on 300 nm SiO2/Si wafers, coated with photoresist, 

and diced to 1.0 cm × 0.6 cm specifications. The estimated number of full dies and a model Si 

wafer are shown in the Appendix (Figure A.1). Fabrication was made possible through the 

collaboration with other graduate researchers in the Laboratory for Electronics in Advanced 

Devices and Systems (LEADS) at NC State. 
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Full cleaning was performed by solvent rinsing (acetone, methanol, isopropyl alcohol) and 

1-minute of O2 plasma ashing to strip the photoresist that covers the substrate during dicing. Then, 

electrochemical potential cycling was done to clean the electrode surface to limit surface defects, 

oxide formation, and exposure to debris as much as possible. This was performed in 0.5 M H2SO4 

from -1.0 to +1.3 V in cyclic voltammetry (CV) with a Gamry 600+ potentiostat with a silver/silver 

chloride (Ag/AgCl) reference electrode (RE) and platinum wire counter electrode (CE). To 

validate cleaning, techniques such as CV, contact angle measurements, or optical imaging were 

performed. These techniques were crucial in formulating this procedure, and the results of which 

will be shared in later chapters. If necessary, potential cycling would be repeated until the analysis 

of the electrode confirmed that the surface was activated and ready for self-assembly.  

The aptamer SAM was formed overnight under ambient condition by submerging cleaned 

gold electrodes in 1 µM thiol-aptamer solution in TE buffer (tris(hydroxymethyl)-aminomethane 

and ethylenediaminetetraacetic acid), with the disulfide bond reduced by tris(2-carboxyethyl) 

phosphine (TCEP). Separately, 6-mercapto-1-hexanol (MCH) or poly(ethylene glycol) methyl 

ether thiol (PEG) spacer molecules were backfilled into the monolayer to aid in the dispersion and 

support of the aptamer molecules for 1-hour before performing the experiments. Again, optical 

microscopy, CV, and contact angle studies were alternative processes done to record and evaluate 

this SAM procedure. 
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1.5 Potentiometric Sensors with Transistor Technology 

The transduction methods of converting a biological signal into an electrical signal are as 

varied as the molecules of interest. New developments in integrated electronics have enabled novel 

sensors for reliable, accurate, and user-friendly systems for continuous monitoring of biochemical 

activity in wearable form factors. For example, commercial integrated systems such as continuous 

glucose-ketone monitors have revolutionized the medical field and promoted patient-centered 

healthcare by measuring interstitial fluid based metabolic biomarkers in real time [40], [41]. 

Similarly, sweat-based biochemical sensing has been investigated for a more noninvasive 

operation [42]. 

Potentiostats are one hardware subsystem that have various methods to reduce the power 

requirements. Potentiostats operate by controlling the current and measuring the potential between 

electrodes in a cell. The main components of this system include a control amplifier, an 

electrometer, a current-to-voltage converter, the signal circuit, and the electrodes (working, 

       

 
 

Figure 1.3. Process flow diagram detailing the aptasensor functionalization process. 
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counter, and reference). Small differences in the voltages need to be measured accurately and 

precisely to sense any changes in the biochemical system. Reducing the physical size of the 

potentiostat makes the wearable electronics more compact and better suited for an inconspicuously 

worn device. Potentiostats also have the potential to operate with low power consumption, which 

would increase the operational life of a field device and make them more attractive for mobile 

users.  

An emerging transduction method for charge-based quantification of analyte 

concentrations for POC and wearable testing is the use of extended gate field-effect transistor 

(EGFET) platforms [43]. EGFET sensors have accomplished electrical signal generation based on 

the charge transfer between target analytes and BREs on electrode surfaces [44], [45]. 

Potentiometric transduction via EGFET sensors detects net charge changes of the binding complex 

through the systemôs low-noise sensitivity. The EGFET method indirectly measures the 

capacitance between the functionalized WE and a RE to reduce noise. 

 

1.5.1 Historical Perspective of Biological Potentiometric Devices 

The rapid development of semiconductor technology and the metal-oxide field-effect 

transistor (MOSFET) has revolutionized the possibilities of biosensing architecture in the last 50 

years. The principle of transistor-based sensing was reported by P. Bergveld using an ion-sensitive 

field-effect transistor (ISFET) sensor architecture [46]. In this system, a membrane or other surface 

receptor acts as the BRE in the place of the metal gate of the FET. The ñion-sensitiveò gate is 

exposed to the ions directly in the electrolyte as well as to an RE in the circuit. The ions binding 

to the BRE material cause a change in the surface potential that gates a capacitive change in the 

channel of the FET. This principle has been applied to analytes that expand past the detection of 
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ions, such as enzymatic reactions [47], nucleic acids [48], [49], and cell trapping [50]. Aptamers 

can also be immobilized and used in ISFET configurations for small molecule detection [51]. 

Recent efforts in the field have been directed towards modeling and simulating the output signal 

of different ISFET sensing schemes and how the charge densities of analytes on the gate surface 

will impact the intrinsic properties of the FET [52], [53]. 

There is growing interest in the adoption of the ñextended gateò architecture, which 

physically separates the gate of a MOSFET and the electronics to independent electrodes or 

biointerfaces, while keeping them electrically connected [54]. This separation allows for more 

flexibility in sensor design and fabrication practices, since there is not a need to make the gate or 

gate oxide available to the analyte electrolyte, as with early ISFET sensors. This platform better 

enables multiplexing and multi-analyte arrays with improved semiconductor nanofabrication by 

combining inexpensive, reusable electronics with consumable biosensors.  

 

1.5.2 Extended Gate Field-Effect Transistor Principles 

In the EGFET setup in this work, a functionalized WE is connected to the ñextendedò gate 

of a commercial MOSFET (Figure 1.4). Analytes, ions, or pH charges change the surface potential 

of the WE instead of the gate of the FET, but still modulate current in the MOSFET channel within 

the circuit. Transfer curves are measured with a set drain-to-source voltage (VDS) and in a range 

of gate-to-source voltage (VGS). By comparing VGS values at the same drain-to-source current (IDS) 

for different solutions, an effective threshold voltage (VTH) shift is tracked, which is indicative of 

the charge-based potential changes at the WE surface and the electrochemical cell [55]. This has 

similar principles to other electrochemical techniques such as open circuit potential (OCP), where 
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the cell is at equilibrium as no current is passed through, giving insight to the whole- or half-cell 

potential. 

Potentiometric transduction via EGFET sensors will capture net charge changes of the 

aptamer and target binding complex through the systemôs low-noise sensitivity, while combining 

inexpensive, reusable electronics with consumable biosensors [56]. Highly mature Si MOSFET 

technology enables an output signal that is stable and reproducible in the EGFET sensing platform.  

 

 

 

 

 

 

 
 

Figure 1.4. a) A fabricated gold planar WE post-cleaning. b) Picture of main components of 

EGFET platform and connection to a MOSFET via breadboard. c) Circuit diagram of WE and 

RE in a beaker setup. Adapted from [56]. 

VGS

VDS

Batch 

cell

RE

Extended 

gate to WE

WE

MOSFET

1.0 

cm

0.6 cm

WE

Drain

Gate

Source

MOSFET

D

G

S

a) b) 

c) 



    

15 

 

1.5.3 Challenges in Potentiometric Sensing 

An important parameter to consider when selecting an aptamer sequence is its size and its 

spatial penetration into the electrolyte from the electrodeôs surface. The net electrostatic effect of 

the moleculesô binding interaction only persists as far as is dictated by Debye length (ɚD) [57], 

[58], [59]. With increasing distance away from the binding interaction, the electric fields generated 

from binding charge exchanges are dampened through electrical screening by surrounding charges 

from the ionic content of the electrolyte and electrical double layer [36]. Most physiological 

biofluids are highly ionic, so overcoming Debye screening is necessary for biosensors. Debye 

length can be predicted with the Equation (1.1): 

 

 ‗ τ “ ὰ ὔ В”ȟ ᾀ  (1.1) 

 

 ὰ  is the Bjerrum length, ὔ  is Avogadroôs number,  ᾀ is the valence concentration of ion species 

i, and ”ȟ is the charge density of the bulk.  

Multiple techniques have been published to address Debye screening, but there is no one 

way to accomplish this or a standard design of experiments. Within the SAM, creating a mixed 

aptamer monolayer with polymeric passivation with polar spacer chemicals [59] and reducing 

aptamersô sequence length (i.e. fragmentation) are methods to improve the electrical signal 

responses [60]. Other techniques include considerations of dynamic device operation that adjusts 

electronic input frequencies or gain to increase the target response [61], [62], creating frequency-

pairs to produce a ratiometric signal [63], or electrostatically increasing the electric double layer 

(EDL) with different bias conditions [64]. Tuning these parameters in buffer will help achieve 

sensitivity and selectivity in more challenging high ionic strength media [65]. 
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1.6 Analyte Motivation  

Two aptamer systems were investigated to prove the design feasibility of the EGFET 

biosensing platform: neuropeptide Y, a peptide found abundantly in the nervous system; and 

histones, a highly charged protein that is indicative of acute respiratory dysfunction syndrome and 

multiple organ dysfunction syndrome. 

 

1.6.1 Monitoring Stress: Neuropeptide Y 

Neuropeptide Y (NPY) has been found to possess anxiolytic properties, thus forming a part 

of the bodyôs response to stress and anxiety [66]. Concentration levels of NPY can connote how 

intensely a body responds to stress and the time it takes to re-equilibrate to homeostatic levels. 

Elevated basal levels of NPY have been linked to depressive disorders, traumatic events, and 

military operational stress (Figure 1.5). NPY concentration in sweat can spike nearly 90 times as 

high in people with depression than for those without (3.34-17.21 pM vs. 0.19-0.21 pM) [67]. A 

sweat sensor would introduce a quantifiable metric to improve diagnoses for depressive disorders, 

medication adherence, and occupational performance for high-stress professions.  
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Mendonsa et. al. used capillary electrophoresis-systematic evolution of ligands by 

exponential enrichment (CE-SELEX) to discover an 80-base ssDNA that selectively binds to 

human NPY, labeled ñ4.31ò (Figure 1.5a) [68]. The secondary folding structure was modeled with 

Mfold web server [69]. The feasibility of this sequence as an immobilized BRE for sensors has 

been proven in other published research. Table 1.1 compares work with a variety of transduction 

methods such as electrochemical impedance spectroscopy (EIS), colorimetry, and differential 

pulse voltammetry (DPV) and their lowest concentration detected. Given the physiologically-

relevant concentration range, a successful sensor must exhibit a limit-of-detection (LOD) below 

the predicted femtomolar minimum values. To achieve this, the sensing platform and environment 

must be stable in operating conditions. 

In the cited work, EIS has demonstrated the lowest concentration for this aptamer:analyte 

system on gold. Using gold planar electrodes, a wearable, impedance-based platform was 

  
 

Figure 1.5. a) ñ4.31ò DNA aptamer secondary structure modeled with Mfold web server. b) 

Factors connecting an individualôs likeliness to develop resilience or stress-diseases after a 

traumatic event. Adapted from [66]. 

a) b) 
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developed to detect NPY via EIS in sweat. The correlation in cortisol and NPY levels was explored 

and a lowest NPY concentration of 1 pg/mL (0.2 pM) was detected in human participants, with 

comparable sensitivity to that of an anti-NPY antibody [70], [71]. Impedance sensors are an 

effective electrochemical technique but difficult to adapt for continuous measurements and 

wearable sensors. Measurements at low-frequency are difficult to reproduce at good quality [72] 

and faradaic EIS may cause further issues using redox reporters that infiltrate the aptamer 

monolayer and cause unchecked signal drift [73].  

Elsewhere, NPY detection was accomplished via DPV using graphene and gold 

nanoparticles with the aforementioned DNA aptamer sequence co-immobilized with 6-mercapto-

1-hexanol (MCH) [74]. A physiologically relevant limit of detection (LOD) of 10 pM was 

achieved. Graphene field-effect transistors (GFETs) have also been developed to detect NPY with 

a peptide recognition element (P1N3) [75], achieving a sensitivity of -13.8 mV/dec from picomolar 

to micromolar concentrations. We have previously demonstrated picomolar-level detection via 

cyclic voltammetry and EIS on flexible gold films for use in subcutaneous sensing [76]. The NPY 

response in PBS was measured as low as 400 pM and showed significant differences between the 

aptamer-sensor when compared to a control surface of poly(ethylene glycol) methyl ether thiol 

(PEG)-based SAM. 
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Table 1.1. Publications using sourced aptamer sequence to sense NPY and lowest concentrations. 

1st Author  Year Technique Medium Lowest conc. 

This work to date 2024 FET Art. sweat 0.1 pM 

Churcher, NKM [71] 2022 EIS Art. sweat 0.2 pM 

Y. Zhou [77] 2022 RGO-FET PBS 100 pM 

Richardson, H. [76] 2021 EIS PBS 400 pM 

L·pez, L [78] 2021 EIS Art. cerebro. fluid 2.3 nM 

Chávez, J. L. [79] 2019 Colorimetry Art. sweat 100 nM 

Xu, X. [80] 2018 CNT-FET Serum 500 pM 

Fernandez, RE [74] 2016 DPV Serum 10 pM 

Banerjee, S. [81] 2016 Si-NWFET PBS 10 nM 

 

FET sensing for NPY has been achieved on silicon nanowires (SiNWs), carbon nanotubes 

(CNT), and reduced graphene oxide (RGO), but had LOD values above applicable sweat or serum 

levels. EGFET transduction can be a superior sensing platform towards a wearable NPY sensing 

system for two major points. Firstly, separate consumables and electronics will allow for easy 

transition to wearable continuous monitoring with inexpensive, commercial off-the-shelf (COTS) 

components. Secondly, the EGFET method has built-in amplification and noise reduction by its 

indirect capacitance measurement approach. With aptamers, the binding complex and charge 

exchange is in close proximity to the surface which ameliorates electron transfer by modulating 

the surface potential of the metal sensor [82]. Since one terminal end of the aptamer chain is 

anchored to the sensor surface, optimizing the functionalization process and sensing environment 

is necessary for the optimal tertiary structure in the binding complex [83].   



    

20 

 

1.6.2 Monitoring Inflammation: Histone Proteins 

When the body experiences trauma or has major inflammation like sepsis, damaged cells 

release their nuclear content into circulation, that of which includes histone proteins. The increase 

of extracellular nuclear histone proteins in the body can cause disruptions to cell signaling and 

cytotoxicity. This can lead to organ inflammation and distress, which can induce health conditions 

like acute respiratory dysfunction syndrome (ARDS) [84] and multiple organ dysfunction 

syndrome (MODS) [85]. Thus, extracellular histones act as an indicator of cell death.  

