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Abstract 

As made evident by the COVID-19 pandemic, biological sensing enables a means of 

widespread monitoring of an analyte of interest. Here, a simple “yes or no” qualitative biosensor 

(e.g. Abbott’s BinaxNOW) provided an on-site test for people, lightening the workload and 

relieving wait times at testing clinics using advanced analytical instruments (e.g. PCR). The 

floating gate transistor (FGT) was introduced as an electrochemical platform to achieve a similar 

goal, with the added benefit of a quantitative response for end-use applications where 

concentrations are meaningful. The FGT biosensor utilizes a low voltage, high amplification signal 

transducer, the electrolyte-gated transistor (EGT). A floating gate electronically couples the EGT 

to a sensing medium while maintaining physical separation. This patent-protected technology, 

invented at the University of Minnesota, has been able to detect large biomolecules, including 

DNA and proteins.  

The first study aims to challenge our understanding of the FGT architecture in order to 

optimize the design of FGT biosensors for quasi-static sensing. Initially, FGTs were fabricated on 

both SiO2/Si and fused silica glass wafers to observe if charge loss experienced by the EGT was a 

result of parasitic capacitance between the electrodes and the p-type silicon. Our findings suggest 

no difference in the operation of the two types of FGTs. Alternatively, we rather attribute the 

perceived charge loss experienced from the sensing medium to the EGT as an uncertainty of 

specific capacitance values of relevant interfaces. This insight enabled predictive FGT models to 

be constructed without the consideration of charge loss. Further, measurement conditions were 

investigated along with the short and long term stability of the EGT.  
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The second study utilizes the predictive FGT models to design a charge-based FGT sensor 

for detection of glyphosate with an antibody-functionalized device. As opposed to past work with 

the FGT sensor, extensive characterization of the surface functionalization was carried out to 

guarantee antibody conjugation to gold, setting groundwork for future antibody-based devices. 

The resulting glyphosate FGT biosensor did not have a sufficient response to a high concentration 

glyphosate dosing compared to the negative controls. This was attributed to Debye length 

limitations from the electrolyte and perhaps poor binding affinity of the glyphosate antibody.  

The third study, in turn, utilizes structure-shifting aptamers for the detection of the small 

molecule, serotonin. Again, the surface functionalization was characterized to guarantee aptamer 

immobilization on gold. The serotonin FGT biosensor responded to serotonin down to 2 µM, 

having dose-dependent responses; however, negative controls revealed nonspecific interactions 

between serotonin and the sensing surface, eliciting responses for glyphosate aptamer and MCH-

only functionalized FGTs. More so, the serotonin FGT biosensor responded to a cocktail of control 

analytes, further revealing nonspecific small molecule-SAM interactions can elicit FGT responses. 

XPS characterization after stabilization in 1X PBS and serotonin sensing measurements revealed 

desorption of thiols from the sensing surface, indicating electrochemical instabilities. 

The final study considers the electrochemical potential window as a parameter for stable 

FGT biosensors. Cyclic voltammetry was used to mimic the quasi-static potential windows that 

interrogate the sensing surface in the presence of electrolyte. Windows were applied within ±1 V 

for various functionalized surfaces, including the surfaces of chapter 4 and chapter 5. Stability of 

individual thiols contributed to the stability of the mixed monolayer, as revealed for the 

aptamer/MCH system. Antibody-functionalized surfaces exhibited greater stability in 1X PBS 

compared to aptamer/MCH-functionalized surfaces which was attributed to changes in the density 
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and thickness of the layer. These windows can be translated to the FGT biosensor to roughly set 

stable operating bounds. Faster sweep rates, or less time exposed to electrochemical potentials, 

decreased the effective destabilization per sweep. 

Although detection with an FGT biosensor has been achieved with large and charged 

biological molecules, it is clear the platform is stunted by additional parameters for stable and 

sensitive detection, especially toward small molecule analytes. Aside from parameters included in 

FGT models, we consider how electrochemical interrogation and the surface composition prevent 

or conflate signals, informing future studies to mitigate losses and enhance signals. 
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Chapter 1. Background & Introduction 

With the onset of the COVID-19 pandemic, it is evident how the use of portable, on-site 

biosensors can shape healthcare and public health outcomes. Translating the goal of analytical 

instrumentation to detect molecules of interest to an easy-to-use, inexpensive platform not only 

has the potential to revolutionize how we approach diagnostics but can also enable high-throughput 

screening in food safety and environmental protection industries. As the United States lacks the 

use of the precautionary principle, products are able to reach the market before toxicity analyses 

are done on the chemicals used for their products. Within these industries, small molecules with 

widespread use, such as those used in commercial products and herbicides, can pose environmental 

and public health risks where current analytical testing cannot meet and maintain widespread 

monitoring. Where the level of concern depends on the concentration of the target analyte, a 

quantitative sensor platform is necessary. Like the blood glucose meter, electrochemical 

biosensors can fulfill this criterion while also providing an adaptable platform for sensitive and 

specific detection. In this vein, development of adaptable and portable electrochemical biosensors 

can lead toward larger-scale monitoring of small molecule toxins, resulting in higher accessibility 

to testing and regulation better reflecting public health and ecological risks. This thesis highlights 

the need for thorough surface characterization to properly design of the sensing interface and how 

it may influence the sensing mechanism and stability of a type of electrochemical biosensor, the  

floating gate transistor biosensor.  
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1.1 Basics of Biosensors 

Biosensing technologies have been integrated into the workflow of several fields, including 

medical diagnostics,1,2 food safety and regulation,3,4 and environmental monitoring5 as commercial 

products and tools for research. Advanced analytical instrumentation, such as mass spectrometry 

(MS) and liquid chromatography-MS (LC-MS), are also widely adopted tools for highly specific 

and sensitive detection of molecules, such as proteins 6–8 and small molecules. 9  

However, their complex methodologies require trained technicians and result in expensive 

testing compared to commercial biosensors that are cost-effective, portable, and user-friendly. 

Compared to traditional analytical techniques, biosensors utilize a capture agent and a transducer 

in order to produce a measurable physical or chemical change when a target analyte binds to its 

capture agent (e.g., an antigen-antibody complex). The design of biosensors, thus, has revolved 

around three elements to deliver a response upon target binding: biorecognition; signal 

transduction; and signal amplification (Fig 1.1). 

 

Figure 1.1 Biosensing pathway. Upon target-binding to an immobilized capture agent, signals 

can be transduced optically or electronically. Signal amplification and readout follow. 
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Owing to the broad library of analytes and their chemical nature, methods have been 

tailored to achieve sensitivity and selectivity toward a single analyte (e.g., blood glucose meters 

and pregnancy tests). For research and diagnostic tests, a commonly used, state-of-the-art detection 

platform for a large volume of samples and broad applicability is the enzyme linked 

immunosorbent assay (ELISA) kit. Sandwich ELISA kits work by immobilizing antibodies to the 

well walls of microplates where the binding of the target analyte is followed with an enzyme-

labeled secondary antibody. Subsequent conjugation of a colorigenic substrate to the enzyme 

elicits an optical response that corresponds to the concentration of the target analyte. Signals are 

optically transduced with a spectrophotometer, or plate reader, to provide quantitative readouts.10 

Other optical biosensors, including lateral flow immunoassays (e.g. pregnancy tests), have 

integrated spectroscopic tools such as surface enhanced Raman spectroscopy (SERS)11,12 and 

surface plasmon resonance (SPR)2,13 for signal amplification and quantification. Recent work is 

beginning to demonstrate portability for such advanced optical biosensors.14,15 The following 

section details an alternative approach that uses electronic signal transduction and amplification 

strategies. 

1.2 Bio/chemical Sensing with Electrolyte-Gated Transistors 

Electrochemical biosensors, such as the aforementioned blood glucose meter, uniquely 

combine an understanding of electronics, chemistry, and biology to package nearly all key 

elements of a biosensor into one device. Of this class, transistor-based biosensors, including field-

effect transistors (FETs) and electrolyte-gated transistors (EGTs), have been employed over the 

past several decades due to their ability to relay and amplify electrochemical detection events, be 

it change in pH or molecular binding events, into electronic signals.16–18 Transistors are 
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three-terminal devices, consisting of source, drain, and gate electrodes. The semiconductor, which 

lies between the source and drain, is capacitively coupled to the gate electrode through a dielectric 

material. Minor changes in the gate-source voltage, which alters the electric field through the 

dielectric, can elicit a significant change in the conductivity of the semiconductor, enabling the 

sensitivity needed to transduce minor potentiometric or capacitive changes upon molecular binding 

events at semiconductor or gate interfaces.  

 

Figure 1.2. Scheme of EGT architectures and configuration. (a) Schematic of a side-gated 

EGT, outlining the source (S), drain (D), and gate electrodes. The organic semiconductor is 

P3HT, and the electrolyte is an ion gel composed of ionic liquid and polymer. The drain voltage, 

VD, is applied between the source and drain. The gate voltage, VG, is applied between the gate 

and source. The drain current is denoted as ID. (b) Top-gated EGT with a bio-interfacial layer 

for biosensing located (i) on the gate, (ii) within the electrolyte, and (iii) on the semiconductor. 

Adapted with permission from Torricelli, F.; Adrahtas, D. Z.; Bao, Z.; Berggren, M.; Biscarini, 

F.; Bonfiglio, A.; Bortolotti, C. A.; Frisbie, C. D; et al. Electrolyte-Gated Transistors for 

Enhanced Performance Bioelectronics. Nature Reviews Methods Primers 2021, 1 (66). 

Copyright 2021 Springer Nature. 
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Compared to conventional transistors, the EGT utilizes an electrolyte in the place of a 

dielectric material (e.g. SiO2), as shown in Fig 1.2a. Rather than polarization of the dielectric, ions 

in the electrolyte are polarized upon a voltage application at the gate, inducing capacitances on the 

order of nanometers thick that have no thickness dependence.19 Such capacitances can be as high 

as 50 µF/cm2 at gold interfaces20 and 200 µF/cm2 for permeable semiconductors,19,21 enabling low 

voltage operation (sub-1V) and greater amplification capabilities. Upon applying a negative gate 

voltage, VG, for a p-type EGT,  the ions in the electrolyte polarize, storing charge at the electrode  

and semiconductor interfaces through capacitive coupling. Capacitances either result from the 

formation of an EDL at the interface or from the penetration of ions into the semiconductor (if 

permeable).19 Once the potential at the semiconductor exceeds the threshold voltage, VT, a 

conductive channel is induced in the semiconductor, resulting in an increase in free charge carriers 

or holes for p-type semiconductors. With a voltage applied between the source and drain, VD, the 

output or source-to-drain current, ID, increases by several orders of magnitude. Measures of ID as 

a function of VG with a constant application of VD are termed transfer curves. The relationship 

between the ID and VG is dictated by the square law current equation: 

 
ID =  

WμCi

L
[(VG − VT)VD −  

VD
2

2
  ]

2

 
(1.1) 

Where ID is dependent on VD and properties of the semiconductor: width (W) and length (L) of 

the channel, mobility of the free carriers (µ), and specific capacitance (Ci) of the 

semiconductor/electrolyte interface. The specific capacitance is the ratio of the capacitance to the 

area of the interface.  

In considering the case of a p-type semiconductor, this equation is valid when VG – VT < 0. 

However, the equation can be simplified to two specific regimes when considering VD: 22 
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Linear, VD << VG – VT  ID =  
WμCi

L
 (VG − VT) VD 

(1.2) 

Saturation, VD > VG – VT ID =  
W

2L
μCi(VG − VT)2 

(1.3) 

The linear regime yields a linear ID–VG relationship; whereas, in the saturation regime, all of the 

free carriers induced in the channel are swept by the high VD, producing a “saturated” current. 

EGT sensors in this work operate within the saturation regime where the output is more sensitive 

to changes in VG.  

It is important to distinguish EGTs and organic electrochemical transistors (OECTs), a 

class of electrochemical transistors inspired by EGTs and used for sensing applications. OECTs 

similarly use an electrolyte for gating, but instead of a semiconductor, they commonly employ a 

conducting polymer, PEDOT:PSS.23–25 Here, OECTs are grouped into the broader class of EGTs. 

Electrolytes extend to any media containing mobile ions, including aqueous buffers,26 biological 

media, food/beverage media,27,28 ion-conducting membranes,29,30 ionic liquids, and ion gels.19,31  

Included in Fig 1.2b, the bio-interfacial layer, where biorecognition occurs, is typically 

located at one of two important transistor surfaces: the gating electrode or the semiconductor. This 

builds a sensing surface designed for specific binding to target molecules and electrochemical 

relaying of those events to the transistor. Here, target molecule binding events alter the electronic 

state of the surface, such as the capacitance or potential of the interface, directly influencing the 

transistor’s operation based on the target molecule’s concentration to produce a quantifiable, 

electronic signal. This is often quantified by changes in VT or ID at a specific VG after the target 

analyte is introduced. EGTs are especially suitable for signal transduction and amplification due 

to their high transconductance (𝑑ID/𝑑VG),18,19 while additive manufacturing of these devices via 

direct-write printing19,32,33 presents the opportunity for facile materials- and cost-saving 
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fabrication. To date, EGTs have been employed for a variety of bioelectronic applications: cell 

monitoring, ultrasensitive diagnostics, electrophysiology, neuromorphics, and synaptics.18 In some 

of these cases, a bio-interfacial layer can also be suspended within the electrolyte, for example, for 

ion-selective detection34 and cell monitoring.35,36 

1.3 The Floating Gate Transistor Biosensor 

Another type of architecture utilized for EGT sensing is an extended-gated architecture.37 

Similar to the side-gated architecture, the gate is extended to a second compartment containing an 

aqueous electrolyte for gating and sensing. Two common extended gate architectures found in the 

literature are organic charge modulated FET (OCMFET)38–40 and the floating gate, electrolyte-

gated transistor (FGT).27,28,41,42 This work utilizes the FGT. As illustrated in Fig 1.3, the floating 

gate physically separates and electronically couples the sensing medium, where biorecognition 

occurs, and the signal transducer, an EGT. In this and previous work, the EGT (first compartment) 

 

Figure 1.3. Scheme of the FGT inverter. (a) Side-on view of the device, where the signal 

transduction element is a side-gated electrolyte-gated transistor. The floating gate couples the 

device to the biorecognition element, an aqueous electrolyte compartment with a functionalized 

floating gate for target capture. Signals are further amplified with the inverter configuration. 

The drain voltage is denoted as VDD. The load resistor is denoted RL. The output voltage, VOUT, 

measures the potential between the channel and ground.  
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is comprised of a P3HT semiconductor (p-type) that is gated by the left end of the floating gate 

(FG1) through an ion gel electrolyte ([EMIM][TFSI]-SEAS). The sensing medium (second 

compartment) contains the control gate (CG), used to gate the device, and the right end of the 

floating gate (FG2). An aqueous electrolyte is used for gating and as the sample medium. The 

physical separation resolves any potential material incompatibility between the aqueous solutions 

and electronic materials comprising the transistor. Further, this design enables independent 

engineering of the two compartments. Moreover, the gold floating gate is well suited for versatile 

self-assembled monolayer (SAM) chemistry for the immobilization of capture agents at FG2.43 

White et al. demonstrated the ability design the FGT for biosensing applications in 2014.42 A SAM 

of single-stranded DNA was immobilized onto FG2. After incubating the sensing surface with the 

complementary strand, VT of the same device shifted more negatively due to hybridization, where 

negative charges along the DNA backbone accumulate near the sensing interface. The magnitude 

of the VT shift scaled with concentration of the complementary strand, generating a dose-response 

curve. The FGT biosensor has also achieved detection of ricin in potable media (e.g., milk and 

orange juice)28 and distinguished between various sources of gluten.27 Here, microfluidics and an 

inverter configuration were integrated to alleviate mass transfer limitations and to further amplify 

signals, respectively. In the inverter configuration, outlined in Fig 1.3, a load resistor (RL) is 

positioned between the drain voltage (VDD) and the P3HT channel.28  

To understand how biorecognition is translated into an electronic signal with the EGT, it 

is first important to understand how an FGT operates. When a negative VG is applied to the FGT 

at the control gate (CG), cations from the aqueous electrolyte are attracted to CG, creating an EDL 

at the CG-electrolyte interface. This polarization of the electrolyte leads to anions accumulating at 

the sensing surface (FG2), with subsequent electronic polarization of the floating gate to form a 
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second double layer whose capacitance is termed CFG2. The two double layer capacitors in series 

(CCG and CFG2) form a lumped capacitance for the sensing compartment, termed C2, and the 

intentional oversizing of the control gate causes CFG2 to be the dominant contributor to C2, 

i.e., C2 = CCGCFG2/(CCG + CFG2) ≈ CFG2.21,41 In turn, the positive polarization of the floating gate 

at FG2 means there is negative polarization at FG1 (the other end of the floating gate), which is in 

contact with the ion gel electrolyte of the EGT. Cations are attracted to FG1, and a third double 

layer forms. The polarization of the ion gel by FG1 results in anion accumulation at the P3HT 

semiconductor, facilitating electrochemical doping of the material and increasing its 

conductivity.19 Thus, there is an effective electrochemical capacitance at the P3HT/gel interface 

termed CP3HT,21,41 and FG1 is intentionally oversized such that, C0 = CFG1CP3HT/(CFG1 + CP3HT) ≈ 

CP3HT. Considering now the full impact of this cascade of polarization events, application of a 

negative VG on CG causes polarization of the floating gate and thus accumulation of charge 

carriers (holes) in P3HT, turning on the EGT channel and generating ID. As the channel 

conductivity, and thus ID, increase as VG becomes more negative, an increasing fraction of VDD is 

dropped across RL due to ID, causing the output potential (VOUT) to move toward ground. 

Alternatively, when the channel is highly resistive (off state at positive VG), VOUT remains equal 

to VDD = –0.5 V. So, the sensor output signal ranges from 0 to –0.5 V depending on the sign and 

magnitude of VG. By raising the resistance of RL, the rate between VOUT and VG, otherwise  known 

as the gain, increases. The gain is also impacted by the coupling of the two compartments, where 

decreasing potential losses between the two ends of the floating gate increases the gain.21  

A critical point is that the impact of VG on the device is modified by surface 

functionalization of the floating gate sensor surface, FG2. This is because the gate voltage that the 

EGT experiences is not VG but VFG, the floating gate potential (the EGT is coupled directly to 
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FG1, not CG). VFG in turn depends on C2 ≈ CFG2 and ∆φ, the surface potential change at the 

FG2/electrolyte interface due to adsorption of a charged analyte, as follows:41 

 
VFG =  

VG

1 +
C0
C2

+  ∆φ 
(1.4) 

Changes in C2 or ∆φ due to target adsorption on FG2 result in changes in VFG and thus impact the 

conductivity of P3HT and the magnitude of the sensor output, VOUT. Past work dedicated to 

understanding the sensing mechanism revealed that changes in interfacial charge (∆φ) and 

capacitance (C2)  at FG2 independently alter transfer and inverter curve characteristics.44,45 Our 

recent study expands on these findings for quasi-static FGT biosensors in the inverter configuration 

where we demonstrated that the capacitance of the electrodes can be altered to achieve higher 

signals for either charge- or capacitance-based sensing.21  

1.4 Electrochemical Aptamer-based Sensors and Monolayer Stability 

Electrochemical aptamer-based sensors, or EAB sensors, differ from EGTs in that the 

signal is amperometric based on a redox-tagged aptamer. Traditionally, EAB sensors are 

 

Figure 1.4. Scheme of E-AB sensors. Redox-tagged aptamers undergo a structural 

reorganization upon target-binding, further enabling charge transfer between the redox tag and 

the electrode with the electrochemical window.  
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composed of a conductive electrode and surface-bound, redox-tagged aptamers, whose changes in 

confirmation yield a change in current proportional to the target concentration (Fig 1.4).46–51  

Aptamers can be isolated using a large library of oligonucleotides and the SELEX process, 

providing a relatively simpler means for discovering a selective and specific aptamer for any target 

molecule as compared to eliciting an immunogenic response for developing antibodies.52 

Additionally, aptamers are increasingly attractive for sensing applications due to their longer shelf 

life and the ability to synthesize them as-is or with linkers, such as redox-tags and C6 thiols.53 More 

so, engineering the aptamer to not only have a structure-switching mechanism,54 but a significant 

molecular switch, has enabled 30-fold signal gain with aptamers.55 Square wave voltammetry is 

often used to measure current from an oscillating voltage, whose frequency is optimized to 

maximize the current measured from charge transfer.49  

Early use of EAB sensors saw real-time biosensing of therapeutic agents in animals, 

providing a promise platform for future diagnostics.47 However, their development since has 

focused on parameters affecting signal gain and preservation over continuous use. This prompts 

revisiting literature on the desorption of thiols via reduction and oxidation at gold interfaces when 

interrogated in aqueous solvents.56–62  

The reductive desorption of thiols is understood as a one electron process with the 

electrochemical half reaction63  

 AuSR + 1 e- → Au(0) + RS- (1.5) 

where R represents the thiol chain. Additionally, oxidation desorption of thiols, in the case of 

100 mV/s sweeps, is understood as a three electron process having the reaction57,63 

 AuSR + 2 H2O → Au(0) + RSO2
- + 3 e- + 4 H+ (1.6) 
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The reactions for oxidative desorption vary on a case-to-case basis where sweep rate and 

electrolyte are relevant variables.64 These electrochemical processes have been monitored for 

various SAMs on electrodes using  chronoamperometry,61 cyclic voltammetry,57,60,62,63 

fluorescence microscopy,56 in situ sum frequency generation vibrational spectroscopy,65 quartz 

crystal microbalance,59 surface plasmon resonance,64 and time of flight secondary ion mass 

spectrometry58 with various thiols and electrolytes. As EAB sensors utilize thiol self-assembly on 

gold, parameters such as the redox tag,66 interrogation modality,67–69 backfilling thiols,70 and 

aptamer density67,68 were investigated due to their contributions to signal loss/gain at the sensing 

interface due to desorption of bound aptamers in various electrolyte environments where high 

temperatures, fouling, and enzymatic attacks can further contribute to signal loss. Attention and 

investigation into these parameters has produced EAB sensors engineered for week-long operation 

in both buffer and serum, a biologically relevant media.67 Recently, the sensing mechanism behind 

EAB sensors has been translated to the gate electrode of an organic electrochemical transistor 

(OECT) that operates similarly to EGTs.71 In this configuration, the current upon target capture is 

amplified by the OECT, dictated by the device’s transconductance. Structure-shifting aptamers 

have more recently been translated to FET biosensors for use as capture agents;72 however, their 

conjugation has been primarily at the semiconductor interface. For use in FGTs, where conjugation 

occurs at the gold floating gate, it is important to note the present electrochemical instabilities EAB 

sensors face and how they are translated to devices operating with quasi-static potentials. 

