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Abstract

As made evident by the COVHD9 pandemic, biological sensing enables a means of
wi despread monitoring of an anal yateebiosensarnt er e
(e. g. Abbott déds Bi n-aite &€ W) pegple,dighterdng dhe wonkload and
relieving wait times at testing clinics using advanced analytical instruments (e.g. PCR). The
floating gate transistor (FGT) was introduced as artreleltemical platform to achieve a similar
goal with the added benefit of a quantitative response for-used applications where
concentrations are meaningful. The FGT biosensor utilizes a low voltage, high amplification signal
transducer, the electrolygmted transistor (EGT). A floating gate electronically couples the EGT
to a sensing medium while maintaining physical separation. This gatsetted technology,
invented at the University of Minnesota, has been able to detect large biomoleculesngncludi
DNA and proteins.

The first studyaims to challenge our understanding of the FGT architecture in order to
optimize the design of FGT biosensors for gistatic sensing. Initially, FGTs were fabricated on
both SiQ/Si and fused silica glass wafers tuserve if charge loss experienced by the &3 a
result of parasitic capacitance between the electrodes aneytpe pilicon. Our findings suggest
no difference in the operation of the twgpes of FGTs. Alternatively, weatherattribute the
perceivedcharge loss experienced from the sensing medium t&@iE as an uncertainty of
specific capacitance values of relevant interfaces. inBightenabled predictive FGT models to
be constructed without the consideration of charge loss. Further, measucemditibpnswere

investigated along with the short and long term stability of the EGT.



The second stuadytilizes the predictive FGT models to design a chdvased FGT sensor
for detection of glyphosate with an antibefiyctionalized device. As opposeamgast work with
the FGT sensor, extensive characterization of the surface functionaligasonarried out to
guarantee antibody conjugation to gold, setting groundwork for future anttimsBd devices.
Theresultingglyphosate FGT biosensdid not hae a sufficient response #ohigh concentration
glyphosate dosing compared to the negative controls. Wwhss attributed to Debye length
limitations from the electrolyte and perhaps poor binding affinity of the glyphosate antibody.

Thethird study,in turn, utilizes structurghifting aptamers for the detection of the small
molecule, serotonin. Again, the surface functionalizatvaa characterized to guarantee aptamer
immobilization on gold. The serotonin FGT biosensor respdid serotonin downd 2 uM,
having dosedependent responses; however, negative controls esmeahspecific interactions
between serotonin and the sensing surface, eliciting responses for glyphosate aptamer and MCH
only functionalized FGTs. More so, the serotonin RiBsensr responeédto a cocktail of control
analytes, further revealing nonspecific small mole&#eM interactions can elicit FGT responses.
XPS characterization aftstabilization in 1X PBS and serotonin sensing measurementseadveal
desorption of thiolfrom the sensing surfacedicatingelectrochemical instabilities.

The final studyconsiders the electrochemical potential window as a parameter for stable
FGT biosensors. Cyclic voltammetwas used to mimic the quasiatic potential windows that
interrogae the sensing surface in the presence of electrolyte. Windevesapplied within +1 V
for various functionalized surfaces, including the surfaces of chapter 4 and ch&itdilgy of
individual thiols contributd to the stability of the mixed monolayeas revealed for the
aptamer/MCH systemAntibody-functionalized surfaces exhibd greater stability in 1X PBS

compared to aptam@® CH-functionalized surfaces whiahasattributed to changes in the density

iv



and thicknes®f thelayer. These windowsan e translated to the FGT biosensor to roughly set
stable operating bounds. Faster sweep rates, or less time exposed to electrochemical potentials,
decreaseé the effective destabilization per svpee

Although detection with an FGT biosensor has been achiestbdlarge and charged
biological molecules, it is clear the platforisrstunted byadditional parameters for stable and
sensitive detectigrespecially toward small molecule analytaside from parameters included in
FGT models, we consider haelectroctemical 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 COVIE19 pandemic, it is evident how the use of portablesitan
biosensors can shape healthcare and public health outcomes. Translating the goal of analytical
instrumentation to detect moleculekinterest to an easp-use, inexpensive platform not only
has thepotentialto revolutionize how we approach diagnosticsdauialso enable higthroughput
screening in food safety and environmental protection induskggeshe United States lackseth
use of the precautionary principlaroducts are able to reach the market before toxicity analyses
are doneon the chemicalsised for their productdVithin these industries, small molecules with
widespread use, such as those used in commercial pratiddterbicides, can pose environmental
and public health risks where current analytical testing cannot meet and maintain widespread
monitoring. Wherethe level of concern depends on the concentration of the target aralyte
guantitative sensor platform inecessary. Like the blood glucose meter, electrochemical
biosensors can fulfill this critevn while also providing an adaptable platform for sensitive and
specific detectionin this veindevelopment oddaptable and portabddectrochemical biosensors
can lead toward largescale monitoring of small molecule toxins, resulting in higher accessibility
to testing and regulation better reflecting public health and ecological Tisisgthesishighlights
the need for thorough sade characterization to propedesign of the sensing interface and how
it may influence the sensing mechanism and stability type ofelectrochemical biosensahe

floating gate transistor biosensor



1.1 Basics of Biosensors

Biosensingechnologie®avebeenintegrated into the workflow a&feveral fields, including
medical diagnostics?food safety and regulatictf,and environmental monitorid@gs commercial
products and tools for researddvancedanalytical instrumentation, such as mapsctrometry
(MS) and liquid chromatographylS (LC-MS), are also widely adopted tools for highly specific

and sensitive detection of molecules, such as prdi€iaad small moleculef.

()
‘C}\ ) F Signal
‘L =2 Amplification
v & Readout
|
Au
Biorecognition
é
Transduction

Figure 1.1 Biosensingpathway. Upontargetbinding to an immobilized capture agent, sign
can be transduced optically or electronically. Signal amplification and readout follow.

However their complex methodologies require trained technicians and result in expensive
testing compared to camercial biosensorghat arecosteffective, portable, and usétendly.
Compared to traditional analytical techniques, biosensors utilize a capture agent and a transducer
in order to produce a measurable physical or chemical changeatherget analyte ihds to its
capture agenfe.g, an antigenrantibody complex)The design of biosensors, thus, has revolved
around three element® deliver a response upon target bindirgorecognition signal

transductionand signal amplificatiogFig 1.1).



Owing to the broad library of analytes and their chemical nature, methods have been
tailored to achieve sensitivity and selectivity toward a single an@yge blood glucose meters
and pregnancy tegtd-or researchnddiagnostic tests, a commonly ussthteof-the-artdetection
platform for a large volume of sampleend broad applicabilityis the enzyme linked
immunosorbenassay (ELISA) kit.SandwichELISA kits work by immobilizing antibodies to the
well walls of microplateswhere the binding of the target analyte is followed witheazyme
labeled secondary antibod$ubsequentanjugation ofa colorigenic substrateto the enzyme
elicits an optical respons¢hat correspond the concentration of the target analy®enals are
optically transduced with a spectrophotometer, or plate reader, to pomadétativereadouts?
Other optical biosensors, including lateral flow immunoassays (e.g. pregnancy hests),
integratel spectroscopic tools such asrface enhanced Raman spectroso@RS}12 and
surface plasmon resonance (SPRjor signal amplification and quéification. Recent works
beginning todemonstate portability for suchadvanced optical biosensdfs® The following
section detailsan alternative approach that usdsctronic signal transduction and amplification

strategies.

1.2 Bio/chemical Sensig with Electrolyte-Gated Transistors

Electrochemical biosensors, suchths aforementionedlood glucose meter, uniquely
combine an understanding of electronics, chemistry, and biology to package nearly all key
elements of a biosensor into one deviceth¥ classtransistorbased biosensors, including field
effect transistors (FETs) and electrotgiated transistors (EGTS), have been employed over the
past several decades due to tladbility to relay and amplify electrochemical detection events, be

it change in pH or molecular binding events, into electronic sigfiafs Transistors are
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Figure 1.2. Scheme of EGT architectures and configuration(a) Schematic of a sidgated
EGT, outlining the source (S), drain (D), and gate electrodes. The organic semicondt
P3HT, and the electrolyte is an ion gel composemoic liquid andpolymer. The drain voltage
Vb, is applied between the sourcalairain. The gate voltagecYis applied between the ga
and sourceThedrain current is denoted as (b) Topgated EGT with a biinterfacial layer
for biosensing located (i) on the gate, (ii) within the electrolyte, and (iii) on the semicond
Adaptedwith permission fronTorricelli, F.; Adrahtas, D. Z.; Bao, Z.; Berggren, M.; Biscari
F.; Bonfiglio, A.; Bortolotti, C. A.; Frisbie, C. D; et al. Electroly@&ated Transistors fo
Enhanced Performance Bioelectroniddature Reviews Methods Prime2021 1 (66).
Copyright 2021SpringerNature

threeterminal devices, consisting of source, drain, and gate electrodes. The semiconductor, which
lies between the source and drain, is capacitively coupled to the gate electrode tlilielegtire
material. Minor changes in the gageurcevoltage, 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 potentioimetrcapacitivechanges upon molecular binding

events at semiconductor or gate interfaces.



Compared to conventional transistors, the EGT utilizes an electrolyte in the place of a
dielectric material (e.g. S} as shown in Fig 1.2a. Rather than poldr@aof the dielectric, ions
in the electrolyte are polarized upon a voltage application at the gate, inducing capacitances on the
order of nanometers thitdkat have no thickness dependetfc8uch capacitances can be as high
as 50 pyF/crhat gold interices® and200 pF/cn? for permeablesemiconductat®?enablinglow
voltage operation (subV) and greater amplification capabilitidgpon applying a negative gate
voltage, \&, for a ptype EGT, the ions in the electrolyte polarize, stoohgrge 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}? Once the potential at theemiconductor exceeds the threshold voltage, a
conductive channel is induced in the semiconductor, resulting in an incrégsecharge carriers
or holes for ptype semiconductors. With a voltage applied between the source and dyaime V
outputor sourceto-drain current, d, increases by several orders of magnitude. Measuresasf |
a function of \& with a constant application ofpvare termed transfer curves. The relationship
between thed and \& is dictated by the square law current equatio

6 (1.1)
) —— 6 6 6 —
C

Wherelp is dependent on Vand properties of the semiconductor: width (W) and length (L) of
the channel, mobility of the free carriers (1), and specific capacitange diC the
semiconductor/electrolyte interfacehe specific capacitance is the ratio of the capacitance to the
areaof the interface.

In considering the case of @ype semiconductor, this equation is valid wheri Wt < 0.

However, the equation can be simplified to two specific regimes when considerifg V



Linear, Wb << Vg i VT ) Ti# 6 6 6 (1.2)

Saturation, ¥ > Va1 V7 ) Z_t# 6 6 (1.3)

The linear regime vyields a lineasi Mg relationship; whereas, in the saturation regime, all of the

free carriers induced in the channel are swept by the high Vpr oduci ng a #dAsatur
EGT sensors this work operate within the saturation regiwieere the output is more sensitive

to changes in ¥.