Monitoring circulating histone levels in critically ill patients would improve the early 

recognition of increased risk. Normal histone concentrations in serum are below 0.6 ng/mL (50 

pM) and can spike to 3 ng/mL (200 pM) in patients after trauma or sepsis [84], [85], [86]. Current 

detection techniques for MODS and ARDS rely on clinical scores to predict mortality [87], [88]. 

Prediction scores are dynamic calculations that assist medical providers in making decisions on 

care but are vulnerable to human subjectivities, multiple and complex metrics, and vary depending 

on the mechanism of illness [89], [90]. Furthermore, clinical indicators often reflect late 

manifestations of illness severity. Delays in diagnosis or inability to recognize the failure of 

therapies are associated with increased mortality in this patient population. The availability of a 

single, objective, and quantitative assay of illness severity would allow earlier clinical diagnosis 

and directed treatment.  
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Tracking and predicting the histone levels in trauma patients can improve the patient 

triaging and recognition of symptoms. Urak et al. published research on the design of several RNA 

aptamer sequences that selectively bind to both human and bovine histones [91]. Their work used 

immobilized histones on gold surface then measured aptamer binding to histones; however, this 

system was not developed with the intention of making an operable sensor, rather only as a 

functionalized chip for the purpose of verifying the binding activity. Their study demonstrated the 

efficacy in aptamers as treatment of clinical conditions associated with MODS (Figure 1.6). There 

is neither an approved treatment to prevent or reverse MODS, nor a POC sensor for this purpose 

that currently exists. 

         
 

 

Figure 1.6. a) KU7 RNA aptamer secondary structure was modeled with Mfold web server. b) 

Schematic of extracellular histone-mediated cytotoxicity and the proposed pathway for histone-

aptamers as therapeutics. Adapted from [86]. 

a) b) 
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The proposed sensor will use the published aptamer sequence in the inverse arrangement, 

where aptamers act as the surface ligand and detect histones in solution. A major challenge of this 

aptamer:analyte system is overcoming the dense positive charges of histone proteins, due to its 

high isoelectric point and molecular weight (pI = 11 and MW = 11-22 kDa) [92]. This threatens 

potential non-specific adsorption (NSA) of histones to electrostatically charged species, like 

exposed metal on the sensor surface, which reduces the specificity of the sensorôs response. Using 

aptamers as the functionalized surface has advantages such as their small size than antibodies, 

which allows them to target analytes with high charge densities without sacrificing the proper 

conformation for binding [93]. The RNA aptamer sequence is approximately 17 kDa. 

Another challenge will be achieving sensitivity and selectivity in high ionic strength media. 

Designing a sensor to operate in whole blood while mitigating NSA and charge-screening effects 

will rely on optimizing the arrangement of aptamers on the surface to ensure their achieving a 

sufficient conformation change during binding. The risk of large NSA also makes the EGFET 

platform preferable for its low-power and low-noise capabilities [61]. 

 

1.7 Objective and Scope of Thesis 

After a thorough review of current state-of-the-art devices and literature, the objectives of 

this dissertation are established in understanding the key factors in achieving a high level of 

performance in E-AB sensing systems with potentiometric portable platforms.  

This thesis has accomplished work towards the development of an EGFET affinity 

biosensor as one modality in a POC system. This system leverages aptamer technology and low-

power potentiometric sensing to deliver a rapid, reliable, and scalable sensor in complex biofluid. 
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The objective of the research is to understand what factors influence the organization of aptamer-

based recognition elements on gold and the consequent impact on EGFET sensor performance.  

The objectives of this dissertation are organized as follows:  

1. Analyze how spacer molecules, probe density, and pre-blocking impact the SAM quality, 

and thus performance of potentiometric aptasensors. 

2. Investigate how PEG and MCH-based spacer molecules impact the accurate sensitivity of 

potentiometric aptasensors. 

3. Assess stability of EGFET sensing platform and its influence on the sensitivity of 

aptasensors. 

4. Demonstrate physiologically-relevant sensing for histones in high ionic strength buffer. 

5. Demonstrate physiologically-relevant sensitivity for NPY using EGFETs in artificial sweat 

with hardware systems towards wearable deployment.  

 

1.8 Thesis Outline 

This dissertation is organized as follows: 

Chapter 2 reports an in-depth characterization on the surface science of the DNA anti-NPY 

aptamer sequence and the RNA anti-histone aptamer sequence on gold electrodes. This was done 

help to predict the performance of the EGFET testbed based on initial results for studies on 

immobilization, analyte binding, and charge characteristics. This was accomplished through 

electrochemical methods square-wave voltammetry, electrochemical impedance spectroscopy, 

and chronocoulometry. Surface plasmon resonance was done extensively to understand the effect 

of certain procedural steps without the use of redox labels and to characterize the binding affinities 

of the aptamers and validation against negative controls. X-ray photoelectron spectroscopy, atomic 
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force microscopy, and goniometry were also done to analyze the morphology and chemical 

composition of the molecules on the surface.  

In Chapter 3, a potentiometric platform is introduced to calibrate the charge-based signal 

from analyte:aptamer binding for both the NPY and histone systems. This system was a linear test 

bench that functions similar to OCP experiments and did not incorporate MOSFET technology. 

This chapter emphasizes the importance of measuring control surfaces for self-calibration and 

understanding the presentation of specific binding signals. Here, it is fully investigated how PEG 

and MCH-based spacer molecules impact the sensitivity of potentiometric aptasensors. 

Chapter 4 serves two purposes: to introduce the fabrication and operation of the EGFET 

platform electronics and to demonstrate the stability of the platform through sensitive histone 

detection. This will detail the different methodology and preliminary steps that ensure the sensing 

results are accurate and reliable. Histone sensing was performed in lab-grade buffer and in complex 

medium with competitive protein binding in the electrolyte background. The selectivity studies 

and differences in transfer characteristics of histone binding or control protein non-specific 

adsorption have implications towards machine learning applications, which will also be discussed.  

Chapter 5 demonstrates NPY sensing in artificial sweat with the optimized EGFET 

platform. This is done on the benchtop platform and on two different hardware systems with the 

goal of wearable sensing with reusable low-power electronics and consumable E-AB sensors. 

Lastly, time studies on the degradation of the potentiometric signal are done.  

Chapter 6 summarizes the overall merit of the dissertation work. The technical 

contributions focus on the development of an adaptable aptamer preparation procedures, multi-

technique surface chemistry characterization, and EGFET sensing figures of merits for both NPY 

and histone detection. Future work describes trends in the field that are advancing signal 
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processing practices through machine learning, biodevice operation, and long-term continuous 

deployment of E-AB sensors.  

Appendix A details supplementary information for all chapters. 

Appendix B lists the relevant body of work.  
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CHAPTER 2 

Surface Chemistry Characterization on Immobilization, Binding, and Surface Density 

 

The performance of the aptamer-based EGFET sensor is highly dependent on the spatial 

orientation and density of the aptamers on the electrode surface. Currently, accurate predictive 

models that capture the nuances of a biorecognition elementôs unique characteristics, and the 

impact of immobilization steps do not exist. Thus, in this work, multiple experimental techniques 

were implemented to explore aspects of surface science and create a comprehensive understanding 

about the relationships between the monolayersô structure, processing, properties, and 

performance. The monolayers investigated include the biorecognition elements of the DNA anti-

NPY aptamer sequence and the RNA anti-histone aptamer sequence. These are co-immobilized 

with PEG or with MCH and the resulting properties discussed.  

This chapter will present the validation of the immobilization and binding protocols 

through various electrochemical, optical, and spectroscopic analyses. This chapter starts with 

background information on why spacing molecules are pertinent to successful E-AB sensing 

through the reduction of non-specific adsorption (NSA). 

 

2.1 Background and Motivation 

 There are several variables that can be tuned to optimize the concentration of available 

aptamers on the surface. External charges from neighboring surface molecules, exposed electrode 

substrate, and the contents of the electrolyte can change the conformation of the aptamer and 

prevent any binding to the analyte of interest and/or cause binding to unwanted molecules in the 

solution. Experimental steps like incubation time [35], stagnant or flowing solution delivery and/or 
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incubation, and the order of immobilized molecules [94] can be adjusted. Within the SAM system, 

parameters such as pH [43], ionic strength [95], choice of spacer molecule [96], aptamer to spacer 

concentration ratio [97], can all be changed. These variables are important to optimize to have the 

biosensor functioning to the best of its ability in physiologically relevant sensing conditions. 

Separate, non-recognition molecules can be co-immobilized in a monolayer to ñspaceò out 

and support the active ligand. These blocking agents, or spacer molecules, help reduce electrostatic 

charge repulsion and steric hindrance by physically distancing neighboring biorecognition 

elements. Spacer molecules can also limit potential non-specific binding of analytes to a non-

functionalized bare electrode and other biofouling on the electrode surface. Often, the selected 

molecules are carbon chains with terminal functional groups that are shorter in length than the 

specific ligands. Like the biorecognition element, the length of the molecules and the distance of 

any interactions and the surface are of utmost importance for electrochemical systems. Literature 

in this space has compared other molecules such as ethylene glycol thiols of different chain length, 

zwitterionic structures, 16-Mercaptohexadecanoic acid (MHDA), bovine serum albumin (BSA), 

and other antifouling materials to passivate sensors [98], [99].  The chemical differences between 

them may seem minor but can result in varied quality SAMs. 

If spacers are not used and the surface density of the ligand is too high, there can be a 

dramatic signal loss because the proper conformational folding of the aptamer cannot be achieved, 

thus limiting the amount of possible binding. However, excess spacer molecules with polar 

terminal functional groups can increase the amount of non-specific interactions because of any 

charge-based attraction. Therefore, the ratio in surface density between the two types of surface 

molecules is pertinent to control. This surface density can be controlled by adjusting several of the 

parameters in immobilization, notably, the concentration of the solution during incubation. 
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2.2 Materials 

Calf thymus histone (CTH), BSA, cortisol, MCH, PEG (2 kDa), TCEP, and all laboratory 

reagents and chemicals were all purchased from MilliporeSigma [St. Louis, MO]. Analytes of 

human histones H3.2 and H4 were purchased from New England Biolabs [Ipswich, MA]. NPY 

(YPSKPDNPGEDAPAEDMARYYSALRHYIN- LITRQRY-NH2) was purchased from 

GenScript Biotech Corp. [Piscataway, NJ]. Different molecular weight PEG molecules (528 Da 

and 10 kDa) were purchased from Creative PEG Works [Durham, NC].  

The aptamer sequences were not selected in this body of work. The histone aptamer was 

chosen from a separate publication by a collaborator on the project, which is identified as ñKU7ò 

in the following reference [91]. The NPY sequence was chosen from an available publication from 

an outside research group with multiple citations demonstrating its capabilities for sensing and can 

be found as sequence ñ4.31ò in the following reference [68].  

The anti-histone RNA aptamer sequence (5'-Thiol-MC6-S-S-GGG AGG ACG AUG CGG 

ACU GGU GAA GGG AGG UAC UGC AGA CGA CUC GCC CGA-3') and the anti-NPY DNA 

aptamer sequence (5'-Thiol-MC6-S-S-AGC AGC ACA GAG GTC AGA TGC AAA  CCA CAG 

CCT GAG TGG TTA GCG TAT GTC ATT TAC GGA CCT ATG CGT GCT ACC GTG AA-3ô) 

were synthesized by Integrated DNA Technologies (IDT) Inc. [Coralville, IA] and purchased 

together with TE resuspension buffer. HBS-EP+ running buffer (0.1 M HEPES, 1.5 M NaCl, 0.03 

M EDTA and 0.5% v/v Surfactant P20), PBS (7.5 mM Na2HPO4, 2.5 mM NaH2PO4, 2.7 mM KCl 

and 137 mM NaCl) and SPR gold chips (SIA Au Kit) for the Biacore systems were purchased 

from Cytiva [Marlborough, MA]. Bionavis gold chips (SPR102-AU-10) were purchased from 

Bionavis Ltd. [Tampere, Finland]. 
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For electrochemical sensing, a double junction Ag/AgCl RE was used from Pine Research 

[Durham, NC]. A microfluidic platform from Micrux Technologies [Gijón, Spain] was used in 

conjunction with either a flow cell or batch cell addition. The batch cell was adopted to control the 

exposed area of the working electrodes to 0.2 cm2 using 0.5 mL of solution while testing. EGFET 

sensing was performed with commercial off the shelf (COTS) silicon MOSFETs (ZVNL110A) 

from Diodes Incorporated [Plano, TX]. In later chapters, thin-film gold single electrodes (ED-SE1-

Au) were also purchased from Micrux. For other electrode systems, screen-printed electrodes 

(DRP-220AT-U75) for square-wave voltammetry were purchased from Metrohm [Herisau, 

Switzerland]. Ag/AgCl (60/40) paste for screen printing RE was purchased from Sun Chemical 

[Parsippany, NJ]. 

 

2.3 Immobilization Theory  

To tether the aptamer to the gold electrodes, there was a thiol modification added to the 5ô 

sequence end. The spontaneous organization of alkanethiol monolayers on gold has been well 

studied for sensing and thin-film applications [100]. The sulfur atoms in the thiol (-SH) 

deprotonate to occupy the fcc hollow sites in the (111) plane and covalently bond with gold atoms 

at approximately 30° from the surface normal at ambient conditions [101]. Once the SAM is 

formed, the thiol-gold bond is able to withstand and adapt to a wide range of pH [102], 

temperatures [103] and interaction time [104]. Ideally, a continuous SAM is formed during 

immobilization. However, atomic scale defects in the metal surface can alter the ordering of SAM 

and create defects like vacancies, bilayer formation, or tangled chains [94]. Both pH and 

temperature affect the rate of formation and the short-range organizational structure of thiol-based 

SAMs. Higher temperatures (>75°C) during immobilization have been shown to decrease the 
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overall tilt angle and increase the frequency of pits or vacancies in the SAM [105]. For the work 

in this thesis, immobilization was executed at ambient temperatures and pH 8.0 for ease of 

reproducibility. 

Using a thiol moiety has benefits over other types of sensor surface immobilization 

strategies, such as amine coupling [106] or hydrogel matrices [107], because it reduces the spatial 

distance between the binding reaction and the gold electrode. This is preferable to maintain that 

the net electrostatic effect of the moleculesô binding interaction within the Debye length (ɚD). The 

following section discusses the results of different experiments to validate the thiol-gold assembly 

and the presence of aptamer, PEG, and MCH onto the electrodesô surfaces. Different electrodes 

were used depending on the requirements of the instrument. Each SAM was formed in ambient 

conditions.  

 

2.3.1 Gold Electrode Surface Topography 

For aptamers, scanning probe microscopy techniques like atomic force microscopy (AFM) 

can be a useful system to extract height and conformation data because of the possible variations 

to adjust to the tool, like tapping mode for samples in liquid and temperature control in-situ studies 

[108], [109]. While the height data is directly quantitative based on the topographical mapping, 

conformation information can be inferred by the shapes present on the surfaces and responses to 

external stimuli [110], [111]. Additional techniques like spectroscopy can be used to confirm these 

measurements [112].  