Furthermore, these sources of instability must also be investigated for all biosensing interfaces 

built upon self-assembled monolayers (SAMs). 
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1.5 Small Molecule Detection: Existing Methods and Considerations for FGT Sensing 

Many widely-used small molecules with industrial relevance have emerged as public health 

and ecological threats, such as glyphosate,73,74 bisphenol-A,75,76 and perfluoroalkyl and 

polyfluoroalkyl substances (PFAS).77,78 Standard detection methods extend to advanced, mass-

based analytical instrumentation, such as  high-performance liquid chromatography (HPLC) and 

liquid chromatography/tandem mass spectrometry (LC/MS-MS).79 These are robust but require 

expensive laboratory facilities and trained technicians, usually leading to long turnaround times, 

qualities in stark contrast to most biosensors.79–81 In looking toward ease of use and data 

interpretation, Enzyme-linked Immuno-sorbent Assays (ELISA) kits satisfy these criteria and are 

the gold standard for use in hospital and research settings. However, the need for plate preparation, 

plate readers (spectrophotometers), and relatively long detection times (3 h) are limitations for 

evolving the platform for widespread and on-site use.  

As was evident during the COVID-19 pandemic, simple-use, rapid, low-cost, and portable 

biosensors can lead to convenient and widespread monitoring of health threats. Moreover, the 

combination of broader accessibility to testing and new avenues of research opened by new 

technologies can provide the scientific basis for regulation, better reflecting the public health and 

ecological risks such molecules can pose. As the sensing mechanisms and signal amplification 

strategies are better understood with recent FGT models, we look toward extending the library of 

detectable analytes, including large, charged proteins and ssDNA, to small molecules. Small 

molecule detection by FGTs, however, must overcome three major issues pertaining to 

electrochemical biosensors: Debye length limitations, fouling from interferents in solution, and 

electrochemical stability of sensing interfaces. Strategies to overcome these limitations include 

tailoring the sensing surface composition,82–87  adjusting the electrochemical interrogation of the 
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surface,68,69,88 and usage of structure-shifting aptamers72,89 or molecularly imprinted polymers90–93 

as recognition elements.  

Whether the sensor be amperometric, potentiometric, or capacitive, the main commonality 

between EGT and EAB sensors is the reliance on the sensing surface for critical elements of 

detection: biorecognition, signal transduction, and signal amplification. In this vein, it is important 

to thoroughly characterize the sensing surface to both verify that the capture agent is tethered to 

the surface and that adjacent molecules, like backfilling and/or antifouling agents, are present. 

Furthermore, as these molecules on the surface can have an impact on sensing,70,94 characterization 

of the surface composition (e.g. the ratio of each molecule on the surface) can improve 

understanding of how sensing is impacted. Past FGT sensor work has characterized surface 

functionalization with epifluorescence microscopy for DNA patterning,42 Rutherford 

backscattering spectroscopy for monolayer density,44 and cyclic voltammetry to measure the 

capacitance of alkylthiols of varied chain length.21 The FGT also served as a form of 

characterization, where the effects of pH on ionizable thiols and the capacitance changes of 

extending alkylthiols reflected, as expected, on the electrical characteristics of the device.21,44,45  

With the aim of small molecule detection with an FGT biosensor, this thesis looks toward 

both antibodies and aptamers as capture agents. To enhance the understanding of the FGT sensing 

mechanism, the charge lost between the sensing medium and EGT was reframed to be understood 

as differences in capacitance among the FGT interfaces. Influenced by this understanding, models 

for charge-based signals using quasi-static FGTs in the inverter configuraiton21 were then utilized 

for the first time, and additional parameters to improve sensing are considered. Surface 

characterization was extended to other advanced, surface-sensitive tools to achieve 

characterization of multi-step chemistries, such as those necessary for antibody conjugation, and 
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of functionalization directly on the FG2 electrode to guarantee translation of these chemistries to 

the millimeter sized electrode was possible. Furthermore, these tools can be utilized to understand 

the effects that electrochemical interrogation, either by the FGT or CV, have on the surface.  
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Chapter 2. Materials & Methods 

Below is a detailed description of the materials and methods used in this work. Specifics to each 

chapter are provided in their Experiments subsection.  

2.1 Materials for FGT Fabrication 

P-doped silicon wafers having a four inch diameter and a 300 nm silicon dioxide (SiO2) 

film were purchased from Silicon Valley Microelectronics (Santa Clara, CA). Fused silica, or 

glass, wafers having a four inch diameter were purchased from University Wafer (South Boston, 

MA) and used for studies on parasitic capacitance. Electronic grade regioregular poly(3-

hexylthiophene-2,5-diyl), or P3HT, was purchased from Rieke Metals (Lincoln, NE) and serves 

as the organic semiconductor used throughout this work. The ion gel used consisted of a triblock 

co-polymer, poly(styrene-b-ethylacrylate-b-styrene) or SEAS, and an ionic liquid, 1-ethyl-3-

methyl-imidazolium bis(trifluoromethyl sulfonylimide) or [EMIM][TFSI]. SEAS was synthesized 

in-house as reported by Tang et al.95 Chloroform, [EMIM][TFSI], ethyl acetate, terpineol, and 

polystyrene were purchased from Sigma-Aldrich. Stainless steel stencils were purchased from 

Photo Etch Technology (Lowell, MA). 

2.2 Materials for Antibody Conjugation and Sensing 

11-mercaptoundecanoic acid (11-MUA), poly(ethylene glycol) methyl ether thiol 

(Mn ~ 800), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide HCl (EDC), N-hydroxysuccinimide 

(NHS), glyphosate, potassium hexacyanoferrate (III), and 200 proof ethanol were purchased from 

Sigma-Aldrich. 2-(N-morpholino)ethanesulfonic acid (MES), 10X phosphate buffered saline 

(PBS), HPLC water, hydrochloric acid, sodium hydroxide, and ethanolamine HCl were purchased 
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from Fisher Scientific. Glyphosate antibodies (5 mg/mL) and AlexaFluor647 IgY antibodies (5 

mg/mL) were purchased from Thermo Fisher Scientific (Waltham, MA). The glyphosate antibody 

solution was aliquoted and stored in the freezer at –20 °C. Krayden Dow Sylgard 184 Silicone 

Elastomer (PDMS) Kits were purchased from Fisher Scientific.  

2.3 Materials for Aptamer Conjugation and Sensing 

The serotonin aptamer, glyphosate aptamer, and 1X TE buffer (10 mM Tris-HCl, 0.1 mM 

EDTA, pH = 8.0) were purchased from Integrated DNA Technologies (Coralville, IA). The 

glyphosate sequence is 5’-GGA-CAG-CTG-GCC-GCG-TAG-CGA-GAC-ACG-TAC-AAG-

GTA-CTA-TAC-GGC-TGG-CAT-ATG-TAT-CTG-3’. The serotonin aptamer sequence is 5’-

CTC-TCG-GGA-CGA-CTG-GTA-GGC-AGA-TAG-GGG-AAG-CTG-ATT-CGA-TGC-GTG-

GGT-CGT-CCC-3’. Both aptamers were purchased with a 5’ C6 thiol linker and were desalted. 

Tris[2-carboxyethyl] phosphine (TCEP), hydrogen peroxide (30%), and anhydrous CaCl2 were 

purchased from Thermo Fisher Scientific (Waltham, MA). 6-Mercapto-1-hexanol (MCH), 1-

hexanethiol, adenosine 5’-diphosphate (ADP) sodium salt, L-tryptophan, dopamine hydrochloride, 

and γ-aminobutyric acid (GABA) were obtained from Sigma Aldrich (St. Louis, MO). Histamine 

was obtained from Alfa Aesar (Ward Hill, MA). 

2.4 Electrode Patterning of FGTs 

Wafers were patterned using photolithography and chrome photomasks. An electron beam 

evaporator (CHA SEC-600) was used to evaporate 5 nm of Cr followed with 50 nm of Au onto 

the patterned wafers. The positive photoresist (Microposit S1813 G2) was stripped off in a 1:1 
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volumetric ratio of acetone to isopropanol overnight (lift-off) further rinsed off with acetone and 

IPA, and dried with N2. All wafers were stored in the glove box until use. 

2.5 Aerosol Jet Printing of EGTs 

An Aerosol Jet Printer 200 (Optomec, Inc)  was used for aerosol jet printing, an additive 

process where materials are printed only where they are needed. A wide range of materials varying 

in viscosity can be printed, and printing parameters can be optimized to enable rapid prints with 

high stage speeds (several mm/s) onto rigid or flexible substrates.32,96–99 In this work, the aerosol 

jet printing was used to print P3HT, ion gel, and polystyrene, completing EGT fabrication. Images 

 

Figure 2.1. Aerosol jet printing. (a) A vial of ink immersed in an ultrasonic bath, producing 

an aerosol. The inlet tubing (clear) introduces N2 gas while the outlet tubing (orange) contains 

both the aerosolized mist and the N2 gas. (b) Cross-section of the deposition head. Sheath gas 

(N2) is used to focus the carrier gas and aerosol as it exits the nozzle and prints between the 

source and drain of the FGT, creating the P3HT channel (100 x 20 µm). (c) Optical micrographs 

of printed P3HT, ion gel, and polystyrene. 
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of printed materials and a general overview of aerosol jet printing is shown in Fig 2.1. The 

temperature of the atomizer bath was kept at 18 °C for all inks. The sheath gas was N2 (99.999%). 

A fresh 1.0 mg/mL solution of P3HT in chloroform was prepared and stirred at 60 °C for 1 h before 

use. For printing, terpineol was added as a co-solvent (10% by volume). P3HT was printed with a 

150 µm nozzle, a carrier gas flow rate of 10 sccm, and a sheath gas flow rate of 65 sccm, and the 

platen speed was adjusted to print an ~50 nm thick channel. The ultrasonic current for ink 

atomization was 250-260 mA. The thickness of the P3HT channel was estimated by the color of 

the channel. Color of the P3HT channel was correlated to thickness by measuring the height of 

several printed P3HT lines using a P16-Surface Profiler. Ion gel ink was prepared at a 1:9:90 ratio 

(by mass) of SEAS, [EMIM][TFSI], and ethyl acetate, respectively. The solution was stirred 

overnight at room temperature and stored at room temperature for multiple uses. Ion gel was 

printed with a 150 µm nozzle, a carrier gas flow rate of 25 sccm, and a sheath gas flow rate of 50 

sccm. The ultrasonic current in the atomizer was 250-260 mA. A 5.0 mg/mL solution of 

polystyrene in chloroform was prepared and stirred at 60 °C for multiple uses. For printing, 

terpineol was added as a co-solvent (4% by volume). Polystyrene was printed with a 200 µm 

nozzle, a carrier gas flow rate of 45 sccm, and a sheath gas flow rate of 55 sccm. The ultrasonic 

current in the atomizer was 400-450 mA. After printing, all transistors were annealed in a N2 glove 

box at 120 °C for 30 min. All transistors were stored in the glove box until use unless otherwise 

specified.  

2.6 FGT Cleaning and Functionalization  

Polydimethylsiloxane (PDMS) wells were used to ensure that solutions for 

functionalization and sensing only contacted key interfaces of the FGT device at different steps in 
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the functionalization protocol (Fig 2.2). PDMS wells can be reversibly and irreversibly sealed to 

the SiO2 interface, preventing leakage of solutions. A smaller well exposed the sensing electrode 

(FG2) to functionalization solutions, and a larger well exposed both the control gate and sensing 

surface to the aqueous electrolyte and sample solutions for sensing. The smaller PDMS well was 

reversibly bonded to a PDMS lid to prevent solvent evaporation for reaction times > 30 min. 

Subsequent steps for surface functionalization and rinsing were carried out in the same well. To 

prepare PDMS wells, the base and curing agent were mixed at a 10:1 volumetric ratio and mixed 

with an ARE-310 Planetary Centrifugal Mixer (Thinky USA, Laguna Hills, CA) at a speed of 2000 

rpm for 5 min. The PDMS was poured onto a silicon wafer treated with trichloro(1H, 1H, 2H-

perfluoro-octyl)silane (PFOTS) enclosed by an glass dish to ensure easy delamination from the 

wafer and low surface roughness. The PDMS was cured in an oven at 60 °C for 4 h. PDMS wells 

were cut with a razor blade by hand, pressed onto double-sided tape to remove any debris from the 

surface, removed from the tape, and reversibly bonded to the substrate.  

 

Figure 2.2. FGT sensor preparation. Schematic of sensing surface cleaning and 

functionalization protocol for FGT sensing. (a) Selective UV/ozone treatment of FG2 using a 

stencil. (b) PDMS wells used for (i) surface functionalization over FG2 and (ii) for containing 

the sensing medium over FG2 and CG. 
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2.7 X-ray Photoelectron Spectroscopy (XPS) 

XPS spectra were collected using a PHI 5000 Versa Probe III XPS system (ULVAC-PHI) 

equipped with a monochromic Al Kα X-ray source (1486.6 eV). The base pressure was 

3.0 x 10-8 Pa. The beam spot size was 100 µm with a power of 25 W under 15 kV. The survey 

scans were taken with a 280 eV pass energy and 1 eV step size. The high-resolution scans were 

taken with a 55 eV pass energy and 0.05 eV step size. The sample was mounted on a piece of 

carbon tape onto a sample holder and grounded with conductive tape to the sample holder. 

MultiPak software was used to fit peaks to high-resolution spectra using a Shirley background 

subtraction method. All peaks were referenced to the Au4f (7/2) peak at 84.0 eV.  

2.8 Reflection-Absorption Infrared Spectroscopy (RAIRS)  

Infrared spectra were collected using a Thermo Scientific Nicolet iS50 FTIR spectrometer 

equipped with a Harrick Seagull accessory for grazing-angle specular reflectance measurements. 

The p-polarized IR beam was 86° from the surface normal. The resolution was 2 cm-1. Substrates 

were approximately 1 x 5 cm in area. A bare Au substrate was used for background subtraction. 

The functionalized substrate was purged in a dry air chamber for 15 min prior to scanning. A total 

of 1500 scans were collected and averaged. Subsequently, the bare Au substrate was placed on the 

sample stage in the chamber and left to purge 10-15 min before the measurement. The background 

was continuously subtracted from the sample spectrum until noise from H2O bands in the carbonyl 

region was minimized, at which point the spectrum was saved.  
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2.9 Epifluorescence Microscopy 

Cy5 fluorescently labeled IgY antibodies conjugated to gold were imaged with an 

epifluorescence microscope (Leica DMI 4000B) equipped with a Coolsnap EZ camera 

(Photometrics, Tucson, AZ) and Cy5 filter. The substrate was placed face-down onto a cover slip 

directly over a 100x, 1.4 NA oil immersion objective. All images were acquired with Micro-

Manager software and processed with ImageJ.  

2.10 Cyclic Voltammetry (CV) 

CV measurements were conducted with a CHI660 electrochemical workstation (CH 

Instrument, InC, Austin, TX) or Pine WaveDriver 40 DC Bipotentiostat/Galvanostat  (Durham, 

NC) in a three-electrode cell system (Ag/AgCl saturated in 3 M KCl as the reference electrode, 

platinum wire with platinum mesh as the counter electrode, and gold substrate as the working 

electrode). Gold substrates were patterned using photolithography as previously discussed (5 nm 

Cr/50 nm Au on SiO2 wafers). The electroactive species was 10 mM K3[Fe(CN)6] in 1X PBS 

(0.2 µm filtered, pH = 7.4) electrolyte solution. The CV sweep rate and potential window were 

varied. The sample interval and quiet time were 1 mV and 2 s, respectively. No contact was made 

with the SiO2 substrates of the working electrode, as this would lead to quick electrochemical 

dissolution of the gold electrode. All files were processed with a custom-made Python script.  
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Chapter 3. Reconsidering Parasitic Capacitance in FGTs and 

Optimizing EGT Operation* 

3.1 Introduction and Motivation  

Despite its demonstrated use as a platform for biosensing, the FGT was restricted by its 

architecture to fully translate the perturbations at the sensing surface to the EGT. An understanding 

of how the FGT architecture, particularly, the sizing of the floating gate electrodes, revealed how 

the device can be constructed to prevent potential losses between each of the four interfaces. This 

previous work had constructed the argument that FGTs face limitations due to parasitic effects.41  

As the area of the sensing surface, FG2, is decreased, the threshold voltage, VT, became 

increasingly more negative to that measured for the EGT of the same device. Specifically, the gate 

voltage applied at the control gate, VG, was unable to fully modulate the P3HT channel 

conductivity, as potential was lost to differences in capacitance and to lost charge. The fraction 

charge lost, ƒ, from the sensing surface to the EGT was experimentally estimated by White et al. 

as 0.77. 41 This fraction of lost charge was hypothesized to stem from a capacitance (Cparas) formed 

between the floating gate and the p-doped silicon substrate underlying the 300 nm SiO2 and, in 

turn, forced constraints on the sizing of the device.41 Such parasitic losses were avoided by 

oversizing FG2, but for the purposes of biosensing, this limits the sensitivity of the device, as more 

molecular binding events must occur across the electrode to elicit a large change in C2 for 

capacitance-based sensing.  

 

*Portions of this chapter are reprinted (adapted) with permission from Thomas, M.S.; Adrahtas, D.Z.; Frisbie, C.D.; and Dorfman K.D. 

Modeling of Quasi-Static Floating Gate Transistor Biosensors, ACS Sensors 2021, 6 (5), 1910-1917. Copyright 2021 American Chemical 

Society. 
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In this chapter, we further investigate the sources of potential losses between the two 

electrolytes in order to remediate losses and provide a means to better design FGTs for 

capacitance- and charged-based detection. We repeated the experiments and analysis done to 

extract ƒ in ambient air, instead of the N2 glove box, by measuring the transfer curves of FGTs 

with varied areas of FG2 (AFG2) and their EGT-subunits. Initially, a fused silica (glass) substrate 

was also used in order to challenge the inclusion of Cparas, or ƒ, in FGT models. The extracted value 

of ƒ for glass (0.41) was larger than SiO2 FGTs (0.32), prompting an investigation into other 

factors for potential loss. As specific capacitances also play a role in the coupling between the two 

electrolytes, the specific capacitance of the P3HT/ion gel interface was measured, adding 

uncertainties to Ci, P3HT. As such, the uncertainties of the ion gel/gold interface were also 

considered. In implementing uncertainties of these essential capacitances and using a new model 

to understand FGT operation built on the change on the slope of transfer curves rather than VT, ƒ 

was eliminated from our FGT models.  

This chapter also considers the short- and long-term operation of EGTs, where EGTs 

remained operable for FGT sensing after 28 days in an ambient, dark environment and 6 months 

in an inert, dark environment. However, changes in the environment, such as humidity, were 

shown to have a significant impact on EGT electrical characteristics. Finally, the EGT was shown 

to operate with sweep rates at high as 150 mV/s.  

3.2 Experiments 

FGTs were fabricated with photolithography and aerosol jet printing, as described in 

Sections 2.4 and 2.5, respectively. The second compartment of the FGT was printed over with ion 

gel electrolyte instead of using an aqueous buffer for capacitive coupling. Fabrication was the same 
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on fused silica glass substrates. The dimensions of the P3HT channel were 100 µm by 20 µm, and 

the target area of the P3HT channel was 100 µm by 30 µm. The area of FG1 was 0.003 cm2 

(AFG1/AP3HT = 100). The area of FG2 was varied: AFG2/AP3HT = 1000, 600, 400, 200, 100, and 50. 

The dimensions of CG were kept at 3.2 mm by 3.2 mm. Due to assessing the thickness of printed 

P3HT lines by color, P3HT was printed over the glass EGT channels immediately after printing 

the SiO2 EGT channels with the same printing parameters. 

Transfer curves for parasitic capacitance studies were measured with a LabVIEW program. 

The drain voltage (VD) was sourced with a Keithley 2611 source-measure unit. The gate voltage 

(VG) was sourced and gate current (IG) was measured with a Keithley 2400 source-measure unit. 

The source electrode was grounded. All transfer curves were measured with an initial hold of the 

starting gate voltage for 3 s to polarize the ion gel electrolyte, sweep rate of 25 mV/s, a VG step 

size of 50 mV, and VD = –0.5 V. Each device was swept several (3-4) times until consecutive 

sweeps overlapped, producing a stable transfer curve. Displacement current measurements were 

taken with a Keithley Test Script Builder program which utilized the Keithley 2612B for VG 

sourcing and IG measurement. The drain and source electrodes were grounded, while VG was 

applied to the floating gate. Optical micrographs of the printed P3HT channel were taken, and the 

area of the channel was measured using ImageJ. 

To measure the inverter curves, a custom-made Python program was used. VG and IG were 

sourced and measured, respectively, with a Keithley 2612B source-measure unit (channel B). The 

drain voltage (VDD) was sourced with a Keithley 2611 source-measure unit across the transistor 

and over a load resistor (1 MΩ). The output voltage (VOUT) was measured at the drain electrode 

with a Keithley 2612B source-measure unit (channel A). The source electrode was grounded. 
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Inverter curves were measured with a sweep rate of 100 mV/s, VG step size of 10 mV, and    

VDD = –0.5 V. VG was swept from the OFF state to the ON state and back.   

3.3 Results and Discussion 

The extension of the floating gate and addition of CG can be modeled as two additional 

capacitors (from EDL formation) in series with the EGT. In order to make the EGT sensitive to 

changes in capacitance and interfacial charge at FG2, the area of CG is intentionally oversized in 

order to neglect its capacitance (CCG) in the sensing medium, or secondary electrolyte.41 This can 

be understood by expressing the capacitor in series, 

 
  

1

C2
=  

1

Ci,ion gel/goldAFG2
+

1

Ci,ion gel/goldACG
 

(2.1) 

where Ci,ion gel/gold is the specific capacitance of the ion gel/gold interface. The electrodes continue 

to decrease in area, schematically shown in Fig 3.1. Following the same implications of Eq. 2.1, 

the capacitance of the EGT is estimated as C0 since due to the oversizing of FG1 to prevent 

 

Figure 3.1. Schematic representation of FGT with parasitic capacitance. (a) Printed FGT 

with VG applications for EGT (VG
EGT) vs FGT (VG

CG) operation. (b) Equivalent circuit of an 

FGT considering parasitic capacitance.  
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potential loss between FG1 and the P3HT/ion gel interface. The charge stored in a capacitor is the 

product of the capacitance and voltage, which, in this case, is expressed as  

 Q0 =  C0(VF − 0) (2.2) 

where the potential of the floating gate, VF, is dropped at the P3HT/ion gel interface during 

operation when the source is grounded. The charge stored in the secondary electrolyte should be 

equal and opposite to the charged stored in the primary electrolyte, in order to satisfy the charge 

balance: Q2 + Q0 = 0. Yet, between FGT and EGT transfer curves of the same device exist 

discrepancies, which are observed as changes in the effective gating of the device as expressed by 

the following equation,41  

 ΔVT = VG
CG– VG

EGT = (
1

1−ƒ

Ci,P3HTAP3HT

Ci,FG2AFG2
) VG

EGT (2.3) 

The fraction charge lost from C2 to the floating gate is defined as 𝑓, and this loss led to decreased 

gating from the control gate to the EGT. The first approach to minimize or eliminate parasitic 

capacitance was to change the substrate to fused silica, or glass, an insulating material. As 

previously done by White et al., the parasitic effects can be amplified by decreasing AFG2 and 

comparing the changes in VT to fit a value of 𝑓 to the model (Eq. 2.3).41 Alongside this, the same 

experiments were carried out on SiO2/Si wafers in order to verify previous work and to ensure the 

device fabrication procedures were consistent.  