It is important to distinguish EGTs and organic electrochemical transistors (OECTSs), a
class of electrochemical transistors inspired by EGTs and used for sensing applications. OECTs
similarly use an e@ctrolyte for gating, but instead of a semiconductor, they commonly employ a
conducting polymer, PEDOT:PS%25 Here, OECTSs are grouped into the broader class of EGTs.
Electrolytes extend to any media containing mobile ions, including aqueous Btiffeegical
media, food/beverage mediz®ion-conducting membrané8Cionic liquids, and ion gel¥:3?

Includedin Fig 1.2b, the bicinterfacial layer,where biorecognition occurss typically
located at one of two important transistorfaces: the gating electrodetbesemiconductor. 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
stak of the surfacesuch as the capacitance or potential of the interfiicestly influencing the
transistords operation based on the target m
electronic signal. This ieftenquantified by changes in™\or Ip at a specific ¢ after the target
analyte is introduced=GTs are especially suitable for signal transduction and amplification due
to their high transconductanc@$/QVc),*81%while additive manufacturing of these devices via

directwrite printingt®3233 presents the opportunity for facile materaland costsaving
6



fabrication. To dateEGTs have been employed for a variety of bioelectronic applications: cell
monitoring, utrasensitive diagnostics, electrophysiology, neuromorphics, and syn&iseme
of these cases, biointerfacial layer can also be suspended within the electrolyte, for example, for

ion-selective detectiotiand cell monitoring®36

1.3 The Floating Gate Transistor Biosensor

Signal Biorecognition
Transduction Sensing surface
a CU t CZ
A : A
r I\ — )
i lon Gel \ ( i Aqueous electrolyte
1
Velyyyyy

Floating Gate
SIO. /Si

VOUT

Signal
Amplification

- FG1 FG2 Control Gate
| X

Figure 1.3. Scheme of the FGT inverter.(a) Sideon view of the device, where the sign
transduction element is a sigated electrolyt@ated transistoThe floating gate couples th
device to the biorecognition element, an aqueous electrolyte compartment with a functio
floating gate for target captur8ignals are further amplified with the inverter configuratic
The drain voltage idenoted a¥pp. The load resistor denotedRL. The output voltage/our,
measures the potential between the channel and ground.

Another type of architecture utilized for EGT sensing is an extegdeatl architectur?.
Similar to the sidegated architecture, the gate is extended to a semngartmentontainingan
aqueous electrolyte fgating and sensindwo common extended gate architectures found in the
literature are organic charge modulated FET (OCMFE*®)andthe floating gate, electrolyte
gated transistor (FGP):284142This work utilizes the FGTAs illustrated in Fig 1.3, the floating
gate physically separates and electronically couples the sensing medium, where biorecognition

occurs, andhesignal tansducer, an EGTn this and previous work, the EGfirst compartment)



is comprised of a P3H§emiconductor (ftype) that isgated by thdeft end of the floating gate
(FG1) through an ion gel electrolyte ([EMIM][TFSHEAS). The sensing mediunfsecond
compartmentontains the control gate (CG), used to gate the devicethendghtend of the
floating gate(FG2. An aqueous electrolyte is ubkdor gating and as the sample medidrhe
physical separation resolves any potential material incompatibility between the aqueous solutions
and electronic materials comprising the transistaurther, his designenablesindependent
engineering of the twoompartments. Moreovehe gold floating gate is well suited for versatile
selfassembled monolayer (SAM) chemistry for the immobilization of capture agefiG2+3
White et al. demonstrated the ability design the FGT for biosensing applicatidistiff 2 SAM
of singlestranded DNA was immobilized onto FG2. After incubating the sensing surface with the
complementary strand,\o0f the same device shifted more negatively due to hybridizatibare
negative charges along the DNA backbone accumuoksethe sensing interfacBhe magnitude
of the Vi shift scaled with concentration of the complementary strand, generating-eedpsase
curve.The FGT biosensor has also achieved detection of ricin in potable media (e.g., milk and
orange juice® and distinguished between various sources of gRitelere, microfluidicsand an
inverter configurationwereintegratedo alleviate mass transfer limitations and to further amplify
signals, respectivelyin the inverter configuration, outlined in Fig3, a load resistor (R is
positioned between the drain voltageofy and the P3HT channé.

To understand how biorecognition is translated an electronic signal with the EGT, it
is first important to understand how an FGT operates. When avedyatis applied to the FGT
atthe control gat€CG), cations from the aqueous electrolyte are attracted to CG, creatigian
at the CGelectrolyte interface. This polarization of the electrolyte leads to anions accumulating at

the sensing surface (FG2yjth subsequent electronic polarization of the floating gate to form a
8



second double layer whose capacitance is termsed The two double layer capacitors in series
(Cce and G2 form a lumped capacitance for the sensing compartment, termeash@ the
intentional oversizing of the control gate causes2@ be the dominant contributor toz,C
i.e.,C2=CccCrc?(Ccc+ Cre2) Crc22Y*!In turn, the positive polarization of the floating gate
at FG2 means there is negative polarization at FG1 (tlee ettd 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, faciltting electrochemical doping of the material and increasing its
conductivity!® Thus, there is an effective electrochemical capacitance at the P3HT/gel interface
termed Gsnr,2*tand FG1 is intentionally oversized such that=C0Crci1Cpar1/(Cre1 + CpaHr)
Cpsnt. Considering now the full impact of this cascade of polarizatiomtey@application of a
negative \6 on CG causes polarization of the floating gate and thus accumulation of charge
carriers (holes) in P3HT, turning on the EGT channel and generatingsl the channel
conductivity, and thusl increase as ¥becomes moreagative, an increasing fraction ob¥is
dropped across (Rdue to b, causing the output potential §¥r) to move toward ground.
Alternatively, when the channel is highly resistive (off state at posits)e Wout remains equal
to Voo =170.5 V. So, the sesor output signal ranges from 0it0.5 V depending on the sign and
magnitude of \é. By raising the resistance of Rhe rate betweenddr and \&, otherwise known
as the gain, increases. The gain is also impacted by the coupling of the two companheets,
decreasing potential losses between the two ends of the floating gate increases’the gain.

A critical point is that the impact of &/ on the device is modified by surface
functionalization of the floating gate sensor surface, FG2. This is bettmugate voltage that the

EGT experiences is notavbut Vrg, the floating gate potential (the EGT is coupled directly to
9



FG1, not CG). ¥c in turn depends on:C Crc2 and Y3, the surface potential change at the

FG2/electrolyte interface due to adsorptafra charged analytas follows#:
(1.4

Changes in €or ¥3 due to target adsorption on FG2 result in changesdaxd thus impact the
conductivity of P3HT and the magnitude of the sensor outpotr.\WPast work dedicated to
understanding theensing mechanism revedlthat changes innterfacial charge(Y3) and
capacitancgC2) at FG2 independently altéransfer ad inverter curve characteristits* Our

recent studgxpands on these findinf quasistatic FGT biosensein the inverter configuration
wherewe demonstrated that the capacitance of the electrodes can be altered to achieve higher

signals foreither chargeor capacitanctéased sensing.

1.4 Electrochemical Aptamerbased Sensors and Monolayer Stability

Current

v | ] ; / T

Figure 14. Scheme of EAB sensors Redoxtagged aptamers undergo a structL
reorganization upon targeinding,further enablingharge transfer between the redox tag i
the electrode with the elrochemical window.

Electrochemical aptamdrased sensors, or EAB sensors, differ from EGTs in that the
signal is amperometric based on a retiyged aptamer. Traditionally, EAB sensorg ar

10



composed of a conductive electrode and susfemeend, redoxagged aptamers, whose changes in
confirmation yield a change in curreptoportional to the target concentrati¢ffig 1.4).46'51
Aptamers can beésolatedusing a large library of oligonucleotides arile SELEX process,
providing a relatively simplameans for discovering a selective and specific aptamer for any target
molecule as compared to eliciting an immunogenic response for developing anttBodies.
Additionally, aptamers are increasingly attractive for sensing applications due to their longer shelf
life and the ability to synthesize themiar with linkers, such as redaags and €thiols >3 More

S0, engineering the aptamer to not only have a stetstvitching mechanisr?f, but a significant
molecular switchhas enabled 3fbld signal gain with aptameP8.Square wave voltammetry is
often used to measure current from an oscillating voltage, whose frequency is optimized to
maximize the current meared from charge transfé.

Early use of EAB sensors saw rdiahe biosensing of therapeutic agemsanimals,
providing a promise platform for future diagnosti¢ddowever, their development since has
focused on parameters affecting signal gaid preservation over continuous u$ais prompts
revisiting literature on the desorption of thiols via reductiod oxidatiorat gold interfaces when
interrogaédin aqueous solvent§.52

The reductive desorption of thiols understoodas a one electron processith the
electrochemical halfeactior§®

AuSR + 1e- Au(0)+RS (15)
where R represents the thiol chafdditionally, oxidation desorption of thiolsn the case of
100mV/s sweepsis understood aa three electron process having the reaetith

AuSR +2 H2O- Au(0) + Rz +3e+4H" (1.6)

11



The reactions for oxidative desorption vary on a d¢asmse basis where sweep rated
electrolyte are relevant variabl&sThese electrochemical processes have been monitored for
various SAMs on electrodes using chronoamperomet§t, cyclic voltamnetry,>7:60.62.63
fluorescence microscop§,in situ sum frequency generation vibrational spectros€opyartz

crystal microbalance®, surface plasmon resonarféeand time of flight secondarion mass
spectrometr§? with various thiols and electrolyteAs EAB sensors utilize thiol seéfssembly on

gold, parameters such as the redox %mterrogation modality/ ®° backfilling thiols/° and
aptamer densify-58were investigated due to their contributidnssignal 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 paraters has produced EAB sensors engineered for-l@egkoperation

in both buffer and serum, a biologically relevant médRecently, the sensing mechanism behind
EAB sensors has been translated to the gate electrode of an organic electrochemisialr transi
(OECT) that operates similarly to EGTdn this configuration, the current upon target capture is
amplified by the OECT, d i ct aStrectlreshiffing aptaraersd e v i c ¢
have more recently been translated to FET biosensorséoas capture ageritshowever, their
conjugation has been primarily at s@miconductor interface. For use in FGTs, where conjugation
occurs at thgold floating gateit is important to note the present electrochemical instabiltdd3
sensors faceand how they are translated to devices operating with -gtetst potentials.
Furthermore, these sources of instability must also be investigated for all biosensing interfaces

built upon sefassembled monolayers (SAMS).
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1.5 Small Molecde 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 glyphos$até,bisphenolA,’>7 and perfluoroalkyl and
polyfluoroalkyl substances (PFAS)/8 Standard detection methods extend to advanced,-mass
based analytical instrumentation, such as -pigtiormance liquid chromatography (HPLC) and
liguid chromatography/tandem mass spectrometry (LCME.”® These are ralst but require
expensive laboratory facilities and trained technicians, usually leading to long turnaround times,
qualities in stark contrast to most biosens8&. In looking toward ease of use and data
interpretation, Enzyménked Immunesorbent Asays (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-site use.

As was evident during the COVHDO pandemic, simplase, rapid, lowcost, and portable
biosensors can lead to convenient and widespread monitoring of health threats. Moreover, the
combination of broader accamkility 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 posg.the sensing mechanisms and signal amplification
strategies are better understood with recent FGT models, we look toward extendibrgphef
detectable analytes, including large, charged protaimts SSDNA to small moleculesSmall
molecule detection byFGTs, however, must overcome three majoruess 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 compositfdi! adjusting the electrochemical interrogation of the
13



surface?®69.88and usage of structushifting aptamerg-22or molecularly imprinted polymet%°3
as recognition elements.