Direct immobilization of the aptamer sequence to the gold is achieved through the C6 S-S 

linker to maintain a small distance between the aptamer-histone binding interaction and the 

electrode surface. To better understand the topography of the starting gold surface, AFM studies 

were done to compare the relative roughness of the commercial surface plasmon resonance (SPR) 
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chips and EGFET WEs (Figure 2.1). The SPR gold chips were cleaned using a 30-minute piranha 

solution of 3:1 of H2SO4:H2O2, then DIH2O rinse and dried with N2 gas. WE were cleaned 

according to the protocol introduced in Chapter 1. Then, electrodes were submersed in 1 µM 

aptamer solution overnight, rinsed with DIH2O, and dried under N2.  

 

 

 

The chemical oxidation of the gold electrodes in H2SO4:H2O2 or H2SO4-only is a key 

surface pretreatment activation step to improve the electrochemical signal [113]. This step is 

performed to remove organic contaminants while maintaining the molecular-scale surface area, 

              
 

               
 

Figure 2.1. AFM topography results for a) SPR chip, b) fabricated EGFET WE, c) EGFET WE 

with NPY-aptamer, and d) EGFET WE with histone-aptamer.  

a) b) 

c) d) 
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often referred to as the real or effective area. Other pre-treatments, such as mechanical polishing 

in alumina, can exfoliate the surface which inherently increases the roughness for more available 

gold area for electrochemical reactions [39]. 

The roughness and topology of the gold were measured using a scan size of 1.00 µm2 at 

1.00 Hz scan rate to calculate root-mean-square roughness (RMS). The RMS of the EGFET WE 

was approximately five-fold larger than that of the commercial SPR chip, which was anticipated 

since the latter employs a thinner metal stack and undergoes further smoothening steps. 

Nonetheless, it is sufficiently smooth for EGFET sensing [114]. Additionally, the fabricated 

EGFET WEs were measured after immobilization of the DNA NPY-aptamer and the RNA histone-

aptamer, with inconclusive results. The topography images presented with a hazy appearance, 

which can be due to a number of variables such as unevaporated solvent, strong coupling of the 

aptamer to the AFM tip, or aptamer rearranging and being dragged in the direction of the raster 

pattern. Both aptamers caused a decrease in RMS and in kurtosis, which is a measurement of the 

frequency of outlier points in the distribution (i.e. tailedness) (Table 2.1).  

 

 

Table 2.1. Quantitative comparison across the four electrodes surveyed. 

Substrate SPR Gold EGFET WE EGFET WE EGFET WE 

Aptamer None None NPY Histone 

Max. (nm) 2.603 17.211 14.746 8.771 

Min. (nm) -2.543 -9.705 -10.510 -6.701 

RMS (nm) 0.623 3.030 2.938 2.108 

Kurtosis 0.106 1.07 0.579 0.369 
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The 3D roughness plots do not confirm the presence of oligonucleotide chains, thus the 

usefulness of scanning probe microscopy was limited to the initial analysis of the gold electrode 

substrate to quantify the expected roughness (Figure 2.2). Aforementioned techniques like 

specialized tips or temperature studies could be used in the future to achieve better resolution. 

 

 

 

2.3.2 Contact Angle 

Goniometry is a useful technique to gain insight into the interaction of available surface 

energy of a material with water, or its wettability. Contact angle measurements were done with 

water (surface tension, ɔ = 72 mN/m), with 10 individual 30 ÕL drops added to the surface of clean 

 
 

 
 

 

Figure 2.2. AFM 3D roughness results for a) SPR chip, b) fabricated EGFET WE, c) EGFET 

WE with NPY-aptamer, and d) EGFET WE with histone-aptamer. Scale bars are specific to 

each surface.  

a) b) 

c) d) 
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EGFET WE, measured, then dried with air. The average of n = 10 and error bars are plotted in 

Figure 2.3. The contact angle of planar gold was within the expected range of 60-70° [115]. 

Surfaces with SAMs measured a lower contact angle than that of bare gold, suggesting that the 

thiol-molecules immobilized to the surface even with repeated wash and dry steps [116].  

 

 

 

 

 
 

 

Figure 2.3. a) Contact angle measurements of gold and four different SAMs formed by thiol-

gold self-assembly. b) Mixed SAMs showed different interaction with water compared to 

SAMs with only NPY-aptamer or with c) mixed SAMs with histone-aptamer. All surfaces 

exhibited hydrophilic behavior (<90°).  

a) 

b) c) 
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Focusing on the NPY (N-) or Histone (H-) aptamer surfaces with spacers, the measured 

angle was different depending on if only the aptamer was present, or the aptamer and either MCH 

or PEG. The wettability was different because of differences in net charge rearrangement in the 

co-SAM [117]. This was an initial implication that the spacer molecule impacts the interaction of 

the aptamer with its environment. The basic measurements of goniometry do not gather 

information on what structural arrangements the molecules are arranged in, their packing density, 

or what presenting chemical compounds are interacting most with the solution, rather just 

macroscale surface tension differences.  

 

2.3.3 X-ray Photoelectron Spectroscopy for Chemical Identification 

Connecting how thiol-gold interactions and the behavior of the aptamer (e.g. spatial 

density, conformation) will respond in certain environments was accomplished (to first order) by 

spectrometric analyses. X-ray photoelectron spectroscopy (XPS) was used to analyze the chemical 

state of the surface and SAM compounds by providing quantifiable information based on the bonds 

present in the sample. This method has been used to track conformation changes in aptamers [118], 

different immobilization times of aptamers [119], different aptamer concentration [120], and ratio 

of aptamer to spacer concentrations [121]. In this system, the aptamer should show peaks for 

elements P, C, N, O, S, spacers for C, O, S, and Au in the substrate [122]. This study was intended 

to increase understanding of the co-SAM behavior, calculate surface probe density on the surface, 

and work towards the comparison of spectra for specific binding or NSA. 

Ultimately, optimizing the surface by adjusting the immobilization parameters will 

improve the performance of the EGFET sensor by specific aptamer binding and the prevention or 

reduction of NSA biofouling. The experiments studied modifications to the SAM with the NPY-
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aptamer and PEG. The following parameters were investigated in this study: 1) aqueous storage to 

cause dynamic reorganization of the SAM, 2) pre-blocking the SAM with BSA, and 3) probe 

density on the surface by adjusting the functionalization concentrations of default 1 µM aptamer 

and 1 mM PEG. Table 2.2 summarizes the six samples that were prepared and analyzed via XPS. 

The following peaks were studied for each case: Au 4d, C 1s, N 1s, and O 1s. These were selected 

because they are connected to the chemicals used in the gold electrode, spacers, and aptamers.  

 

 

 

Pre-treatments like pre-blocking with BSA and aqueous storage of electrodes prior to 

analyte testing have been proven to increase selectivity of aptasensors for some systems. BSA can 

passivate disorganized portions of SAMs to reduce NSA [118]. Aqueous storage of the SAM 

before concentration sensing is of interest, as storage in buffer may remove possible defects and 

benefit sensing due to dynamic rearrangement and packing [123], [124]. However, reorganization 

Table 2.2. Design of experiments for SAM characterization with XPS peaks to track. 

Modified NPY-Aptamer and PEG SAMs 

Exp. # Surface 

1 Bare gold 

2 NPY-aptamer + PEG, 0hr storage (1:1,000) 

3 NPY aptamer + PEG, 24hr storage (1:1,000) 

4 Pre-treatment: 30ô 1 mM BSA blocking (1:1,000) 

5 High Ratio (HR) Aptamer:PEG (1:10) 

6 Low Ratio (LR) Aptamer:PEG (1:100,000) 
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may cause too densely packed systems and prevent the proper charge transfer through the electrode 

via weakened aptamer folding.  

 

2.3.4 XPS Results: Modified NPY-Aptamer and PEG co-SAMs 

XPS characterization was made possible through the Analytical Instrumentation Facility 

(AIF) at NC State University [125], [126]. Experiments were run on a SPECS System with 

PHOIBOS 150 Analyzer with fixed analyzer transmission. Survey spectra was collected from 1160 

to 1 eV and calibrated to carbon (C-C, C-H) energy of 285.0 eV. Spectra data were processed using 

CasaXPS software, including peak finding, elemental identification, area quantification, and 

component fitting.  

The results of the XPS studied confirmed some of the key immobilization factors. In the 

survey spectra in Figure 2.4, the Au 4d doublet peaks were prominent, as well as Au 4f and Au 4p. 

For the gold survey (Figure 2.4a), some O 1s and adventitious C 1s peaks were present from the 

atmosphere or other contaminants, even with the system operating at ultra-high vacuum. At this 

scale, the bare gold spectrum had larger Au 4d peaks than the NPY-aptamer (N-apt.) + PEG co-

SAM (Figure 2.4b), suggesting that there was a reduction in available gold on the surface detected 

by the XPS analyzer. The C 1s peaks appeared similar in intensity and O 1s was more easily located 

in the N-Apt+PEG co-SAM spectrum. In both the bare gold spectrum and the N-Apt+PEG co-

SAM spectrum, N 1s peaks were difficult to detect.  
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Figure 2.4. Survey spectra of a) gold EGFET WE and b) NPY+PEG co-SAM with no 

pretreatment or storage. Intensity is given as counts per second (CPS).  

a) 

b) 

Au 4d 

C 1s 

C 1s 

Au 4d 
O 1s 
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N 1s 

N 1s 

Au 4p 

Au 4p 

Au 4f 

Au 4f 
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The survey spectra confirmed what peaks could be studied in high resolution in these 

experiments. Other elements that could have been present based on the composition of the aptamer 

would have been phosphorous in the aptamer sugar-phosphate backbone and the sulfur within the 

thiol linker. P 2s has energy at 188 eV and 2p doublet at 130 eV, and S 2s has energy at 228 eV 

and 2p doublet at 165 eV. No elemental peaks within this energy range were identified and the 

intensity of the spectra between the C 1s and Au 4f appeared to be within the noise. The detection 

of sulfur was difficult because of the relatively lower quantity than other atoms present. 

Additionally, sulfur signals may suggest that the DNA is not arranged by thiol-gold assembly and 

the strands are physiosorbed to the surface [119]. Due to the lack of phosphorus peaks, it was not 

investigated with high-resolution spectra, but could be isolated in future measurements.  

High resolution scans were run for the four elemental signature peaks of interest. The 

energy range was set based on where the peaks were located in the related survey spectrum. All 

data was plotted with intensity measured except for N 1s, which required a SavitzkyïGolay 

quadratic smoothing filter in order to distinguish the signal. Area under the curves was calculated 

by assigning a Shirley-type background to each peak and processing it with the elementôs Relative 

Sensitivity Factors (RSF). A peak fitting Marquardt optimization algorithm was done for the C 1s 

components in the CasaXPS software. 
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Starting with the Au 4d high resolution comparison in Figure 2.5, the appearance of larger 

Au 4d peaks in the bare gold survey spectra were confirmed. Bare gold without any aptamer or 

PEG had the largest area (43202 CPS.eV), which was expected. The area was calculated under 

both the Au 4d3/2 and Au 4d5/2 doublet. The N-Apt+PEG co-SAM treated with 30 minutes of BSA 

had the lowest Au 4d intensity at 18792 CPS.eV, which may suggest that this type of treatment 

had the best net surface coverage and passivated the most gold. This would be logical given that 

the BSA was an additional material to coat the SAM and did not have to diffuse to the electrode 

surface to assembly, but rather adsorb on the SAM. 

 In a similar analysis, the low ratio (LR) aptamer to PEG surface had lower Au 4d peaks 

than the high ratio (HR) surface (27067 CPS.eV vs. 29105 CPS.eV). This may also be a result of 

the uptake of more molecules onto the electrode surface, since the LR treatment was achieved by 

increasing the PEG molarity during immobilization. Furthermore, the ñ0hrò surface, which has a 

   
 

 

Figure 2.5. Comparison of a) Au 4d doublet spectra and b) area under the peaks.  

 

a) b) 

Au 4d3/2 Au 4d5/2 
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1:1000 ratio, had an area value between the two different ratios, suggesting that Au 4d peak 

suppression was partially dependent on the concentration of PEG available during assembly.  

For the aqueous storage treatments, 0hr storage had a higher integrated area than 24hr 

storage (27407 CPS.eV vs. 20391 CPS.eV). Each of these surfaces had equivalent exposure to 

the same concentrations of NPY-aptamer and to PEG, but the 24hr storage was kept in 10 mM 

PBS pH 7.4 for an additional day before loading it into the XPS instrument. This increase in gold 

surface coverage suggested that as the monolayer was allowed to equilibrate further in buffer, the 

dynamic nature of the molecules re-organized and formed a more uniform or dense layer that 

better covered any exposed gold. Similar logic can be applied to the comparison of the intensity 

of the other chemical elements. 

 

  

 

The 24hr storage condition also measured intensity areas for O 1s that were larger than 0hr 

storage (4459 CPS.eV vs. 2448 CPS.eV) (Figure 2.6). The increase of oxygen bonds on the surface 

 
  

Figure 2.6. Comparison of a) O 1s spectra and b) area under the peak.  

a) b) 
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could have come from the heightened presentation of PEG in the co-SAM or from the early 

formation of gold oxide on the surface. While there is oxygen atoms present in the aptamer ss-

DNA strand, the higher concentration of PEG and the linearity of its polymer chain make it more 

likely that PEG was the larger contributor to the oxygen intensity. This reasoning suggests that the 

two other SAM ratios created a co-SAM with slightly more PEG spatially available on the surface. 

When comparing the O 1s of the bare gold surface, the peak area was only 281 CPS.eV and 

dramatically lower than the functionalized surfaces. This low amount of oxygen was either present 

in the environment or gold oxide formation was possible. The oxygen peak measured at 532 eV 

was unimodal for all the surfaces.  

 

 

 

The high-resolution N 1s peaks had the least CPS compared to the spectra of the other 

elements (Figure 2.7). Data processing required attention to make sure the area was being 

integrated consistently, since the values were much lower. The presence of nitrogen in the co-SAM 

  
      

Figure 2.7. Comparison of a) N 1s spectra and b) area under the peak.  

 

a) b) 
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layers should be detected from the bases within the DNA. The only slight difference between the 

surfaces was the performance of aptamer and PEG co-SAM with 0hr storage and 1:1000 

immobilization concentration ratio. With this aptamer to PEG ratio and omission of aqueous 

storage, this combination of parameters appeared to optimize the availability of the aptamers on 

the surface.  

The CPS intensity of this peak may be low for several reasons, such as the multiple 

conformation arrangements of the ss-DNA, and different nitrogen type bonds in the four bases. 