In order to calculate VT for each device in EGT and FGT mode, Eq. 1.3 can be rearranged 

to extract VT. As VG was swept more negatively for both EGTs, ID increased by several orders of 

magnitude (ION/IOFF ~ 105 to 106), as observed in Fig 3.2. The linear regression of the |𝐼D|1/2–VG 

plot where the device is in its ON state results in VT as the x-intercept. The linear regression was 

done on the forward sweep for consistency, as some devices exhibited hysteresis. The average VT 
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among 30 SiO2 EGTs and 32 glass EGTs was –0.30 ± 0.06 V and –0.31 ± 0.09 V, respectively. 

The difference between VT of the FGT and EGT-subunit was used for the fit using Eq. 2.3 

(Fig 3.3). The values for the specific capacitance of each electrolyte were chosen based on previous 

experimental work, being 12.5 F/cm2 and 100 F/cm2 for Ci, ion gel/gold and Ci, P3HT/ion gel, 

respectively.33,41 The estimated values for 𝑓, according to this set of experimental data, were 0.32 

and 0.41 for SiO2 and glass devices, respectively.  

Both sets of experimental data were fit to Eq. 2.3 with the exception of AFG2/AP3HT = 400 

due to its larger change in VT that did not follow the trend. Changes in VT are expected with 

decreasing AFG2, even when 𝑓 = 0, due to differences in capacitance, as modeled by the gray line 

in Fig 3.3. Devices had nearly no change in VT for large areas of FG2, but as the area decreased, 

there were changes in ID–VG characteristics between EGT and FGT modes. Smaller-area FG2 

devices had lower 𝑑ID/𝑑VG, as evident by the smaller slope, indicating less capacitive coupling 

between the two ends of the floating gate as more negative VG must be applied to achieve similarly 

                

Figure 3.2. EGT transfer curves. Transfer curves on a semi-log scale (black) and linear ID
1/2 

vs VG plots (blue) of (a) SiO2/Si and (b) glass EGTs. Gray arrows indicate the direction of the 

forward and backward sweeps, starting from positive VG. The x-intercept of the red linear 

regression is VT. 
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high ID. Based on the current data set, the use of glass substrates does not eliminate nor lower 

parasitic capacitance. In fact, the value of 𝑓 was higher for glass than for SiO2 devices. The slopes 

of the linear regressions for glass devices were consistently lower than SiO2 devices and can be 

attributed to differences in P3HT film thickness and morphology. 

  A second fit is shown in Fig 3.3 where the ratio of capacitances is changed to fit the 

experimental data by multiplying by 1/(1 − 𝑓). This fit suggests that, instead of parasitic 

capacitance affecting the device output, the estimations for the specific capacitances are not 

correct. Since the P3HT channel is permeable, it’s specific capacitance is not only reliant on its 

area but also its thickness. Variations in printing can result in such variability in P3HT capacitance. 

To assess this, a set of devices’ specific capacitances was measured in order to determine 

                  

Figure 3.3. Area dependence of FG2 on FGT and EGT operation. Semi-log plot for 

(a) SiO2/Si and (b) glass substrates show changes in VT between the FGT and EGT modes as 

function of AFG2/AP3HT. The curves fit the experimental data using Eq. 2.3 where blue and gray 

curves are representative of no fraction of charge (ƒ) lost at the floating gate for C0/C2 = 8 and 

a value of C0/C2 set to fit the experimental data (11.8), respectively. The red curve estimates, 

using C0/C2 = 8, that ƒ = 0.32 for SiO2 FGTs and ƒ = 0.41 for glass FGTs. Each data point and 

error represent the average and standard deviation of 5 devices, respectively. AFG2/AP3HT = 400 

was excluded from the fits. 
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variability. Displacement current measurements were used to estimate Ci, P3HT/ion gel (Fig A.1), 

finding the P3HT/ion gel specific capacitance to be 209 ± 25 µF/cm2 among 10 EGTs. 

As ƒ was not eliminated with glass substrates, we look toward other approaches using our 

experimental data to model the relationship between the gating of the FGT and EGT-subunit. By 

modeling the system as capacitors in series, the fraction of the applied VG at the control gate can 

be modeled as  

 κf = κEGTκCG
f  (2.4) 

Here, κf  is expressed as two multiplicative factors, where κEGT is the intrinsic potential drop over 

the EGT, or primary electrolyte, and κCG
f  is the potential drop over the secondary electrolyte along 

with the parasitic loss, ƒ. The ID-VG relationship for FGT operation in the saturation regime can 

thus be expressed as21 

 
ID

1/2
= (

μCiW

2L
)

1/2

(κfVG − VT) 
(2.5) 

where the potential effectively felt by the P3HT channel is κfVG. To extract a value for ƒ, we can 

rearrange the model for κCG
f  where  

 1

κCG
f

=  
(C0 C1)

 C2(1 − ƒ)(C0 +  C1)
+ 1 

(2.6) 

enables varying C2, or AFG2, while maintaining C0 and C1, to extract ƒ. Following Eq. 2.4 and 

Eq. 2.5, the slope of the transfer curve in the saturation regime of the FGT, (μCiW/2L)1/2κf , can 

be divided by the slope of the same device operating as an EGT, (μCiW/2L)1/2κEGT , resulting in 

a measured value of κCG
f .  

To test our newly derived model, we first determined ion gel-gold and P3HT-ion gel 

capacitances from literature or experiments. A previous report found the specific capacitance of 



 

 31 

the ionic liquid used, [EMIM][TFSI], on gold to be approximately 8 F/cm2 at low frequencies 

(10 Hz),100 while quasi-static measurements have yielded 12.5 F/cm2.33,95 We hence assigned a 

value of 8 ± 4 F/cm2 to represent the uncertainty in Ci, ion gel/gold, yielding C1 = 24 ± 12 nF. We 

used the value of Ci,P3HT/ion gel measured here, 209 ± 25 F/cm2, and the value reported in previous 

work, 100 F/cm2,41 to set values for C0 as 6.27 (± 0.75 nF) and 3 nF, respectively. Uncertainties 

in specific capacitance can potentially reflect surface contamination by organics, varied thickness 

of the ion gel electrolyte or P3HT channel, and/or moisture from humidity.101 

 

Figure 3.4. Model of 1/𝛋𝐂𝐆
𝐟  vs 1/C2 to extract ƒ. The inverse of measured κCG

f  against the 

inverse of the corresponding value of C2 using Eq. 2.6. The blue region reflects the range in 

Ci,ion gel/gold (8 ± 4 F/cm2) for C1 and the uncertainty in Ci,P3HT/ion gel for C0 with the presumption 

of no charge lost, or ƒ = 0. Both the red and gray fits reflect Ci,P3HT/ion gel = 100 F/cm2, where 

the grey fit assigns ƒ = 0. A total of 5 devices were measured for each data point. Error in C2 is 

based on the range of values for Ci,ion gel/gold. Reprinted (adapted) with permission from Thomas, 

M.S.; Adrahtas, D.Z.; Frisbie, C.D.; and Dorfman K.D. Modeling of Quasi-Static Floating Gate 

Transistor Biosensors, ACS Sensors 2021, 6 (5), 1910-1917. Copyright 2021 American 

Chemical Society. 
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The inverse of the experimentally obtained values of κCG
f  are plotted against the inverse of 

C2 in Fig 3.4 in order to extract ƒ by fitting the data to Eq. 2.6. In assigning the originally used 

values of 100 F/cm2 for Ci,P3HT/ion gel and 5.33 F/cm2 for Ci,ion gel/gold, the fit yields ƒ = 0.59 (red). 

Alternatively, by assigning Ci,P3HT/ion gel = 209 ± 25 F/cm2, Ci,ion gel/gold = 8 ± 4 F/cm2, and ƒ = 0 

(blue range) the red experimental fit falls within the uncertainty range, indicating that the new 

equivalent circuit model is sufficient in explaining the experimental data. This result indicates that 

rather than having parasitic losses, the differences in capacitance at each interface lead to perceived 

excess losses in capacitive coupling from the control gate to the P3HT channel. FGT models for 

charge- and capacitance-based sensing based on experimental data were further developed without 

consideration of ƒ.21 We also find how sensitive these interfaces are to FGT operation, lending 

greater attention to the fabrication and measurement protocols. 

3.4 Optimizing the EGT as a Signal Transducer 

Based on the results in Section 3.3, it was evident that the EGT device properties may be 

sensitive to experimental protocols, such as electrode cleanliness, thickness of printed materials, 

and the operating environment. A strategy already implemented to limit interactions between the 

ion gel and semiconductor with the environment is the use of a poly(styrene) (PS) encapsulation 

layer printed on top of the ion gel encompassing the source, drain, and FG1 electrodes. The purpose 

of the PS encapsulation layer is to extend the lifetime and decrease the inherent variability of the 

device by reducing its interaction with the air. Continuous exposure to oxygen and humidity can 

result in a reduction of P3HT conductivity and hole transport as oxidation occurs.102 As the 

conductivity is linearly related to the mobility of the semiconductor at a specific electric field, 

there would be continuous decreases in the transconductance with degradation. Such a result was 
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noted in the case of the ion gel, where SEAS, a more hydrophobic polymer, used in ion gel led to 

more air-stable EGTs compared to the use of poly(styrene-b-ethylene oxide-b-styrene), or SOS, in 

ion gel.95  

EGTs were printed with both thick and thin layers of ion gel before encapsulation to study 

how ion gel thickness may also act as a barrier to P3HT over time. The thicknesses of ion gel were 

solely qualitative. The devices in this study were stored in the dark in ambient air between 

measurements. Changes in the electrical characteristics of EGTs were monitored over 28 days (Fig 

3.5). The fit used to calculate VT has a slope of  (μCiW/2L)1/2, where changes to the slope indicate 

 changes in the P3HT mobility or P3HT/ion gel specific capacitance. Nearly all devices had a 

change in slope that increased from 3 days to 7 days, then decreased after 28 days, indicating that 

an external factor was affecting device properties. The slope did not continuously decrease over 

time, as expected for a P3HT device that is degrading. As such, the variability can instead be 

attributed to changes in the specific capacitance. This result aligns with our earlier data that 

 

Figure 3.5. EGT transfer curve characteristics over 28 days in ambient air. Changes in (a) 

the slope of the ID
1/2 vs VG fit for VT, (μCiW/2L)1/2, and (b) VT. EGTs were printed with thin 

and thick layers of ion gel and encapsulated with polystyrene. The error represents the standard 

deviation of 5 devices.  
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suggests there is variability in the specific capacitance of the ion gel interfaces. Ultimately, over 

the month, thick ion gel EGTs exhibited a maximum threshold voltage shift of 70 mV while thin 

ion gel EGTs exhibited a maximum threshold voltage shift of 100 mV. PS does completely protect 

the EGT from the air, as noted by varied device performance. Variability in measuring the same 

device has been overcome by sweeping the device until consecutive transfer curves overlap, 

making it unlikely that instability could be responsible for the trend. Because EGTs with thick ion 

gel exhibited lower hysteresis than those with thin ion gel, we proceeded with printing thick layers 

of ion gel for all EGTs.  

A simple test of measuring the same device inside and outside the glove box (< 0.1 ppm O2) 

provided sufficient evidence that the humidity and/or oxygen affect EGT electrical characteristics 

by shifting the transfer curve to a more positive VG in ambient air. Further, after incubation in a 

high humidity chamber (r.h. = 65%), the transfer curve shifted positively compared to the low 

 
Figure 3.6. Effect of high humidity on EGT. The transfer curve of the EGT was initially 

measured in a low humidity (r.h. = 4.5%) environment (blue). After 2 h in a high humidity 

(r.h. = 65%), the curve (red) shifted to a more negative VG. Stabilization in the low humidity 

environment for 45 min led to the curve (purple) shifting positively back toward its initial state. 
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humidity environment (r.h. = 4.5%), retreating back toward its initial state with time (Fig 3.6). 

Among four devices, the average shift in VT after 2 h in the high humidity environment was               

–47 ± 17 mV, and the average change in slope was 1.2 ± 2.6%. This result resembles previous 

report by Li et al. observed for p-type organic thin film transistors (OTFTs), where the device 

performance worsens within a high humidity environment (lower ION/IOFF).103 However, the 

retreating of the transfer curve as it adjusted to the low humid environment suggests the effect is 

reversible, where water molecules likely diffuse out of the ion gel as it equilibrates. With this, 

other encapsulants that provide a barrier to water diffusion should be explored in order to protect 

the EGT from changes in humidity for long-term signal transduction use. Otherwise, the FGT 

response must be calibrated to the state of the EGT for use in ambient air.  

For storage purposes, the longevity of an EGT was also investigated. EGTs, in the inverter 

configuration, continue to operate within low potential windows despite being stored in the glove 

 

Figure 3.7. EGT inverters after 27 weeks in the glove box. Operation of an EGT inverter 

after storage in the glove box for 6 weeks (black) and 27 weeks (blue) after fabrication. 
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box 6 months after fabrication (Fig 3.7). Shifts in the inverter curves are not surprising based on 

the shifts humidity can cause, and the average change in gain among three EGTs was 0.7 ± 2.1%. 

As a result, EGTs can be fabricated in mass and subsequently stored in the glove box, saving 

unused materials for printing and time for solution preparation and annealing.   

The inverter curve measurement program was further optimized, allowing for sweep rates 

up to 150 mV/s. Fig 3.8 exemplifies how EGT inverter curves respond to changes in the sweep 

rate from 25 mV/s to 150 mV/s. The hysteresis of the device systematically increased with 

increasing sweep rate, as expected for devices utilizing ion gels. Among three devices, the 

hysteresis from 25 mV/s to 150 mV/s increased by a factor of ~2. We also note that the gain of the  

backward sweep, taken by running a linear regression between VOUT = 0.15 and VOUT = 0.35 V, 

was larger than the forward sweep. In this example, the gain of the forward and backward sweep 

 

Figure 3.8. EGT inverter with varied sweep rates. The sweep rate was increased from 

25 mV/s to 150 mV/s. The inset shows the impact on inverter hysteresis. Arrows indicate the 

direction of the forward and backward sweep, starting from the OFF state. 
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at 50 mV/s were 3.6 and 4.1, respectively. As the gain is proportional to the signal amplification, 

we chose to use the backward sweep of inverter curves for signal processing in sensor work in this 

thesis. 

3.5 Conclusion 

  The fraction of charge lost, ƒ, in FGTs was previously interpreted as parasitic capacitance 

between the underlying p-doped Si wafer and gold electrodes, as charge balance models did not 

account for the full potential loss between the two electrolyte compartments. Experiments were 

replicated in ambient air, leading to charge loss being understood as uncertainty in specific 

capacitances at key interfaces: P3HT/ion gel (209 ± 25 µF/cm2) and ion gel/gold (8 ± 4 µF/cm2). 

FGTs were constructed with ion gel as the secondary electrolyte for the FG2 and CG interfaces on 

both glass (insulating) and SiO2/Si substrates. Glass FGTs presented similar losses (ƒ = 0.41) 

compared to SiO2 FGTs (ƒ = 0.32) measured in ambient air. Models were reconstructed to 

represent the potential differences between the applied potential, VG, and the final potential felt by 

the channel (κfVG) through changes in the slope of the ID
1/2 vs VG curves, (μCiW/2L)1/2κf for the 

FGT. Further, by introducing uncertainty to the specific capacitances in the model, the estimated 

capacitances were sufficient to model the response of FGTs with descending AFG2 without 

inclusion of ƒ. With this, new models, excluding ƒ, have been developed to predict the EGT 

inverter behavior and FGT inverter response to charge- and capacitance-based perturbations.21 

 The use of EGTs as signal transduction elements was also explored. EGTs can be stored 

as long as 6 months in the glove box and 28 days in ambient air for use without detriment to the 

transconductance/gain, enabling long-term storage. EGTs can be swept up 150 mV/s with a ~2x 

increase in hysteresis, providing faster signal transduction for quasi-static operation. Finally, EGTs  
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were observed to shift in VT due to changes in humidity with negligible changes in the ID
1/2–VG 

slope. As such, the day-to-day operation of EGTs change, as indicated by observing changes in VT 

and slope over 28 days in ambient air, raising a need for EGT calibration in the case on long-term, 

continuous FGT sensing.   
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Chapter 4. Designing an Antibody-based FGT Toward Small 

Molecule Detection 

4.1 Introduction and Motivation 

Of the different classes of analytes, small molecules are challenging because their size 

limits the ability to cause capacitance-based perturbations for FGTs equipped with rigid capture 

agents. A charged, small molecule of interest for food safety and environmental monitoring is 

glyphosate (169.07 Da, 2– charge at pH = 7.4).104 Glyphosate, shown in Fig 4.1, is the active 

ingredient in the herbicide, Roundup® and has had a dramatically increased use worldwide since 

2000.79 Global consensus on the public and environmental health risk of glyphosate has yet to be 

established, with the International Agency for Research on Cancer concluding it may be a 

carcinogen and the Joint Food and Agriculture Organization (FAO)/World Health Organization 

(WHO) Meeting on Pesticide Residues (JMPR) concluding it is unlikely to be a carcinogen.105 

According to the US EPA Code of Federal Regulations (CFR), tolerances for glyphosate residues, 

including its metabolites and degradates, have been established for over one hundred products with 

varied limits in parts per million (0.1 – 400 ppm).106  

Compliance is currently determined by measuring the concentration of glyphosate in a 

sample,106 relying on complex analytical instrumentation such liquid chromatography mass 

spectrometry (LC-MS).79,107 An in-house and simple-use detection method can be beneficial, as 

not all facilities can afford the time and cost of current detection methods.79 Although 

electrochemical sensors have shown proof-of-principle studies that provide these advantages, 

other figures of merit such as sensitivity, reproducibility, and selectivity (without sample 
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preconcentration) inhibit their use in the field.79 Within the past couple of years, electrochemical 

biosensors have achieved detection of glyphosate using electrochemical impedance spectroscopy 

and chronoamperometry for both antibody-based and aptamer-based sensors.108–111 Each of these 

sensors elicits changes in capacitance upon glyphosate capture rather than potentiometric changes.  

Detection of glyphosate with an FGT would expand the library of detectable analytes 

toward small molecules. To date, the FGT biosensor has been deployed to detect large 

biomolecules, including proteins27,28 and DNA.42 The low molecular weight and charge associated 

with small molecules limit electronic perturbations at the sensing surface, making small molecules 

challenging to detect with the FGT biosensor. Antibody-based FGT detection has been previously 

achieved for the gluten in an extraction cocktail (250 mM 2-mercaptoethanol, 2 M guanidine 

HCl),27 demonstrating the FGT’s ability to transduce signals antibody-target binding events in high 

electrolyte strength solutions. 

 

Figure 4.1. Diagram of the glyphosate FGT biosensor. (a) Schematic of the device, outlining 

the inverter configuration and sensing compartment. The FGT (gray bracket) includes the 

control gate, upper end of the floating gate, and EGT inverter (black bracket). (b) The schematic 

magnification of FG2 depicts the functionalized sensing surface composed of surface-bound 

antibodies after glyphosate binding. 
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As such, an electrode functionalized with antibodies was utilized in conjunction with FGT 

models21 to design the sensor toward charge-based sensing with an antibody-conjugated sensing 

surface (Fig 4.1). As the presence of the antibody on the sensing surface is essential to biosensing, 

a thorough assessment of surface chemistries for antibody conjugation and subsequent surface 

characterization was done using X-ray photoelectron spectroscopy (XPS), reflection-absorption 

infrared spectroscopy (RAIRS), cyclic voltammetry (CV), and epifluorescence microscopy 

(detailed in Section 2). After confirming the conditions for antibody conjugation, the surface 

chemistry was translated to the floating gate using PDMS wells. Initial controls were done to 

measure the response to 0.1 – 100 µM glyphosate in 1X PBS over 10 min for bare gold and PEG-

thiol FGTs which did not exhibit dose-dependent responses. Glyphosate FGT biosensors elicit 

responses to 100 µM glyphosate that are on average low and irreproducible, prompting an 

assessment of the binding constant (KD) of the glyphosate antibody with surface plasmon 

resonance (SPR). While SPR validated conjugation of the antibody to the chip, glyphosate-

antibody binding was undetectable despite varying the running buffer and antibody conjugation 

protocol to alleviate possible electrostatic or pH effects. 

4.2 Experiments 

Surface functionalization was initially characterized on a control substrate. A home-built 

thermal evaporator housed in a glove box was used to evaporate 5 nm of Cr and 50 nm of Au onto 

silicon substrates. The gold control electrodes were cleaned with UV/ozone treatment for 20 min 

and immersed in ethanol for 40 min. Before immersion in the 1 mM thiol solution in ethanol, the 

substrates were rinsed thoroughly with ethanol and dried with N2. Thiol solutions containing 

11-MUA were prepared with 10% HCl in order to prevent a bi-layer of 11-MUA through hydrogen 
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bonding of the carboxylic acid groups.112 The substrate was stored in a vial at room temperature 

in the dark. Incubation times for self-assembly were varied for initial XPS studies but led to a final 

incubation time of 20 h. After incubation, the substrate was thoroughly rinsed with HPLC water 

and ethanol and dried with N2. The substrate was then immersed in a 100 mM 2-(N-

morpholino)ethanesulfonic acid (MES) buffer (pH = 5.8) containing 50 mM 

N-hydroxysuccinimide (NHS) and 200 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide HCl 

(EDC) solution for 30 min, reacting with carboxylic acid of 11-MUA to yield a succinimidyl ester 

(NHS ester) tail group. The substrate was rinsed with MES buffer and HPLC water and dried with 

N2. A 5.0 mg/mL glyphosate antibody aliquot was brought to room temperature before dilution 

and gentle mixing. The 0.1 mg/mL glyphosate antibody solution in 1X phosphate buffered saline 

(PBS) buffer (pH = 7.4) was drop casted onto the substrate and reacted for 2 h in the dark. Finally, 

the unreacted NHS-ester sites were quenched with a 1.0 M ethanolamine-HCl solution (1X PBS, 

pH = 8.6) for 15 min. The substrate was thoroughly rinsed with HPLC water and dried with N2. 