Whether the sensor be amperomepatentiometric, or capacitive, the main commonality
between EGT and EAB sensors is the reliance on the sensing surface for critical elements of
detection: biorecognitigrsignal transduction, and sigraahplification. In this vein, it is important
to thoraighly 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 anompansing®®*characterization
of the surface composition (e.g. the ratio of each molecule on the surface) can improve
understanding of how sensing is impactBastFGT sensomwork has characterized surface
functionalization with epifluorescence miscopy for DNA patternin¢? Rutherford
backscatteringspectroscopy for monolayer densffyand cyclic voltammetryto measure the
capacitance of alkylthiols of varied chain lengthThe 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, orelleetrical characteristics of the devicg*4°

With the aim of small miecule detectionvith an FGT biosensothis thesis looks toward
bothantibodies and aptamers as capture ag&otenhance the understanding of the FGT sensing
mechanism, the charge lost between the sensing medium and&G&framed to be understood
asdifferences in capacitance among B@T interfaceslnfluenced by this understandingpdels
for chargebased signals using quasatic FGTs in the inverter configuraitdnverethenutilized
for the first time, and additional parameters itoprove sensing are considereSurface
characterization was extended to other advanced, surfasensitive tools to achieve

characterization of mulstep chemistries, such #senecessary for antibody conjugation, and
14



of functionalization directly onhie FG2electrode to guarantee translation of these chemistries to
themillimeter sized electrodevas possible Furthermore, these tools can be utilized to understand

the effectdhatelectrochemical interrogatioeither by the FGT or C\have on the surface.
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Chapter 2. Materials & Methods

Below is a detailed description of the materials and methods used in thisSpexdtfics to each

chapter arg@rovidedin their Experiments subsection.

2.1 Materials for FGT Fabrication

P-doped silion wafershaving a four inch diameter amd300 nm silicon dioxide (SKp
film were purchased from Silicon Valley Microelectroni&anta Clara, CA)Fused silica, or
glass, waferfiaving a four inch diametevere purchased frotdniversity Wafer (South Basn,
MA) and used for studies on parasitic capacitance. Electronic grade regiorpglylés-
hexylthiophene2,5-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(styreneb-ethylacrylateb-styrene) or SEASand an ionic liquid, Bthyl3-
methytimidazolium bis(trifluoromethyl sulfonylimide) dEMIM][ TFSI]. SEASwas synthesized
in-houseas reported by Tang et &l Chloroform,[EMIM][TFSI], ethyl acetate, terpineol, and
polystyrene were purchased from @mAldrich. Stainless steel stensilvere purchased from

Photo Etch Technology (Lowell, MA).

2.2 Materials for Antibody Conjugation and Sensing

11-mercaptoundecanoic acid (MUA), poly(ethylene glycol) methyl ether thiol
(Mn ~ 800), Xethyl3-(3-dimethylaninopropyl)carbodiimide HCI (EDC), fydroxysuccinimide
(NHS), glyphosatepotassiumhexacyanofeate (l111), and 200 proof ethanol were purchased from
SigmaAldrich. 2-(N-morpholino)ethanesulfoniacid (MES), 10X phosphate buffered saline

(PBS), HPLC water, hydrochloric acshdium hydroxide, anéthanolamine HCI were purchased
16



from Fisher Scientific. Glyphosate antibodies (5 mg/mL) and AlexaFluor647 IgY antibodies (5
mg/mL) were purchased from &mo Fisher Scientific (Waltham, MA). Tigtyphosateantibody
solution was aliquoted and stored in the freez&r28t°C. Krayden Dow Sylgard 184 Silicone

Elastome(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 mMCH®.1 mM
EDTA, pH = 8.0) were purchased from Integrated DNA Technologies (Coralville, 1A). The
gl yphosate S-BAACAGCTES- GCCECGRAG-CGA-GAC-ACG-TAC-AAG-
GTA-CTA-TAC-GGGTGG-CAT-ATG-TAT-CTG-3 0 . The serotonin-apt amé
CTCTCGGGA-CGA-CTGGTA-GGGAGA-TAG-GGGAAG-CTGATT-CGA-TGC-GTG
GGT-CGT-CCG3 06 . Both aptamer s wehioklinkpramdavhra desalied. wi t h
Tris[2-carboxyethyl] phosphinéTCEP), hydrogen peroxide (30%), and anhydrous £a@fe
purchased from Thermo Fisher Scientific (Waltham, MAMé&rcaptel-hexanol (MCH),1-
hexanethiola d e n o sdiphosphate (ADP) sodium saltttyptophan, dopamine hydrochloride,
a n damimobutyrc 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

Waferswere patterned using photolithography and chrome photomasks. An electron beam
evaporator (CHA SE-600) was used to evaporate 5 nm off@lowed 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-@if) further rinsed off with agtone and

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

2.5 Aerosol Jet Printing of EGTs

(&)

. Sheath
™ gas

o ©
a b ©
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150 ym nozzle

o B2 \ \
=L W=
100/20 pm

Figure 2.1. Aerosol jet printing. (a) A vial of ink immersed in an ultrasonic bath, produci
an aerosol. The inlet tubing (clear) introducesgis while the outlet tubing (orange) contai
both the aerosolized mist and the dds. (b) Crossection of the deposition head. Sheath !
(N2) is used to focus the carrier gasd aerosodés it exits the nozzle and prints between
source and drain of the FGT, creating the P3HT channel (100 x 20 pum). (c) @yticaraphs

of printed P3HT, ion gel, and polystyrene.

An Aerosol JePrinter 200 (Optomec, Incjvas used for aerosol jet printingn additive
processvherematerialsare printecnly where they are needadlwide range of materialgarying
in viscosity can be printed, amulinting parameters can be optimized to enabl&rppnts with
high stage speeds (several mm/s) onto rigifiexible substrate®:°¢%9 In this work, the aerosol

jet prining wasused to print P3HT, ion gel, and polystyrecempleting EGT fabricatianmages
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of printed materials and a general onew of aerosol jet printing is shown iRig 2.1 The
temperature of the atomizer bath was kept & &r all inks.The sheath gas was {99.999%).

A fresh 1.0 mg/mL solution of P3HT in chloroform was prepared and stirrecd®@t @0 1 h before

use. For printing, terpineol was added as-sawent (10% by volume). P3HT was printed with a
150 um nozzle, a carrier gas flow rate of 10 scang a sheath gas flow rate of 65 sccm, and the
platen speed was adjusted to print an ~50 nm thick chafhel.ultrasonic current for ink
atomization was 25@60 mA.The thickness of the P3HT channel vessimatedoy the color of

the channel. Color of the3HT channel was correlated to thickness by measuring the height of
several printed P3HT lines using a P3@rface Profilerlon gel ink was prepared at a 1:9:90 ratio
(by mass) of SEAS, [EMIM][TFSI], and ethyl acetate, respectively. The solution wesdstir
overnight at room temperature and stored at room temperature for multiple uses. lon gel was
printed with a 15Qum 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-280 mA. A 5.0 mg/mL solution of
polystyrene in chloroform was prepared and stirre@fC for multiple uses. For printing,
terpineol was added as a-solvent (4% by volume). Polystyrene was printed with a 200 pm
nozzle, a carrier gas flow rate of 45 sccm, astheath gas flow rate of 55 sccm. The ultrasonic
current in the atomizer was 4dG0 mA. After printing, all transistors were annealed in glhive

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

specified

2.6 FGT Cleaning and Functionalization

Polydimethylsiloxane (PDMS) wells were used to ensure that solutions for
functionalization and sensing only contackey interface®f the FGT device at different steps in

19



\ ii. Sensing medium

UV/Ozone Treatment

‘ ‘ Y Surface

Figure 2.2. FGT sensor preparation. Schematic of sensing surfaceeahing and
functionalization protocol for FGT sensing. (a) Selective UV/ozone treatment of FG2 u:
stencil. (b) PDMS wedl used for(i) surface functionalization over FGid (ii) for containing
the sensing medium over FG2 and.CG

i. Surface
functionalization

/‘
il

Stencil : 7> <

Fully
printed EGT

the functionalization protocol (Fig 2.22)DMS wells can be reversibly and irreversibly sealed to
the SiQ interface, preventing leakage of solutioAssmaller 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 sembmgmakr PDMS well was
reversibly bonded to a PDMS lid to prevestiventevaporationfor reactiontimes> 30 min
Subsequent steps for surface functionalization and rinsing were carried out in the sarfie well.
prepare PDMS wells, the base and curing agent were mixed at a 10:1 volumetric ratio and mixed
with an ARE310 Planetary Centrifugal Mixer (Thinky USA, Laguna Hills, CA) at a speed of 2000
rpm for 5 min. The PDM$vas poured onto a silicon wafer treated with trichloro(1H, 1H, 2H
perfluorcoctyl)silane (PFOTS) enclosed by an glass dish to ensure easy delamircaticthe

wafer andow 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 daidel tape to remove any debris from the

surface, removed from the tape, and reversibly bondetetsubstrate.
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2.7 X-ray Photoelectron SpectroscopyXPS)

XPS spectra were collected using a PHI 5000 Versa Probe Il XPS system (UBYNC
equipped with a monochromic Al KX-ray source (1486.6V). The base pressure was
3.0x 108 Pa. The beam spot size was 100 pm with a power of 25 W under 15 kV. The survey
scans were taken with a 280 eV pass energy and 1 eV step sizagiHnesolutionscans were
taken with a 55 eV pass energy and 0.05 eV step size. The sample was mounteelcenoé p
carbon tape onto a sample holder and groundigad conductive tape to the sample holder
MultiPak software was used to fit peakshigh-resolutionspectra using a Shirley background

subtraction method. All peaks were referenced to the (RI(R) peak at 84.@V.

2.8 Reflection-Absorption Infrared Spectroscopy (RAIRS)

Infrared spectra were collected using a Thermo Scientific Nicolet iS50 FTIR spectrometer
equipped with &darrick Seagull accessory for graziaggle specular reflectance measurements
Thep-polarized IR beam was 86rom the surface normalheresolution was 2 crh Substrates
were approximately 1 x 5 cm in area. A bare Au substrate was used for background subtraction.
The functionalized substrate was purged dny air chamber fol5 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 purg&5Ltin before the measurement. The background
was continuously subtracteai the sample spectrum until noise fronCHbandsn the carbonyl

regionwas minimizegat 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 mroscope (Leica DMI 4000B) equipped with a Coolsnap EZ camera
(Photometrics, Tucson, AZ) and Cy5 filter. The substrate was placeddageonto a cover slip
directly over a 100x, 1.4 NA oil immersion objective. All images were acquired with Micro

Managersoftware 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 threeelectode cell system (Ag/AgCl saturated in 3 M KCI 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 digcussed
Cr/50 nm Au on Si@wafers). The electroactive species was 10 myF&(CN)] in 1X PBS
(0.2pum filtered, pH = 7.4) electrolyte solution. The Csweep ratend potential window were
varied. The sample interval and quiet time were 1 mV and 2 s, respectively. No contact was made
with the SiQ substrates of the working electrode, as this would lead to quick electrochemical

dissolution of the gold electrode. Ailes were processed with a custonade Python script.