The N 1s peak has been shown to be detected best when most or all of the DNA sequence are 

thymine bases [119]. Elsewhere, the XPS elemental ratio of nitrogen for aptamer systems has been 

reported as less than 0.5% [127]. Nitrogen detection should be optimized for more detailed 

experiment comparisons in future iterations of these studies.  

 

 

 

 
 

 Figure 2.8. Comparison of a) C 1s spectra and b) area under the peak.  

a) b) 
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Analyzing the carbon C 1s peaks was very important. The adventitious carbon energy near 

285 eV was used to calibrate the high-resolution spectra of the other elements by determining the 

offset as a typical standard for XPS. During initial calibration, it became clear that the C 1s peak 

was not unimodal but possessed multiple binding states. After identifying the peaks, calibrating to 

the C-C binding state, and creating a background, it was necessary to split the complex C 1s peak 

into multiple components and fit binding energies for possible states.  

Considering the expected types of carbon bonds between the aptamer sequence and the 

PEG, the binding components were split into two peaks: C-C bonds and C-O bonds. C-C bonds 

also include alkanes (C-H), alkenes (C=C), and carbides. C-O bonds include functional groups 

such as alcohol (C-O-H), ether (C-O-C), ketone (C=O), and carboxyl (O-C=O). Figure 2.9 shows 

the C 1s spectra of four of the different surfaces with two fittings to represent the C-C and C-O 

type binding energies. Table 2.3 has the binding peak location (eV), full width at half-maximum 

intensity (FWHM), and % chemical composition. Figure A.2 in the Appendix has the data for the 

high ratio and low ratio curves, which had data similar in morphology to that of the 0hr storage 

curves in Figure 2.9b. For the spectra, scatter points are the measured experimental data (blue, 

scatter points). The data were first fit with an envelope curve (blue, solid line) and Shirley 

background for the area integration (yellow, dashed line). The calculated residual between the 

experimental data and envelope fit is given by the black solid line, with the normalized line as a 

black, dashed line. This was used to calculate the standard deviation (STD) in Table 2.3. Two 

bimodal peaks for binding energies of C-C bonds (green, solid line) and C-O (red, solid line) were 

created through a Marquardt optimization algorithm. 
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Figure 2.9. C 1s spectra of a) gold EGFET WE, b) N-Apt+PEG co-SAM with no pretreatment 

or storage, c) N-Apt+PEG co-SAM with 24hr PBS storage, and d) N-Apt+PEG co-SAM with 

BSA pre-block. e) Legend of curves presented in the spectra. 

b) a) 

c) d) 

e) 
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The peak locations for the C-O and C-C values were 286.7 ± 0.17 eV and 284.9 ± 0.12 eV, 

respectively. All curves had FWHM values between 1.0 and 2.0, which was expected and used as 

a constraint in the fitting models [126]. These values suggested that the curves exhibited 

statistically significant symmetry and accurately represented the binding states.   

 

Table 2.3. Peak fitting data for bimodal analysis of C 1s spectra on surfaces with NPY-aptamer. 

 C-O C-C Residual 

Sample eV FWHM  % eV FWHM  % STD 

Gold 286.5 1.3 10.2 284.9 1.5 89.8 1.05 

NPY co-SAM, 

0hr 

286.6 1.8 67.7 284.8 1.4 32.3 1.01 

NPY co-SAM, 

24hr 

286.8 1.5 95.1 285.1 1.2 4.9 0.846 

NPY co-SAM, 

BSA 

286.9 1.6 75.0 285.0 1.7 25.0 0.975 

NPY co-SAM, 

HR 

286.9 1.6 75.6 285.0 1.3 24.4 0.886 

NPY co-SAM, 

LR 

286.6 1.7 76.9 284.8 1.3 23.1 0.950 
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The bare gold surface (Figure 2.9a), which had the lowest carbon area, had predominantly 

C-C type binding (89.8%). As previously discussed, PEG is a polyether compound, and the C-O 

contributions are likely from the detection of this molecule near the surface. There should be less 

C-O bonds present without aptamer or PEG on the surface, which was supported by the low area 

of the O 1s spectra for gold as well.  Between the 0hr storage (Figure 2.9b) and the 24hr storage 

(Figure 2.9c) spectra, the C-O bond has a larger contribution to the carbon identification after 

storage in PBS, again supporting the argument that PEG underwent more dynamic rearrangement 

and clouded the aptamer presence. BSA pre-blocking the surface had the largest total carbon area, 

due to the contributions from its polypeptide chain.  

 

2.3.5 XPS Summary 

XPS confirmed the ability of thiol-based spacers to immobilize on the surface and the 

elemental differences in the top monolayer arrangement based on intensity shifts of the Au 4d, O 

1s, and C 1s peak. Cleaned, gold EGFET WE had markedly different peak morphology and 

intensities in all elements when compared to functionalized surfaces with NPY and PEG, notably 

the prominence of the C-C contribution over the C-O in the bimodal C 1s fitting.  

Different immobilization concentrations of PEG were studied while maintaining 1 µM  

aptamer concentration consistent. Only the intensity of Au 4d peaks inversely scaled with PEG 

concentration (HR: 10 µM, 0hr: 1 mM LR: 100 mM), demonstrating that the surface coverage of 

gold was impacted by the immobilization concentration of PEG. C 1s peak intensities were all 

similar. O 1s peak intensities were smallest for the middle ratio at 0hr storage. The slight difference 

in N 1s was largest for the middle ratio. An increase in nitrogen bonding suggests the most 

available aptamer on the surface and the best conformation for analyte uptake, but these tests 
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should be repeated in more expanded work. This will be the optimized aptamer to spacer 

concentration in this work and built upon in later experiments. 

BSA pre-blocking before analyte sensing showed the greatest reduction in the Au 4d peaks 

and the largest C 1s area. While the molecules presence possibly coated exposed gold and 

electrostatically attractive groups of the PEG spacer, the N 1s did not see an improvement. The 

nitrogen bases of the aptamer sequences were not detected any better in the BSA system. While 

the BSA did not optimize the conformation or SAM spatial density, it may be considered as an 

extra passivation step to reduce NSA in complex media in later EGFET testing.  

There are multiple simultaneous processes that may be happening during 24hr storage that 

impact the net chemical quantification. Through the analysis of comparing the peak areas, aqueous 

storage increased the surface coverage of the gold electrode by: 1) PEG rearrangement via increase 

in C-O bonds in C 1s, 2) oxide formation via increase in O 1s, and 3) aptamer time-sensitive 

degradation via decreased N 1s intensity.  This will be studied further in later sections of SPR and 

in EGFET analyte sensing.  

 

 

2.3.6 First -Generation SPR: Immobilization Study of NPY- and Histone-Aptamers 

The last method used to track the monolayer formation in real-time was surface plasmon 

resonance (SPR). SPR is an optical technique where the magnitude of the change in the angle of 

reflected light is directly proportional to the mass of material immobilized and quantized as 

response units for every 0.001° (RUs) [128]. The aptamer and spacer molecules were immobilized 

in-situ in the instrument for a set amount of time to track the angle change as the co-SAM formed. 

The rate of change of the RU was compared to the drift associated with the buffer baseline. The 
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first generation of SPR data was collected at the Molecular Education, Technology and Research 

Innovation Center (METRIC) at NC State on a Biacore 3000.  

SPR gold sensor chips were purchased from Cytiva. The binding titration results were 

measured with a 180 second association injection at 30 µL/min. After an analyte injection, a 600 

second dissociation phase with PBS, regeneration with 50 mM NaOH and 1 M NaCl, and baseline 

stabilization with PBS were done before injecting the next concentration. 

Starting with the NPY aptamer, SPR was attempted with different aptamer incubation times 

on the different flow cells (Fc) on the SPR chip. This experiment aimed to track whether there 

were changes to NPY-binding RU changes with different immobilization times. Fc2, 3, and 4 

received approximately 1, 3, or 9 hours of 1 µM aptamer at 1 µL/min., respectively. The spikes 

between immobilization time periods represent washing and refilling of the microfluidic injection 

needle. All four Fcs received three 60ô injections of MCH to backfill the surface. The slopes of the 

RU curves during injections were clearly modified compared to the Standby mode with 

background PBS running buffer. While the in-situ immobilized material successfully caused a 

change in RU, there were some problems within the procedure.  
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Figure 2.10. First experiment with variable length aptamer injections and calculated drift 

corrections of individual flow cells. a) The injection pattern to immobilize the NPY aptamer 

or MCH. b) The kinetic analyte injection portion of the experiment with labeled NPY 

concentrations. All flow cells experienced the same injections. c) Maximum RUs of the four 

Fcs from 0.01 to 3 µM and d) from the full range up to 40 µM.  
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The injection pattern in the Biacore 3000 flows in series from Fc1, to Fc2, and so forth. 

Fc2 was tested individually first, for 5ô and then for 60ô. When one Fc is being injected, the 

assumption is that the system does not continuously run buffer on the remaining cells. An issue 

detected early on was that adjacent flow cells were impacted by the continuous flow of their 

neighbor. In Figure 2.10, event I , Fc3 and Fc1 have a curve morphology that changes RU more 

than Fc4, which was not adjacent to Fc2 during its injection. Similarly, at other events II and III , 

it is apparent that the Fc farther from whatever ones were being injected was not as impacted. This 

phenomenon is called ñcarry-overò between the flow cells and is partially caused by the integrated 

microfluidic cartridges not being physically separated by valves on both sides, per the Biacore 

3000 manual. In this instrument, long solution contact time may result in diffusion into adjacent 

flow cells. This makes it inaccurate to assume that the actual amount of immobilized materials 

exactly matched what was injected into any certain flow cell. The data in Figure 2.10d shows a 

lack of correlation between the maximum RU of different NPY concentration and aptamer 

immobilization time. Although the MCH-only control flow cell shows reduced RU compared to 

the aptamer ones, there were still appreciable NPY interactions. At low micromolar concentrations 

in Figure 2.10c., there is not a clear relationship.  

The next set of experiments used a standardized injection scheme for the immobilization 

of both aptamer and MCH. Only Fc3 and Fc4 were used, and each injection was the same amount 

of time (5 hours). For 15 hours at 1 µL/min, 1 µM aptamer solution was flowed on one of the flow 

cells, i.e. the active cell. To backfill the active cell and to create a separate control cell, 1 mM MCH 

was flowed over both cells for five hours at 1 µL/min. NPY and BSA dilutions from 10 nM to 3 

µM were made in PBS. The binding titration results were kept consistent and measured with a 180 

second association injection at 30 µL/min. After an analyte injection, a 600 second dissociation 
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phase with PBS, regeneration with 50 mM NaOH and 1 M NaCl, and baseline stabilization with 

PBS were done before injecting the next concentration. 

Figure 2.11 shows the same procedure for NPY-aptamer (a) and histone-aptamer (b) in 

buffer. Fc3, in red in both plots, appeared to have some carry-over, since the curves had drift larger 

than what is caused by just the instrument or running buffer. Because of this, the analyte binding 

to the control surface of MCH was likely larger than typical due to the presence of some carry-

over aptamer. 

Although unwanted, the extra presence of aptamer and corresponding high RU values still 

suggest that aptamer was successfully immobilized onto the SPR chip in the low-flow rate in-situ 

methodology. This investigation shows the possibility of monitoring the SAM during formation in 

an indirect way without applying a bias potential or using other labels. The kinetic binding results 

of these SPR experiments and more are reported in the next Section in discussion on binding theory 

of the aptamer SAMs.  
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Figure 2.11. Standardized transient data with Biacore 3000. a) NPY-aptamer and MCH and b) 

histone-aptamer and MCH.  
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2.3.7 Conclusion: Immobilization Theory 

In order to begin to understand the role of the aptamers for the E-AB sensor, it was pertinent 

to confirm successful functionalization of the surface through physisorption of the thiolated 

material. Scanning probe microscopy evaluated the topography and roughness of the two types of 

gold electrodes used thus far but was not useful for detecting the presence of aptamers. Goniometry 

demonstrated differences in wettability of the surfaces after modification with aptamers, PEG, or 

MCH. The electrochemical moments of the chemicals caused a decrease in contact angle, which 

indicates that water was more attracted to the functionalized surfaces when compared to 

electrochemically cleaned EGFET WE. Additionally, aptamer SAMs or co-SAMs were spacers 

had different angles, suggesting that the net effect of spacers affects the bulk attraction and 

potentially how the aptamersô tertiary structure. 

XPS investigated the chemical identification of EGFET WEs with different SAMs. An in-

depth study was conducted for the NPY-aptamer with some difficulty. The surface analysis failed 

to characterize a depth within the SAM that was conducive to the technique. The largest signals 

generated were from the presence of the PEG passivation layer. Tracking the changes for these 

types of surfaces for elemental analysis, it was found that the gold surface had lower detected 

amounts of oxygen, nitrogen, and carbon on the surface compared to surfaces with aptamer and 

PEG. These differences, along with the C 1s peak morphology, confirmed the functionalization of 

the surfaces with thiolated molecular self-assembly. 

Finally, preliminary SPR in a Biacore 3000 instrument was performed for the NPY-

aptamer, histone-aptamer, and with spacer molecule MCH. It was found that for this instrument 

model, it was impossible to generate different types of flow cell surfaces with certainty. 
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Regardless, aptamer-functionalized surfaces were generated in as few as 9 hours. The 

standardization of 15-hour incubation times had carry-over present for either aptamer type.  

 

2.4 Label-Free Binding Theory via SPR 

In this section, SPR is studied in more depth. This includes calculating the kinetic reaction 

rate binding constants from the first-generation study for NPY, histones, and control molecules. A 

second-generation of SPR data was collected on a Biacore T200: a more sophisticated and capable 

type of GE Healthcareôs SPR instrument suite. Focusing on the histone aptamer and its targets, 

this study includes a systematic comparison of MCH and PEG on mass-sensitive RU binding and 

the necessity of control surfaces to understand how much signal is representative of specific target 

binding. A preliminary analysis of the morphological and response magnitude characteristics of 

the SPR data was completed to determine the separability of histone vs. non-histone inputs.  

 

2.4.1 First -Generation SPR: NPY and CTH Binding to Aptamers with MCH co-SAM 

In addition to in-situ immobilization studies, SPR investigated how well immobilized 

molecules can detect solution-phase analytes at precisely controlled flow rates. Since SPR is a 

mass-sensitive and optical technique, it is not affected by the ionic composition of the running 

buffer [129]. Thus, this approach uncouples the measured binding interaction from any ionic-based 

NSA that could arise from the applied electric field. Although the units between SPR and 

potentiometry differ, we can relate the two towards E-AB biosensor performance [43], [130]. From 

the source publication of the aptamer sequence by Mendonsa et al., the NPY-aptamer should bind 

to NPY with Kd = 0.3Ñ0.2 ɛM [68]. 
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Table 2.4. Maximum RU values for NPY SPR first-generation data. 