The pH of each solution was measured with a Horiba LAQUAtwin pH-11 meter, and the pH of 

the solutions were adjusted with NaOH or HCl. 

FGTs were fabricated with photolithography and aerosol jet printing, as described in 

Sections 2.4 and 2.5, respectively. For cleaning the gold FG2 surface for antibody 

functionalization, the surface was exposed to UV/ozone for 10 min using a stainless steel stencil 

then incubated in ethanol for 20 min with a PDMS well. The surface was thoroughly rinsed with 

ethanol before adding the thiol solutions. The clean gold surfaces were initially functionalized with 

1 mM of 11-MUA and PEG thiol (1:1 molar ratio, 1:1 ethanol/water, 5% HCl). HPLC water was 

introduced as a solvent in order to decrease the wettability of the thiol solution, as ethanol can 

easily leak out of the PDMS well through minor imperfections in the PDMS/substrate seal. The 
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surface was subsequently reacted for EDC/NHS activation, antibody conjugation, and 

ethanolamine quenching, as described for the control substrate. The surface was never dried in 

between steps. Solutions were dispensed and drawn out of the PDMS well with a micropipette. 

XPS, RAIRS, epifluorescence microscopy, and cyclic voltammetry were used as described 

in Sections 2.7 to 2.10. SPR measurements were conducted by C.E.F. on a Biacore S200 

instrument (Cytiva Life Sciences, Marlborough, MA) set at 25 ̊ C. All running buffers were filtered 

(0.22 µm, cellulose acetate, Thomas Scientific, Swedesboro, NJ) and degassed before use. 

Solutions were prepared fresh prior to measurement. A series CM5 chip (Cytiva Life Sciences, 

Marlborough, MA) was used for each run. For activating the dextran matrix toward antibody 

conjugation, 400 mM EDC and 100 mM NHS in Milli-Q water were co-injected and flowed over 

the chip at 10 µL/min for 7 min. Subsequently, the 0.2 mg/mL glyphosate antibody in 10 mM 

sodium acetate (pH = 5) , unless otherwise specified, was injected at 10 µL/min for 10 min. Finally, 

1 M ethanolamine (pH = 8.5) was injected at 10 µL/min for 7 min. A 1 mM glyphosate stock was 

prepared with the running buffer and serially diluted ten-fold down to a concentration of 1 nM. 

The multi-cycle assay began with buffer injection. The sample solutions were injected at 20 

µL/min over both the reference and active cell for 120 s. The running buffer was subsequently 

injected for 300 s to measure dissociation. Sample solutions were injected from lowest to highest 

concentration glyphosate. The running buffer, antibody concentration, and antibody solution pH 

were altered between trials (Table D.1). 

All sensing measurements were carried out with 1X PBS as the aqueous electrolyte and 

buffer. Glyphosate stock was made by dissolving 1 mM glyphosate in 1X PBS and vortexed until 

full dissolution (~30 s). A ten-fold serial dilution was done for lower concentrations. The 

functionalization PDMS well was replaced with the larger PDMS well for sensing. Initial 
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measurements were carried out with 1X PBS only. VG was swept until subsequent inverter curves 

overlapped. Once the device was stable, the buffer was removed from the well and replaced with 

fresh 1X PBS to ensure that the act of replenishing did not disturb the sensing surface, and 

ultimately, the FGT response. The target solution was then introduced, and the FGT response was 

measured over 10 min for glyphosate. The final 1X PBS curve was subtracted from the target 

curve, producing a signal (∆VOUT). The maximum value was recorded as the signal (peak ∆VOUT). 

To guarantee a signal arises from target capture, the EGT was measured before and after the FGT 

measurements. EGTs that had significant drift were considered outliers for the study. All files were 

processed with a custom-made Python script. Plotting was done in OriginLab. 

To measure the inverter curves, a custom-made Python program was used. VG and IG were 

sourced and measured, respectively, with a Keithley 2612B source-measure unit (channel B). The 

drain voltage (VDD) was sourced with a Keithley 2611 source-measure unit across the transistor 

and over a load resistor (1 MΩ). The output voltage (VOUT) was measured at the drain electrode 

with a Keithley 2612B source-measure unit (channel A). The source electrode was grounded. 

Inverter curves were measured with a sweep rate of 100 mV/s, VG step size of 10 mV, and    

VDD = –0.5V. VG was swept from the OFF state to the ON state and back.   

For inverter curves measured at 45 mV/s (UV/ozone study), the VG and IG were sourced 

and measured, respectively, with a Keithley 2400. The drain voltage (VDD) was sourced with a 

Keithley 2611 source-measure unit across the transistor and over a load resistor (1 MΩ). The 

output voltage (VOUT) was measured at the drain electrode with a Keithley 2612B source-measure 

unit (channel A). 
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4.3 Surface Characterization 

Often used for transistor-based platforms, our strategy to conjugate antibodies to gold uses 

carboxyl-to-amine crosslinking in conjunction with self-assembled monolayers, or SAMs 

(Fig 4.2).18,27,113 A versatile, well-studied route for surface functionalization of gold is the use of 

thiols to create a SAM. The sulfur head group of the thiol forms a covalent bond with gold, termed 

a thiolate bond. SAMs are sensitive to time, solvent, and surface cleanliness: all variables to 

consider when intending to have a dense, well-packed monolayer that can prevent nonspecific 

gold-analyte interactions. The thiol, 11-MUA, contains a carboxylic acid functional group at its 

tail that can be further reacted with EDC and NHS to yield a succinimidyl ester, termed NHS 

 

Figure 4.2. Antibody conjugation to gold through carboxyl-to-amine crosslinking. 

Four-step surface chemistry to conjugate antibodies to the gold sensing surface, FG2. (a) Bare, 

clean gold substrate. (b) Self-assembly of 11-MUA and PEG methyl ether thiol on gold through 

thiolate bonds. (c) EDC and NHS in MES buffer react with the carboxylic acid of 11-MUA to 

form an NHS ester tail group. (d) The NHS ester reacts with a primary amine on the antibody 

in 1X PBS, forming a stable amide bond that conjugates the antibody to the thiol. 
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ester.113–117 The NHS ester functional group is readily substituted with primary amines, enabling 

conjugation to the antibody through lysine amino acid residues that are located on the outside of 

the antibody. Lysine residues can be located throughout the antibody, randomizing the orientation 

of the antibody with respect to the surface. Ethanolamine subsequently reacts with the NHS ester 

functional groups in order to prevent binding with other primary amines in the buffer or sample 

solutions.113 PEG methyl ether thiol is included in the monolayer as an anti-fouling agent.118 It has 

also been reported to reduce the effect of Debye screening due by reducing the relative permittivity 

compared to water,86,119–121 where the effect depends on the length and extension of PEG.87,121  

We first characterized monolayer formation with 11-MUA and PEG thiol using X-ray 

photoelectron spectroscopy (XPS). XPS is a quantitative, surface-sensitive characterization tool 

 

Figure 4.3. XPS of 11-MUA and PEG monolayer. SAMs of (a) 11-MUA and (b) PEG thiol 

on gold are characterized with high-resolution XPS spectra of (i) S2p, (ii) C1s, and (iii) O1s 

orbitals. Characteristic peaks are labeled. 
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that can be used to determine the chemical composition and identify the characteristic bonds of 

the SAM, importantly including the thiolate bond and functional groups along the thiol. XPS uses 

high energy x-rays to promote ejection of photoelectrons from the sample, travelling toward the 

hemispherical analyzer (detector) which a specific kinetic energy. The measured kinetic energy 

and work function of the detector are subtracted from the x-ray’s energy (h) to calculate the 

electron’s binding energy, corresponding to an element’s orbital and bond type.122 The 

self-assembly of 11-MUA and PEG thiol were studied and characterized with XPS both 

independently and as a mixed monolayer. The high-resolution spectra for 11-MUA and PEG thiol 

were collected for 20 h self-assembly times in a 1 mM ethanolic solution. In Fig 4.3a, 11-MUA 

exhibited an S2p doublet at 161.9 eV and 163.1 eV, indicating gold-thiol covalent binding.123 Based 

on spin-orbit splitting, the S2p doublets were fit with a 2:1 area ratio for the 2p3/2 and 2p1/2 states, 

respectively. Characteristic carbon bonds include aliphatic carbon (C–C, C–H) at 284.6 eV, the 

carbon adjacent to the carboxylic acid tail (C–COOH) at 285.9 eV, and the carbon within the 

carboxylic acid functional group (COOH) at 289.1 eV.112,124–126 Additionally, the carbonyl oxygen 

and alcohol oxygen are characterized at 532.2 eV and 533.7 eV in the O1s spectrum, respectively.  

PEG thiol similarly exhibited the thiolate bond observed in the doublet at 162.1 eV and 163.2 eV 

in Fig 4.3b. Since the PEG thiol is primarily composed of ether (C-O-C) functional groups, the 

large intensity C1s peak at 286.4 eV is attributed to ether carbon.127,128 A small aliphatic carbon 

peak was observed at 284.5 eV. This is interpreted as adventitious carbon, suggesting that there 

were bare gold sites on the substrate interacting with the air. Finally, the O1s spectrum contains a 

single peak at 532.8 eV, representative of the oxygen within the ether.  

The high-resolution spectra for a 1:1 molar ratio of 11-MUA to PEG thiol are shown in 

Fig 4.4 for different self-assembly times. High-resolution spectra of 11-MUA and PEG thiol 
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monolayers for different self-assembly times are included in Appendix B (Figs B.1 and B.2). After 

4 h, there is an indication of self-assembly for all samples, as made evident by the thiolate doublet 

near 162 eV. There was little change in the characteristic peaks of 11-MUA over 20 h. However, 

PEG thiol showed time-dependent changes in its self-assembly on gold between 4 h and 12 h. 

Namely, the attenuation of both the Au4f and S2p doublets indicate that self-assembly times beyond 

4 h lead to densification of the monolayer, where thiols assemble in bare gold sites. Also, 

characteristic ether peaks increased in intensity while the adventitious carbon peak near 284.5 eV 

decreases with self-assembly time, further evidencing an increase in the number of PEG thiols 

molecules. The 11-MUA/PEG sample spectra contains characteristics of both thiols, but these 

 

Figure 4.4. Time-dependent formation of 11-MUA and PEG thiol mixed monolayer. High-

resolution XPS spectra of (a) Au4f, (b) S2p, (c) C1s, and (d) O1s orbitals of mixed monolayer of 

11-MUA and PEG at a l:1 molar ratio on gold. Self-assembly times were 4 h (green), 8 h (blue), 

and 20 h (purple). 
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characteristics change with self-assembly time. The decrease in the ether carbon peak (~286.4 eV) 

with time suggests competitive adsorption between 11-MUA and PEG thiol, where the increase in 

intensity of both the aliphatic carbon and carboxylic acid carbon peaks suggest 11-MUA displaces 

PEG thiol from the surface over time. However, at 12 h, the O1s peak, near ether oxygen 

(~532.8 eV), and the Au4f doublet have intensities that are maintained after 20 h. The ether oxygen 

peak also increases from 4 h to 12 h. With this, the alleviation of space from perhaps physisorbed 

PEG thiol promoted binding of both PEG and 11-MUA on the surface. In order to guarantee a 

dense monolayer based on both the PEG and 11-MUA/PEG XPS time studies, the 

functionalization times were kept at 20 h. For tailoring the number of 11-MUA carboxylic acid 

sites, the molar ratio of PEG thiol can be increased (Fig B.3). XPS revealed a larger intensity C1s 

peak for ether carbon at 286.6 eV, increasing from 31.3% to 43.8% of the C1s area from a 1:1 to 

1:2 molar ratio, respectively. 

Reflection-absorption infrared spectroscopy (RAIRS) uses p-polarized IR light to measure 

vibrations on a reflective surface to characterize absorbed molecules. Because it utilizes a low 

grazing angle (4°) from the surface normal, only vibrational modes whose dynamic dipole has a 

non-zero component perpendicular to the surface are resolvable.129 Fig 4.5 includes the spectra 

from 11-MUA, EDC/NHS activation, and antibody-conjugated gold electrodes. Firstly, the 11-

MUA spectrum (green) exhibits two characteristic bands for carbonyl stretching (ν(C=O)) within 

the carboxylic acid: 1738 cm-1 and 1717 cm-1.130 Depending on conditions, such as EDC and NHS 

concentration, solvent, and pH, EDC/NHS activation can also yield nonreactive anhydride and/or 

N-acylurea functional groups.114–116 The challenge in distinguishing the NHS ester from 

nonreactive groups is primarily from band overlap with anhydride at 1750 cm-1 ((νas(C=O)) and 

1820 cm-1 (νs(C=O)).114 The N-acylaurea is characterized by bands at 1548 cm-1 and 1650 cm-1, 
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resulting from amide I and amide II vibrations, which were not found in the EDC/NHS spectrum 

(blue) in Fig 4.5. After activation, the NHS ester group is characterized by a triplet of carbonyl 

bands: 1749 cm-1 (νas(C=O)), 1790 cm-1 (νs(C=O)), and 1820 cm-1 (ν(C=O)).114–116,130,131 The band 

at 1216 cm-1 is assigned to the C-N-C stretch (νas(C–N–C)) while the band at 1076 cm-1 is assigned 

to the N–C–O stretch (ν(C–O)) of the NHS ester.114–116,130,131 These two bands are solely indicative 

of NHS ester, assuring its presence on the surface. After reacting with the glyphosate antibody, 

broad amide I (1600-1700 cm-1) and amide II (1500-1600 cm-1) bands emerged in the spectrum 

(purple), with no carbonyl bands from the NHS ester present. These large represent various bands 

from secondary structures within the protein; specifically, amide I bands typically contain C=O 

bending and N–H stretching and amide II bands contain N–H bending and C–N stretching.132,133 

Secondary structures include β-sheets, random coils, β-turns, and α-helices.  

 

 

Figure 4.5. RAIRS spectra of EDC/NHS activation and antibody conjugation. RAIRS 

spectra and characteristic bands of 11-MUA (green), EDC/NHS activated (blue), and antibody-

conjugated (purple) gold electrodes.  
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Figure 4.6. XPS of antibody conjugation to gold. High-resolution XPS spectra of control 

substrate functionalized with 11-MUA and subsequently reacted for antibody conjugation. Spectra 

include (b) C1s, (c) N1s, and (d) O1s orbitals.  

To further characterize antibody conjugation to gold, the same electrode used with RAIRS 

was characterized with XPS. Fig 4.6 shows the high-resolution spectra of the C1s, N1s, and O1s 

orbitals, along with fits to characterize each peak. The C1s spectrum contains three characteristics 

peaks: 285.4 eV for  C–C, C–H, and C–COOH; 286.9 eV for C–S, C–N, and C–O; and 288.7 eV 

for HN–C=O.113 The amide nitrogen and amine nitrogen appear in the N1s spectrum as a large 

intensity 400.5 eV peak and a small intensity shoulder at 398.7 eV, respectively.113 Carbonyl 

oxygen in the O1s spectrum is located at 532.1 eV while the lower intensity peak at 533.5 eV 

characterizes O–C bonds.113  
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An FG2 electrode that underwent the antibody conjugation chemistry, but in a PDMS well, 

was also characterized and compared to the control electrode (Fig 4.7). FG2 differed in that it had 

a mixed monolayer of 1:1 11-MUA to PEG thiol. Both electrodes have an S2p doublet  near 162 eV, 

indicative of thiolate bonds. The Au4f spectrum (Fig B.4) shows attenuation of the doublet from 

monolayer formation to antibody conjugation for both electrodes, as is expected with a bulky 

protein preventing electrons from escaping the surface. Key differences between the sensor and 

control electrode are the intensity differences of the non-aliphatic C1s and N1s peaks, where the 

control electrode has higher intensity from both. As peak positions are similar, the lower intensities 

can be an indication that there was a lower density of antibody conjugated to the sensor electrode. 

XPS, thus, is able to characterize antibody conjugation directly to the sensor surface (2.8 x 1.0 

mm), offering a surface characterization tool for future biosensing work. 

 

Figure 4.7. XPS characterization of antibody conjugation to FG2. High-resolution XPS 

spectra of (a) S2p, (b) C1s, and (c) N1s orbital of antibody-conjugated gold electrodes. Glyphosate 

antibodies were conjugated to the sensing surface of the FGT (pink) and of the control electrode 

(purple). The sensing surface had a 1:1 molar ratio of 11-MUA to PEG thiol; whereas, the 

control electrode was solely 11-MUA. 
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Antibody conjugation was further electrochemically characterized in Fig 4.8 with cyclic 

voltammetry (CV) using a redox reporter, [Fe(CN)6]3-/4-, in aqueous electrolyte (1X PBS). After 

20 h incubation of gold substrates in 1 mM 11-MUA (ethanol/water, 10% HCl), both Ep 

characteristic of [Fe(CN)6]3-/4- electrochemistry disappear. The self-assembled monolayer 

occupies electrode surface area, blocking access of [Fe(CN)6]3-/4- species to the surface where they 

exchange electrons with the gold working electrode. In pH = 7.4 solution, the carboxylic acid 

groups of 11-MUA are partially negatively charged which can also cause repulsion of 

[Fe(CN)6]3-/4-. Subsequent EDC/NHS activation, antibody conjugation, and ethanolamine 

quenching also fully prevents electron transfer from +0.8 V to –0.9 V. Here, conjugation of 

antibodies increased the thickness of the bio-interfacial layer, leading to inaccessibility of 

[Fe(CN)6]3-/4- near the gold electrode. 

 

Figure 4.8. CV of 11-MUA and antibody conjugation. Cyclic voltammograms of bare gold 

(green), 11-MUA functionalized gold (teal), and antibody-conjugated gold (blue). The 

electrolyte was 1X PBS (pH = 7.4), the redox reporter was 10 mM [Fe(CN)6]3-/4-, and the sweep 

rate was 100 mV/s. 
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Because the EGT of the FGT is printed prior to surface functionalization, a surface cleaning 

protocol that does not degrade the EGT materials was determined. Initially, the FGT was patterned 

without FG2. After EGT fabrication, a stencil was used to thermally evaporate FG2 (5 nm Cr, 

50  nm Au) aligned to the floating gate of the devices. Immediately after evaporation, all FG2 

electrodes were enclosed with a PDMS well for surface functionalization. Despite a clean surface, 

the thermal evaporator produced misaligned Cr and Au layers, leading to poor adhesion and 

delamination of the electrode while immersed in aqueous buffers and thus, unstable FGTs. A 

simple tape test was done on electrodes after sensing where the outer area of the electrode was 

removed with the tape. To resolve the delamination problem, the entirety of the FGT was instead 

photolithographically patterned, and cleaning protocols were explored and assessed with XPS after 

1 mM 11-MUA functionalization. The thiol solution was a 1:1 volumetric ratio of ethanol to HPLC 

water because of the low contact angle between ethanol and the substrate that enabled the leakage 

of ethanol from a minor defect in the PDMS well. Of solution-based and electrochemical cleaning 

methods noted for cleaning gold,134 the study was focused on solution-based cleaning methods. 

Because FG2 is coupled to the EGT, electrochemical methods would also mean interrogation of 

the EGT outside of typical operating potentials, potentially damaging the device. We proceeded 

with UV/ozone (10 min)  followed with ethanol immersion (20 min) due to the XPS S2p spectrum 

revealing thiolate binding without physisorbed and/or oxidized thiol (Fig B.5).  
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4.4 Sensor Results and Discussion 

 

Figure 4.9. Inverter curve shift with antibody conjugation to FG2. (a) Bare FGT inverter curve 

and (b) antibody/PEG functionalized inverter curve against the device’s EGT inverter curve. 

Antibody conjugation causes a positive shift in VG of the inverter curve. 

The glyphosate FGT was designed for maximal sensitivity to charge-based signals when 

functionalized with an antibody/PEG surface, as detailed in Appendix C. Briefly, for charge 

sensing, it is best that the ratio C0/C2 be small because this increases the steepness of the VOUT vs 

VG behavior (or gain) of the device, which in turn maximizes the signal when the sample and 

background inverter curves are subtracted. The areas of  FG1 and CG were oversized in order to 

minimize voltage losses and maximize the gain. In this design, the sensitivity to capacitance-based 

signals is low due to the large C2.21 Fig 4.9 shows the inverter curves of a glyphosate FGT that 

was functionalized with antibodies, as described earlier, and its EGT subunit. Glyphosate FGTs 

turn on at a more positive VG than bare gold FGTs compared to their EGT-subunits. This result is 

understood as a change in the work function of FG2. Functionalization of FG2 with 6-mercapto-

1-hexanol (MCH) has been shown to shift FGT curves positively compared to FGTs without a 

SAM based on its dipole moment eliciting a positive change in the surface potential (Δφ) that 
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decreases the work function.41 These findings are consistent with other reports SAM-induced work 

function shift, finding alkanethiols135 and PEG thiols136 both elicit positive shifts. The shift upon 

functionalization serves as an indicator for functionalization of FG2. FGTs that are not 

functionalized (bare gold FG2)  perform the same as their EGT subunit, indicating maximized 

coupling between the sensing medium and EGT. This is expected for devices with a high C2/C0 

ratio, as described earlier in Subsection 3.3.  

With the glyphosate binding to the antibody, we expected the surface-bound negative 

charges to contribute to a negative potential to FG2. The negative charges repulse the anions 

accumulating near FG2 when VG < 0, necessitating a more negative VG to turn the device ON. As 

such, the inverter curve shift would shift negatively in VG with no change in the gain, as the device 

 

Figure 4.10. Glyphosate FGT biosensor inverter curve shift after glyphosate dosing. The 

glyphosate FGT biosensor inverter curves after stabilization in 1X PBS (black) and dosing in 

100 µM serotonin (purple). The subtraction of the 1X PBS curve from the serotonin curve 

produces the signal readout, VOUT (pink). The maximum value of VOUT is the signal. Both 

inverter curves are of the backward sweep. 
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is not designed toward sensitivity to changes in capacitance. This type of interfacial charge sensing 

has been observed with 11-MUA functionalized FGTs where, upon deprotonation of the 

carboxylic acid functional group with a basic solution, the transfer curves (VT) and inverter curves 

shift negatively.21,44,45 Our first experiments yielded a signal based on this sensing mechanism 

(Fig 4.10). The signal was measured by subtracting the backward sweeps of the stable 1X PBS 

(black) from the glyphosate curve (purple). The maximum value of the peak signal output (VOUT) 

was taken as the signal, shown in pink. 