22



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 wateaeddyi 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 electregeajechow
the device can be constructed to prevenéptial losses between each of the four interfaces. This
previous work had constructed the argument that FGTs face limitations due to parasiti¢’effects.
As the area of the sensing surface, FG2, is decreased, the threshold vottapecame
increasngly more negative to that measured for the EGT of the same d8pmefically, the gate
voltage applied at the control gateg,Mva s un ab | rmodutate thd R3HT ghannel
conductivity, as potential was lost to differences in capacitance dodttoharge. The fraction
charge | ost, a, from the sensing surface to t
as 0.77# This fraction of lost charge was hypothesized to stem from a capacitaace i@med
between the floating gate atfte pdoped silicon substrate underlying the 300 nm2%iy in
turn, forced constraints on the sizing of the defic8uch parasitic losses were avoided by
oversizing FG2, but for the purposes of biosensing, this limits the sensitivity of the desvicere
molecular binding events must occur across the electrode to elicit a large changé io IC

capac-baamrdesensing.

*Portions of this chaptearereprinted (adapted) with permission frothomas, M.S.; Adrahtas, D.Z.; Frisbie, C.D.; and Dorfman K.D.
Modeling of QuasiStatic Floating Gate Transistor Biosens#&§S Sensor2021, 6 (5), 19101917.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
capacitanceand chargedbased detection\We repeagd the experiments and analgsdone to
extractd in ambient air, instead of thezldlove box, by measuring the transfer curves of FGTs
with varied areas of FG2 ¢&2) and their EGTsubunits Initially, a fused silica (glass) substrate
was also used in order to challengeitfidusionof Cparas 0 r &, i.Mhe ExGaCtednalke | s
o f forgglass (0.41) was larger than SiBGTs (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
uncertaintis to Ci psut. 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 operatitilt on the changen the slope of transfer curveather than v, a
was eliminated from oufGT models

This chapter also considers the shamd longterm operation of EGTs, whelleGTs
remairedoperable for FGT sensing aft28 days in an ambient, dark environment and 6 months
in an inert dark envimnment. However, changes in the environment, such as humiditg,
shown to have a significant impact on E@&ctricalcharacteristics. Finally, the EGWas 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 biiffecapacitive coupling-alrication was the same
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on fused silica glass substratébe dimensions of the3HT channel were 100 pm by 20 ym, and
the targetarea of the P3HT channel was 100 um by 30 um. The area of FG1 was 0.003 cm
(Arc/AprsHT =100). The area of FG2 was varied:cApsut= 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 immediatelyr eftieg
theSiO2 EGT channels witlthe same printing parameters.

Transfer curves for parasitic capacitance studies were measured with a LabVIEW program.
The drain voltage (V) was sourced with a Keithley 2611 sourneasure unit. The gate voltage
(V) was sourced and gate currenri (ivasmeasured with a Keithley 2400 sowmmeasure 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 25ar\é/step
size of 50 mV, and Wb =10.5V. Each device was swept several4(3times until consecutive
sweeps overlapped, producing a stable transfer chigplacement current measurements were
taken with a Keithley Test Script Builder program which utilized keithley 2612B for \&
sourcing andd measurement. The drain and source electrodes were grounded, whilasV
applied to the floating gat@ptical micrographs of the printed P3HT channel were taken, and the
area of the channel was measured using ImageJ.

To measure the inverter curves, a custaade Python program was used.ahd t were
sourced and measured, respectively, with a Keithley 2612B smeasure unit (channBl). The
drain voltage (W¥p) was sourced with a Keithley 2611 sourneasure unit aoss the transistor
and over a |l oad resi st wur)waslimeddued at thé tran elecirodp u t

with a Keithley 2612B souremeasure unit (channel A). The source electrode was grounded.
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Inverter curves were measured with a sweep rat&06f mV/s, \& step size of 10 mV, and

Vop =10.5V. Ve was swept from the OFF state to the ON state and back.

3.3 Results and Discussion

a J‘VGCG— b @
- ( -TT7A
C

Vo=

Figure 3.1 Schematicrepresentation of FGT with parasitic capacitance (a) PrintedFGT
with Ve applications for EGTVeECT) vs FGT(Vet®) operation.(b) Equivalent circuit of a
FGT considering parasitic capacitance

The extension of the floating gate and addition of CG can be modeled as two additional
capacitors (from EDL formation) in series witle 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 capacitancec@Lin the sensing medium, or secondary electrafy/his can
be underod by expressing the capacitor in series,

p p p (2.1)

# #ﬁ T ' #ﬁ T '

where Gion geligoldiS the specific capacitance of the ion gel/gold interface. The electrodes continue
to decrease in area, schematically showRign3.1 Following the same implications of Eq. 2.1,

the capacitance of the EGT is estimated asi@ice due to the oversizing 6G1 to prevent
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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

1 # 6 T (2.2)
where the potential of the floating gaMs, is dropped at the P3HT/ion gel interface during
operation when the source is groundElde 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 + Qo = 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 equatiori!

36 6 i6 =(—-"—)6 (2.3)

A
The fraction charge lost fromx@ the floating gate is defined &3 and this loss led to decreased
gatingfrom the control gate to the EGT he f i r st approach to mini mi
capacitance wasubsor atheange fheseed silica, or g
previousl y do.ne pdagitic @Hectstcaen bamnplified by decreasingArc2 and
comparing the changes¥trt o f i t "Qo the enbdal €Eq. @.8). Alongside this, the same
experiments were carried out on %8 wafers in order to verify previous work and to ensure the
device fabrication procedures were consistent.

In order to calculate™f or each device in 3E@N @dred re@T r ma
t 0 e ¥t As&¥cwas swept more negatively for both EGTsjricreasd by several orders of
magnitude @n/lorr~ 10 to 1(F), as observed in Fig 3.Zhe linear regression of ti<Ns 7 i Ve
plot where the device is in its ON state resuitVr as the xintercept. The linear regression was

done on the forward sweep for consistency, as some devices exhibited hysteresis. The average V
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Figure 3.2 EGT transfer curves Trander curves ora semilog scale (black) antinear o'/
vs Ve plots (blue) of (a) SieSiand (b) glass EGTs. Gray arrowslicatethe direction of the
forward and backwardweeps starting from positive ¥. The xintercept of the red linea
regressions Vr.

among 30 SIQEGTs and 32 glass EGTs wia8.30+ 0.06 V andi 0.31 = 0.09 V, respectively.
The difference betweenVof the FGT and EGBubunitwas used for the fit using Ef.3
(Fig 3.3). The values fthe specific capacitance of each electrolyte were chosen based on previous
experimental work, being 12.5F/cn? and 100 nF/cn? for Ci ion geligoid and G, paHT/iongel,
respectively>*Th e e st i ma tQaatording to this set of emperimental data, were 0.32
and 0.41 for Si@and glass devices, respectively.

Both sets of experimental data weretditEq. 2.3with theexceptionof ArcApsznt = 400
due to its larger change intfM hat di d not f ol | omarteh ee xtpreecrt de.d C
decr eMaszi nregu e ixryheen t o differences in capacitan
in Fig 3. 3. Devi cesrf lWaar gnee aarrl eya sn oo fc hFRa@G&gcke, b nt Vi
there werepMsohagasteni $tics bet vomeaInh EeGal RGA |
devices MW, | awerevi dent by the smaller sl ope,

bet ween the two ends of ttcmesfl batappgl gatdet asac
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h i gohBaded on the current data set, the use of glass substrates does not eliminate nor lower

parasitic capacitance. In fact, the valu&afas higher for glass than for Si@evices. The slopes

of the linear regessions for glass devices were consistently lower than &@ces and can be

attributed to differences in P3HT film thickness and morphology.
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Figure 3.3 Area dependence of FG2 on FGT and EGT operationSemtlog plot for
(a) SiO/Si and(b) glass substrateshow changes Vt between thd&=GT and EGTmodesas
function of Arc2Apsnt. The curvedit the experimental data usirfig. 2.3 where blue and gray
curves are representative of no fraction of chérgist at the floating gate foro> = 8 and
a value ofCo/C: set to fit the experimental datal.8) respectively. The red curve estimatt
using G/C2 = 8, thatéd = 0.32 for SiQ FGTsandéa = 0.41 for glas$GTs Each data poirdand
errorrepresent thaverageandstandard deviation of 5 deviceespectivelyArcadApsnt= 400
was excluded from the fits.

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

experimental data by multiplying bp¥ p "Q. This fit suggestghat, instead of parasitic

capacitanceaffecting the device output, the estimations for the specific capacitances are not

correct.
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variability. Displacement current measurements were used to estimaterfon gel (Fig A.1),
finding the P3HT/ion gel specific capacitance to be 209 + 25 (fFdomong 10 EGTSs.
Asd was not eliminated with gdpaxtesusingmst rat e
experimental data to modelehelationship between trgating of the=GT and EGTFsubunit By
modeling thesystem as capacitors in series, fitaetion of the applied ¥ at the control gate can

be modeled as

{ & (24)
Here,] is expressed as two multiplicative factonderef is the intrinsic potential drop over
the EGT, or primary electrolyte, afid is the potential drop over tlsecondary electrolyte along

with the parhednsVi itelationshiplord=6T opéiation in the saturation regime can

thusbe expressed #s

t#7 7 (25)

where the potential effectively felt by the P3HT channgléts. To e xt r act weacarv al u e
rearrange the model fgr where

p # # (2.6)
{ #p # #

enablesvarying Cz, or Arcz, While maintaining Gand G, t o e x.tFollenming Eq.&2.4 and
Eq. 2.5, the slope of the transfer curve in the saturation regime of the F&T7,7¢ , ¥ [, can
bedivided by the slope of the same device operating as an E&T, ¢ , 7 [ , resulting in
a measured value ¢f .