 Fc3: NPY Fc4: NPY Fc4: BSA Fc4: BSA 

RU @ [3 µM] 263.1 260.3 129.6 95.9 

KD (µM) 0.55 ± 0.58 0.48 ± 0.46 N/A N/A 

R2 0.414 0.787 0.179 0.554 

 

 

   
 

   

 

Figure 2.12. Sensorgrams of NPY-aptamer and MCH surface exposed to NPY dilutions and 

BSA dilutions. On Fc3, the sensorgrams are shown for a) NPY and b) BSA. Max. RU at the 

end of the association phase are plotted with the five concentrations with logarithmic trendlines 

in c). Similarly, Fc4 was exposed to d) NPY, e) BSA, and max. RU values were plotted in f).  

a) b) c) 

d) e) f) 
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Figure 2.12 shows five injections of both NPY and BSA over the functionalized surface 

with the MCH-based SAM and the curve morphology for the 180 second association injection. 

The curves had the baseline response value before injection subtracted and all the curves were fit 

to time = 0s for the beginning of the injection. The maximum observed response at the end of the 

sample injection was representative of the binding amount. The data in Figure 2.12 are from the 

same experiment with the immobilization plot in Figure 2.11a. Based on the morphological 

similarities between Fc3 and Fc4 sensorgrams to both NPY and BSA, it was confirmed that 

aptamer carried-over into the control flow cell, ruling out the likelihood that an MCH-only surface 

formed in Fc3.  

Peak RU is plotted for NPY and BSA in Figure 2.12c and Figure 2.12f on a semi-

logarithmic scale for concentrations 0.05 µM to 3 µM. NPY showed a stronger response increase 

with increasing concentration injections, whereas BSA showed lower correlation. When the NPY 

curves were fit with a single-site binding model (SigmaPlot), the extracted equilibrium dissociation 

constant, KD value, was 0.36 µM, which is in agreement within the reported KD value obtained 

from SELEX experiments by Mendonsa et al. [68]. BSA was used as the control orthogonal target 

because of its large charge density and because of the abundance of human albumin that exists in 

biofluid [43], [131]. BSA is a globular protein with a molecular weight of approximately 66 kDa. 

Its isoelectric point is lower than that of histones proteins at pH 4.5-5.0, making it have a negative 

charge at the neutral pH buffer used in the SPR and later in the potentiometric experiments. This 

makes it a quality orthogonal target to test due to its relatively large mass and opposite charge 

attraction to any exposed metal on the electrode or to the KU7 RNA aptamer [132]. 

Although there was weak concentration dependent correlation, the measured SPR response 

to BSA injections was not negligible overall and corresponds to considerable non-specific 
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adsorption of BSA. We therefore hypothesize that MCH may also electrostatically attract certain 

targets and limit the aptamers from specifically binding. Even with significant NSA from the 

control protein, the KD value was within the kinetic range of the original work.  

A larger range of concentration as tested on histone-aptamer surfaces with MCH. Fc3 and 

Fc4 were immobilized according to Figure 2.11b. Like the experiment for NPY, the magnitudes 

of RU for Fc3 and Fc4 were similar for both calf thymus histones (CTH) and for BSA (Figure 

2.13c and Figure 2.13f). Both Fc3 and Fc4 had significant binding to CTH with a better fit to the 

logarithmic trendline, based on the R2 values. The BSA RU values for all concentrations were very 

similar to each other and did not achieve RU values as high as what were detected for CTH (Table 

2.5) 

In summary, the first-generation SPR experiments showed the capabilities of both aptamer 

sequences to specifically bind to their targets while implementing MCH as a backfilling spacer 

molecule in the SAM. The next section incorporates some of the binding theory and strategy as 

the histone-aptamer is investigated further with new variables.  
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Table 2.5. Maximum RU values for CTH SPR first-generation data. 

 Fc3: CTH Fc4: CTH Fc3: BSA Fc4: BSA 

RU @ [10 µM] 
1027 

979.5 310.4 
322.4 

KD (µM) 0.55 ± 0.63 0.74 ± 0.74 N/A N/A 

R2 0.7420 0.7519 0.1607 0.4442 

 

 

 

 
 

 
 

 

Figure 2.13. Sensorgrams of histone-aptamer and MCH surface exposed to CTH dilutions and 

BSA dilutions. On Fc3, the sensorgrams are shown for a) CTH and b) BSA. Max. RU at the 

end of the association phase are plotted with the five concentrations with logarithmic trendlines 

in c). Similarly, Fc4 was exposed to d) CTH, e) BSA, and max. RU values were plotted in f).  

a) b) c) 

d) e) f) 
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2.4.2 Second-Generation SPR: Binding to Histone-Aptamer with MCH co-SAM 

To confirm the specificity of the aptamer surface and provide binding kinetics values, SPR 

experiments were performed using CTH and human histones, H3.2 and H4, as the target analytes, 

and BSA as an orthogonal control protein in 10 mM HBS-EP+ running buffer. The second-

generation of histone SPR data was collected for a collaborative research effort towards deep 

learning initiatives of potentiometric E-AB sensors. SPR was used to create a robust data set that 

could be used to train machine learning models on the sensitivity of aptamer platforms. 

This set of experiments were performed at Duke University on a Biacore T200 with the 

help of collaborators and multiple instrument technicians. With the transition to the new research 

facility, the instrument proved to be more useful in collecting data on the control surfaces, in 

addition to testing BSA as a control analyte. The specific response of the aptamer-histone 

interaction was calculated by subtracting the response of the control surface (MCH only) from the 

active surface (RNA and MCH). The RNA aptamer was immobilized in-situ on a blank gold sensor 

chip in a Biacore T200 instrument. 1 µM aptamer solution was flowed on the active channel for 

15 hours at 1 µL/min. 1 mM MCH was flowed on the active channel and control channel for five 

hours at 1 µL/min. Histone dilutions from 1.35 nM to 200 µM were solubilized in HBS-EP+. 

Dilutions of BSA were made with the same procedure. Binding was performed with a 180 second 

association injection and 600 second dissociation phase at 30 µL/min. Regeneration was done with 

a solution containing 50 mM NaOH and 1 M NaCl for 60 seconds at 30 µL/min with a 30 second 

baseline stabilization before injection the following concentration. 

MCH-backfilled sensors were tested first following the in-situ immobilization protocol. 

Figure 2.14 shows transient sensorgrams for an active flow cell (Figure 2.14a: ñKU7 + MCHò) 

and a control flow cell (Figure 2.14b: ñMCH Onlyò). With an MCH co-SAM, the surface with 
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KU7 present had higher RU values than the control surface of MCH-only, suggesting some 

specific binding of the anti-histone aptamer to CTH. CTH is a mix of the five major histone 

proteins with a molecular weight of approximately 15 kDa. Because of its heterogeneity, its 

structure may not be in an ideal quaternary conformation when it approaches the aptamer 

functionalized surface. 

 

 

 

 

  
 

 
 

 

Figure 2.14. CTH sensorgrams for a) the active co-SAM backfilled with MCH, b) the control 

surface of MCH only. c) Column chart showing the differential response between the 

aforementioned active and control surfaces. 
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Next, human histone H4 was tested for the first round of SPR experiments. H4 shows more 

binding to the KU7+MCH surface, but there was clear significant NSA of H4 to the MCH-only 

surface (Figure 2.15b). At 200 nM H4, the calculated aptamer-only response ï calculated as the 

differential between the two flow cells ï is less than 20% response of the total measured active 

flow cellôs response (Figure 2.15c). This suggests that a major portion of the active surfaceôs 

binding result cannot be specifically attributed to that of the histone-specific aptamer, thus making 

MCH a poor choice for the spacer molecule in the aptasensor system. The differential charts for 

H4 and for CTH were in a similar range of RU values; however, the active KU7+MCH channel 

demonstrated a much larger response than the active channel for CTH.  
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Figure 2.15. H4 binding sensorgrams for a) the active co-SAM backfilled with MCH, b) the 

control surface of MCH only. c) Column chart showing the differential response between the 

aforementioned active and control surfaces. 
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In addition to performing titration binding experiments with H4, BSA was also tested on 

MCH co-SAMs and on MCH-only control flow cells. In Figure 2.16., the binding response of the 

control MCH-only surface had higher RU values than the active surface with both KU7+MCH. 

For both channels, the curve morphology had weak association phases and very low RU values. 

The difference between the peak RU values for corresponding BSA concentrations was less than 

five. Values were too low to use any fitting models to the obtained binding curves. 

 

2.4.3 Identifying Baseline Wander and Separability 

A preliminary analysis of the morphological and response magnitude characteristics of the 

SPR data was completed to determine the separability of histone vs. non-histone inputs (i.e. BSA) 

which demonstrated distinct responses between the control and active sensor chips, thus 

illustrating the effectiveness of different ligand immobilization schemes. This data and paper were 

presented at the A Solid-State Sensors, Actuators and Microsystems Workshop, sponsored by the 

Transducer Research Foundation [133]. It was determined that there was baseline wander on the 

SPR results. As shown in Figure 2.17a, the wander was uniform across the active and control cells, 

indicating incomplete regeneration of the ligan binding sites on the flow cells. Future efforts will 

 
 

Figure 2.16. BSA sensorgrams for a) the active co-SAM backfilled with MCH, b) the control 

surface of MCH only.  
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be made to optimize the regeneration conditions. As demonstrated in all the sensorgram plots, in 

this study the baseline wander was subtracted from the data and zeroed the beginning of each cycle 

to view only the differences in response magnitude. 

There were two sets of tests performed to determine the separability of the histones. For 

both tests, measurements were aggregated from all the concentrations 3.13 nM to 400 nM sampled 

on the active and control channels. For the first set of tests, we used the maximum amplitude of 

the waveform at the end of the association phase of the SPR experiment. For the second set of 

tests, we used the value of the gradients of the SPR outputs at the beginning of the association 

phase. We hypothesized that the control surface would have different absorption characteristics, 

and the analytes would adhere at different rates even if they had similar response magnitudes.  
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Figure 2.17. a) Graphs displaying baseline wander from cycle to cycle. The baseline was 

determined by the mean of the samples before the association phase begins on any given cycle. 

b) Histograms of the gradient magnitudes at the beginning of the association phase. These 

demonstrated the distributions of the maximum gradient magnitude of the different channels. 
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While the responseôs amplitude alone does not delineate the difference between control 

and test surface response to the analytes, the maximum magnitude of the gradients of the SPR 

outputs allow us to differentiate the active channels from the control channels with p <0.05 (Figure 

2.17b). However, there was insufficient data at the time to use the same model to differentiate 

between analytes on the same cell to the same degree of certainty with the same test. This study is 

part of an ongoing mission to apply machine learning to biosensing, which will be discussed in 

more detail in Chapter 6.  

 

2.4.4 Second-Generation SPR: H4 Binding to Histone-aptamer with PEG co-SAM 

The presence of non-specific adsorption (NSA) motivated an investigation of spacer 

molecules. For best comparison, in-situ functionalization was performed to inspect the behavior 

of PEG as a spacer molecule (Figure 2.18a). While the measured response of the active 

ñKU7+PEGò surface was similar in maximum response to that of the ñKU7+MCHò surface, the 

differential (i.e., active - control) response was much larger when PEG was used (Figure 2.18d). 

For example, the differential response for the MCH-based surfaces was 323.9 RU when exposed 

to an H4 concentration of 200 nM. The differential response in the PEG-based surfaces when 

exposed to 223 nM of H4, by comparison, was 913 RU, or almost three times larger. This was 

because the PEG-only surface possessed significantly smaller non-specific interactions with H4. 

At 223 nM, the PEG-only surface had a RU of 689, which was much less than 200 nM H4 on the 

MCH-only surface with 2126 RU. While both control surfaces demonstrated some NSA of 

histones to non-specific electrostatically charged elements on the surface, the response was lower 

when using the PEG-only control surface. This motivates the use of PEG as a spacer molecule to 

reduce unwanted interactions based on charge [134].  
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Further SPR experiments were conducted to investigate major variables that may influence 

immobilization and sensor performance when PEG was used as a spacer. For example, prior 

reports of aptasensors have demonstrated that a 24-hour stabilization period improves binding 

performance [124]. Thus, SPR chips that were prepared via in-situ immobilization were stored in 

HBS-EP+ prior to testing. The response of both the KU7+PEG and PEG-only channels are shown 

in Figure 2.18b, and it can be seen that the differential response was significantly smaller, 

indicating no overall benefit when a stabilization step was introduced (Figure 2.18d).  

A comparison of in-situ vs. ex-situ immobilization was also executed, since the latter is 

more representative of the protocol used to prepare the WE in EGFET experiments. Between these 

two experiments, the peak RU value at 10 µg/mL (890 nM) was over twice as high for the in-situ 

prepared surfaces (2417.6 RU) than the ex-situ surfaces (765.4 RU). Calculating the signal that 

can be attributed from the H4 proteins interaction with the aptamer was done by dividing the 

differential by the measured KU7+PEG response as a percentage. The in-situ surfaces had 46.7% 

of the response from the aptamer and ex-situ was 65.8% at this concentration.  
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Figure 2.18. Column charts comparing the H4 concentration-dependent peak SPR responses of 

the active surface consisting of an aptamer+PEG co-SAM versus the control, PEG-only 

surface. The chips were prepared a) in-situ immobilization followed by immediate testing, b) 

in-situ immobilization followed by 24-hr storage prior to testing and c) ex-situ immobilization 

followed by immediate testing. d) The differential peak SPR response of the aforementioned 

surfaces. RU values are shown above columns for in-situ, 0hr storage and ex-situ 0hr storage 

for ease of comparison.  
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Designing a sensor to operate in whole blood in the future while mitigating NSA and 

charge-screening effects requires strategic arrangement of aptamers on the surface to ensure they 

achieve a sufficient conformation change during binding. Differences in chemistry and 

electrostatic attraction of either MCH or PEG spacer molecules affect the steric hinderance of the 

aptamer and other intermolecular interactions, and thus impacts the measured sensor response of 

co-SAMs [135]. MCH is a small alkanethiol with a polar hydroxyl head group and a molecular 

weight of 134.237 Da. PEG has ether functional groups through the 2 kDa chain and a terminal 

methyl group most exposed to the histones in solution. The adoption of PEG in antifouling surfaces 

has been reported to prevent unwanted protein uptake due to its larger molecular weight creating 

a hydration layer [136], [137].  