PEG FGTs and bare gold FGTs were used as controls against glyphosate to measure if 

glyphosate-gold or glyphosate-PEG nonspecific interactions were occurring. The response to 

glyphosate was measured from 0.01 – 100 µM glyphosate (Fig 4.11). The concentration could not 

extend beyond 100 µM glyphosate due to the loss of buffering capacity from 1X PBS, as the pH 

 

Figure 4.11. Response of glyphosate FGT biosensors and controls to glyphosate. Signals 

of glyphosate FGT biosensors after dosing with 100 µM glyphosate compared to PEG thiol and 

bare gold FGTs after dosing with glyphosate from 0.01 – 100 µM. Signals were measured (a) 

1 min and (b) 10 min after glyphosate introduction. Bare gold and PEG-only FGT data points 

at each concentration represent a single device. Glyphosate FGT biosensors represent an 

average and standard deviation of 11 devices. All signals were measured with the backward 

sweep of the inverter curves. 
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of 1 mM glyphosate and 10 mM glyphosate were 6.9 and 3.6, respectively. Preliminary results for 

the PEG (green) and bare gold (blue) FGT controls suggest there was no concentration-dependent 

response from glyphosate, but we observed drift of the FGT over time in both positive and negative 

directions.  

The limit of detection (LOD), the lowest concentration that can be reliably detected, was 

calculated using  

 LOD = x̅control  −  3 σcontrol (4.1) 

where x̅control and σcontrol  are the mean and standard deviation of the bare gold and PEG FGT 

signals. Three standard deviations away from the mean was used for 99.7% confidence. Eq. 4.1 

yields an LOD with units in mV (signal). A dose-response curve would be used to correspond the 

signal to a concentration along the curve. At 1 min and 10 min, the LOD was calculated as the 

corresponding concentration at –75 mV and –105 mV, respectively. At least 3 replicates at each 

concentration would be needed to better represent the LOD for the system. 

 Glyphosate FGTs were measured with the introduction 100 µM glyphosate at 1 min and 

10 min for a total of 11 devices. The average signal (Fig 4.11, purple) was within the signals for 

the controls, and glyphosate FGTs shifted both negatively and positively in VG with 100 µM 

glyphosate. The standard deviation also increased with dosing time. These results suggest that 

either capture of glyphosate by the antibody was not occurring within this time frame, the antibody 

has a poor binding affinity, or the signal was undetectable due to Debye length screening. The 

Debye length (D) is the distance from the electrode interface where potential decays due to charge 

screening from the electrolyte.137 In 1X PBS, D is  0.7 nm. In all cases, there is concern over FGT 

stability over the exposure time, as the signals varied in both the positive and negative direction.  
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As the conjugation of the antibody to FG2 was characterized with XPS, surface plasmon 

resonance (SPR) was used to try to validate the binding affinity of the glyphosate antibody. SPR 

is a surface-sensitive technique that capitalizes on the ability of metal (e.g., gold) surfaces to 

generate plasmons upon a characteristic angle of incident polarized light. An evanescent wave 

field adsorbs the energy of the incident light, dropping the intensity of the total internally reflected 

light.138 Changes in the refractive index between the gold and media above it change the 

characteristic resonance, producing a measurable, time-dependent signal termed response units 

(RU). As such, SPR is used to monitor biomolecular interactions where ligands are immobilized 

to the gold chip. Despite achieving high antibody loading (Fig B.6), a dose-dependent curve was 

not measured among 9 trials. To understand whether pH, electrostatics, or antibody density were 

inhibiting binding, these variables were altered among different trials (Table B.1) but did not 

enable a measurable binding response.  

Because the binding affinity of the antibody could not be characterized with either the FGT 

or SPR, it is possible the binding affinity of the antibody was poor. However, this may also 

demonstrate the challenge to detect small molecules with such techniques where experimental 

conditions can hinder target binding and/or resolving a signal. From the perspective of the 

glyphosate FGT biosensor, an average IgG antibody in its upright orientation has binding sites 

~15 nm away from the electrode interface, beyond the Debye length (0.7 nm).139  IgY antibodies 

differ from IgG in that they have an extra domain at the Fc region and lack a hinge region. Binding 

of negatively charged gluten proteins to antibodies in an extraction cocktail with an FGT biosensor 

was deduced to elicit a signal based on changes in surface potential.27 In looking into the 

methodology, we find two main differences between the aforementioned study and this work: the 

use of a reference FGT (PEG only) in parallel with the test FGT and integration of a microfluidic 
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PDMS chamber for sample delivery. Here, we anticipate the implementation of these methods 

moving forward will reduce the drift of the FGT, as the test FGT was calibrated to the reference 

FGT when establishing a baseline. Microfluidics would also alleviate mass transfer limitations, 

enabling target binding to occur over shorter time scales. Further, we can also look toward the use 

of antibody fragments as capture agents for less variability in capture site orientation, reducing the 

average distance of target capture from the surface. 

Recent work on detecting interfacial charge with quasi-static FGTs by Thomas et al. finds 

a maximum VT shift in similar electrolyte strength to 1X PBS (100 mM KCl) of approximately     

–150 mV, nearly half the signal compared to 10 mM KCl.44 Comparing this to amplified signals 

with FGT models and the inverter configuration,21 the signal upon 11-MUA protonation in 10 mM 

KCl was nearly –450 mV, suggesting a signal of approximately –225 mV in 100 mM KCl. Further, 

the VT shift was halved for a mixed monolayer of 11-MUA to octanethiol (1:1 molar ratio), 

yielding a rough estimation of an approximate –100 mV signal anticipated for an FGT inverter. 

This resembles the mixed monolayer used for the glyphosate FGT biosensor, but the density of 

antibody binding sites on the surface, where a net charge of 2– would be introduced upon 

glyphosate capture at each site, is not quantified and binding sites are likely beyond the theoretical 

length of 11-MUA when considering a tilt angle of 30° ( ~1.5 nm), increasing charge-screening. 

In order to achieve small molecule detection while still utilizing models built for quasi-static FGTs 

(not considering a reference FGT), we can look toward the use of smaller capture agents that, in 

themselves, elicit changes in the interfacial charge upon target-binding, such as structure-shifting 

aptamers.  



 

 61 

4.5 Conclusions 

 Prior FGT sensing contributions utilized self-assembly of thiols on gold to conjugate 

capture agents, such as aptamers and antibodies, and to explore the capacitive and ionic effects of 

thiols themselves. However, little characterization of these chemistries was done to validate the 

anticipated functionalization. In this work, antibody conjugation chemistry was achieved on the 

sensing electrode of the FGT, FG2, and was well-characterized using XPS, RAIRS, 

epifluorescence microscopy, and CV. A mixed monolayer of 11-MUA and PEG thiol was 

characterized with XPS, and epifluorescence microscopy revealed antibody conjugation up to a 

1:9 molar ratio between 11-MUA and PEG.  Responses to glyphosate at all relevant concentrations 

were measured for PEG thiol and bare gold FGTs. The responses were not 

concentration-dependent, and the signal that determines the LOD increases with increased 

exposure time to glyphosate. The glyphosate FGT biosensor does not respond to 100 µM 

glyphosate within 10 min of exposure beyond the responses of the control FGTs; moreover, when 

considering the irreproducibility, based on a large standard deviation, and the inability to increase 

glyphosate concentration without changes to pH, the glyphosate FGT biosensor cannot detect 

glyphosate. Furthermore, the antibody-glyphosate binding kinetics could not be verified with SPR. 

This is either the result of a poor binding affinity or demonstrates the challenge, even among 

advanced analytical instrumentation, to detect small molecules. In having used FGT models for 

charge-based sensing to optimize the biosensor, we must look toward other routes to consider 

detection of a small, charged molecules. As the electrolyte strength is considered to be a limitation 

for charge-based sensing with quasi-static FGTs, a simplest route is looking toward other types of 

capture agents with shorter lengths, such as aptamers, whose binding affinity is well-characterized.  
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Chapter 5: Designing an Aptamer-based FGT Toward Small 

Molecule Detection 

5.1 Introduction & Motivation 

In Chapter 4, the detection of the small, charged molecule, glyphosate, was inhibited either 

by the poor binding affinity of the antibody or the Debye length limitations of the platform with 

1X PBS. To further amplify charge-based detection of small molecules beyond the design of the 

FGT, we look toward the capture agent. Nanobodies are a class of antibodies found in camels that 

lack the light chain domains, maintaining high binding affinities while truncating their height 

(~4 nm).140 Implementing nanobodies enables capture closer to the sensing surface which is useful 

in cases where the charge screening, or the Debye length, prevents sufficient signal. Alternatively, 

single stranded oligonucleotides, or aptamers, have emerged as a pseudo-natural and synthetic 

capture agent whose height can be a few nm.53 Aptamers that undergo structural changes upon 

target-binding can be utilized to rearrange the negative backbone of the DNA near the surface, 

further amplifying target capture for neutral molecules and small, charged molecules.  

In this chapter, we reapproach small molecule detection with an FGT biosensor by 

implementing a structure-shifting serotonin aptamer reported by Nakatsuka et al. as the capture 

agent for detection outside of the Debye length.72 Upon target-binding, the aptamer lengthens from 

4.2 nm to 7.11 nm long, reorganizing the highly negatively charged aptamer away from the 

surface.141 The detection of serotonin (172.6 Da) has been accomplished electrochemically in prior 

work by exploiting its electroactive nature at a conductive electrode,142–144 by target capture with 

aptameric sensors,72,145–151 and by its chemical reactivity as bivalent 4,4’-dimer-serotonin.152 Here, 
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the structure-shifting mechanism of the charged aptamer (upon target capture) near the sensing 

surface72 was anticipated to alter the gating of the FGT, placing the sensing mechanism and signal 

amplification onto the capture agent rather than just the target analyte (Fig. 5.1). Aptamer 

modification of the gold sensor surface was characterized via XPS and CV. The binding affinity 

of the serotonin aptamer was characterized with SPR, yielding a KD of 360 nM.153  

Our initial work revealed that the serotonin FGT biosensor produces a limit of detection 

(LOD) of ~2 µM serotonin in 5 min. However, investigation into the selectivity revealed some 

small molecule interferents, such as dopamine, also produced measurable signals. SPR similarly 

measures responses to ADP, dopamine, and histamine at relevant concentrations. While bare gold 

FGTs produced small responses across all relevant concentrations, MCH-only FGTs elicited 

dose-dependent responses of high magnitude. Furthermore, FGT inverter drift when interrogated 

in 1X PBS also raises the question of stability. The results here lay the groundwork for small 

 

Figure 5.1. Diagram of the serotonin FGT biosensor. (a) Scheme of the device, outlining the 

inverter configuration and sensing compartment. The FGT (gray bracket) includes the control 

gate, upper end of the floating gate, and EGT inverter (black bracket). The schematic 

magnification of FG2 depicts the sensing surface composed of surface-bound aptamers and 

MCH upon serotonin introduction, showing the anticipated aptamer reorganization. 
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molecule detection with an aptameric FGT biosensor but prompts investigation into how serotonin 

interacts with the functionalized surface and why the aptameric FGTs necessitate a stabilization 

period.  

5.2 Experiments 

FGTs were fabricated with photolithography and aerosol jet printing, as described in 

Sections 2.4 and 2.5, respectively. Serotonin FGT biosensors were designed for charge-based 

sensing utilizing FGT models.21 The architecture is further detailed in Appendix C. The surface 

functionalization for aptamer conjugation begins with reduction of 50 µM aptamer with 50 mM 

TCEP-HCl in TE buffer (pH = 8.0) for 2 h in the dark. The aptamer solution was diluted to 1 µM 

with TE containing 1 M NaCl and gently mixed with a micropipette. The concentration of aptamer 

was verified with a NanoDropTM One/OneC Microvolume UV-Vis Spectrophotometer (Thermo 

Fisher Scientific, Waltham, MA). The gold FG2 electrode was cleaned by dropcasting a 0.1 M 

NaOH + 27% H2O2 solution and leaving it for 15-20 min. The surface was thoroughly rinsed with 

HPLC water and dried with N2. A PDMS well held the aptamer solution overnight (16-18 h). The 

surface was rinsed with TE followed with the addition of  1 mM MCH (TE buffer) for 30 min. The 

surface was then rinsed with TE and 1X PBS. The functionalization protocol for CV 

characterization was the same. XPS and CV were used for characterization, as detailed in the 

Sections 2.7 and 2.10, respectively. 

SPR experiments were conducted by C.E.F. and J.H. on a Biacore S200 instrument (Cytiva 

Life Sciences, Marlborough, MA) set at 25 ˚C. All running buffers were filtered (0.22 µm, 

cellulose acetate, Thomas Scientific, Swedesboro, NJ) and degassed before use. Aptamer 

immobilization via biotin-streptavidin capture and the high-ionic-strength multicycle assay 
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protocols used were previously reported by Froehlich et al.153 Selectivity studies were performed 

immediately after a high ionic strength multi-cycle SPR assay using the same chip and 

immobilized serotonin aptamer. Each sample (CaCl2, ADP, GABA, tryptophan, histamine, or 

dopamine) was injected three times at 100 nM and then three times at 1 µM in the listed order. 

PBS-P+ containing 1 M NaCl was used as the running buffer and was used as the buffer to make 

all sample solutions. Statistical analysis performed for the selectivity testing used a one-way 

ANOVA with α = 0.05 and the Tukey HSD test for means comparison between serotonin and 

interfering molecules: CaCl2, GABA, and tryptophan, as well as separately for dopamine and 

histamine.  

For FGT sensing, the functionalization PDMS well was replaced with the larger PDMS 

well. Initial measurements were carried out with 1X PBS only. Serotonin was added to 1X PBS at 

a 10 mM serotonin concentration and vortexed until full dissolution. The 10 mM stock was serially 

diluted with 1X PBS to concentrations ranging from 1 nM to 1 mM. The negative controls were 

prepared in the same manner (dopamine, CaCl2, GABA, and L-tryptophan). The gate voltage was 

swept until subsequent inverter curves overlapped. The stabilization period, where the inverter 

curves continuously drifted until overlapping, typically lasted 5 to 20 min. Once the device was 

stable, the buffer was removed from the well and replaced with fresh 1X PBS to ensure that the 

act of replenishing did not disturb the sensing surface, and ultimately, the FGT response. The 

serotonin solution was then introduced, and the FGT response was measured over 5 min. The final 

1X PBS curve was subtracted from the serotonin curve, producing a signal peak (∆VOUT). The 

maximum value was recorded as the signal (peak ∆VOUT), and all the calculated signals over the 5 

min measurement period were averaged as the final reported signal. J.H. conducted a portion of 

the sensing measurements.  
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To measure the inverter curves, a custom-made Python program was used. VG and IG were 

sourced and measured, respectively, with a Keithley 2612B source-measure unit (channel B). The 

drain voltage (VDD) was sourced with a Keithley 2611 source-measure unit across the transistor 

and over a load resistor (1 MΩ). The output voltage (VOUT) was measured at the drain electrode 

with a Keithley 2612B source-measure unit (channel A). The source electrode was grounded. 

Inverter curves were measured with a sweep rate of 100 mV/s, VG step size of 10 mV, and    

VDD = –0.5V, VG was swept from the OFF state to the ON state and back.   
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5.3 Surface Characterization  

To characterize the surface functionalization directly at the sensing surface, FG2, we 

employed XPS to determine surface chemical composition. The same methodology for 

functionalizing the sensing surface was used. After overnight aptamer self-assembly and 30 min 

of MCH backfilling, the surface was rinsed thoroughly with 1X TE. The surface was incubated 

with 1X PBS for 5 min then rinsed thoroughly with Milli-Q water. The 1X PBS incubation was 

done to mimic the sensing environment. A Milli-Q water rinse was necessary to remove any salt 

ions from the surface, which could contribute to the XPS signal and interfere with the analysis. 

High-resolution spectra revealed peaks at binding energies characteristic of the elemental 

composition of thiolated DNA and MCH. Fig 5.2a shows the S2p high-resolution spectrum contains 

a doublet representative of S–Au bonds (161.9 eV), indicating bound thiol.123 To identify the 

presence of aptamer on the surface, C1s and N1s spectra were analyzed. Carbon species relevant to 

 

Figure 5.2. XPS of aptamer/MCH-functionalized FG2 electrodes. The electrode was 

immersed in 1X PBS for 5 min after functionalization before rinsing with water. High-

resolution spectra of (a) S2p, (b) C1s, and (c) N1s orbitals with labels for each peak position. 
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MCH include aliphatic carbon, the alcohol functional group, and C–S. In Fig 5.2b, the three carbon 

peak fits were assigned to the following moieties: C–C and C–H (284.9 eV); C–N, C–O, and C–S 

(286.6 eV); and N–C(=O)–N, N–C(=O)–C, N–C(=N)–N, N=C–N, and N–C–O (289.1 eV).123 The 

higher energy peak at 289.1 eV relates directly to C species solely in the aptamer. Aliphatic carbon 

composes the aptamer’s C6 spacer, MCH, and adventitious carbon adsorbed to the gold surface. 

The N1s high-resolution spectrum in Fig 5.2c has two peaks: 399.6 eV and 401.8 eV. These peaks 

evidence the presence of aptamer on the FG2 surface, where the 399.6 eV peak is from 

heteroaromatic nitrogen while the 401.8 eV peak is from N–C(=O)–N, N–C(=O)–C, N–C(=N)–N, 

N=C–N, and N–C–O.154  

Fig 5.3 presents cyclic voltammetry (CV) of [Fe(CN)6]3-/4- in 1X PBS employed for 

qualitative characterization of film density as a function of surface functionalization steps. After 

overnight incubation of gold substrates in 1 µM thiolated aptamer, the peak-to-peak separation 

 

Figure 5.3. Cyclic voltammograms of aptamer/MCH functionalization. CV of bare gold 

(green), MCH-functionalized gold (teal), aptamer/MCH-functionalized gold (blue), and 

aptamer-functionalized gold (purple). The sweep rate was 25 mV/s, the redox reporter was 10 

mM [Fe(CN)6]3-/4-
 , and the electrolyte was 1X PBS. 
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(Ep) in CV for [Fe(CN)6]3-/4- electrochemistry increased substantially from 122 mV to  920 mV. 

The adsorbed aptamer occupies electrode surface area, blocking access of [Fe(CN)6]3-/4- species to 

the surface where they exchange electrons with the gold working electrode. The aptamer backbone 

is highly negatively charged which can also cause repulsion of [Fe(CN)6]3-/4-. Subsequent exposure 

of the aptamer-functionalized gold to 1 mM MCH decreases Ep to 761 mV, suggesting that MCH 

displaces physisorbed aptamer on the surface, decreasing repulsion of [Fe(CN)6]3-/4-. Finally, 

MCH-only functionalized surface (1 h self-assembly) exhibited Ep of 182 mV which is higher 

than gold but lower than aptamer/MCH surfaces.   

5.4 Sensor Results and Discussion 

To elucidate the sensing mechanism, it is important to first understand how 

functionalization alters the gating of the FGT. In 1X PBS (pH = 7.4), the serotonin aptamer’s 

phosphodiester backbone is negatively charged. Previous studies find this aptamer arranges into a 

 

Figure 5.4. Inverter curve shift with aptamer/MCH functionalization of FG2. (a) The bare 

FGT operating with 1X PBS overlaps with the EGT, showing minimal potential loss over the 

sensing medium. (b) The aptamer/MCH-modified FGT operating with 1X PBS (green) shows 

a significant positive shift compared to the EGT alone (blue). 
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folded conformation in close proximity to the substrate.72,141,146 After functionalization of FG2 

with the aptamer and MCH, the FGT turns on at more positive potential compared to the EGT 

subunit of the same device (Fig 5.4b). Functionalization of FG2 with MCH has been shown to 

shift FGT curves positively compared to FGTs without a SAM due to a lowered work function 

and positive change in the surface potential (Δφ).41 Figure 5.4a shows that bare FGTs (no 

functionalization on FG2) have little to no threshold voltage shift compared to the EGT subunit. 

Most serotonin FGT biosensors exhibited a stabilization period during 1X PBS that varied in time 

from one device to the next. Devices whose FGT and EGT-subunit had inverter curves that 

overlapped were considered outliers. 

Upon aptamer-mediated serotonin capture, the aptamer’s folded conformation 

reconfigures, elongating away from the surface.72,146 This conformational change redistributes 

 

Figure 5.5. Concentration dependence and selectivity of serotonin FGT biosensor. (a) 

Dose-response curve for different concentrations of serotonin with aptamer-modified (blue) and 

non-modified (green) FGT biosensors. The dashed line represents the LOD. (b) Selectivity of 

the serotonin FGT biosensor against dopamine, CaCl2, GABA, L-tryptophan, and a cocktail of 

all control analytes at a concentration of 10 µM. Error in both plots is shown as the standard 

deviation from 3-4 FGT biosensors. * indicates p < 0.01 and ** indicates p < 0.005 as 

determined using a one-way ANOVA with α = 0.05 and using the Tukey HSD test for means 

comparison against serotonin, excluding the dopamine and control cocktail results.  
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negative charges along the aptamer backbone away from the sensing interface. Due to the high 

density of negative charges on the aptamer compared to the single positive charge on serotonin, 

we initially attributed the charge-based FGT response largely to aptamer reconfiguration. The 

reconfiguration of negative charge at the interface reduces the aptamer-induced surface potential 

at FG2, necessitating a more negative VG to induce enough charge to ultimately turn the device 

ON, as shown in Fig D.1.44,45 In Fig 5.5a, the serotonin FGT biosensor produces dose-dependent 

signals after 5 min of exposure to serotonin compared to the bare gold FGT. The LOD, calculated 

with the average and standard deviation of the bare controls using Eq. 4.1, was 

approximately 2 µM. 

Table 5.1. Serotonin aptamer selectivity with SPR. Average SPR binding response for each 

target analyte at 100 nM and 1 µM. Error is the standard deviation from three replicates. All error 

is shown as the standard deviation from three replicates.  

Analyte Response at 100 nM (RU) Response at 1 µM (RU) 

ADP -24.5 ± 30.6 -10.3 ± 10.7 

CaCl2 -0.1 ± 0.1 -0.0 ± 0.1 

Dopamine 0.7 ± 0.9 -7.2 ± 2.2 

GABA -2.4 ± 1.5 0.0 ± 0.2 

Histamine 0.1 ± 0.0 5.5 ± 5.5 

L-tryptophan -0.4 ± 0.2 -0.1 ± 0.1 

Serotonin 3.0  ± 0.1 10.6 ± 0.1 

 

The serotonin FGT biosensor exhibited good selectivity against GABA, L-tryptophan, and 

CaCl2; however, the device responds inexplicably to dopamine with a high level of variability 

(Fig 5.5b). When the serotonin FGT biosensor was tested against a 10 µM cocktail of these control 

analytes (2.5 µM of each), the device consistently exhibits nonnegligible negative responses. SPR 

results for probing the selectivity of the aptamer found statistically insignificant responses to 1 µM 
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CaCl2 and L-tryptophan, as determined using a one-way ANOVA with α = 0.05 and using the 

Tukey HSD test for means comparison. When tested against ADP the surface elicited large, 

negative responses for both 100 nM and 1 µM concentrations. Table D.1 provides the SPR 

responses for all analytes at both concentrations. Dopamine and histamine also elicited relatively 

large responses at 1 µM. As opposed to the positive responses arising from serotonin capture at 

the surface,153 negative SPR responses can result from aptamer conformational changes where 

there is a decrease in the effective refractive index near the sensor surface, such as if the aptamer 

undergoes a conformational change that increases the hydrodynamic radius and/or decreases its 

hydration shell.155 This aligns with the observed responses to the cocktail control, indicating that 

dopamine may be responsible for the aptamer elongation and subsequent changes in the gating of 

the FGT. 