To test our newly derivedthode| we first determind ion getgold and P3HTion gel

capacitances from literature or experiments. A previous report found the specific capacitance of
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the ionic liquid used, [EMIM][TFSI], on gold to be approximatelyr8/cn? at low frequencies
(10 Hz)}®while quasistatic measurements have yielded I#%cn?.239We hence assigned a
value of8 + 4 nf/cn? to represent the uncertainty in iGn gelgols, Yielding G = 24 + 12 nEWe
usal the value of GranTiongel measured here, 209 + &%/cn?, and the value reported in previous
work, 100n/cn?,*! to set valuedor Co as6.27 (x 0.75 nF) and 3 niFespectivelyUncertainties

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

of the ion gel electrolyte or P3HT afrzel, and/or moisture from humidit{*

20 . 1 2 1 R 1
W Experimental Data
Experimental Fit, f = 0.59, C, = 3.0 nF
——f=0,C,=3.0nF
184 /74f=0,C,=6.27+0.75nF,C,=24 + 12nF

0.00 0.03 0.06 0.09 0.12 0.15 0.18
1/C, (nF™)

Figure 3.4. Model of 1/ :,'jév s 1/ C2 t.dhe mverse oh mdasurgd against the
inverse of the corresponding value@f using Eq.2.6. The blue region reflects the range
Ci,ion gelgold (8 + 4 n=/cn) for C1 and the uncertainty i8ipsHTiiongel for # with the presumption
of no charge lost, cit = 0. Both the red and gray fits refleCtparTionge = 100 n/cn?, where
the grey fit assigné = 0. A total of 5 devices were measured for each data point. Er@yim
based on the range of values @jon gergois. Reprinted (adapted) withermission from Thomas
M.S.; Adrahtas, D.Z.Frisbie, C.D; and Dorfman K.D. Modeling of QuaStatic Floating Gate
Transistor BiosensorsACS Sensor2021, 6 (5), 19101917. Copyright 2021 Americal
Chemical Society.
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The inverse of thexperimentally obtained values[ are plotted againsheinverse of
C2in Fig 3.4 inorder toe x t r layditting the data tdeq. 2.6.In assigninghe originally used
values of 100vF/cn? for CipaHtiion geland 5.3 F/cn? for Ciiongeligolg t he f it (rgd) el d s
Alternatively, by assigning i®sHtiiongel = 209 + 25nF/cn?, Cijongeligod= 8 + 4nf/cn¥, and &a =
(blue rangg the red experimental fit falls within the uncertainty range, indicatingttieanhew
equivalent circuitnodelis sufficientin explainingthe experimental datdhis result indicates that
rather than having parasitic losses, the differenceapacitance at each interface lead to perceived
excess losses in capacitive coupling from the control gate to the P3HT channel. FGT models for
charge and capacitanebased sensing based on experimentalwlata further developedithout
consideration ofi2! 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 thede@¢e propertiemay be
sensitive to experimentakrotocols, such as electrode cleanliness, thickness of printed materials,
andthe operating environmeri strategy already implemented to limit interactions between the
ion gel and semiconductor with the environmisrthe use of a poly(styrene) (PS) encapsulation
layer printed on top of the ion gel encompassing the source, drain, and FG1 electrodego&®e pur
of the PS encapsulation layer is to extend the lifetime and decrease the inherent variability of the
device by reducing its interaction with the @ontinuous exposure to oxygen and humidity can
result in a reduction of P3HT conductivity and holansport as oxidation occut®. 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 casd the ion gel, where SEAS, a more hydrophobic polymer, used in ion gel led to

more airstable EGTs compared tioeuse of poly(styrend-ethylene oxideb-styrene), or SOS, in

ion gel®
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Figure 3.5. EGT transfer curve characteristics over 28 days irmmbient air. Changes ir{a)
the slope of theot2vs Ve fit for V1, t#7 ¥¢ , 7, and(b) V1. EGTs were printed with thir
and thick layers of ion gel and encapsulated with polystyf@meerror represents the stande
deviation of 5 devices.

EGTs were printed with both thick and thin layers of ionlgdbre encapsulatiao study
howion gel thicknessnayalsoact 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
measurement€hanges in the electrical characteristics of EGTs were monitored over 28 @dpys (Fi
3.5). The fit used to calculaterVias a slope oft # 7 ¢ , 7 ,where changes to the slope indicate

changes in the P3HT mobility or P3HT/ion gel spectfapacitanceNearly all devices had a
change in slope that increased from 3 days to 7 days, thexaded after 28 days, indicating that

an external factowas affecting device properties. The slope did not continuously decrease over
time, as expected for a P3HT device that is degradhsgsuch, thevariability caninsteadbe

attributed to changes irne specific capacitance. Thigsult aligns with our earlier data that
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suggests there is variability in the specific capacitaridbeion gel interfaces. Ultimately, over

the month, thick ion geEGTsexhibited amaximum threshold voltage shift of AV while thin

ion gel EGTs exhibited maximum threshold voltage shdt 100 mV. PS does completely protect

the EGT from the air, as natdy 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 tr&®tause EGTs with thick ion
gelexhibitedlower hysteresis than those with thin ion geé proceeded with printing thick layers

of ion gel for all EGTs.
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Figure 3.6. Effect of high humidity on EGT. The transfer curve of the EGT was initial
measured in a low humidity (r.h. = 4.5%) environment (blue). After 2 h in a high hun
(r.h.= 65%), the curve (red) shifted to a more negative Mabilization in the low humidity
environment for 45 min letb the curve (purple) shifting positively back toward its initial ste

A simple test of measuring the same device inside and outside the glovelbbyppmO2)
providedsufficient evidence that the humidity and/or oxygen affect EGT electrical chasticte
by shifting the transfer curve to a more positive i ambient air Further, after incubation in a

high humidity chamber (r.h. = 65%), the transfer curve shifted positively compared to the low
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humidity environment (r.h. = 4.5%), retreating backaad its initial state with timeRig 3.6).
Among four devices, the average shift in &fter 2 h in the high humidity environment was
147+ 17 mV, and the average change in slope was 1.2 + ZI&6%.resultresemblegrevious
report byLi et al. observed for gype organic thin film transistors (OTFTs)yvherethe device
performance worsenwithin a high humidity environmenlower lon/Iorf).1%2 However, the
retreating of the transfer curve as it adjusted to the low humid environment subjgestect is
reversible, where water molecules likely diffuse out of the ionagelt equilibratesWith this,
other encapsulantbat provide a barrier tovater diffusionshould be explored in order to protect
the EGT from changes in humidity for lomgrm signal transduction use. Otherwise, the FGT

response must be calibrated to the state of the flez0se in ambient air
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Figure 3.7. EGT inverters after 27 weeks in the glove baxOperation of an EGT inverte
after storage ithe glove box for 6 weeks (black) and 27 weeks (blue) after fabrication.

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

configuration, continue to operate within low potential windows despite being stored in the glove
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box 6 months after fabrication (F&7). Shifts in the inverter gues are not surprising based on
the shifts humidity can cause, and the average change in gain among three EGTs:\2ak%0.7
As a result EGTs can be fabricated in mass and subsequently stored in the glove box, saving

unused materials for printing aniche for solution preparation and annealing.
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Figure 3.8. EGT inverter with varied sweep rates The sweep ratevas increased from
25mV/s to 150 mV/sThe inset shows thienpact oninverterhysteresisArrows indicate the
direction of the forward and backward sweep, starting from the OFF state.

The inverter curve measurement program was further optimized, allowing for sweep rates
up to 150 mV/s. Fig 8.exemplifies how EGT inverter curves respond tongfes in the sweep
rate from 25 mV/s to 150 mV/s. The hysteresis of the device systematically incredse
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 arfafte2. We also note that the gain of the
backward sweep, taken by running a linear regression betwaen-\0.15 and \butr = 0.35 V,

was larger than the forward sweep. In this example, the gain of the forward and backward sweep
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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 f@l gigpcessing in sensor warkthis

thesis

3.5 Conclusion

The fraction of charge | ost, a, in FGTs wa
between the underlying-gooped 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 |flFandion gel/gold (8 + 4 pF/cA).

FGTs were constructed with ion gel as the secondary electrolyte for the FG2 and CG interfaces on
both glass (insulating) and SiSi substrates. Glass FGTs presented similaegofssa = 0. 4 1)
compared to SIODF GTs ( a =asur@d iB8 dmbienmar. Models were reconstructed to
represent the potential differences between the applied poterdjand the final potential felt by

the channe{{ Ve) through changes in the slope of tb&3vs Vs curves, t #7 T¢c , 7 [ 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 descendingvithout
inclusion of a. With this, new npeediot hesEGT e x c | u
inverter behavior and FGT inverter response to change capacitanebased perturbatior?3.

The use of EGTs as signal transduction elements was also explored. EGTs can be stored
as long a$ months in the glove bcand28 days in ambient aifor usewithout detriment to the
transconductance/gaienablinglong-term storage. EGTs can bavept up 50 mV/s with a ~2x
increase in hysteresisroviding faster signal transduction for quagatic operation. Finally, EGTs
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wereobserved tshift in Vr due tochanges in humidityith negligible changes ithe bY% Ve
slope As such, the dato-day operabn of EGTschange, as indicated by observing changesrin V
and slope over 28 days in ambient earsing a need for EGT calibration in the case on-temm,

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

Molecule Detetion

4.1 Introduction and Motivation

Of the different classes of analytes, small moleculeschaiengingbecause their size
limits the ability to cause capacitanibased perturbatiorfer FGTs equipped with rigid capture
agents A charged, small molecule of interest for food safety and environmental monitoring is
glyphosate (169.0Da, 2i charge at pH = 7.49* Glyphosate, shown ifig 4.1, is the active
ingredient in the herbicide, Roundup® and has had a dramatically increased use worldwide since
2000/° 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 dacinogert®®
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)206

Compliance is currently determined by measuringdhecentrationof glyphosate in a
samplet® relying on complex analytical instrumentation such liquid chromatography mass
spectrometry (LEMS).”?1%” An in-house and simplase detectiomethod can be beneficial, as
not all facilities can afford the time and cost of current detection metfodkhough
electrochemical sensors have shown pafgbrinciple studies that provide these advantages,

other figures of merit such as sensitiyityeproducibility, and selectivity (without sample
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preconcentration) inhibit their use in the fiétdvithin the pastouple ofyears, electrochemical
biosensors have achieved detection of glyphosate using electrochemical impedance spectroscopy
and chrmoamperometrjor both antibodybased and aptambased sensof88 1! Each of these
sensors elicits changes in capacitance upon glyphosate capture rather than potentiometric changes.
Detection of glyphosate with an FGAould expand the library of detectable analytes
toward small moleculesTo date, the FGT biosensor has been deployed to deisge |
biomolecules, including proteit's®®and DNA#? 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. Andipbased FGT detection has been previously
achieved for the gluten ian extraction cocktail (250 mM-mercaptoethanol, 2 M guanidine
HCN’demonstrating the FGT ansbodytargelthkindirygeveris htgh ans d u

electrolyte strength solutions.

H
Sensing o-_P \N/\)J\
a compartment b 0o /6\/6 OO

Figure 4.1 Diagram of the glyphosate FGT biosensofa) Schenatic of thedevice outlining
the inverter configuration and sensing compartmé&he FGT (gray bracket) includes tf
control gate, upper end of the floating gate, and EGT invéataekbracket). (b)The schematic
magnification of FG2 depicts therfationalized sensing surface composed of suazand
antibodies after glyphosate binding
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As such, an electrode functionalized with antibodies was utilized in conjunction with FGT
model$! to design the sensor toward chalgsed sensing with an antibedgnjugated sensin
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 usiXgray photoelectron specsoopy (XPS), reflectiombsorption
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 flogtigate using PDMS wells. Initial controls were done to
measure the response to 0.100uM glyphosate in 1X PBS over 10 min for bare gold and PEG
thiol FGTs which did not exhibit dostependent responses. Glyphosate HBEensorslicit
responsedo 100 uM glyphosatethat are on averagdow and irreproducible, prompting an
assessment of the binding constanb)(Kof the glyphosate antibody witburface plasmon
resonance (SPRWhile SPR validated conjugation of the antibody to the chip, glyphosate
antibodybinding 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. Alhailhe
themal evaporator housed in a glove box was used to evaporate 5 nm of Cr and 50 nm of Au onto
silicon substrates. The gotintrol electrodewere cleaned with UV/ozone treatment for 20 min
and immersed in ethanol for 40 min. Before immersion in the 1thidfisolutionin ethano| the
substrates were rinsed thoroughly with ethanol and dried withirNol solutions containing
11-MUA were prepared with 10% HCI in order to prevent-alger of 1MUA through hydrogen
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bonding of the carboxylic acid groups.The substrate was stored in a vial at room temperature
in the darklncubation timegor selfassemblywerevariedfor initial XPS studie$ut ledto a final
incubation time of 20 .hAfter incubation, the substrate was thoroughly rinsed with HPLC water
and ethanol and dried with 2N The substrate was then immersed inl@0 mM 2-(N-
morpholinogthanesulfonic acid (MES) buffer (pH = 5.8) containing nidd
N-hydroxysuccinimide (NHS) and 200 mMethy}3-(3-dimethylaminopropyl)carbodiimide HCI
(EDC) solutionfor 30 min, reacting with carboxylic acid of -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 temperatuwee mifution

and gentle mixing. The.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 thmdbyk.

the unreacted NH8ster sites were quenched wétli.0 M ethanolaminelCl solution (1X PBS,

pH = 8.6) for 15 min. The substrate was thoroughly rinsed with HPLC water and driedawith N
The pH of each solution was measured with a Horiba LAQUAtwinlfHneter, and the pH of
the solutions were adjusted WwiNaOH or HCI.