As mentioned, Urak et al.ôs SPR measurements with this aptamer sequence focused on the 

reverse system by using immobilized histones to detect aptamers in solution in order to corroborate 

the results of the SELEX process [91]. In that case, aptamers exist with a quaternary folding 

structure while suspended in the solution. This structure is not possible in the desired EGFET 

sensor configuration due to one end being anchored to the gold with the thiol moiety. Nonetheless, 

our SPR experiments confirm that anchored aptamers still successfully bind to H4 proteins.  
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2.4.5 Second-Generation SPR: BSA and CTH Binding to Histone-Aptamer with PEG co-

SAM 

For PEG co-SAMs, all the conditions tested for H4 binding were also tested in BSA and 

CTH experiments. The PEG co-SAMs used a titration series from 0.078 µg/mL to 10 µg/mL. 

Similar BSA results were obtained for PEG-based in-situ prepared surfaces to that of in-situ MCH 

(Figure2.19a). Peak RU values were never higher than 25 RUs for either an active or control 

surface. There was significantly lower binding to BSA than to H4, thus proving the selectivity of 

the functionalized electrodes.  

In the SPR chips prepared with the ex-situ protocol and 0hr storage, the RU values were 

very similar for the KU7+PEG chip and the PEG chip for BSA (Figure 2.19c). Some surfaces had 

some negative RU values at low concentrations. This may be due to pressure differences when 

injecting the BSA titration compared to the preceding buffer injection. Notably in the ex-situ data, 

the second ñ0 nMò injection was higher than the first ñ0 nMò from which the series is normalized 

to, and similarly the two different 0.625 nM injections yielded different RUs on both surfaces. 

Like with the H4 experiments, regeneration with weak acid was used in between BSA injections 

with a stabilization period in buffer, which minimizes any analyte accumulation or carry-over into 

later concentration measurements.  Overall, it can be assumed that very little binding to BSA 

happened with either active or control surface, either MCH or PEG, and with any specific surface 

preparation steps.  
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Figure 2.19. Column charts depicting the peak RU value for BSA for the multiple experiment 

conditions. a) in-situ and 0hr storage SPR chips for the active co-SAM backfilled with PEG the 

control surface of PEG only. b) in-situ and 24hr storage SPR chips for the active co-SAM 

backfilled with PEG the control surface of PEG only. BSA for ex-situ and 0hr storage SPR 

chips for c) the active co-SAM backfilled with PEG, d) the control surface of PEG only.  
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Figure 2.20. Column charts depicting the peak RU value for a) in-situ and 0hr storage, b) in-

situ and 24hr storage for SPR chips for the active co-SAM backfilled with PEG the control 

surface of PEG only. For ex-situ experiments, c) shows binding data for the active surface of 

KU7+PEG and d) shows the control surface of PEG-only. 
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The range of the RU values for the CTH binding responses were slightly lower than that 

of H4 and markedly higher than that reported for BSA (Figure 2.20). Trending similarly with the 

H4 response, in-situ preparation with 0hr storage had larger binding responses than 24hr storage. 

Consistently, for both active and control surfaces, the ratio of the binding response of the active 

KU7+PEG surface compared to the PEG-only surface was close to that seen for the H4 binding. 

Ex-situ had lower peak RU values than that of the in-situ 0hr storage, but the PEG-only surface 

had less NSA to the CTH when considered as a signal ratio. At 223 nM (10 µg/mL), ex-situ results 

showed an aptamer contribution of 60.5% compared to in-situ at 48.9%.  

Repeated concentrations of 0 nM and 0.625 nM after the titration series show that the weak 

acid regeneration solution used did not impact the surface, as similar RU values are recorded after 

multiple injection cycles. Additionally, due to their similarity in value, there is limited carry-over 

cycle-to-cycle and the aptamer is able to successfully bind to the target analyte for multiple 

injections without degradation of the monolayer.  

 

2.4.6 Second-Generation SPR: Table of K inetic Binding Constants for H4 and CTH 

Tables with the kinetic binding constants for H4 and CTH were populated. SPR showed 

that both PEG and MCH exhibit some non-specific interaction with H4, but the differential signal 

(i.e., the difference between peak RU values in the active and control flow cells) was largest when 

PEG was used. The kinetic association (ka) and dissociation (kd) constants, as well as the 

equilibrium dissociation constant (KD) are reported in Table 2.6 for the binding for H4  and Table 

2.7 for CTH [138]. The original SPR experiments by Urak et al. reported an estimated dissociative 

binding constant of KD = 4.01 nM. Here, for the in-situ, 0hr storage KU7+PEG co-SAM, a 1:1 

binding method resulted in KD = 7.68 nM, which was near the SELEX results of the source 
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publication [91]. The 0hr storage method also proved beneficial when compared to case where 

24hr storage is used (KD = 9.49 nM). The experiment using MCH showed the highest KD of 56.23 

nM, thus further emphasizing its incompatibility within the anti-histone aptamer co-SAM. When 

comparing the response to H4 obtained with in-situ immobilization to the case where ex-situ 

immobilization was used, it was found that ex-situ immobilization with 0hr storage had the lowest 

calculated KD value of 0.178 nM.  

 

Table 2.6. Comparison of binding kinetic values for various H4 SPR experiments. 

Analyte Ligand Experiment 104 × ka (M -1s-1) 10-4 × kd (s-1) KD (nM) Source 

KU7 H4 

In-situ, amine 

coupling 

56.2 22.5 4.01 [91] 

H4 

KU7 + 

MCH 

In-situ, 0hr 

storage 

0.303 1.70 56.23 This work 

H4 

KU7 + 

PEG 

In-situ, 0hr 

storage 

2.2 1.69 7.68 This work 

H4 

KU7 + 

PEG 

In-situ, 24hr 

storage 

2.56 2.43 9.49 This work 

H4 

KU7 + 

PEG 

Ex-situ, 0hr 

storage 

5.62 0.10 0.178 This work 

 

 

For all CTH SPR data, the calculated 1:1 binding models had poor fit to the measured 

binding curves, due to the CTH analyte being a mixture of five different histone proteins. For 
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accurate binding kinetics to be calculated, homogeneous solutions of analytes are necessary. The 

reported KD values are approximate and represent the complex combinations of competitive 

interactions of the protein mix with the KU7 surfaces. With the MCH co-SAMs, there was a strong 

correlation between increasing concentration and RU values within the tested concentration range 

of 1.35 to 173.2 nM. This was the inverse of the relationship reported for H4, and the MCH KD 

value of 0.408 was the lowest measured of all the CTH SPR experiments. MCH contributions to 

possible non-specific adsorption of CTH to the SAM is possible, as demonstrated in other work 

[133]. Within the PEG co-SAM experiments, the ex-situ with 0hr storage had the lowest KD value, 

which is the same conclusion for the H4 analyte. CTH measured an apparent KD = 1.50 nM. 

 

Table 2.7. Comparison of binding kinetic values for various CTH SPR experiments. 

Analyte Ligand Experiment 104 × ka (M -1s-1) 10-4 × kd (s-1) KD (nM) Source 

KU7 CTH 

In-situ, amine 

coupling 

16.2 9.15 5.6 [91] 

CTH 

KU7 + 

MCH 

In-situ, 0hr 

storage 

259 10.6 0.408 This work 

CTH 

KU7 + 

PEG 

In-situ, 0hr 

storage 

9.73 3.91 4.01 This work 

CTH 

KU7 + 

PEG 

In-situ, 24hr 

storage 

6.32 3.46 5.47 This work 

CTH 

KU7 + 

PEG 

Ex-situ, 0hr 

storage 

6.51 0.976 1.50 This work 
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2.4.7 Conclusion: Binding Theory 

Overall, the complete survey of SPR experiments conducted in this work enabled binding 

constants below the maximum pathophysiological range of H4 histones (200 pM), with the ideal 

spacer being PEG for overall better binding constants. This confirmed that the preparation of the 

WE functionalization when done outside of the SPR instrument was best for the sensorôs 

operational concentration range, thus enabling bench-top EGFET measurements. Both in-situ and 

ex-situ protocols had some signal contribution from the PEG and confirmed that baseline 

stabilization and calibration are necessary for accurate EGFET measurements. 

 

2.5 NPY Binding Theory with Redox Reporters 

A major translation challenge of wearable biosensors is creating a reproducible signal with 

low noise. In potentiometry, a typical three-electrode cell matches the measured and desired cell 

voltages by driving current into the cell. Many electrochemical transduction methods are difficult 

to adapt for continuous measurements and wearable sensors since they directly investigate the 

ñwetò electrode setup. These shortcomings include the detection of small biomolecules and ions, 

since it can be an extremely weak and noise-susceptible signal. Measurements at low-frequency 

or current are difficult to reproduce at good quality. 

A common way to amplify the signal of E-AB sensors is to include a redox reporter. Redox 

reporters modify the rate of electron transfer to the gold electrode. This rate is affected by the 

structural changes of the aptamer when it undergoes binding [139]. There are two types of redox 

reporters investigated in this chapter: 1) a methylene-blue (MB) label attached to the terminal end 

of the aptamer and 2) chemicals that create a reference signal present in the background electrolyte. 



    

77 

 

Using redox reporters may also have inherent issues, like disruption to the organization of 

the aptamer monolayer and a limited electrochemical window [140]. Delay-free data-acquisition 

with potentiostats may be limited by the voltage program or the electrochemical analyzer used, so 

a wide potential window is also ideal. Adding a label to the aptamer may be feasible when creating 

functional bio-interfaces, but adding an additional chemical to the biofluid would be a 

disadvantageous step for the user by increasing measurement time and complexity.  

This section has different types of electrochemical transduction to validate the magnitude 

and direction of the signal generated by the changes in structure for an NPY-bound aptamer. With 

a MB-terminus NPY-aptamer, SPR was just to determine the sensitivity of the modified aptamer. 

Square-wave voltammetry (SWV) was used to determine the expected trend in charge-dependent 

signal changes. Lastly, as part of an accompanying report on a different electrode type, 

electrochemical impedance spectroscopy (EIS) with potassium ferrocyanide was used for NPY 

detection. All of this work in combination further validates the ability of the tethered anti-NPY 

aptamer to sense NPY in solution, as necessary preliminary work before testing the ability of the 

EGFET E-AB sensor.  

 

2.5.1 Third -Generation SPR: NPY Binding to MB-Modified Aptamer  

Methylthioninium chloride, or methylene blue (MB), is a standard salt and colorant used 

as a redox indicator for a variety of purposes. When combined with aptamers, they will appear 

blue when the aptamers are in their oxidized state in the disulfide form. After chemical reduction, 

the solution will be colorless [141]. SPR was the first technique to use redox reporters in this study. 

Since SPR is optically sensitive, this experiment was done to determine the ability of NPY to bind 

to the aptamers with the MB-probe attached to the 3ô-end that is furthest into the bulk electrolyte.  
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NPY concentrations were tested in a range from 0.01 ɛM to 5.00 ɛM on surfaces with the 

NPY aptamer and PEG. Dilutions were made in the selection buffer from the source SELEX 

publication [68]. The selection buffer was 20 mM HEPES and 10 mM NaCl at pH 7.3 pH adjusted 

with NaOH, filtered through a 0.2 ɛM membrane filter. In the Bionavis instrument used for this 

generation of SPR data, single concentrations were tested per channel, with two channels per SPR 

chip. NPY dilutions were tested with the highest and lowest concentrations on the first SPR chip, 

and then the second chip had the second highest and second lowest, and so on. No regeneration 

was used.  

The data from the MB-aptamer experiment was plotted against data from a previous section 

without the MB-modification in Figure 2.21. The 1:1 fitting model calculated a kinetic binding 

value of KD = 177 nM. This value is within the range of the original SELEX experiment and lower 

than what was measured without the MB or MCH co-SAM (KD = 550 nM). These experiments 

cannot be directly compared across all variables, but it is assumed that the MB redox probe did 

not prevent the uptake of NPY by the immobilized aptamer.  
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2.5.2 Square-Wave Voltammetry for  Structure Switching Analysis of NPY-Aptamer 

Voltametric interrogation of E-AB is a powerful category of analytical techniques that can 

be used to analyze the dynamic charge arrangements of aptamers. Of interest SWV has been used 

to track conformational changes in aptamers by a redox mediator. The frequency and timescale-

dependence of SWV makes it suitable for fast analysis of electrochemical monitoring. These 

frequencies also reduces the likelihood of background noise from non-faradaic current processes 

[142].  

The actionable results from SWV include the signal change magnitude as well as the signal 

polarity. In surface-confined reactions, this type of structure switching can be examined by how 

the MB-probe either increases or suppresses the electron transfer rates. These SWV experiments 

were performed for two main reasons. First, the direction of the differential changes in ŭ current 

(A) gives insight how the conformational change in the aptamer should impact the electron transfer 

as ñsignal-onò or ñsignal-offò behavior [143]. Second, this was an additional electrochemical 

 
 

Figure 2.21. Plot of RU for a) MB-aptamer binding to NPY and b) data from Figure 2.12 

showing Fc3 binding to NPY fit with a logarithmic trendline (R2 = 0.6158).  
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technique to corroborate the investigation of MCH vs. PEG as appropriate spacers. This system 

uses the same DNA aptamer sequence with a methylene blue modification on the -3ô end as SPR. 

Further studies on SWV for NPY detecting including sensor stability, frequency optimization, and 

SWV capabilities in wearable hardware systems at NC State University can be found in the 

masterôs thesis of a collaborator, Grace Maddocks, in the following reference [144].  

SWV experiment was performed from 0 nM to 200 nM NPY in HEPES buffer from -0.4 

V to 0.1 V at 50 Hz frequency, and multiple pulse sizes. The data shown here were plotted at 0.15 

mV step size. This was done on a Metrohm Potentiostat with Metrohm-compatible screen-printed 

gold electrodes. The differential change in ŭ current of the concentration series against 0 nM 

HEPES buffer was compared for the two electrodes: one with PEG and one with MCH as a spacer. 

Both electrodes had changes in peak differential current due to the binding of NPY. This 

change manifested as a signal suppression and reduced the current. This suggests that the NPY 

causes a change in the aptamer folding that extends the 3ô end with the MB redox reporter further 

from the electrodeôs surface. This ñsignal-offò behavior was seen with both the MCH and the PEG 

co-SAM.  

The peak ŭ current was plotted two ways. First, as a differential change in current from the 

baseline, 0 nM NPY (Figure 2.22c). The scales of the I-V plots of Figure 2.22a and Figure 2.22b 

are different and were easily distinguished in the differential plot of Figure 2.22c. The PEG co-

SAM had a larger æŭ current in ÕA than the MCH co-SAM, as well as a larger sensitivity of -0.11 

µA/decade concentration change compared to -0.021 µA/dec with MCH. However, when plotted 

as % signal gain, the sensitivities of the two electrodes are comparable (-0.058 ± 0.007 µA/dec), 

with the PEG co-SAM still exhibiting larger differential ŭ current (Figure 2.22d). 
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The aptamer was still able to undergo conformational changes when increasing NPY 

concentrations are introduced with a MB-probe. SWV showed that the MB redox probe was denied 

access to the electrodeôs surface through forces generated during NPY binding. The aptamer:NPY 

binding complex forced new steric hindrances that resist the transfer of the MB and other insulating 

effects at the electrode interface of the SAM [145]. This ñsignal-offò behavior will give insight 

into the expected potentiometric response of EGFET NPY sensing.  