Interestingly, responses are also observed when the serotonin aptamer was replaced with 

the glyphosate aptamer (Fig 5.6a), eliciting an average response to 1 mM serotonin of                               

 

Figure 5.6. Functionalized control FGTs respond to serotonin. (a) Glyphosate 

aptamer/MCH FGTs and (b) MCH FGTs inverter curves (backward sweeps) remain near the 

1X PBS curve (black) after 0.1 µM serotonin dosing (teal) but shift negatively after 10 µM 

serotonin (blue) and 1 mM serotonin (purple).   
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–282 ± 120 mV among 3 devices. Similar to the serotonin aptamer, FGTs with larger 

functionalization shifts (between FGT and EGT-subunit) were observed to produce larger 

responses to serotonin (Fig D.2). To deduce whether nonspecific aptamer-serotonin or MCH-

serotonin interactions were occurring, MCH-only FGTs were tested where MCH was 

functionalized for 1 h with TE. Similarly, MCH FGTs exhibited both a stabilization period and 

dose-dependent responses to serotonin (Fig 5.5b). Furthermore, with PEG thiol and hexanethiol 

FGTs, 10 µM serotonin also elicited a similar response over 5 min, indicating nonspecific 

interactions between serotonin and the functionalized sensing surfaces, shown in Fig D.3. We also 

reconsider the selectivity results, as some of these target analytes may be interacting with the 

surface, be it the gold electrode or thiols, in a similar manner as serotonin.  

To understand the nonspecific interactions at the FG2 interface, we can look toward surface 

characterization. Two possible scenarios may be responsible for the negative shifts observed from 

serotonin with functionalized FGTs: fouling by polyserotonin or electrochemical desorption of 

thiols. The production of polyserotonin films at the surface of gold electrodes has been reported 

for both spontaneous polymerization and electropolymerization of  serotonin.156 XPS can be 

strategically used to understand how the sensing surface was altered after stabilization in 1X PBS 

and dosing in serotonin. XPS was used to measure the high-resolution spectra of the N1s orbital in 

search of polyserotonin and the S2p orbital to monitor changes in the monolayer, specifically, for 

loss of thiols from the surface. Because the aptamer contains nitrogen, the study was focused on 

MCH-functionalized surfaces in order to associate the N1s signal with polyserotonin. As further 

evidence of polyserotonin film growth, the high-resolution spectrum of the Au4f orbital was 

measured, expecting a lower intensity with a polyserotonin coating. Finally, the C1s spectrum was 
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measured to characterize MCH functional groups in the control and to further characterize the 

changes in the sensing surface.  

The inverter curves measured before XPS characterization for both devices are shown in 

Fig 5.7. Each device was measured over 15 min in 1X PBS. The PBS-stabilized device underwent 

22 FGT scans and 4 EGT scans. The potential windows used for EGT and FGT inverters did not 

exceed ±0.5 V. The serotonin-dosed FGT measurements underwent 20 FGT scans and 5 EGT 

scans. FGT and EGT inverter curve overlap was evident after PBS stabilization for the first device 

and after 1 mM serotonin dosing for the second device (peak ∆VOUT = –359 mV). The two devices 

exhibited differences in stabilization despite similar potential windows and number of scans, where 

the first device drifted more negatively in VG (~150 mV) than the second device (~50 mV). The 

differences in FGT stability are not well understood, but we expect they stem from the FG2 sensing 

interface.  

 

Figure 5.7. MCH FGTs stabilized in 1X PBS and subsequent exposure to 1 mM serotonin. 

(a) Stabilization of an MCH FGT, leading to FGT and EGT-subunit inverter curve overlap. 

(b) Stabilization of a second MCH FGT, where subsequent 1 mM serotonin exposure leads to 

near FGT and EGT-subunit inverter curve overlap. Despite having the same functionalization 

protocol, one FGT is unstable while the other is fairly stable for ≥ 15 sweeps. Inverter curves 

are of the backward sweep. 
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Evidence of MCH monolayer formation is shown in Fig 5.8 (green), the uninterrogated 

MCH-functionalized FG2 electrode. A high intensity C1s peak at 284.7 eV is assigned to aliphatic 

carbon (C–C and C–H). The broad shoulder at 286.0 eV is characteristic of C–O and  C–S bonds.157 

Monolayer formation is indicated by the S–Au characteristic doublet at 162.0 eV. Fig 5.8 also 

displays the high-resolution XPS spectra of MCH electrodes stabilized in 1X PBS (teal) and 

stabilized in 1X PBS followed with 1 mM serotonin introduction and sensing (purple). Opposing 

evidence of polyserotonin formation, the Au4f doublet for interrogated electrodes had a larger 

intensity compared to the uninterrogated electrode. The 1X PBS interrogated electrode has a 44.7% 

increase in doublet area while the 1X PBS and serotonin interrogated electrode had a 52.9% 

increase in area, proposing a loss of thiol from both surfaces. This finding is corroborated with the 

lower intensity S–Au doublet in the S2p spectra (–18.5%, –41.6%) and a lower intensity of all 

carbon in the C1s spectra (–38.1%, –47.2%). In the S2p spectra, there is also a low intensity peak 

 

Figure 5.8. XPS of interrogated MCH-functionalized FG2 electrodes. XPS spectra of 

MCH-functionalized FG2 electrodes after functionalization (green), stabilization in 1X PBS 

(blue), and stabilization in 1X PBS and 5 min of 1 mM serotonin FGT measurements (purple). 

High-resolution spectra of (a) Au4f, (b) S2p, and (c) C1s orbitals. Decreases in intensity of C1s 

and increases in Au4f peaks after interrogation indicate losses of MCH. 
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near 168 eV indicative of oxidized sulfur for both interrogated electrodes.158 Finally, there is no 

observation of N1s on the surface after serotonin interrogation, reducing the likelihood of 

polyserotonin formation at the interface. 

These findings indicate that our observed stabilization period within 1X PBS was likely 

arising from a loss of surface-bound thiols as we continue to sweep the device. Because there are 

still characteristic S2p and C1s signals for MCH, there was not a complete loss of thiol. The XPS 

spectra of the 1X PBS- and serotonin-interrogated FG2 electrode pointed toward even higher 

losses, suggesting that the electrochemical nature of serotonin may have an impact on the stability 

of the functionalized surface. As bare gold FGTs exhibited EGT and FGT overlap, the 

directionality of the signals from serotonin are also suggestive of loss of surface-bound thiols. 

Additionally, as the stabilization of the second device did not lead to EGT and FGT overlap, but 

the introduction and interrogation with 1 mM serotonin did, we further evidence the loss of 

surface-bound thiols to stem from serotonin dosing. 

We deduce the loss of thiols during stabilization to be the result of electrochemical 

interrogation where both the buffer and small molecule analyte, serotonin, can be variables, in 

addition to the potential, that elicit thiol reduction and/or oxidation. SAMs have reportedly 

undergone oxidative and/or reductive desorption at ~1.0 V and below –0.5 V, respectively.63,159 

The extent at which the electrolyte, surface density, and other electroactive molecules play a role 

in electrochemical desorption of thiols has not been well studied, as it can vary from one 

electrolyte/thiol system to another.60 Vogiazi et al. find that the experimental conditions for 

electrochemical sensors (e.g., AC vs quasi-static DC potentials, concentration of redox reporter, 

buffer concentration) can lead to electrochemically-induced aptamer loss and, thus, signal losses 

that vary on a case-to-case basis.68 EIS interrogation led to significantly more perturbation at the 
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surface than CV interrogation. Leung et al. narrow the potential window for EAB sensors operating 

in 1X PBS at 37 °C to –0.2 to –0.4 V based on changes in signal after 1500 scans using square 

wave voltammetry.69  

To further rationalize our results, we consider the interactions serotonin and dopamine have 

with the sensing surface in both neutral and electrochemically-interrogated environments. 

Dopamine is one of many neurological catecholamines found to adsorb to gold surfaces.160,161 

Serotonin and dopamine have been measured with SERS where they adsorbed to gold substrates, 

producing characteristic Raman vibrational bands.162–164 Serotonin has been reported as an 

electroactive molecule, producing faradaic currents from oxidation near 0.40 V in 0.2 M PBS and 

0.22 – 0.23 V in Dulbecco’s modified Eagle’s medium (DMEM)165,166 with gold working 

electrodes. Like other catecholamines,167 dopamine is a highly electroactive molecule in PBS 

within the operating potential of ±0.5 V, and this property has been exploited for sensing with gold 

substrates.168,169 These results call into question whether electrochemically active, small molecules 

can be detected with quasi-static DC platforms and gold sensing surfaces, like the FGT, without 

such nonspecific interactions. With this, we propose that serotonin and its electrochemical activity, 

that is within the potential bounds of FGT operation, was responsible for the dose-dependent 

serotonin FGT biosensor responses. This can be extended to the control cocktail, where 

electrochemically active dopamine may have been responsible for similar sensor responses. To 

verify this, an electrochemical characterization tool, such as CV, can be used to measure the state 

of the surface as it is interrogated and exposed to serotonin and other small, electroactive 

molecules. Loss of thiol can be characterized by the emergence of faradaic current generated by 

the oxygen reduction reaction in 1X PBS which is suppressed by a SAM on gold.70 
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5.5 Conclusions 

 Serotonin FGT biosensors were designed for charge-based responses to serotonin capture 

with a structure-shifting aptamer having a KD of 360 nM.153 The sensing surface was characterized 

with XPS and CV. Functionalization of the sensing electrode was also characterized by inverter 

curves that turn on at a more positive VG compared to the EGT of the same device. Serotonin FGTs 

that do display a functionalization shift have concentration-dependent responses to serotonin 

(LOD = 2 µM); however, MCH-only and glyphosate aptamer/MCH FGT controls also produced 

concentration-dependent responses. Random, small responses are measured with bare gold FGTs. 

Furthermore, serotonin FGT biosensors respond to a cocktail of neurologically-relevant, small 

molecule analytes, suggesting the same mechanism eliciting responses from serotonin dosing may 

arise from analytes in the control cocktail. SPR characterizes the selectivity of the aptamer, finding 

responses toward ADP, dopamine, and histamine at 1 µM concentration that offer an explanation 

for responses to the control cocktail. XPS was used to characterize an MCH-functionalized FG2 

electrode used in an FGT for 1X PBS stabilization and 1 mM serotonin sensing measurements, 

finding loss of MCH from the surface in both cases compared to an uninterrogated MCH FG2 

electrode. Although the serotonin FGT biosensor may in fact relay the potentiometric response 

from serotonin-aptamer complexing, the evidence of signals from other functionalized FGTs 

introduces a separate, compounding mechanism that must be understood in order to design 

aptamer-based FGTs for small molecule detection. Currently, the signals arising from 

functionalized FGTs after exposure to serotonin are speculated to stem from the 

electrochemically-induced loss of surface-bound thiols from the surface, as serotonin is an 

electroactive species. This can be tested by using CV to electrochemically interrogate the various 
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functionalized surfaces with and without 1 mM serotonin in the 1X PBS electrolyte. This can also 

be extended toward other small, electroactive analytes, such as dopamine. 
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Chapter 6: Electrochemical Interrogation of Functionalized Surfaces 

6.1 Introduction and Motivation 

 Electrochemical sensing platforms, such E-AB sensors and EGTs, are on the rise due to 

their enhanced sensitivity, broad applicability, and potential for portability and in situ sensing. The 

use of electric fields is key to operating these devices, where signal transduction is a result of 

changes in current or potential at the recognition interface. Electrochemical interrogation of the 

sensing surface with a quasi-dynamic potential, even within ± 1V, can enable undesired 

electrochemical events at the interface, as noted in Section 1.4. The destruction of SAMs has 

originated from potentials causing reductive (below –0.5 V)159 or oxidative (~ 1 V) desorption 63 

of the thiols within aqueous electrolytes. These potentials vary on a case-to-case basis, as the 

electrolyte solution (pH, composition),60,63 thiol type,63,159,170 and interrogation method67,68 can 

affect the stability of the monolayer. Considering both the stabilization period and nonspecific 

FGT signals observed in Chapter 5, it is worth considering if reductive and oxidative desorption 

are occurring during FGT sensing, as depicted in Fig 6.1. 

 

Figure 6.1. Schematic representation of electrochemically-induced thiol desorption in an 

FGT. Desorption of surface-bound aptamers and other thiols from the sensing surface, FG2, as 

a result of electrochemical interrogation (VG) in an aqueous electrolyte. 
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In this chapter, we discover the potential windows that electrochemically disrupt common 

sensing surfaces: antibody- and aptamer-based. This chapter is mainly focused on aptamer/MCH-

functionalized electrodes. Cyclic voltammetry is used to apply and sweep quasi-static potentials 

to the functionalized gold substrates. Functionalized gold electrodes were electrochemically 

interrogated, tuning parameters such as the potential window and sweep rate to observe effects on 

characteristic peak potentials from faradaic reactions. One of the commonly-used buffers for 

biosensing, 1X PBS, was used as the electrolyte to better translate these processes to the sensing 

surface of the FGT biosensor. Studies were conducted with the redox active chemical, 

[Fe(CN)3]6
3-/4-, where changes in peak potentials from redox events at the surface, Ep, allow for 

ease in tracking surface destabilization. Redox-active moieties, typically conjugated to aptamers 

for EAB sensors, have reportedly caused changes in signal with electrochemical interrogation 

using square-wave voltammetry (SWV).66 Furthermore, 1X PBS with and without [Fe(CN)3]6
3-/4- 

have exhibited different effects on the stability of the aptamer surface for reasons not yet 

understood.68 As such, electrochemical interrogation experiments were replicated in 1X PBS only 

to determine whether [Fe(CN)3]6
3-/4- interacts unfavorably with the sensing interface. Each surface 

exhibits different stability, and we find aptamer/MCH surfaces have more narrow safe operating 

potential windows than 11-MUA and antibody surfaces.  

These estimated safe operating potential windows can be translated to the potential felt at 

FG2 of the FGT, prompting future work to examine the electrochemical stability of the sensing 

interface prior to its integration in an FGT biosensor. It is important to note that the sensing surface, 

FG2, experiences the opposite polarity of the potential applied at the control gate, VG. Both 

negative and positive polarities are explored in order to set parameters for both p-type and n-type 

transistors and to collect information on both reductive and oxidative desorption. Furthermore, 
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p-type FGTs have operated within ±1 V and not exclusively at negative potentials. With this, it is 

also crucial to set boundaries for potentials that can electrochemically alter and damage the surface, 

and thus alter the gating of the FGT, producing false signals or stabilization periods.  

6.2 Experiments 

All aptamer/MCH-functionalized electrodes were photolithographically patterned with the 

same protocol as Section 2.1. The area of the working electrode immersed in the electrolyte was 

0.25 mm x 0.25 mm. Functionalization was carried out in a PDMS well as described in Section 

5.2 for serotonin FGT biosensors, where aptamer-only and MCH-only self-assembly were 

overnight (16-18 h) and 1 h, respectively. All 11-MUA and antibody-functionalized electrodes 

were e-beam evaporated, as described in Section 2.1. Functionalization was carried out as 

described in Section 4.2 for glyphosate FGT biosensors. The area of the electrode was ~1 cm x 1 

cm with ~1/3 of the electrode immersed into the electrolyte. Both types of electrodes were used 

for MCH-only and aptamer-only functionalized electrodes. All electrodes were dried with N2 after 

functionalization and stored under negative pressure (–30 in Hg) in a dark antechamber before 

immediate use. 

CV was conducted as described in Section 2.10. The electroactive species was 10 mM 

K3[Fe(CN)6]. The electrolyte was 1X PBS (pH = 7.4, 0.2 µm filtered). The working electrode was 

the functionalized electrode. Working electrodes were electrochemically interrogated by applying 

a sweeping working potential (vs Ag/AgCl) over a potential window, including a forward and 

backward sweep for each scan, for a total of 20 subsequent scans having a sweep rate of 25 mV/s. 

To test positive potential bounds, the sweeps started at –0.2 V and reached +0.4 V before sweeping 

back, where the positive potential was extended by +0.1 V until reaching +0.9 V. To test negative 
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potential bounds, the sweeps started at +0.2 V and reached at –0.4 V before sweeping back, where 

the positive window was extended by –0.1 V until reaching –0.9 V. Portions of the aptamer-only 

and MCH-only work were conducted by J.H.  

6.3 Results and Discussion 

To realize whether potentials used for gating with 1X PBS cause reconstruction and/or 

destruction of our functionalized surfaces, CV was used to interrogate the aptamer/MCH surface 

for different potential windows, mirroring similar studies for EAB sensors.68,69 CV was used based 

on its ability to replicate the quasi-static sweep rates and potential windows used for FGT sensing 

while using the faradaic currents measured from electrochemical reactions to monitor the state of 

the working electrode surface. These studies were conducted with and without 10 mM 

K3[Fe(CN)6] in solution, as [Fe(CN)6]3-/4- has reportedly caused gold etching at positive potentials 

and interference with electrochemical detection methods.171–174 Free CN- and the oxidation of 

metallic Au to Au+ can lead to the formation of soluble Au(CN)2
-, as laid out by the Elsner 

reaction:171 

 4 Au + 8 CN– + 2 H2O + O2 → 4 Au(CN)2
– + 4 OH– (6.1) 

The reason to use K3[Fe(CN)6] is to track characteristic reduction and oxidation potentials of 

[Fe(CN)6]3-/4- in order to grasp how the surface is changing with interrogation. Compared to bare 

gold, charge transfer is impeded when the surface is functionalized with molecules, like thiols. The 

denser and thicker the functionalized layer, the more difficult it is for charge transfer between gold 

and [Fe(CN)6]3-/4- to occur, either necessitating larger potentials to achieve charge transfer or 

charge transfer not occurring at all.  
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Initially, bare gold working electrodes were measured to characterize the redox potentials 

of 10 mM [Fe(CN)6]3-/4- in 1X PBS. This was done from 25 mV/s to 250 mV/s, as shown in Fig 

6.2. As expected, the peak-to-peak separation, Ep, increases with increasing sweep rate. Among 

four gold samples measured with a sweep rate of 25 mV/s, the average anodic peak (Ep,a) was 

276 ± 2 mV, and the average cathodic peak (Ep,c) was 159 ± 2 mV. These characteristic potentials 

can be used as a reference to rationalize whether thiol desorption has occurred, leaving bare gold 

sites. The characteristic peak potentials were also determined for aptamer/MCH surfaces. Among 

36 samples measured with a sweep rate of 25 mV/s, the average Ep,a and Ep,c were 593 ± 29 mV 

and –245 ± 39 mV, respectively. The following electrochemical interrogation studies used a sweep 

rate of 25 mV/s and a total of 20 scans for all interrogation runs, as this provides a relevant sweep 

rate for FGTs21,45 and relevant number of scans for FGT sensing. 

 

Figure 6.2. CV of bare gold electrodes with 10 mM [Fe(CN)6]3-/4-. (a) Voltammograms from 

25 mV/s to 250 mV/s, showing changes in the characteristic Ep and current. (b) Ep for the anodic 

and cathodic peaks for bare gold electrodes. The error represents the standard deviation of three 

samples. 
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The results of MCH-only and aptamer-only functionalized gold electrodes are included in 

Fig 6.3. The trends observed with MCH electrodes and aptamer electrodes were reflected in 

aptamer/MCH electrodes, serving as another indication of both molecules being bound to the 

surface. As Ep for MCH electrodes were near that of bare gold (Fig 5.3), changes in Ep,c were 

 

Figure 6.3. Electrochemical stability of MCH-only and aptamer-only functionalized gold 

electrodes in 1X PBS with the redox reporter. The stability of MCH electrodes interrogated 

with extending (a) negative and (b) positive potential windows. The stability of aptamer 

electrodes interrogated with extending (c) negative and (d) positive potential windows. The 

electrodes were interrogated over 20 scans, and the change in Ep was measured with respect to 

the first scan. The sweep rate was 25 mV/s, the electrolyte was 1X PBS, and the redox reporter 

was 10 mM [Fe(CN)6]3-/4-.  
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smaller (Fig. 6.3a and b). Interestingly, this observation also indicates that the two molecules were 

undergoing independent phenomena under electrochemical interrogation in 1X PBS with 

[Fe(CN)6]3-/4-, meaning that the electrochemical interactions occurring in solution are not totally 

generalizable to surface-bound thiols, consistent with the literature.63,159,170 

Fig 6.4a follows the change in Ep,c with sweeping and extending the negative end of the 

potential window. At negative potentials, we expect the reductive desorption of thiols. With the     

–0.4 V bound, there was little change in Ep,c over 20 scans. Up to the –0.5 V bound for MCH 

electrodes, Ep,c became more negative. For the –0.6 V and –0.7 V bounds, Ep,c shifted positively 

with scanning; whereas, Ep,c for –0.8 V and –0.9 V bounds remained near the initial Ep,c with 

scanning. This perhaps explains why the –0.8 V data for aptamer/MCH electrodes overlaps with 

–0.6 V and –0.7 V data rather than showing more positive shifts in Ep,c with extending the negative 

 

Figure 6.4. Electrochemical stability of aptamer/MCH-functionalized gold electrodes in 

1X PBS with the redox reporter. The stability of aptamer/MCH electrodes interrogated with 

extending (a) negative and (b) positive potential windows. The sweep rate was 25 mV/s, the 

electrolyte was 1X PBS, and the redox reporter was 10 mM [Fe(CN)6]3-/4-. The electrodes were 

interrogated over 20 scans, and the change in Ep was measured with respect to the first scan. 

Error is the standard deviation among three electrodes. The bare Au lines represents the Ep 

difference between aptamer/MCH and bare Au electrodes. 
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potential window, as observed with aptamer electrodes (Fig 6.3c and d). As the potential window 

becomes increasingly negative, the Ep,c shifts positively toward that of bare gold (black). With this, 

electrochemical interrogation with potentials beyond –0.4 V, where Ep,c decreases, destabilize the 

aptamer/MCH interface likely in the form of thiol desorption. 