FGTs were fabricated with photolithography and aerosol jet printing, as described in
Sections 2 and 25, 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 solutioi&e clean gold surfaces were initiaflynctionalized with
1 mM of 1:MUA and PEG thiol (1:1 molar ratio, 1:1 ethanol/water, 5% HBPRLC waterwas
introduced as a solvent in order to decrease the wettability of the thiol sokgi@thanol can

easily leak out of the PDMS walhrough minorimperfections in the PDMS/substrate sddle
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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 wersgknsed and drawn out of the PDMS well with a micropipette.

XPS RAIRS, epifluorescence microscopydcyclic voltammetry were used as described
in Sections Z to 210. SPR measurements were conducted by C.Eifr.a Biacore S200
instrument (CytivaLife§i1 ences, Mar | bor.&lunghhing bulexswers fdteredat 2 5
(0.22 pm, cellulose acetate, Thomas Scientific, Swedesboro, NJ) and degassed before use.
Solutions were prepared fresh prior to measurement. A series CM§%Q3ttipa Life Sciences,
Marlborough, MA)was used foreachrun. For activating the dextran matrix toward antibody
conjugation, 400 mM EDC and 100 mM NHS in M) water were canjected and flowed over
the chip at 10 pL/min for 7 min. Subsequently, the 0.2 mg/mL glyphosatedptih 10 mM
sodium acetate (pH = 5) , unless otherwise specified, was injected at 10 pL/min for 10 min. Finally,
1 M ethanolamine (pH = 8.5) was injected at 10 pL/min for 7 min. A 1 mM glyphosate stock was
prepared with the running buffer and seriallyutkid tenfold downto a concentration of nM.
The multicycle assay began with buffer injection. The sample solutions were injected at 20
pL/min over both the reference and active cell for $20he running buffer was subsequently
injected for 300 s to pasure dissociation. Sample solutions were injected from lowest to highest
concentration glyphosate. The running buffer, antibody concentration, and antibody solution pH
were altered between trigl§able D.1)

All sensing measurements were carried with 1X PBS as the aqueous electrolgted
buffer. Glyphosate stock was made by dissolving 1 mM glyphosate in 1X PBS and vortexed until
full dissolution (~30 s). A teffiold serial dilution was done for lower concentratioii$ie

functionalization PDMS wellwas replaced with the larger PDMS well for sensing. Initial
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measurements were carried out with 1X PBS odvitywas swept until subsequent inverter curves
overlappedOnce the device was stable, the buffer was removed from the well and replaced with
fresh IX 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 subthamtedhe target
curve, producing a signa¥{ out). The maximum value was recorded as the signal (¥¥aki).
To guarantee a signal arises from target capture, the EGT was measured before and after the FGT
measurements. EGTs that had signifidift were considered outliers for the studyl files were
processed with a custemade Python script. Plotting was done in OriginLab.

To measure the inverter curves, a custaade Python program was us¥d.and t were
sourced and measured, respectively, with a Keithley 2612B smeasure unit (channBl). The
drain voltage (\p) was sourced with a Keithley 26 sburcemeasure unit across the transistor
and over a |l oad resi st our)waslimeaddued at thé tran eleairedp ut v
with a Keithley 2612B souremeasure unit (channel AThe source electrode was grounded.
Inverter curves were measuradth a sweep rate 0100 mV/s, Ve step size of 10 mV, and
Vpp =10.5V. Vs was swept from the OFF state to the ON state and back.

For inverter curves measured at 45 mV/s (UV/ozone study), ¢hend & were sourced
and measured, respectively, with aitkley 2400. The drain voltage f%) was sourced with a
Keithley 2611 sourceneasur e unit across the transistor ¢
output voltage (Mdut) was measured at the drain electrode with a Keithley 2612B sm@asure

unit (chanmel A).
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4.3 Surface Characterization
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Figure 4.2. Antibody conjugation to gold through carboxyl-to-amine crosslinking
Fourstep surfacehemistryto conjugate antibodies to the gold sensing surface, @pBare,
clean gold substrate. (Belfassembly ofl1-MUA and PEG methyl ether thiol on gold throug
thiolate bonds.d) EDC and NHSn MES buffer reacwith the carboxylic acid of XZMUA to

form an NHS ester tail groupd) The NHS ester reacts with a primary amine ondhébody
in 1X PBS forming a sthle amide bond that conjugates the antibody to the thiol.

Often used for transistdryasedlatforms, air strategy to conjugate antibodies to goses

carboxyto-amine crosslinkingin conjunction with seHassembled monolayersor SAMs

(Fig 4.2) 1827113/ versatile, welstudied route for surface functionalization of gold is the use of

thiols to create &AM. The sulfur head group of the thiol forms a covalent bond with, gelded

a thiolate bond SAMs are sensitive to time, solvent, and surface cleanliness: all variables to
consider when intending to have a dense,-patliked monolayethat can prevent nonspecific

gold-analyte interactionsThe thiol, 1tMUA, contains a carbgaic acid functional group at its

tail that can be further reactedth EDC and NHSo yield a succinimidyl ester, termeNHS
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estert'317 The NHS ester functional group is readily substituted with primary amines, enabling

conjugation tahe antibody tmough lysineamino acidresidueghat are located on the outside of

the antibodyLysine residues can bacatedthroughout the antibody, randomizing the orientation

of the antibody with respect to the surfaééanolaminesubsequentlyeacts withthe NHS ester

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

solutions'** PEG methyl ether thiol is included in the monolayer as arfamting agent!8It has

also been reported teduce the effect @ebye screenindueby reducing the relative permittivity

compared to watgf 119121 where theeffectdepends on the lerfyand extensionf PEGE7:12
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Figure 4.3.XPS of 11-MUA and PEG monolayer. SAMs of (a) 11-MUA and (b) PEG thiol
on goldare characterized withigh-resolutionXPS spectra ofi) Szp, (i) Cis and (iii) O1s
orbitals Characteristic peaks are labeled.

We first characteriz& monolayer formation with 2MUA and PEG thiol usingX-ray

photoelectron spectroscopy (XPX)PSis aquantitative,surfacesensitive characterization tool
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that can be used tetermine the chemical composition addntify the characteristic bondsf
the SAM, importantly including the thiolate bond and functional groups along the Xi#&.uses
high energyx-rays to promote ejection ophotcelectrons from the samplé&avelling toward the
hemispherical analyzer (detector) which a specific kinetic endilgy measured kinetic energy
andwork function of the detectaare subtracted from therxa y 6 s he)ntee aalgulate the
el ectronds , bcorresponding toeareel r egnyeonbitab and bond type'??> The
selfassembly of 1-MUA and PEG thiol were studied and characterized with XPS both
independently and as a mixed monolayer. The-héglolution spectra for MMUA and PEG thiol
were collected for 20 kel-assemblytimes in a 1 mMethanolicsolution. In Fig 4.3a, EMUA
exhibited an S doublet at 161.9 eV and 163.1 eV, indicating ethiidl covalent binding?®Based
on spinorbit splitting, the & doublets were fit with a 2:1 area ratio for the2pnd 2p.2 states,
respectively. Characteristic carbon bonds include aliphatic carbidd, (@ H) at 284.6 eV, the
carbon adjacent to the carboxylic acid tail CGOOH) at 285.®V, and the carbon within the
carboxylic acid functional group (COOH) at 289.1 €%124126 Additionally, the carbonyl oxygen
and alcohol oxygen are characterized at 532.2 eV and 533.7 eV insthgeCtrum, respectively.
PEG thiolsimilarly exhibitedthe thiolate bond observed in the doulblie162.1 eV and 163&V/
in Fig 4.3b Sincethe PEG thiol is primarily composed of ether@3C) functional groups, the
large intensity @ peak at 286.4 eV is attributed to etlarbon'?’128 A small aliphatic carbon
peakwas observed at 284.5 eV. This is interpreted as adventitiousn;astbggesting that there
werebare gold sites on the substratteracting with the airFinally, the O1s Spectrumcontairs a
single peak at 532.8 eV, representative of the oxygen within the ether.

The high-resolutionspectra for a 1:1 molar ratio of MUA to PEG thiol are shown in

Fig 4.4 for different selfassembly timesHigh-resolutionspectra of 1IMUA and PEG thiol
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Figure 4.4. Timedependent formation of 1LAMUA and PEG thiol mixed monolayer.High-
resolutionXPS spectra of (a) Ay (b) Sp, (€) Gs, and (d) Qs orbitals of mixed monolayer o
11-MUA and PEG at a |:1 molar ratio on gold. Safisembly times were 4 h (green), 8 h (blL
and 20 h (purple).

monolayerdor different selfassembly times are inclad in Appendix B (FigB.1 and B.2). After

4 h, theras an indication of selissembly for all samples, as made evident by the thiolate doublet
near 162 eV. Therwas little change in the characteristic peaks oMUA over 20 h. However,
PEG thiol showd time-dependent changes in its safsembly on gold betweenhand 12 h
Namely,the attenuation of both the A&wand Sp doubletandicate thaselfassembly times beyond

4 h lead to densification of the monolaysvhere thiols assemble in bare goldesitAlso,
characteristic ether peaks increaseintensitywhile the adventitious carbon peak near 284.5 eV
decreases witkelfassembly timefurther evidencing amcrease in the number of PEG thiols

molecules. Thel1-MUA/PEG samplespectracontainscharacteristics of botthiols, but these
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characteristics change with saelésembly timeThe decrease in the ether carbon peak (~286.4 eV)
with time suggests competig adsorption between MUA and PEG thiol, where the increase in
intensity of both the aliphatic carbon and carboxylic acid carbon peaks sugdé@stAldisplaces
PEG thiol from the surface over time. However, at 12 h, Ghepeak, near ether oxygen
(~5328eV), and the At doublet have intensities that are maintained after 20 h. Thecatygen
peak also increases from 4 h to 12 h. With this, the alleviation of space from perhaps physisorbed
PEG thiolpromotel binding of both PEG and 1MUA on the surfae. In order to guarantee a
dense monolayer based on both the PEG aneMUA/PEG XPS time studies, the
functionalization times were kept at 20For tailoring the number of 1MUA carboxylic acid
sites, the molar ratio of PEG thiol can be increased (F3). BPS revealed a largantensity Cis
peak for ether carbon a@86.6 eV increasing from 31.3% to 43.8% of thes@reafrom a 1:1 to
1:2 molar ratio, respectively