 

 

 

 

 
 

   
 

Figure 2.22. Differential ŭ current (a) vs. NPY concentration (nM) SWV results for a) MCH 

c-SAM and b) PEG co-SAM with MB-modified NPY-aptamer. The peak current ŭ was 

compared as æŭ current in ÕA and as signal change (%) (R2
MCH = 0.96) (R2

PEG = 0.91). 

a) b) 

c) d) 



    

82 

 

2.5.3 Electrochemical Impedance Spectroscopy for NPY Detection with Ferrocyanide 

This section details work that was published in a 2021 conference proceeding of IEEE 

Sensors with collaborators Grace Maddocks and Kaila Peterson [76]. The work here investigated 

flexible polyimide electrodes for aptamer-based sensing of NPY using EIS. The EIS experiments 

were started with a background redox agent, in potassium ferrocyanide, K3[Fe(CN)6] 

/K4[Fe(CN)6], in a KCl electrolyte. The microneedles electrodes were designed to be used for 

minimally invasive longitudinal patient monitoring in wearable deployment. This technology is 

related to commercial examples with microneedle technology such as continuous glucose 

monitors. Microneedles measured approximately 25 mm in length and slightly larger or slightly 

smaller than 1 mm in electrode tip width. Large electrodes were used for CV and small electrodes 

were used with EIS. 

Microneedles were fabricated at the CHANL cleanroom at UNC with the major process 

steps listed here. A carrier layer of polydimethylsiloxane (PDMS) was deposited onto a clean soda 

lime glass 100 mm wafer. A 50 µm thick layer of polyimide film was then placed onto the PDMS 

layer. Cr adhesion and Au layers were deposited by DC Sputtering for a 20 nanometer and 300 

nanometer thick layer, respectively. Traces, pads, and electrodes were patterned by 

photolithography. After being cleaned, a 4 µm layer of parylene was coated onto the wafer by 

thermal deposition. The parylene was patterned and etched by DRIE to expose the desired contact 

pads and electrodes. Ag/AgCl paste was cured on the RE pad. 

Initial characterization of electrodes was completed via cyclic voltammetry (CV) 

conducted before and after formation of an aptamer and PEG co-SAM on the gold electrodes 

(Figure 2.23c). The peak shape of the voltammogram for the bare gold electrode represented the 

expected response of the reversible redox couple, [Fe(CN)6]4-/3-. Ferrocyanide/ferricyanide 



    

83 

 

complexes are a standard electrochemical method to analyze differences in electron transfer of 

surfaces with oligonucleotides through techniques such as CV or electrochemical impedance 

spectroscopy [146], [136]. For the functionalized electrodes, the cyclic voltammogram showed a 

reduced current and broadening of the redox peaks, indicative of a surface-limiting effect on the 

charge transfer between the redox agent in the electrolyte and electrode [147]. These results 

pointed to the successful functionalization of the histone-binding aptamer and PEG, supporting the 

interpretation that surface functionalization impacts the electrochemical reaction rate. The red 

curve shows results in PBS, which had significantly reduced magnitudes in the absence of a redox 

couple.  

As expected, higher scan rates resulted in higher measured current magnitudes. Initial CV 

results were bolstered by the linear relationships determined between peak redox currents and 

square root of scan rate, which indicate both reversibility of redox reactions and a clear dependence 

of electrochemical reaction rates on surface characteristics. The last significant result was the 

determination of anodic and cathodic peak voltages, which are used to inform ideal EIS testing 

parameters for later experiments. In particular, the DC offset voltage value was set equal to the 

value of the CV oxidation peak, seen here as +0.1 V for electrodes in PBS and +0.26 V in redox 

solution, effectively shifting the electrochemical test cell from its open circuit potential to an active 

oxidation region to ensure charge transfer and thus depictive and concentration-dependent EIS 

results.  

After initial CV results indicated successful monolayer formation and analyte binding, EIS 

was utilized to transduce concentration dependent sensor results. Initial concentrations ranged 

from 12 to 200nM and different frequencies were analyzed to show concentration dependence 

across a wide range. The difference in EIS response between an aptamer-functionalized surface 
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and a PEG-only control surface across the 12 to 200nM range is shown in Figure 2.23d. The EIS 

parameter consisting of the imaginary impedance scaled by frequency, has been previously 

established in literature to correlate to capacitance at the sensor surface, varying directly with target 

concentration [78]. When EIS was conducted in potassium ferrocyanide, the electrode surface with 

aptamer indicated a clear concentration dependence while the reference sensor,  prepared only with 

the PEG blocking agent, measured a comparably minimal response, suggesting low amounts of 

NSA.  

To explore the viability of our aptasensor in more biologically relevant environments, 

further EIS was conducted in PBS, which did not contain the redox couple seen in previous test 

setups, across a range featuring lower analyte concentrations. Normalized results showed a 

significant response between 400pM and 12nM, with possible sensor saturation at higher 

concentrations. This was promising for label-free detection in the transition from buffer to more 

complex media. 

 



    

85 

 

 

 

 

 

 

 
 

 
 

         
 

 

Figure 2.23. a) Image of large microneedle fabricated on polyimide substrate and demonstration 

of flexibility. b) Large and small microneedles with scale and labeled contacts for WE, RE, and 

CE. c) CV curves at different scan rates for different electrode surfaces and in different 

electrolyte solutions. d) EIS curves of impedance parameter versus NPY concentration at 

different frequences for active and control SAMs. e) Normalized EIS curves in PBS at lower 

concentration range.  
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2.5.4 Conclusion: NPY Binding Theory with Redox Mediators 

Secondary techniques to potentiometry such as these that use a redox agent help provide 

insight into the aptamer folding and how spacers contribute important stabilization between 

neighboring chains to allow charge transfer to the sensor. PEG co-SAMs were investigated in all 

three techniques, where SWV also considered MCH as a blocking agent. SPR and SWV were both 

capable of NPY detection with a MB-probe modified on the 3ô end of the aptamer. The aptamer 

was structurally able to withstand and disruption to the co-SAM arrangement brought on by the 

additional probe. SWV further investigated the mechanism of the aptamer binding and gave insight 

to the net charge interaction. The MB probe was repelled further from the surface when the 

electrode experienced binding to NPY. This suggests that this aptamer demonstrates signal-off 

behavior and that this technique has signal suppression with increased NPY concentrations. MCH 

and PEG co-SAMs both exhibited aptamer sensor sensitivity to NPY, with PEG having the larger 

differential ŭ current.  

With the microneedle form factor, impedance characteristics of the functionalized BRE 

molecules were leveraged for NPY detection with EIS. A more significant differential response 

was captured at concentrations below 12 nM. Further exploration of sensor response in lower 

concentration ranges will be relevant as progress is made towards subcutaneous usage in biofluids. 
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2.6 Surface Density of Binding Sites 

The final results section of this chapter involves work on calculating the surface density of 

sites of the aptamer by further redox-ameliorated experiments. With the lack of detail spatial 

provided from the AFM measurements, the hydrodynamic radius of the aptamers and theoretical 

space between aptamer chain lengths needs to be studied through an electrochemical type of 

technique. The limitations of scanning probe microscopy can be overcome through an 

electrochemical analysis technique called chronocoulometry (CC). Probing the electrochemical 

characteristics of the aptamer SAM was done through CC. This was accomplished through the 

comparison of  aptamer sequences with a new redox mediator, hexaammineruthenium(iii) RuHex 

3+, with different spacers and at different immobilization times. Estimating the number of aptamers 

in a specific area is one parameter that can be fed into the development of potentiometric 

experiments. 

A new strategy to overcome NSA and Debye length screening is considered in this study, 

and that is to vary the molecular weight (MW) and chain size of the PEG spacer molecule. PEG 

ranging from 500 Da to 10 kDa have been show to enhance EGFET sensing signals by 

electrostatically modulating the electric double layer (EDL) [131]. The same trade-offs discussed 

previously may be amplified, that larger MW PEG may crowd aptamer conformational switching 

by lower MW PEG may increase the risk of NSA [117]. The goal of this study is to compare the 

surface density of the material by how well they limit the redox reactions of RuHex. 
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2.6.1 Chronocoulometry for Selection of Optimal Spacer for Histone Detection: 

Methodology 

CC has been used in literature for a variety of oligonucleotide analysis, especially with the 

use of RuHex. The variety of literature opened a wide range of possibilities about what type of 

information could be gained with this study. Different immobilization times [119], [148], 

immobilization concentrations [149], and optimization of probe packing with thiolated molecules  

[150], [151] have all been studied for nucleic acid quantification on gold. Different potential steps 

have an effect on the diffusion-controlled electrochemical reactions between the interface of the 

electrode and the electroactive species (i.e. RuHex). At the rapid timescales of the CC experiments, 

the reduction of the species will partially exist in a mass-transfer limited regime that can give 

insight to the different sources of charge capacitance in the cell. 

With the histone aptamer system, it was anticipated that NSA would be more of a challenge 

for this system than for the NPY aptamer due to the dense positive charges of histones, coupled 

with the weakened robustness of the structural sequence of the RNA aptamer. To best prepare for 

EGFET platform measurements, the CC study for surface density was designed to compare a 

variety of surface preparations that may perform best in complex media (Table 2.8).  
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Methodology was selected from literature based on known redox mediators and their use 

for tracking changes in aptamer SAMs. CC was performed in 10 mM Tris buffer 

(tris(hydroxymethyl)aminomethane) at pH 7.0 with and without 0.5 mM RuHex. A 500ms pulse 

was used for a 0.5 V pulse width (100 mV to -400 mV). These values were determined on the 

electrochemical potential window of RuHex, which is reduced (i.e. oxidation of gold) at +100 mV 

and oxidized (i.e. reduction of gold) at -400 mV vs. Ag/AgCl [148]. Linear fitting in Gamry 

EChem Analyst was done for the Anson plots for data within the time response (tau or t) of t1/2 = 

0.4 to 0.7 (s1/2). Tris buffer was allowed to equilibrate for five minutes before testing. All tests 

were done in the Micrux microfluidic platform with EGFET WE, Ag/AgCl RE, and a platinum 

wire counter electrode. 

In these experiments, capacitance data were calculated using the Cottrell current equations 

as well as for subsequent manipulations for base pair and RuHex interactions [152]. The Cottrell 

Table 2.8. First design of experiments for surface density of histone-SAMs and individual 

spacers. 

Histone-Aptamer SAMs Spacers 

Exp. # Surface Exp. # Surface 

1  Histone-aptamer   

2 Histone-aptamer + PEG (2 kDa) 6 PEG (2 kDa) 

3 Histone-aptamer + MCH 7 MCH 

4 Histone-aptamer + PEG (500 Da) 8 PEG (500 Da) 

5 Histone-aptamer + PEG (10 kDa) 9 PEG (10 kDa) 
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equation tracks changes in current with respect to time, as a function of applied potential steps. 

Capacitive charge is calculated by the integration of the Cottrell current. There are several key 

variables within equation (2.1). 

 

 ὗ
     ᶻ

 ὸ  ὗ  ὗ  (2.1) 

 

ὗ (C) is the capacitance from the Cottrell current, ὲ is the number of electrons transferred in the 

reaction, Ὂ is Faradayôs constant (96485 C/mol), ὃ (cm2) is the area of the electrode, Ὀ  (cm2/s) 

is the diffusion coefficient, ὅ (mol/cm3) is the concentration, ὸ (s) is the time constant, ὗ  (C) 

is the capacitance from the EDL, and ὗ  (C) represents the charge from the adsorbed RuHex. 

In these experiments with RuHex, ὲ = 1 (RuHex3+ Ÿ RuHex2+). 

Equation 2.1 is key in interpreting the Anson plot, which are the resulting curves from the 

CC experiments. The curves there can be fit with the slope-intercept form of a straight line (ώ

άὼ ὦ), and were done so for  ὸ πȢφ to  ὸ πȢχ. From the slope, it is possible to 

calculate the ὲ, Ὀ , ὃ, or ὅ, so long as the other three variables are estimated. For this 

experiment, the known variables were assumed as ὲ ρ and ὅ πȢυ άὓ. Ὀ  can range from 

8.5 × 10ī9 to 5.0 × 10ī10 m2 sī1 depending on temperature [153]. ὃ is the electrochemically active 

surface area, or effective area, which is the surface area experiencing the electron exchange with 

the RuHex [154]. The geometric area of the electrode exposed to solution was maintained at 0.2 

cm2 by the microfluidic batch cell. Effective areas of electrodes can be calculated through other 

techniques like CV by interpolating the area under the curves when measuring with RuHex and 

can also be used to calculate a ñroughnessò factor as the ratio between that and geometric area. 
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Experiments such as this would complement previous AFM work and the calculation of aptamer 

surface density but were not necessary for this sectionôs aim.  

The more valuable data in terms of the adsorbed electrochemically active species comes 

from the differences in the y-intercept offset between the curve measured with the redox agent 

and the curve measured in just buffer. These data represent the adsorption interaction of RuHex 

with the aptamer phosphate backbone at the reduction peak potential. 

 

 

 
 

Figure 2.24. Forward charge Anson plot of Electrode #2: H-apt + PEG (2 kDa). Linear 

trendlines based on where the curves plateau are included as dashed lines. Qads and QEDL are 

indicated by the intercept offset. 

Qads 

QEDL 
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As expected, the difference between the measurements with and without RuHex in the 

example Electrode #2 results (Figure 2.24) was clear in all electrodes tested. At t = 0, the 

intercept value of the curve with RuHex represents the sum of the charge of the electrode 

interface and the charge of any adsorbed reactant species. Measuring the CC curves without 

RuHex represents ὗ  because there is no adsorbed redox species. Thus, applying the linear 

trendline and calculating the offset between the y-intercept values leads to the charge of RuHex 

interacting with the SAM: ὗ . This offset is denoted by arrows in Figure 2.24.  

With ὗ , we can perform another equation to convert charge to the molar concentration 

of RuHex. Equation (2.2) expands the second contribution, ὗ , to its variables, where 

ῲ (mol/cm2) represents the surface density of redox material. 

 

 ὗ ὲὊὃῲ  (2.2) 

 

Finally, to connect the surface density of RuHex to the surface density of aptamer chains, 

Equation (2.3) converts to ῲ  (chains/cm2), the surface density RNA chains. 