For the positive potential windows in Fig 6.4b, Ep,a cannot be tracked until extending the 

window to –0.7 V. As such, voltammograms from –0.4 V to +0.7 V were measured before and 

after the 20 scan interrogation in order to identify changes in Ep for potential windows that do 

not contain either anodic or cathodic peaks (Fig 6.5). The change in Ep among the negative 

potentials corroborate results in Fig. 6.3a, where the aptamer/MCH surface destabilized beyond 

the –0.4 V bound. For positive potential bounds with unmeasurable Ep,a (+0.4 to +0.6 V), the 

 

Figure 6.5. Changes in Ep after the interrogation of aptamer/MCH electrodes for each 

potential window. The change in Ep of the full voltammogram (+0.4 to –0.7 V) before and 

after electrochemically interrogating over 20 scans. The end potential was the extended positive 

or negative potential bound. The error represents the standard deviation of three electrodes. 
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change in Ep before and after interrogation was steady with an average –5 ± 3% decrease after 

interrogation with the +0.6 V bound.  

Beyond +0.6 V in Fig 6.4b, aptamer/MCH electrodes followed similar trends observed 

with MCH electrodes in Fig 6.3a and b. Interestingly, MCH electrodes exhibited negative shifts in 

Ep,a up to the +0.6 V bound. At the +0.8 V bound, Ep,a shifts positively ~100 mV over 20 scans for 

aptamer/MCH and MCH electrodes, increasing Ep. This observation persisted three scans into 

interrogation with the +0.9 V bound for aptamer/MCH, aptamer, and MCH electrodes. This 

observation cannot be a result gold etching since the increase in electrode area would result in 

facilitated charge transfer, decreasing Ep. A past report finds aptamer/MCH SAMs undergo 

time-dependent reorganization after self-assembly, increasing charge transfer resistance as 

measured by EIS.175 An increase in Ep may have risen from potential-induced reconstruction of 

the thiols176 or interactions between [Fe(CN)6]3-/4- and the surface that are not well understood. 

The positive shifts in Ep,a were also ~100 mV before continued interrogation led to an approximate 

–300 mV Ep,a shift, nearing bare gold. Similarly, aptamer electrodes experienced rapid negative 

shifts in Ep,a at the +0.9 V bound, reaching approximately –200 mV. As such, the aptamer/MCH 

surface was considered unstable beyond +0.7 V, also reflected in Fig 6.5, where thiol desorption 

and/or gold etching are likely responsible for Ep decreasing beyond the +0.8 V bound. 
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Sweep rate dependent measurements were done with aptamer-only electrodes using a 

potential window of –0.7 V to +0.8 V, shown in Fig 6.6. Interestingly, Ep increases initially for 

scans with sweep rates faster than 25 mV/s, also suggesting structural reorganization. With 

sustained scanning, the change in Ep for each scan is smaller for faster sweep rates. As such, 

higher sweep rates are able to sustain more sweeps before Ep decreases. When the change in Ep 

is plotted against the time exposed to the electric field rather than the scan number, the effects are 

the same among all sweep rates. As such, the rate of thiol loss is dependent on the amount of time 

the potential is applied. For FGT sensing purposes, this provides insight into limiting the 

potential-induced surface destruction. As shown earlier in Fig 3.8, EGTs can operate from 25 mV/s 

to 150 mV/s. As such, we expect that FGT sensors can tolerate a higher number of sweeps before 

inducing changes in the surface at higher sweep rates.   

 

Figure 6.6. Electrochemical stability of aptamer-functionalized gold electrodes with 

varied sweep rate. The sweep rate was varied from 25 mV/s to 250 mV/s, the electrolyte was 

1X PBS, and the redox reporter was 10 mM [Fe(CN)6]3-/4-. The potential window was –0.7 V 

to +0.8 V. The lines represent the characteristic Ep for bare gold electrodes for each sweep rate. 

Changes in Ep versus (a) number of scans and (b) total time the working voltage (Vw) was 

applied. Each sweep rate represents a single sample. 
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Experiments were replicated in 1X PBS without K3[Fe(CN)6] for aptamer/MCH-

functionalized gold electrodes. Fig 6.7a shows the full voltammogram for bare gold working 

electrodes with sweep rates of 25 mV/s and 100 mV/s. Here, there are two characteristic peaks to 

identify faradaic reactions between bare gold and 1X PBS  near –0.2 V and –0.6 V. The reaction 

near –0.2 V is the electrochemical reduction of O2 to H2O2 catalyzed by gold:70,170 

 O2 + 2H+ + 2e- ⇌ H2O2 (6.2) 

Among four bare gold samples, the characteristic potentials for the peak near –0.2 V at sweep rates 

of 25 mV/s and 100 mV/s are –225 ± 4 mV and –270 ± 5 mV, respectively. The characteristic 

potential for the peak near –0.6 V at sweep rates of 25 mV/s and 100 mV/s are –569 ± 23 mV 

and  –686 ± 15 mV, respectively. 

 

Figure 6.7. Interrogation of bare gold working electrode with CV in 1X PBS. 

(a) Voltammograms of bare gold electrode with a sweep rate of 25 mV/s and 100 mV/s. 

(b) Interrogation of bare gold electrode over 20 scans with a sweep rate of 25 mV/s. The 

electrolyte was 1X PBS. 
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In Figure 6.8a, both the MCH and aptamer/MCH electrodes showed suppression of  the 

oxygen reduction reaction (ORR), with a minor observable emergent peak near –0.7 V. Fig 6.8b 

demonstrates that aptamer/MCH-functionalized gold electrodes were unstable for sweeps from 

±0.8 V in 1X PBS, where there was an emergence and growth of the ORR peak after 10 scans with 

a sweep rate of 25 mV/s. With knowledge that interrogation in 1X PBS in itself can induce changes 

in the aptamer/MCH surface that are observable within the voltammogram, we proceeded with 

electrochemical interrogation at the various potential windows.  

Because the two peaks are not observable within most of the potential windows used and 

are also suppressed by the functionalized surface, current was instead tracked as a function of scan 

number. Instead of searching for a local maximum, we instead characterized stability by an 

increase in current between –0.2 and –0.6 V, similar to past work on monitoring electrochemical 

desorption of thiols in biological fluids.70 For the positive potential windows, the current at –0.2 V 

 

Figure 6.8. CV of functionalized electrodes in 1X PBS. (a) Bare gold (green), MCH, and 

aptamer/MCH electrode voltammograms. (b) Ten consecutive voltammograms of an 

aptamer/MCH electrode. The voltammogram evolves to include a local peak near –0.4 V that 

is characteristic in the bare gold voltammogram.  
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 was tracked; whereas, for the negative potential windows, the current at –0.4 V was tracked. As 

monolayer desorption continues, more electrocatalytic sites are available for oxidation reduction. 

Increases in faradaic current indicate the emergence of a peak, serving as an identifier for surface 

instability.  

As indicated in Fig 6.9, the current becomes increasingly negative beyond –0.5 V and 

+0.8 V bounds over 20 scans for aptamer/MCH electrodes. Notably, the current on the first sweep 

was more negative as the potential becomes increasingly negative beyond –0.6 V, indicating that 

even the first forward scan had a significant impact on the surface. The full voltammogram (+0.8 V 

to –0.8 V) was measured after interrogation to further demonstrate changes in the surface for 

potential windows not containing the characteristic peaks (Fig 6.10), especially for the positive 

potential windows. After interrogation with each potential window, the changes of the full 

voltammogram were compared to uninterrogated aptamer/MCH. Potentials windows beyond          

 

Figure 6.9. Electrochemical stability of aptamer/MCH-functionalized gold electrodes in 

1X PBS. The sweep rate was 25 mV/s, and the electrolyte was 1X PBS without a redox reporter. 

(a) Changes in current measured at –0.4 V for negative potential windows. (b) Changes in 

current measured at –0.2 V for positive potential windows. The inset enlarges the lower current 

data from –0.4 to +0.8 V. The error represents that standard deviation of 3-4 samples. 
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–0.5 V and +0.6 V caused significant changes to the full voltammogram wherein the current at      

–0.8 V decreased and there was emergence of an ORR peak. After interrogation at the +0.9 V 

bound, the current density of the ORR peak and –0.6 V peak were higher than that of bare gold. 

In a report by Tencer et al. where the electrochemical stability of 1-dodecanethiol in 1X PBS was 

studied, Cl- ions in 1X PBS are proposed to have caused the complex of Au3+ as follows,  

 Au + 4 Cl- →  [AuCl4]- + 3e- (6.3) 

with a potential of +0.78 V vs Ag/AgCl, leading to a total loss of Au when the applied potential 

was +0.8 V over 5 min.60 Dissolution of Au was not observed in this study; however, further 

characterization should be done to confirm whether Au etching occurs at positive potential bounds, 

such as with atomic force microscopy (AFM). 

 

Figure 6.10. Full voltammograms of aptamer/MCH-functionalized electrodes before and 

after electrochemical interrogation in 1X PBS. Full voltammograms after interrogating at 

various (a) negative and (b) positive potential windows over 20 scans. The sweep rate was 

100 mV/s, and the electrolyte was 1X PBS. The error of the aptamer/MCH and bare gold 

voltammograms represents the standard deviation of 10 and 4 electrodes, respectively. All other 

voltammograms are each of a single electrode. 
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 There were discrepancies between the use of  and lack of 10 mM [Fe(CN)6]3-/4- in solution 

with 1X PBS for electrochemically interrogating aptamer/MCH electrodes. In extending the 

positive potential bound, 1X PBS did not capture unusual electrochemical characteristics observed 

from MCH where Ep increased, suggesting that it stemmed from interactions between 

[Fe(CN)6]3-/4- and the surface. In extending the negative potential bound, changes in the surface 

when observed by tracking Ep,c and Ep were more evident with the redox reporter. On this point, 

the use of a redox reporter can provide additional evidence of surface reconstruction and greater 

sensitivity through the well-characterized Ep marker that an aqueous buffer itself cannot. On the 

other hand, electrochemical interrogation with CV in 1X PBS was able to provide information on 

the stability of aptamer/MCH electrodes that redox reporters may have shielded through their own 

unfavorable interactions with the surface. Overall, these results revealed that aptamer/MCH 

electrodes electrochemically interrogated in 1X PBS are unstable, and that potential windows used 

in this study likely induce thiol desorption in the aptamer/MCH-functionalized electrode after 20 

scans at 25 mV/s. 

The electrochemical stability of SAMs indicate that highly ordered monolayers exhibit 

greater stability.63 To compare the results of the two sensing studies, experiments were also 

replicated for 11-MUA and glyphosate antibody-functionalized gold electrodes with 1X PBS and 

10 mM [Fe(CN)6]3-/4-. Voltammograms of 11-MUA only (Figs E.1 and E.2) and antibody 

electrodes (Figs E.3 and E.4) interrogated over 20 scans show greater resistance to the potentials 

affecting aptamer/MCH electrodes. Due to the lack of Ep for most of the potential windows, 

stability was determined by the emergence of Ep. The approximate safe operating potential window 

for 11-MUA is –0.6 V to +0.7 V. For antibody electrodes, the surface was stable up to +0.7 V and 

as low as –1.0 V, even more resistant than 11-MUA. After a few scans reaching the +0.9 V 
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boundary, voltammograms contained peaks that shift toward those characteristic of bare gold and   

[Fe(CN)6]3-/4- for both the antibody and 11-MUA electrodes, suggestive of gold etching. The 

enhanced stability of these electrodes compared to aptamer/MCH electrodes is rationalized as 

differences in packing density where longer alkyl chain lengths have enabled greater packing 

density due to increased van der Waals forces between the alkyl chains, lending less structural 

disorder.63 Furthermore, the alcohol end group of MCH has been rationalized to worsen the 

stability of the interrogated aptamer electrodes in biological fluids compared to using methyl-

terminated hexanethiol as a backfilling thiol.70 However, these experiments, and those done for 

MCH and aptamer electrodes, should be replicated in 1X PBS only to gain additional insight into 

the electrochemical stability without compounding, undesirable [Fe(CN)6]3-/4- interactions.  

To roughly translate these potentials to the FG2 interface of an FGT (Fig 6.11), we first 

consider the application of VG. As it is applied to CG, the opposite polarity is in turn felt at the 

FG2 interface as a result of capacitive coupling. Thus, for the case of operating at 25 mV/s with 

 

Figure 6.11. Comparing CV to FGT electrochemical interrogation. Translation of the 

working electrode potential, VW, to the FG2 interface of a p-type FGT, where the applied 

potential is applied to the control gate rather than to the sensing surface. The two modes 

represent the FGT in the (a) OFF state and the (b) ON state. 
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1X PBS, the potential bounds for safely operating an aptamer/MCH FGT within 20 sweeps is 

roughly set to –0.7 V to +0.5 V. When operating the EGT of an FGT, VG is applied directly to the 

floating gate, so the potential bounds are of the same polarity, –0.5 V to +0.7 V. This consideration 

should be accounted for when measuring the EGT to determine the extent of functionalization and 

its stability over the sensing period. It is important to note these potentials are vs Ag/AgCl; 

whereas, the FGT does not have a reference electrode. Solution resistance between CG and FG2 

may alter the potential felt at the sensing interface; however, the bare gold FGT and EGT have 

good coupling with the design implemented toward glyphosate and serotonin detection, indicating 

potential losses are minimal.  

In the earlier work for FGTs, inverter curves measured with a sweep rate of 25 mV/s with 

VG extended as far as ±1.0 V.21,45 However, inverter curves of glyphosate and serotonin FGTs 

typically operated with potential windows within ±0.6 V, and the sweep rate used for these studies 

was 100 mV/s, providing a safer electrochemical environment for sensing. As shown in Section 

5.4, interrogation of the FGT and EGT-subunit within ±0.5 V led to losses of MCH at the sensing 

surface as confirmed by XPS. To better translate CV potentials, the floating gate potential (VFG) 

can be measured as VG swept, monitoring how VFG changes with interrogation over the sensing 

medium. To further characterize and quantify the extent of monolayer loss, XPS can be used to 

measure the high-resolution spectra of the Au4f, S2p, and C1s orbitals of the FG2 surface after 

interrogation at each potential window. AFM can be used to determine if there was etching of gold 

from the surface. A library of different types of backfilling thiols can be explored in order to 

enhance the electrochemical stability of aptamer/MCH electrodes. Design considerations for the 

sensing surface include all functionalization conditions: type of thiol(s), solvent, surface cleaning 

method, and self-assembly time.  
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CV studies should also be extended to solutions containing electrochemically active target 

analytes, such as serotonin and dopamine, to gather whether reduction and/or oxidation of these 

analytes can also damage the functionalized surface by inducing thiol reduction or oxidation. 

6.4 Conclusions 

 Electrochemical interrogation of functionalized interfaces can lead to the structural 

changes or losses of surface-bound thiols, as made evident by CV. Changes in voltammograms for 

differing potential windows indicate problematic potentials for both negative and positive voltages 

in 1X PBS with and without the redox reporter, [Fe(CN)6]3-/4-. The use of the [Fe(CN)6]3-/4- does 

play a significant role in the stability of the interface, as the results do not align with those 

measured in 1X PBS only. Specifically, interactions between [Fe(CN)6]3-/4- and aptamer/MCH at 

positive potentials caused an increase in Ep that masked the desorption observed in 1X PBS at 

these potentials. The safe operating potential window determined by CV in 1X PBS for 

aptamer/MCH electrodes was roughly –0.5 V to +0.7 V. While these results indicate a general 

issue of using CV for bio/chemosensing, these potential windows can be translated to the FGT, 

where the sensing interface experiences the opposite polarity of the applied potential, VG. As such, 

we predict that FGT biosensors seemingly necessitating a stabilization period are likely suffering 

from similar electrochemical losses observed with CV.  

To better design future electrochemical stability studies, we can look toward other forms 

of characterization to validate the safe operating potential windows set by CV and to gain insight 

into the mechanisms causing surface destruction, such as thiol desorption and gold etching. To 

validate CV results, surface characterization tools, such as XPS and AFM, can be utilized after 

FGT interrogation to characterize surface deconstruction, as was done in Section 5.4 for MCH 
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FGTs examined by XPS. SAMs composed of 11-MUA and antibody-conjugated electrodes 

exhibited stability at potentials beyond those destructive to aptamer/MCH with 10 mM  

[Fe(CN)6]3-/4-, providing insight into future sensing surface design considerations to mitigate 

electrochemical losses.  
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Chapter 7: Final Remarks and Outlooks 

7.1 Summary  

The FGT biosensor is a promising platform compared to other transistor-based biosensors 

due to the physical decoupling and electronic coupling of the signal transducer and biorecognition 

chamber. The signal transduction element, the EGT, can be easily fabricated through aerosol jet 

printing, while signals can be translated and amplified sub-1V due to the high transconductance 

(or gain) of the device. The floating gate enables compartmentalization of the EGT and sensing 

medium, preventing contamination of the EGT by the aqueous electrolyte and sample. 

Furthermore, independent engineering of each compartment has allowed us to directly characterize 

and optimize individual components of the device. In this regard, it is clear the platform is currently 

stunted by issues within the sensing compartment that have challenged small molecule sensing. 

The FGT biosensor has demonstrated its efficacy as a biosensor through the detection of 

DNA,42 gluten,27 and ricin.28 To further understand the sensing mechanism, FGT models were 

developed that take the FGT architecture, EGT materials, and inverter components into 

consideration, paving a path toward signal amplification of charge- and capacitance-based 

signals.21,44,45 These models utilized data from FGTs functionalized with self-assembled 

monolayers (SAMs) whose tailorable lengths dictated capacitance-based sensing and pH sensitive 

tail groups dictated charge-based sensing. However, limitations in the form of biasing, sensing 

surface composition, and aqueous electrolyte use present additional variables for consideration 

when designing the platform, especially toward small molecule detection. Overall, small molecule 

detection with an FGT biosensor necessitates both strong consideration of the sensing surface and 

the means of electrochemical interrogation in order to overcome the present sensing limitations.  
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The first study explored the signal transduction element, the EGT. Past studies found that 

there are potential losses between the EGT and FGT of the same device, and these losses were 

thought to be a result of charge lost to a parasitic capacitance between the floating gate and the 

underlying p-doped Si wafer. It was shown that these losses are amplified when the area of the 

second floating gate interface (FG2) is decreased on both SiO2/Si and an insulating substrate 

(glass), as expected. However, the estimate fraction of charge lost to parasitic capacitance (ƒ) was 

large for glass substrates. Rather, the source for potential losses stemmed from uncertainties in the 

specific capacitances of the P3HT/ion gel and ion gel/gold interfaces, allowing us to eliminate ƒ 

from FGT models.  

To further address the practical use of printed EGTs as commercial signal transduction 

elements, the short- and long-term stability was investigated. EGTs stored in ambient air operated 

over 30 days but exhibited fluctuations in their mobility and threshold voltage (VT). When 

measured in ambient vs N2 (glove box), the transfer curves of the same EGTs vary dramatically. 

More so, after exposure to a high humidity environment, the same EGTs also experience reversible 

changes to their transfer curve characteristics, indicating that environmental factors, such as 

humidity and light, can impact the day-to-day operation of EGTs. Long-term, EGTs can be stored 

in the glove box up to 6 months while still operating suitably for signal transduction, allowing for 

mass fabrication of EGTs without concerns over shelf life. Finally, EGTs can be measured with 

sweep rates as high as 150 mV/s with minor impacts on hysteresis, decreasing measurement times. 

These two results thus addressed important issues in device stability and detection time that were 

not considered in previous experiments on the FGT platform. 

The second study aimed to achieve detection of the small charged molecule, glyphosate, 

using an antibody-based FGT. As the presence of the capture agent, the glyphosate antibody, was 
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the primary component for biorecognition, the surface chemistry was carefully characterized to 

ensure the conjugation of the antibody. The mixed monolayer of 11-MUA and PEG thiol was 

characterized with XPS. Reacting the carboxylic tail group of 11-MUA with a mixture of EDC 

and NHS (pH = 5.8) led to a NHS ester tail group, whose characteristic vibrational bands and 

stretches were characterized by RAIRS. The NHS ester group is readily substituted with the lysine 

residue of the antibody, conjugating the antibody to the SAM through an amide bond. Antibody 

presence on the surface was characterized with RAIRS and XPS on control substrates and the FG2 

electrode, proving that the surface chemistry can be translated to a millimeter sized electrode using 

a PDMS well as a vessel. The glyphosate FGT biosensor exhibited low and irreproducible signals 

when exposed to 100 µM glyphosate when compared to controls (bare gold and PEG FGTs) 

despite its design toward maximized sensitivity to charge-based signals using FGT models. In 

addition to considering the Debye length (0.7 nm in 1X PBS), the binding affinity of the glyphosate 

antibody was also considered. Attempts to measure the binding constant (KD) of the glyphosate 

antibody with SPR also proved to be a challenge. In varying the antibody density, electrolyte 

strength, and pH of the antibody solution, a binding curve was still never achieved. As such, the 

glyphosate FGT biosensor was not successful in detection of glyphosate, which we attribute to the 

poor quality of the capture agent. 

The third study attempted to address the issues with small molecule detection by changing 

the analyte to serotonin and utilizing a structure-shifting aptamer to overcome enhance charge-

based signals near the FG2 interface. The serotonin aptamer has a KD of 360 nM that was 

characterized in-house with SPR. The serotonin aptamer, having a C6-thiol linker, was self-

assembled onto gold and backfilled with 6-mercaptohexanol (MCH) in order to displace 

physisorbed aptamer and densify the monolayer. The surface functionalization was characterized 
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with XPS and CV. Serotonin FGT biosensors were designed for charge-based sensing based FGT 

models, and the expected sensing mechanism meant to amplify signal, as the highly negatively 

charged aptamer rearranges away from the surface upon serotonin capture. Serotonin FGT 

biosensors required sweeping over 5-20 min to stabilize the device before introducing serotonin. 

The serotonin FGT biosensor responded as expected to serotonin with concentration-dependent 

signals; however, the serotonin FGT biosensor also responded to a cocktail of other neurologically 

relevant small molecules, challenging the sensing mechanism. SPR selectivity data also challenged 

the selectivity of the serotonin aptamer due to SPR signals from dopamine, ADP, and histamine at 

1 µM concentrations. Further, control FGTs having MCH, PEG thiol, hexanethiol, or glyphosate 

aptamer/MCH functionalization elicited concentration-dependent responses to serotonin. After 

interrogating an MCH FGT as usual for stabilization and serotonin sensing, the sensing surface 

was characterized with XPS to compare against an uninterrogated MCH surface. The findings 

pointed toward electrochemical losses of MCH during interrogation, and further losses after 

interrogating with 1 mM serotonin in the electrolyte, 1X PBS. Thus, the serotonin FGT biosensor 

not only suffered from stability issues, leading to electrochemical desorption of thiols, but also 

raised the question of whether the electrochemical activity of serotonin and other small molecule 

analytes could promote electrochemical desorption, causing false signals. 