Reflectiorabsorption infrared spectroscopy (RAIRBep-polarizedR light to measure
vibrationson a reflective surface to characteriadbsorbed moleculeBecausat utilizes a low
grazing angle (4°jrom the surface normabnly vibrational modesvhosedynamic dipolehasa
nonzerocomponenperpendicular to theurfaceareresolvable?® Fig 4.5includes the spectra
from 11-MUA, EDC/NHS activaibn, and antibodyconjugated gold electrodes. Firstly, the 11
MUA spectrum(green)e x hi bi t s two characteristic bands f ¢
the carboxylic acid: 1738 ctrand 1717 cm.13° Dependingpn conditions, such as EDC and NHS
concentration, solveénand pH, EDC/NHS activation can algeld nonreactive anhydride and/or
N-acylurea functional groupd?'® The challenge in distinguishinghe NHS ester from
nonreactive groups is primarily from band overlap with anhydride at 1750 c@€=0)) ar

1820 cm' ( $C=0))1* The N-acylaurea is characterized by bands at 1548 and 1650 cm,
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Figure 4.5. RAIRS spectra of EDC/NHS activation and antibody conjugationRAIRS
spectra and characteristic bands ofMUWA (green), EDC/NHS activated (blue), and antiboc
conjugated (purple) gold electrodes.

resulting from amide | and amide Il vibrations, whighrenot found in the EDEINHS spectrum

(blue) in Fig 4.5. After activaton, the NHSester group is characterized by a triplet of carbonyl
bands: 1749 crh( &(C=0)), 1790 cnt ( $C=0)), and 1820 crh( 3 ( C 4% 1§%13The band

at 1216 crtis assigned to the-8-C s t r a€Qi N @)) white the band at 1076 chis assigned
totheNiCiO st r eltO)) of thé NHEeGter!14116.130.13IThese two bands are solely indicative

of NHS ester, assuring its presence on the surface. After reacting with the glyphosate antibody,
broadamide 1(16001700 cm') and amide 1(1500-1600 cm') bands emergkin the spectrum
(purple) with no carbonyl bandsom the NHS ester presefithese largeepresent various bands

from secondary structures within tipeoteiny specifically,amide | bands typicallgontainC=0
bending and NH stretching and amide Il bandsntain N H bending and ON stretching'32133

Secondary structures inclufles he et s , r at nudr onns -helicaisnl ds ,U b
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Figure 4.6. XPS of antibody conjugation to gold.High-resolution XPS spectra of control
substrate functionalized with AMIUA and subsequently reacted for antibody conjugation. Spectra
include (b) Gs (c) Nis, and (d) Qs orbitals.

To further characterize antibody conjugation to gold, the same electrode used with RAIRS
was characterized with XPS. Fig 4.6 shows Higgtresolutionspectraof the Gs Nis and Qs
orbitals along with fits tocharacterize each peakhe Gsspectrum contains three characteristics
peaks:285.4 eV for Ci C, CiH, and GCOOH;286.9 eV forCi S, Q' N, and G O; and 288.7 eV
for HNT C=0.1*3 The amide nitrogerand amine nitrogeappear in théNis spectrum as large
intensity 400.%V peak and a small intensity shoulder388.7 e\, respectively** Carbonyl
oxygenin the Ois spectrumis located a632.1 eVwhile thelower intensitypeak at 533.5 eV

characterize®i C bonds!13
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Figure 4.7. XPS characterization of antibody conjugation toFG2. High-resolutionXPS
spectra of (a) %, (b) Gs, and (c) Nsorbital of antibodyconjugated gold electrodes. Glyphos:
antibodiesvereconjugated to the sensing surface of the FGT (pink) and obitfiteol electrode
(purple). The sensing surfacedha 1:1 molar ratio of -MUA to PEG thiol; whereas, the
control electrodevas solely 1IMUA.

An FG2 electrode that underwaheantibody conjugation chemistrigut in a PDMS well,
was also characterizeshd compared to the control electrq@ey 4.7). FG2 differed in that it had
a mixed monolayer of 1:1 IMUA to PEG thiol.Both electrodes have an,8oublet near 1628V,
indicative of thiolatebonds The Aws spectrum (Fig B.4) shows attenuation of tdwblet from
monolayer formation to antibody conjugati@or both electrodesas is expected with a bulky
protein preventing electrons from escaping the surface. Key differences between the sensor and
control electrodarethe intensity differences of theonaliphatic Cis and Ns peaks, where the
control electrode hshigher intensity from bothAs peak positions are similahe lower intensities
can be an indicatiothat there waa lower density of antibodyonjugated 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.
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Figure 4.8. CV of 11-MUA and antibody conjugation. Cyclic voltammograms of bare gol
(green, 11-MUA functionalized gold (teal), and antibodpnjugated gold Klue). The
electrolyte was 1X PBS (pH = 7.4), the redox reporter was 1QfefCN)]>/*, and the sweef
rate was 100nV/s.

Antibody conjugatiorwas further electrochemically characterizedFig 48 with cyclic
voltammetry (CV)using a redox reportef-e(CNX]>/#, in aqueous electrolyte (1X PBS). After
20 h incubation of gold substrates in 1 mM-MIUA (ethanol/water, 10% HCI), both pE
characteriic of [Fe(CNJ)]®*/* electrochemistry disappear. The saisembled monolayer
occupies electrode surface area, blocking access of [FgfCN\gpecies to the surface where they
exchange electrons with the gold working electrode. In pH = 7.4 solutiercattboxylic acid
groups of 1IMUA are partially negatively charged which can also cause repulsion of
[Fe(CNX]3>*. Subsequent EDC/NHS activation, antibody conjugation, and ethanolamine
guenching also fully prevents electron transfer fré@8 V to 10.9 V. Here, conjugation of
antibodies increasethe thickness of the bimterfacial layer, leading to inaccessibility of
[Fe(CN)X]3* near the gold electrode.
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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 de devices. Immediately after evaporation, all FG2
electrodes werenclosedvith aPDMSwell for surface functionalization. Despite a clean surface,
the thermal evaporator produced misaligned Cr and Au layers, leadipgotoadhesion and
delamination ofthe electrode while immersed in aqueous bufterd thus,unstable FGTsA
simple tape test was done on electrodes after sensing where the outer area of the electrode was
removed with the tapd.o resolve the delamination problethe entirety of the FGWas instead
photolithographically patterned, and cleaning protocols were explored and assessed with XPS after
1 mM 12:MUA functionalization. The thiol solution was a 1:1 volumetric ratio of ethanol to HPLC
water because of the low contact angle betweeametrand the substrate that enabled the leakage
of ethanol from a minor defect in the PDMS well. Of soluii@sed and electrochemical cleaning
methods noted for cleaning gdff,the study was focused on solutibased cleaning methods.
Because FG2 isotipled 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 (10min) followed with ethanol immersion (20 min) duethe XPS Spspectum

revealing thiolate binding without physisorbed and/or oxidized {Figl B.5).
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4.4 Sensor Results and Discussion
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Figure 4.9. Inverter curve shift with antibody conjugation to FG2.(a) Bare FGT inverter curve
and (b) antibody/PEG uncti onali zed inverter curve again
Antibody conjugation causes a positive shifi/c of the inverter curve.

The glyphosate FGT was designed for maximal sensitivity to cHaaged signals when
functionalized with a antibody/PEG surface, as detailed Appendix C Briefly, for charge
sensing, it is best that the ratio/Cz: besmall because this increases the steepness obilvevy
Ve behavior (or gain) of the device, which in turn maximiZes signal when the sample and
background inverter curves are subtractte areaof FG1 and CG were oversized in order to
minimize voltage losses and maximize the ghurthis design, the sensitivity to capacitaitssed
signals islow due to the larg€2.?! Fig 4.9 shows the inverter curves afglyphosatd=GT that
was functionalized withantibodies, as described earliand its EGT subuniGlyphosate=GTs
turn on at a more positivechan bare gold FGTsompared to their EGSubunits This result is
understood as a change in the work funcodfG2.Functionalization of FG2 witle-mercapte
1-hexanol (MCH)has been shown to shift FGT curves positively compared to FGTs without a

SAM based on its dipole meenteliciting a positive change in the surface potentigli) that
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decreases the work functiéhThese findings are consistent with other reports SAtMiced work
function shift, finding alkanethiol?®>and PEG thiol$*® both elicit positive shiftsThe shift upon
functionalization serves as an indicator flamctionalization of FG2.FGTs that are not
functionalized (bare gold FG2perform the same as thdi#GT subunit,indicating maximized
coupling between the sensingedium and EGTThis is expected for devices with a high@

ratio, as described earlier in Subsection 3.3.

0.5 —eo— 1X PBS
V-V |—e— 100 uM Glyphosate
{ |—e— Signal Output
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Figure 4.10. Glyphosate FGTbiosensorinverter curve shift after glyphosate dosing.The
glyphosate FGbiosensotinverter curves after stabilization in 1X PBS (black) and dosin
100 puM serotonin (purple). The subtraction of the 1X PBS curve from the serotonin
produces the signal reado@ly out (pink). The maximum value ddVouris the signal. Both

inverter wirves are of the backward sweep.

With the glyphosate bindingp the antibody we expeatd the surfacebound negative
charges tacontribute toa negative potentialbb FG2 The negative charges repulse the anions
accumulating near FG2 whers¥ 0, necessitatg a more negative 3o turn the device ON. As

such the inverter curvshiftwould shiftnegatively in \& with no change in the gaiasthedevice
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is notdesigned towardensitiuty to changes in capacitancéhis type of interfacial chargensing

has been observed with -MUA functionalized FGTs where, upon deprotonation of the
carboxylic acid functional group with a basic solution, the transfer curvg@sa(M inverter curves

shift negatively?1#44°Qur first experiments yielded a s@nbased orhis sensing mechanism

(Fig 4.10). The signal was measured by subtracting the backward sweeps of the stable 1X PBS
(black)from the glyphosate cunfpurple) The maximum value of the peak signal ou{@your)

was taken as the signahown inpink.
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Figure 4.11. Response of glyphosate FGbiosensorsand controls to glyphosate Signals
of glyphosate FGbiosensorsfter dosing with 100 uM glyphosate compared to PEG thiol
bare gold FGTs after dosing with glyphosate from 0.A00uM. Signals were measured (i
1 min and (b) 10 min after glyphosate introduction. Bare gold and®BEFGT data points
at each corentration represent a single device. Glyphosate B{@§ensorsrepresent ar

average and standard deviation of 11 devices. All signals were measured with the be
sweep of the inverter curves.

PEG FGTs and barmgold FGTs were used as controls againgppbsate to measure if
glyphosategold or glyphosat¢®’EG nonspecific interactions were occurring. The response to
glyphosate was measured from 0i0100 uM glyphosatéFig 411). The concentration could not

extend beyond 00 puM glyphosatedue to the lossf buffering capacity from 1X PB&sthe pH
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of 1 mM glyphosate and 10 mM glyphosate were 6.9 and 3.6, respecBvelyninary results for
the PEGgreen)and baregold (blue) FGT controls suggest themeas no concentratiedependent
response from glyphosate, e observedrift of the FGT over time in both positive and negative
directions.