 

 ῲ ῲ ᾀάϳ  ὔ   (2.3) 

 

 ᾀ is equal to the charge exchange of the redox molecule with the aptamer, ά is the number of base 

pairs in the nucleotide sequence, and NA is Avogadroôs number (6.02214076 Ĭ 1023 units/mol). In 

these experiments ᾀ = 3 [155] and ά = 51 base pairs, per the KU7 sequence [91].  

RuHex has been studied to show its binding specifically to the base pair sequences of 

nucleotides. It is not totally understood how it may interact with surfaces of just spacer 
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molecules that have polar sites in their chains as well. Because of this, the ᾀάϳ  were held 

constant through the calculations in order to compare the results. Comparison of ῲ instead of 

ῲ  would have yielded the same correlations. 

 

2.6.2 Quantification of Histone-Aptamer with Individual Spacer Molecules Results  

With the methodology and equations defined, cleaned EGFET WEs were prepared with 

standard overnight 1 µM histone-aptamer and then 1 mM of either MCH or PEG (2 kDa, 500 Da, 

10 kDa). The results of the ũRNA or ũòRNAò calculations for Experiments #1-#9 are presented in 

Figure 2.25.  

Experiment #1 was a surface with just the histone-aptamer to first define the baseline 

surface coverage of aptamer. The ũRNA value was 4.49 ×1012 molecules or chains per cm2. To 

convert this value to the lateral distance (dRNA) between aptamer binding sites, Equation (2.4) 

converts the surface density to nm2 to find the 1-D space occupied by a single aptamer chain.  

 

 Ὠ   (2.4) 

 

For the histone-aptamer only surface, dRNA = 4.72 nm. The average distance between the 

base pairs (bps) of nucleic acid strands is approximately 3.4 Å [30]. The histone-aptamer 

sequence at 51 bps long would be approximately 173 Å, or 17 nm, if it were totally elongated. In 

Chapter 1, the native folding prediction of the aptamerôs estimated secondary structure was 

modeled (Figure 1.6). The expected folding, anchoring of one prime end to the surface, and 

neighboring chains are all reasons that the dRNA was less than 17 nm. 
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Figure 2.25. a) Column charts of surface density of histone-aptamer and histone-aptamer with 

different individual spacers. b) Column charts of surface density of only the individual spacers.  

a) 

b) 
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The addition of spacer molecules into the co-SAM increased the RuHex  Qads charge, and 

thus the ũRNA values (Figure 2.25a). The four co-SAM surfaces averaged ũRNA = 6.36 ± 0.3 ×1012 

molecules/cm2. All MW PEG molecules performed similarly. This was also the case when the 

spacer molecules were tested by themselves. In Figure 2.25b, the ũòRNAò values were all in 

between that of just the histone-aptamer and of their respective co-SAM.  

The most notable observation was the interaction of MCH and RuHex. In the co-SAM, 

there was more adsorbed RuHex than just the aptamer alone (Figure 2.25a). When MCH was 

tested by itself, there was a large reduction in the interactions of RuHex and the electrode 

interface at ũòRNAò = 6.46 ×1010 (Figure 2.25b). The differentials between the two types of 

surfaces are plotted in Figure 2.26. There, it was clear that the electrochemical structure of MCH 

did not participate in any reduction reactions of RuHex, unlike the PEG chains. 

 

 

 
Figure 2.26. Column charts of differential surface density of different spacers in use without 

the histone-aptamer.   
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Previous surface chemistry experiments have suggested that MCH blocking does not do an 

adequate job at supporting the aptamer in a way that is most conducive of analyte binding. This 

finding illuminated a new possibility that the coverage of exposed gold electrode and net 

electrostatic passivation of the surface may be improved with MCH. Like shown in SPR, if MCH 

and PEG both are subject to similar levels of NSA due to physical adsorption to the monolayer, 

then perhaps there could be an advantage to combine the passivation of MCH with the structural 

support of PEG (2k Da). This hypothesis prompted the study in the following Section. 

 

2.6.3 Cooperative Use of MCH and PEG (2 kDa) to Support Histone-Aptamer 

A new design of experiments was established to examine whether MCH and PEG could 

be used in a three-molecule co-SAM with aptamer (Table 2.9). Experiment #10 and Experiment 

#11 were 1hr co-immobilized strategies, meaning that both MCH and PEG were in the 

immobilization solution at the same time. The first was set to 0.5 mM of each chemical to 

maintain approximately the same molarity as exposure to one type of chemical at 1mM. 

Mechanisms of simultaneous competitive self-assembled alkanethiols are not well defined, and 

techniques like XPS could give insight to what molecule has stronger affinity to the surface and 

binding site probability [156]. With that in mind, the second experiment was set to 0.25 mM of 

each chemical so to slightly dilute the concentration of available molecules. 0.5 mM of each 

chemical were introduced separately for 1hr in Experiments #12 and #13 in the order defined in 

Table 2.9. 

 



    

97 

 

 

 

 

 

Table 2.9. Second design of experiments for surface density of histone-SAMs and mixed 

MCH and PEG (2 kDa). 

Mixed SAMs Histone-Aptamer + Mixed SAMs 

Exp. # Surface Exp. # Surface 

10 Co-immobilized at 0.5 mM 14 H-apt. + co-immob. at 0.5 mM 

11 Co-immobilized at 0.25 mM  15 H-apt. + co-immob. at 0.5 mM, H4 

12 0.5 mM MCH then 0.5 mM PEG   

13 0.5 mM PEG then 0.5 mM MCH    

 

 
 

Figure 2.27. Column charts of surface density of different mixing strategies for MCH and PEG 

spacers. 
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The column charts of the calculated ũòRNAò values for Experiments #10-13 were plotted in 

Figure 2.27. The co-immobilization method at 0.5 mM had the lowest surface density at ũRNA = 

1.09 ×1011 chains/cm2. With equal presence of PEG and MCH, this surface was selected to 

attempt histone-aptamer co-SAM and EGFET sensing. All four of the mixed surfaces did not 

have surface density values near that of PEG-only surfaces found in Figure 2.25. Like 

mentioned, the structure and short-term organization of these surfaces could be investigated 

more thoroughly in expanded studies. Figure 2.28 shows the results of including the histone-

aptamer on the surface. Before analyte testing the surface density value was ũRNA = 5.83 ×1012 

and the dRNA = 4.14 nm, and slightly reduced after exposure to 100 nM H4. After analyte binding 

occurred, RuHex redox sites previously available were then occupied.  

 

 

 
 

Figure 2.28. Column charts of surface density of co-immobilized 0.5 mM method with histone 

aptamer, and with histone aptamer after exposure to H4 in buffer solution with background 

BSA. 
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2.6.4 Conclusion: Surface Density of Sites 

The data collected in CC were insightful to provide a closer electrochemical viewpoint of 

the electron transfer reactions at the surface. RuHex as a model redox enhancement proved 

useful because of its established record of published E-AB sensing systems that were used to 

create this new methodology.  

These parameters all connect in achieving the ideal conformation of the aptamer for 

histones to bind to them in solution and modulate surface charges. The first experiment quantified 

the number of histone-aptamer chains on the surface and the approximate size of the hydration 

radius. It also presented a new finding on the electrochemical difference between MCH and PEG 

passivation. PEG interacted with the RuHex reactants and had an increase in the Qads values for 

all three MW PEG chains compared to the histone aptamer. MCH exhibited the inverse and saw 

total Qads reduction. Through the analysis of the control surfaces of individual spacers only, and 

the combinations with the histone-aptamer, it was clear that the benefits of both MCH and PEG 

molecules could be leveraged for an ideal three-molecule co-SAM. The increased surface coverage 

of MCH and the spatial support properties of PEG may best support the aptamer when sensing is 

performed in complex media. This was confirmed in the second set of experiments, where a co-

immobilization method of equal 0.5 mM concentrations of MCH and PEG (2 kDa) maintained low 

Qads, representing good gold passivation. When tested with the histone-aptamer, ῲ  were similar 

to the surface of aptamer + PEG (2 kDa), suggesting good spatial support. 

Going forward, any reference to PEG is the 2 kDa MW chain. After EGFET performance 

is established by the aptamer system in buffer, if NSA complications arise in complex media, the 

co-immobilized mixed MCH and PEG spacer strategy will be used.  
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2.7 Conclusion 

E-AB sensors are reliant on the successful immobilization of probes on the surface so that 

they may bind to the targets that have diffused to the sensor surface. Investigating the quality of 

immobilization can be difficult on a scale that considers the individual aptamer chains and 

immediate surrounding charges. Useful techniques that were implemented in this chapter include 

goniometry and SPR, which can show clear differences in measured signals between surfaces with 

and without aptamer-functionalization. SPR was used to characterize the electrode 

functionalization process and examine the specific responses to NPY, CTH, and H4. Through SPR, 

we show statistically significant differentiation of the responses between different 

functionalization processes with p < 0.05 on the active and control flow cells and achieve kinetic 

binding constants within the expected range from the original SELEX work.  

The interactions between the solutions and the SAM-surfaces suggest net interactions, like 

hydrophobicity and adsorbed total mass of the surface, without the knowledge of what chemical 

elements are present or how molecules are arranged. Surface analysis techniques such as XPS can 

provide quantitation of the elemental chemistry and atomic composition of the SAM. It provided 

some information on the arrangement or orientation of molecules based on the intensity of what 

type of bond signature was present in C 1s peaks. Future studies with XPS could attempt to better 

detect the N 1s signal and film thickness by angle resolved measurements to match the expected 

30° tilt angle of the thiolated SAM [157].  

AFM proved to be a difficult alternative to gauge the structure in more depth that nanoscale 

roughness differences due to the likelihood of charges interacting with the AFM tip and dynamic 

probes rearranging during the scans. The roughness of the gold surface is an important metric to 

track when adapting new pre-treatment methods, such as mechanical polishing, to track the 
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effective electrochemical area of the electrode. In future work, new surface preparation should be 

incorporated into roughness studies in combination with SAM formation and sensor performance.  

Combining methods of electrochemistry techniques and fundamental equations to describe 

the reactions at the electrode boundary offer an alternative approach to the techniques above that 

complement the main body of this work. SWV and EIS CC provided insight on the structure 

switching of the NPY-aptamers during the interaction with a redox agent. CC laid the foundation 

on the electrical differences between MCH and PEG and that leveraging the key features of both 

may provide a solution with histone-aptamer sensing in complex media. With CC, this work could 

be improved by analyzing additional CV curves to calculate the effective area to quantify the 

roughness between geometric area, variation from prepared surface-to-surface, and connect to 

other electrode pre-treatments.  

In the next Chapters, we aim to improve sensitivity and the current limits of detection with 

reproducible potentiometric measurements. For both aptamer:analyte systems, the EGFET 

platform will focus on continuing to generate more data and performing tests in more complex 

media with other competitive binding. Achieving these aims will be met by measuring comparable 

LOD values with existing literature, understanding the binding capabilities of the system in other 

sensing modalities and comparing to the EGFET response, and showing selective work that proves 

the sensor is more sensitive to an analyte of through systematic comparison. 
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CHAPTER 3 

Impact of PEG vs. MCH Spacer Molecules on Potentiometric Sensitivity 

 

3.1 Background and Motivation 

The primary performance of the functional SAMs is assessed through potentiometry. 

Before the incorporation of MOSFET technology, the aptamer-modified electrodes were tested in 

a linear, one-channel potentiometric setup using a custom GUI and benchtop power supplies. In a 

commercial electrode microfluidic housing platform with associated electrodes, this platform was 

designed to check whether the analyte:aptamer binding complex has a perceivable change to the 

net electrostatic charges to modify the surface potential of the electrode and thus the sensing 

circuit.  

The important role of MCH and PEG molecules in the sensor design is a major design 

variable investigated in this chapter. The objectives of these studies were to characterize the 

behavior of gold electrodes functionalized with different aptamers and spacers, and subsequently 

weigh their suitability for potentiometric detection. 

 

3.2 Materials and Methodology 

For NPY sensing, the NPY-aptamer, NPY, cortisol, MCH and PEG were all the same item 

as in Chapter 2. For histone sensing, the histone-aptamer and CTH were also the same. Chemicals 

MCH, PEG, TCEP, and all buffers were the same as in Chapter 2.  

The microfluidic platform from Micrux Technologies was used in conjunction with the 

flow cell addition. Thin-film gold single electrodes (ED-SE1-Au) were also purchased from 
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Micrux [Gijón, Spain]. For the sensing in Chapter 3, a Ag/AgCl dip-type RE was purchased from 

Microelectrodes, INC. MI-409 [Bedford, NH].  

Potentiometric tests were performed with a Keysight B2901A Series Precision 

Source/Measure Unit and controlled with a custom LabVIEW interface. The open circuit potential, 

indicated as Vout in Figure 3.1, was measured at the WE with respect to the RE. Flow rates were 

controlled with a syringe pump system. Before testing, new tubing was connected to the 

microfluidic system, the reference electrode, and the syringe pump. The system was cleaned with 

detergent, IPA, and DI water. PBS (for NPY) or HBS-EP+ (for histones) was flown through the 

system at 0.5 mL/min, then flow was stopped so the buffer could interact with the electrodes for 

10 minutes. After this time, the voltage was recorded for six minutes prior to injecting the next 

solution. The first 10 minutes were intended to stabilize the voltage reading and the last six minutes 

were recorded and averaged for every concentration. This resolution is plotted as one standard 

deviation in the error bars in the potentiometric results. This was done continuously from lowest 

to highest concentration in a two-fold dilution series of NPY (195 pM-12.5 nM) or CTH (1.56 nM 

to 1000 nM). 

The SAM was formed overnight under ambient conditions following the previously 

described method in Chapter 1 (Figure 1.3). Separately, MCH or PEG spacer molecules were co-

immobilized in the monolayer to aid in the dispersion and support of the aptamer molecules. 

 

3.3 Performance of an Aptamer-Based Histone Potentiometric Sensor 

This section presents findings on the development of an electrochemical histone sensor 

using gold electrodes functionalized with a histone-specific RNA aptamer sequence. 
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Electrochemical detection of calf thymus histone is subsequently demonstrated, whereby the 

importance of the spacer molecule was also studied. 

One of histonesô main functions is to provide structural support to nucleosomes by 

condensing and packaging DNA to form chromatin. The five main proteins form a dense, positivity 

charged octamer unit that electrostatically attracts the negatively charged base pairs of single-

stranded DNA. The DNA wind itself around the histones in a fashion that is often compared to 

how a thread wraps around a spool. Examples of extracellular histone sensors are limited, but 

several groups have published methods to detect and monitor histone acetylation: a process which 

affects gene regulation while histones are still within the nucleosome [158]. An aptamer-

functionalized FETs and quartz crystal microbalance (QCM) sensor was shown to detect 100 nM 

of intact H4 with approximately æ5 mV potential change [159].  

 

 

 

 

Figure 3.1. Schematic of potentiometric test bench. The functionalized surface is highlighted 

here to show the SAM before and after binding events. 
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