In the final study, the electrochemical stability of the sensing surfaces used for the serotonin 

and glyphosate FGT biosensors are explored using cyclic voltammetry (CV), focusing mainly on 

the aptamer/MCH functionalization. Functionalized gold electrodes were  electrochemically 

interrogated as the working electrode using CV. The electrolyte was 1X PBS with and without 10 

mM K3[Fe(CN)]6, a redox reporter. The working electrode potential (vs Ag/AgCl) was probed on 

both the negative and positive bounds up to ±0.9 V, and the sweep rate was 25 mV/s. 
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Aptamer/MCH electrodes exhibited thiol losses at potentials beyond the –0.5 V to +0.7 V window 

for 1X PBS interrogation. Faster sweep rates lead to less changes in the voltammogram per sweep. 

Electrodes functionalized with 11-MUA and electrodes subsequently reacted to conjugate 

glyphosate antibodies are less resistant to electrochemical damage in 1X PBS with 10 mM 

K3[Fe(CN)]6, indicating that perhaps a denser, more uniform, and/or thicker monolayer can 

suppress electrochemical reactions leading to surface damage. The potential window can be 

translated to the potential felt at FG2 when operating an FGT by flipping the polarity, roughly 

setting the bounds to –0.7 V to +0.5 V.  

Overall, small molecule detection with an FGT proves to be a challenge, but insights 

discovered in this work can lead to optimization of parameters other than the FGT architecture. 

For one, setting experimental limits for interfacial charge sensing with quasi-static FGT inverters, 

considering the distance of the charge from the electrode and density of charge, can be utilized to 

predict the charge-based detection of small molecule-capture agent complexes. Future work must 

also consider how the composition of the sensing surface and quasi-static biasing impact the 

stability and sensitivity of FGT biosensors.  

7.2 Exploring the Limits of Interfacial Charge Sensing  

Despite models providing a roadmap for devising the quasi-static FGT inverter for 

enhanced sensitivity to charge-based and capacitance-based signals, electrolyte strength and 

biasing must be explored as additional design parameters. Here, we can consider a prior study on 

the interfacial charge sensitivity of the quasi-static FGT by Thomas et al.44 Three different SAMs 

were used to determine the average change in VT upon altering the pH of the aqueous environment, 

promoting protonation or deprotonation that altered the interfacial charge near the FG2 interface. 
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In determining the surface density, the surface potential (𝜑) was predicted with Grahame’s 

equation, derived from the Guoy–Chapman treatment of an EDL,44,137 

 𝜑 =  
2𝑘𝑇

𝑒
 sinh-1 (

𝜎

√8𝜀𝜀0𝑘𝑇𝑁𝐴𝐶𝑖𝑜𝑛𝑠
) 

(7.1) 

where 𝜎 is the surface charge density, T is temperature, k is Boltzmann’s constant, NA is 

Avogadro’s number, and 𝜀0 is the permittivity of free space. Related to the aqueous electrolyte, 𝜀 

is the dielectric constant of the medium, and Cions is the concentration of ions in solution. 

Grahame’s equation was used to predict the change in 𝜑 for deprotonation of the 11-MUA SAM, 

providing good agreement with the experimentally determined VT shift. Additionally, the 

electrolyte strength was varied for 11-MUA SAMs, where higher electrolyte strength ultimately 

dampened the response of ionizing the tail group. As charge-screening increases with higher 

electrolyte strength, this result was expected. 

Because an antibody is a fixed capture agent and small molecules have limited charge 

density, the studies used to understand interfacial charge sensing with 11-MUA can be extended 

 

Figure 7.1. Altering the length of carboxylic acid-terminated thiols. The Debye length for 

1X PBS (λD) is denoted as 0.7 nm.  



 

 105 

to estimate the bounds for charge-based sensing using quasi-static FGTs. A typical IgG antibody 

has dimensions of 14.5 nm x 8.0 nm x 4.0 nm, with the antigen binding sites located 13.6 nm apart 

from each other.139 The area that an antibody occupies on the surface can be estimated as a circle 

with a diameter of 13.6 nm. In the case of glyphosate (2–) binding at each site, the total, average 

charge of 4–  occupies a 191 nm2 area. Comparatively, as the density of 11-MUA on the surface 

was 3.2 molecules/nm2, and considering 4 molecules (4 COO– groups), an average charge of 4– 

occupies a 1.28 nm2 area, nearly 100-fold lower than the antibody conjugated surface. The 

proposed study would tune the length of the alkyl chain of a SAM, systematically altering the 

distance of the fixed, ionizable carboxylic acid group from the electrode interface. 

Carboxyl-terminated alkanethiols that are commercially available are shown in Fig, 7.1. Similarly, 

variables such as the electrolyte strength and density of carboxyl-terminated thiols in the 

monolayer (using a mixed monolayer) can be varied to realize the limits for charge-based sensing 

for instances of varied charge density at the surface.  

For quantification of the number of ionizable groups, the surface density of thiols can be 

quantified. This must be done for each thiol type, as the density of the SAM may vary due to 

intermolecular forces. A characterization tool that accomplishes this, without the use of a redox 

tag, is nuclear reaction analysis (NRA), a variant of Rutherford backscattering spectrometry 

(RBS), available at the University of Minnesota Characterization Facility.44,177,178 NRA detects 

light elements, such as carbon, using an energetic, ion beam to collide with the nuclei within the 

target surface. An intermediate nuclear state is formed that decays back to the original reactants, 

emitting a particle that can be counted and correlated to the surface coverage of carbon atoms.178   

We expect that as the alkyl chain lengthens, Grahame’s equation will no longer be able to 

predict the surface potential. Alternatively, we can look toward the Debye length, commonly 
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referred to for electrochemical biosensors, derived from the linearized Poisson-Boltzmann model, 

that considers a flat plane137,179 

 
𝜑(𝑥) =  𝜑𝑜 exp(

−𝑥

𝜆𝐷
) and 𝜆𝐷 =  √

𝜀𝜀0𝑘𝑇

2𝑒2𝑁𝐴𝐶𝑖
 

(7.2) 

where 𝜑𝑜 is the potential at the interface, x is the distance away from the plane, and 𝑒 is the 

elementary charge. The theoretical value for 𝜆𝐷 can be calculated for each electrolyte strength and 

compared to the length at which charge is no longer detectable for carboxylic-acid terminated 

thiols.  

 In considering the Debye length limitations, work on EGT biosensors have circumvented 

limitations by the use of high frequency potentials (>1 MHz), where the EDL does not have the 

time to relax to an equilibrium state that induces charge-screening at the sensing interface.179,180 

Although the capacitance of ionic liquids drop substantially beyond 100 kHz, recent work has 

enabled stable 1-10 MHz operation with ZnO-based EGTs by minimizing parasitic resistances and 

capacitances associated with the ion gel.181 More so, inverter curves can be measured within ± 1 V, 

so the electrochemical breakdown from water oxidation can be avoided. As EIS has shown to 

decrease the perturbation of aptamer-functionalized gold electrodes compared CV,68  the use of a 

high frequency potential may also improve the electrochemical stability of the sensing interface as 

compared to quasi-DC operation. As such, we suggest adoption of the ZnO EGT to test the use of 

high frequency VG on the amplification of charge-based signals, where the limits determined by 

the aforementioned study utilizing quasi-static FGT inverters can be tested.  
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7.3 Tailoring Surface Composition for Enhanced and Stable FGT Sensing 

  In order to understand the sensing mechanism in Chapter 5, where serotonin interacted with 

functionalized FGTs with dose-dependent responses, we can look toward electrochemical and 

spectroscopic surface characterization. To realize if the electrochemical activity of serotonin does 

in fact play a role in the sensor response, CV can be used with 1 mM serotonin in solution with 

1X PBS as the electrolyte. Serotonin aptamer electrodes backfilled with MCH can be used as the 

working electrode, and bare gold electrodes can be used to characterize peaks perhaps generated 

by electrochemical events between serotonin and the gold electrode. By sweeping the electrode 

between ±0.6 V at a sweep rate of 100 mV/s, common conditions used for FGT and EGT 

measurements, the voltammogram can be monitored over 20 sweeps. The emergence of a peak 

from the oxygen reduction reaction (ORR) can serve as an indication of thiol desorption from the 

surface. Electrodes can subsequently be characterized with XPS to observe changes in the C1s, S2p, 

and N1s high-resolution spectra for evidence of thiol desorption, reduction, and/or oxidation. In the 

case that serotonin does promote thiol desorption from the surface, experiments can be extended 

toward other electroactive small molecules, such as dopamine, in order to observe whether this is 

a general issue for FGT-based (and other transistor-based) detection. 

To enable stable sensing with a quasi-static FGT inverter using structure-shifting aptamers, 

we can look toward designing a sensing interface that is electrochemically stable within the FGT 

operating potentials. In looking toward other avenues for signal amplification and stability, we 

find the SAM composing the sensing surface plays a critical role in the sensitivity of both 

capacitance- and charge-based perturbations generating signals for electrochemical biosensors. 

For example, Macchia et al. attribute the use of a mixed monolayer of 11-MUA and 3-MPA to the 

first demonstration of single-molecule detection with a transistor-based biosensor.182–185 In this 
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work, it is suggested that capture of a single IgG antibody invokes a slight change in the tilt of the 

underlying SAM, causing a work function shift that is associated with a shift in the transfer curve. 

Other strategies utilize mixed monolayers of PEG thiols, enabling detection beyond the Debye 

length in high electrolyte strength buffers.86,87,120,179 Recent analytical models propose that a 

Donnan potential is formed from ions immobilizing in the functionalized surface layer. 87 These 

analytical models built around the Donnan theory suggest that the length of the PEG thiol must 

match or be longer than the distance of the target analyte-capture agent complex from the interface 

in order to detect the charge of the target analyte. A third example finds that altering the terminal 

functional group of a backfilling SAM from an alcohol to a methoxy group can have a significant 

impact on the long-term stability of an EAB sensor.70 All of these examples highlight how crucial 

the design of the sensing surface beyond the sensitivity and specificity of the capture agent.  

 As was shown in Chapter 6, the electrochemical stability of individual thiols forming a 

SAM are unique, and mixed monolayers take on the characteristics of each thiol. With this, the 

electrochemical stability under quasi-static interrogation of the aptamer-functionalized surface can 

perhaps be widened to larger potentials windows by surveying various candidates for backfilling, 

including hexanethiol, PEG thiol, and 1-dodecanethiol to name a few. Studies done in Chapter 6 

can be replicated for aptamer-functionalized electrodes surveying a library of backfilling thiols in 

order to enhance the electrochemical stability of the serotonin aptamer. One previously mentioned 

means of determining the stability within the FGT biosensor is by monitoring the floating gate 

potential (VFG)  as VG is swept. As the surface undergoes deconstruction, we anticipate VFG will 

change, as observed with the inverter curves over the stabilization period for serotonin FGT 

biosensors. To gain insight into the mechanisms causing instability, XPS and AFM can be used as 
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tools to measure the surface chemical composition, surface roughness, and electrode thickness 

after interrogation of FG2.  

Aside from using the previously mentioned forms of characterization, we can look toward 

forms of in situ characterization that can be adapted to resemble the FGT sensing medium. Infrared 

spectroscopy has been used to monitor the surface as it undergoes transformations or as it is used 

for its reactivity, such as in the case of monitoring surface functionalization, biomolecular 

interactions, or catalytic activity in mL flow cells or with microfluidics.186 An example of a 

microfluidic cell for in situ monitoring of tripeptide glutathione (GSH) immobilization on gold is 

shown in Fig 7.2, where an IR spectrum was collected every 2.5 min.187 The cell utilizes gold metal 

islands in order to enhance the signal by 10-100 fold over the full mid-IR range.  

 

Figure 7.2. In situ infrared spectroscopy under microfluidic flow. (a) A microfluidic cell 

where incident radiation permeates an IR transparent silicon substrate, interacting with the 

metal islands. Radiation is reflected, reaching the detector to collect the spectrum. (b) The 

amide II band peak amplitude as a function of time. (c) Changes in the IR spectra as GSH was 

flown over the metal interface, conjugating to the surface. Reprinted (adapted) with permission 

from Kratz, C.; Furchner, A.; Oates, T. W. H.; Janasek, D.; Hinrichs, K. Nanoliter Sensing for 

Infrared Bioanalytics. ACS Sens 2018, 3 (2), 299–303. Copyright 2021 American Chemical 

Society.  
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For electrochemical work, a chip can be designed similarly but with the inclusion of a side 

gate for voltage application in order to mimic the FGT sensing environment. Electrochemical cells 

for in situ IR have been designed before to monitor the growth of polypyrrole189 films at the 

liquid/solid interface of silicon, but the silicon substrate was the working electrode rather than 

having a side-gated potential. The optofluidic platform in Fig 7.2 does not necessitate the use of 

additional optics (e.g., prisms), is not limited by water’s strong absorption decreasing the length 

of the light path, and can be equipped with commercially available microfluidic chip materials.187 

The integration of the microfluidic chamber can flush desorbed thiol from the surface while also 

enabling introduction of small molecule analytes, such as serotonin, to observe how 

electrochemical interrogation influences the surface. Vibrational bands characteristic to bonds can 

be characterized ex situ, as done in Section 4.3, without and after electrochemical interrogation 

with CV. In situ spectra can be collected in a similar fashion to Fig 7.2; however, the gate voltage 

can be swept in between spectrum collection. Control spectra can be collected for the chip under 

flow but without electrochemical interrogation in order to determine the noise level of the system. 

This platform can also be extended to characterize the surface under microfluidic flow for future 

surface chemistries, especially to examine whether reaction times can be minimized under 

microfluidic flow compared to immersion chemistries used with a PDMS well.  
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Appendix A – EGT Studies 

 

 

 

 

 

 

Figure A.1. Capacitance of P3HT/ion gel interface. (a) IG–VG characteristics obtained at 

various gate sweep rates for a 50 nm-thick P3HT EGT (VD = 0 V) with a channel size of 100 μm 

x 20 μm. (b) The measured IG at VG = –0.3 V against the corresponding sweep rate. The slope 

of the fit is divided by the channel area to obtain Ci,P3HT/ion gel. Reprinted (adapted) with 

permission from Thomas, M.S.; Adrahtas, D.Z.; Frisbie, C.D.; and Dorfman K.D. Modeling of 

Quasi-Static Floating Gate Transistor Biosensors, ACS Sensors 2021, 6 (5), 1910-1917. 

Copyright 2021 American Chemical Society. 
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Appendix B – Glyphosate FGT Biosensor Characterization  

 

Figure B.1. XPS of time-dependent monolayer formation of 11-MUA. High-resolution XPS 

spectra of (a) Au4f, (b) S2p, (c) C1s, and (d) O1s orbitals of 1 mM 11-MUA on gold. Self-assembly 

times were 4 h (green), 8 h (blue), and 20 h (purple). 
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Figure B.2. XPS of time dependent monolayer formation of PEG thiol. High-resolution XPS 

spectra of (a) Au4f, (b) S2p, (c) C1s, and (d) O1s orbitals of 1 mM PEG methyl ether thiol on gold. 

Self-assembly times were 4 h (green), 8 h (blue), and 20 h (purple).  

 

 

Figure B.3. XPS of 11-MUA and PEG thiol mixed monolayer (1:2 molar ratio). High-

resolution XPS spectra of (a) Au4f, (b) S2p, (c) C1s, and (d) O1s orbitals of 1 mM 11-MUA and PEG 

methyl ether thiol (1:2 molar ratio) self-assembled for 20 h on gold.  
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Figure B.4. XPS of Au4f attenuation upon antibody conjugation. The high-resolution XPS 

spectra for the Au4f orbital shows attenuation of the doublet for both FG2 (pink) and control 

(purple) electrodes compared to an FG2 electrode only containing the mixed monolayer (yellow). 
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Figure B.5. XPS of self-assembly of 11-MUA with different gold cleaning protocols. 

High-resolution XPS spectra of S2p orbital for 11-MUA functionalized FG2 electrodes. Cleaning 

methods prior to self-assembly were (a) NaBH4 in 1M NaOH for 1h, (b) 0.1M NaOH + 27% H2O2 

for 20 min, (c) UV/ozone for 10 min followed with NaBH4 for 20 min, and (d) UV/ozone for 10 

min followed with ethanol for 20 min. 
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Table B.1. Experimental conditions for glyphosate SPR trials. 
 

 

 

Figure B.6. Glyphosate antibody conjugation onto CM5 chip with SPR. At 0 s, the running 

buffer is flown over the chip as a baseline. Injection of the reactive species is indicated with the 

first arrow. The reactive species, EDC + NHS, is flown over the chip for 7 min then running buffer 

is flown over to rinse the surface and stabilize the response. The green, blue, and purple points 

indicate stable levels for EDC/NHS activation, antibody conjugation, and ethanolamine 

quenching. The blue arrow indicates the final antibody conjugation level  

Run # Antibody Conditions Rimmobilization Running Buffer 

1 
0.2 mg/mL in PBS-P+ 

(pH =7.4) 

Poor 

< 2000 RU 
1X PBS-P+ 

2 
0.2 mg/mL in 10 mM sodium acetate 

(pH = 5.0) 

High 

11761 RU 
1X PBS-P+ 

3 
0.2 mg/mL in 10 mM sodium acetate 

(pH = 5.0) 

High 

12737 RU 
1X PBS-P+ 

4 
0.2 mg/mL in 10 mM sodium acetate 

(pH = 5.0) 

High 

12235 RU 
1X PBS-P+ 

5 
0.2 mg/mL in 10 mM sodium acetate 

(pH = 5.0) 

High 

16853 RU 
1X PBS-P+ 

6 
1.0 mg/mL in 1X PBS 

(pH = 7.4) 

Low 

4056 RU 
1X PBS 

7 
0.5 mg/mL in 1X PBS 

(pH = 6.5) 

Low 

3053 RU 
1X PBS 

8 
2.0 mg/mL in 1X PBS 

(pH = 7.4) 

Low 

4898 RU 
1X PBS-P+ with 1M NaCl 

9 
0.2 mg/mL in 10 mM sodium acetate 

(pH = 5.0) 
High 1X PBS-P+ with 1M NaCl 
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Appendix C  – FGT Biosensor Design  

The FGT biosensor was designed utilizing model predictions,21 where the goal was to 

maximize charge-based sensing with both the antibody/PEG- an aptamer/MCH- functionalized 

surface. The specific capacitances of the P3HT/ion gel, FG1/ion gel, antibody/PEG, 

aptamer/MCH, and CG/PBS interfaces were estimated as 209 µF/cm2,21 12.5 µF/cm2,19,95 

3 µF/cm2,118,190 4 µF/cm2,146 and 10 µF/cm2,20 respectively. Since the capacitance is simply the 

product of the specific capacitance and area of the interface, the optimal capacitances for 

charge-based FGT sensing were used to determine the area of each interface. Parameters 

considered were the amplitude of VDD, size of RL, and estimated capacitances of each interface. 

Considering the mobility of P3HT (0.4 cm2/Vs), the size of RL (1 M), and the channel 

dimensions, the value for P was estimated as 0.5 µVF/cm2.21 We settled on a design in which 

C2 ~ 110 nF and C0 ~ 6 nF to place the sensor in a regime where C0/C2 << 1 (Eq 1.4) and 

charge-based signals were dominant and maximized.21 Additionally, CCG/C2 > 10 and C1/C0 > 100 

in order to minimize potential losses over the sensing medium and ion gel electrolyte (i.e improve 

coupling). The control gate (CG) was 3.36 mm x 3.36 mm. The upper end of the floating gate 

(FG2) was 2.8 mm x 1.0 mm. The lower end of the floating gate (FG1) was 3.0 x 2.0 mm. The 

source and drain electrodes were 100 µm x 10 µm, leading to a channel of 100 µm x 20 µm. The 

dimensions of the printed P3HT channel was estimated as 100 x 30 µm. 
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Appendix D – Serotonin FGT Biosensor Characterization 

 

 

Figure D.1. Serotonin FGT inverter curve shift after serotonin dosing. The serotonin FGT 

inverter curves after stabilization in 1X PBS (black) and dosing in 1 mM serotonin (blue). The 

subtraction of the 1X PBS curve from the serotonin curve produces the signal readout, VOUT 

(purple). The maximum value of VOUT is the signal. Inverter curves are of the backward sweep. 
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Figure D.2. Response to serotonin depends on the functionalization response. (a) Small 

shift and (b) large shift of the FGT with respect to the EGT-subunit is proportional to the 

response to 1 mM serotonin. Inverter curves are of the backward sweep. 

 

Figure D.3. HxSH and PEG FGTs response to 10 µM serotonin. Additional controls where 

FG2 is functionalized only with (a) 1-hexanethiol and (b) PEG thiol shift to a more negative 

VG from before (black) to after (blue) 10 µM serotonin dosing over 5 min. The average signal 

over 5 min for each device was –131 mV and –166 mV, respectively. Inverter curves are of the 

backward sweep. 
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Appendix E – Electrochemical Stability of 11-MUA and Antibody-

Conjugated Electrodes 

 

Figure E.1. Electrochemical stability of 11-MUA functionalized gold electrodes with 

varying positive potentials. The electrolyte was 1X PBS, the redox reporter was 10 mM 

[Fe(CN)6]3-/4-, and the sweep rate was 25 mV/s. All starting potentials were –0.2 V with end 

potentials in the inset. The color bar indicates the sweep number. All potential windows used 

the same sample until +0.8 V. A new sample was used for +0.9 V. 
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Figure E.2. Electrochemical stability of 11-MUA functionalized gold electrodes with 

varying negative potentials. The electrolyte was 1X PBS, the redox reporter was 10 mM 

[Fe(CN)6]3-/4-, and the sweep rate was 25 mV/s. All starting potentials were +0.2 V with end 

potentials in the inset. The color bar indicates the sweep number. All potential windows use the 

same sample until –0.7 V. New samples are used for –0.8 V and –0.9 V. 
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Figure E.3. Electrochemical stability of antibody-functionalized gold electrodes with 

varying positive potentials. The electrolyte was 1X PBS, the redox reporter was 10 mM 

[Fe(CN)6]3-/4-, and the sweep rate was 25 mV/s. All starting potentials were –0.2 V with end 

potentials in the inset. The color bar indicates the sweep number. One sample was used for all 

potential windows.  
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Figure E.4. Electrochemical stability of antibody-functionalized gold electrodes with 

varying negative potentials. The electrolyte was 1X PBS, the redox reporter was 10 mM 

[Fe(CN)6]3-/4-, and the sweep rate was 25 mV/s. All starting potentials were +0.2 V with end 

potentials in the inset. The color bar indicates the sweep number.  One sample was used for all 

potential windows. 
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