The limit of detection (LOD)the lowest concentration that canrb&ably detectedwas
calculated using

, 1 $ 0 ok (4.2)

whered andA are the mean and standard deviation of the bare gold and PEG FGT
signals Three standard deviations away from the mwas used for 99.7% confidendeq. 4.1
yields an LOD with units in mV(signal) A doseresponse curve would be used to correspond the
signal to a concentratiomlongthe curve At 1 min and 10 min, the LOD was calculated as the
corresponding concentrationiat5 mV andi 105mV, respectivelyAt 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 uM glyphosate atahanin
10 minfor a total of 11 deviced heaverage signdlFig 411, purplg waswithin the signals for
the controls and glyphosate FGTs shifted both negatively and positivelyciwkh 100 uM
glyphosate The standard deviation also increased with dosing tirhese results suggest that
either capture of glyphosate by the antiba@g notoccurring withinthis time frame, the antibody
has a poor binding affinity, or the signaibs undetectable due to Debye length screenihg
Debye lengthl(p) isthe distance from the electrode interface where potential decays due to charge
screening from the electrolyt&’ In 1X PBS|| pis 0.7 nm.In all cases,ttere is concern over FGT

stability over the exposure time, as the sigralsed in both the positive and negative direction.
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As theconjugationof the antibodyto FG2 wascharacterized with XBSurface plasmon
resonance (SPR) was used to try to validate the binding affinity of the glyphosate antibody. SPR
is a surfacesensitive technique that capitalizes on the abilitynaftal (e.g. gold) surfacesto
generate plasmons upon a charactermtige of incidentpolarizedlight. An evanescent wave
field adsorbs the energy the incident light, dropping the intensity of ttagal internallyreflected
light.138 Changes in the refractive index between the gold and media above it change the
characteristic resonance, producing a measurébte-dependensignal termed response units
(RU). As such, SPR is used to monitor biomolecular interactions where ligandsaobilized
to the gold chip. Despite achieving high antibody load{itg B.6), a dosedependent curve was
not measured among 9 trials. To understand whether pH, electrostatics, or antibody density were
inhibiting binding, these variables were altered agalifferent trials(Table B.1)but did not
enable a measurable binding response.

Becausehe binding affinity of the antibody could not be characterized evitter the FGT
or SPR,it is possiblethe binding affinity of the antibody was poddowever, tiis may also
demonstrateéhe challenge to detect small molecules with such technigghese experimental
conditions can hinder target binding andfesolving a signalFrom the perspective of the
glyphosateFGT biosensor an averagégG antibodyin its upright orientationhasbinding sites
~15 nm away from the electrode interfade®yond the Debye length (0.7 n##).1gY antibodies
differ from IgG in that theynave an extra domain at the Fc regamal lack a hinge regioBinding
of negatively charged gluten proteins to antibodiezn extraction cocktaiith an FGTbiosensor
was deduced to elicit a signal based on changes in surface pdtehtidboking into the
methodology we findtwo main difference®etween theaforementioned study and this wotke

use of a reference FGT (PEG onily)parallelwith the test FGTandintegration of anicrofluidic
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PDMS chambefor sample deliveryHere we anticipatdéhe implementation othese methods
moving forwardwill reducethe drift of the FGT, as the test FGT was calibrated to the reference
FGT when establishing a baselilMicrofluidics would also alleviate mass transfer limitations,
enabling target binding to occur over shorter time sciladher, we can also look toward the use
of antibody fragments as capture agents for less variabildgpture site orientation, reducing the
average distanaef target capture from the surface

Recent worlon detecting interfacial charge witfuasistaticFGTsby Thomas et afinds
a maximum \f shift in similar electrolyte strengtto 1X PBS(100 mM KCI) of approximately
i1150mV, nearly half the signalompared to 10 mM KCY¥ Comparing this to amplifiedignals
with FGT models and thiaverter configuratioid! the signal upon EMUA protonationin 10 mM
KCl was nearly 450 mV, suggesting a signalabproximatelyi 225 mV in 100 mM KClFurther,
the \f shift washalvedfor a mixed monolayer of MUA to octanethiol(1:1 molar ratio)
yielding a rough estimation of an approximafi®0 mV signal anticipated for an FGT inverter.
This resembésthe mixed monolayer used for the glyphosate F@Bensarbut the density of
antibody binding siteon the surface, where a net charge2bfwould be introduced upon
glyphosate capture at easite,is not quantifiecandbinding sites are likely beyond the theoretical
length of11-MUA when considering a tilt angle of 30%1.5 nn), increasing chargscreening
In order toachieve small molede detection while still utilizing models built for quastiatic FGTs
(not considering aeference FGT)we canlook toward the use afmaller capture agentisat, in
themselveselicit changes in the interfacial charge upon takgetling, such as struatshifting

aptamers
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4.5 Conclusions

Prior FGT sensing contributions utilized sasembly of thiols on gold toonjugate
capture agents, such as aptamers and antibodies, and to explore the capacitive and ionic effects of
thiols themselves. Howeveritle characterization of these chemistries was done to validate the
anticipatedfunctionalization.In this work, atibody conjugation chemistnyas achieved on the
sensing electrode of the FGT, FG2, and was -aol@racterized using XPS, RAIRS,
epifluorescace microscopy, and CVA mixed monolayerof 11-MUA and PEGthiol was
characterized with XPS, and epifluorescence microscopy revealed antibody conjugation up to a
1:9 molar ratio between IMUA and PEG.Responses to glyphosate at all relevant concentrations
were measured for PEG thiol and bargold FGTs. The responseswvere not
concentratiordependent,and the signal that determines the LOD increases with increased
exposure time to glyphosate. The glyphosate HiEdsensordoes not responto 100 uM
glyphosateawvithin 10 min of exposurbeyondthe responses of the contFegbTs; moreover, when
considering thé&reproducibility, based on a large standard deviagowl, the inability to increase
glyphosate concentration wiaht changes to pH, thglyphosate FGTbiosensorcannot detect
glyphosateFurthermore, the antiboeylyphosate 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
chargebase& sensing to optimize thisiosensor, we must look toward other routes to consider
detection of a small, charged mole®ulgs the electrolyte strength is considered to be a limitation
for chargebased sensingith quasistatic FGTsa simplest route isooking toward othetypes of

capture agents with shorter lengths, such as amamhose binding affinity is wettharacterized
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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 irdithéed
by thepoor binding affinity of the antibody or the Debye length limitations of the platform with
1X PBS.To further amplify chargbased detection of small moldes beyond the design of the
FGT, we look toward the capture agedanobodies are a class of antibodmsnd in camelshat
lack the light chain domas) maintaininghigh binding affinitieswhile truncatingthear height
(~4 nm).14%Implementing nanobadesenables capture closer to the sensing surface which is useful
in cases where the charge screening, or the Debye length, prevents sufficienAkemnatively,
single stranded oligonucleotides, aptamershave emerged as @seudenatural and synthetic
capture agenivhose heightan bea fewnm>3 Aptamers that undergo structural changes upon
targetbinding can be utilized to rearrange the negative backbone of the DNA near the,surface
further amplifying target capture faeutral molecules and small, charged molecules

In this chapter, we reapproach small molecule detection witlr@T biosensor by
implementing a structurghifting serotonin aptamer reported by Nakatsuka et al. as the capture
agentfor detection outside of the Debye lengthpon targebinding, the aptaméengthens from
4.2 nm to 7.11 nm long, reorganizing the highly negatively charged aptamer away from the
surface'*! The detection of serotonin (172.6 Da) has been accomplished electrochemically in prior
work by exploiting its electroactive nature at a conductive electdéby targetcapture with

aptameric sensoré!*%land by its c¢hemi caldimersesotonint>AHere,y as
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Figure 5.1. Diagram of the serotonin FGT biosensofa) Schemeof thedevice outlining the
inverter configuration and sensing caanfinent.The FGT (gray bracket) includes the conti
gate, upper end of the floating gate, and EGT invefbdack bracket). The schematic
magnification of FG2 depicts the sensing surface composed of sbidaod aptamers an
MCH upon serotonin introductioshowing the anticipated aptamer reorganization

the structureshifting mechanism of the charged aptamer (upon target capture) near the sensing
surfacé? was anticipated talter the gating of the FGT, placing the sensinghmaaism and signal
amplification onto the capture agent rather thast the target analyte (Fig. 5.1)Aptamer
modification of the gold sensor surface was characterized via XPS anth@\binding affinity
of the serotonin aptamer was characterized witR,Sfelding a kK of 360 nM1%3

Our initial work revealed thahe serotonin FGT biosensproducesa limit of detection
(LOD) of ~2uM serotonin in 5min. However,investigation into the selectivity reved some
small molecule interferents, such as dopamine, also produced measurable SRRalmilarly
measuresesponses to ADP, dopamine, and histamine at relevant concentrétialesbare gold
FGTs produced smallesponses across all relevant concemnati MCHonly FGTs elicited
dosedependent responses of high magnitkdethermoreFGT inverter drift when interrogated

in 1X PBSalso raises the question of stabililyhe results here lay the groundwork for small
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molecule detection with an aptameric F@iosensor but prompts investigation into how serotonin
interacts with the functionalized surfasadwhy the aptameric FGTs necessitate a stabilization

period

5.2 Experiments

FGTs were fabricated with photolithography and aerosol jet printing, as idedcin
Sections 2.4 and 2.5, respective8erotonin FGT biosensors were designed for chbaged
sensing utilizing FGT modeR.The architecture is further detailed in AppendixT®e surface
functionalization for aptamer conjugation begins with reduction of 50 uM aptamer with 50 mM
TCERHCI in TE buffer (pH = 8.0) for 2 h in the dark. The aptamer solution was diluted to 1 uM
with TE containing 1 M NaCl and gently mixed with a mipette. The concentration of aptamer
was verified with a NanoDrdfy One/Oné Microvolume UV-Vis Spectrophotometer (Thermo
Fisher Scientific, Waltham, MA)The goldFG2 electrodevas cleaned by dropcasting a 0.1 M
NaOH + 27% HO2 solution and leaving it 101520 min. The surface was thoroughly rinsed with
HPLC water and dried with NA PDMS well heldthe aptamer solution overnight (18 h). The
surface wasinsed with THollowed with the addition oft mM MCH (TE buffer) for 30 min. The
surface was therrinsed with TE and 1X PBSThe functionalization protocol for CV
characterization was the sam¥PS and CVwere used for characterizatioas detailed in the
Sections 2.7 and 2.10, respectively.

SPR experiments were conducbgdC.E.F.and J.Hon a Biacoe S200 instrument (Cytiva

Life Sciences, Marlborough, MA) set at 85C . Al running buffers

cellulose acetate, Thomas Scientific, Swedesboro, NJ) and degassed before use. Aptamer

immobilization via biotinstreptavidin capture anché highionic-strength multicycle assay
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protocols used were previously reported by Froehlich ¥8 8klectivity studies were performed
immediately after a high ionic strength mdticle SPR assay using the same chip and
immobilized serotoniraptamer. Each sample (CaCRDP, GABA, tryptophan, histamine, or
dopamine) was injected three times at 100 nM and then three times at 1 uM in the listed order.
PBSP+ 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 usedwayne
ANOVA with U = 0.05 and the Tukey HSD test f
interfering molecules: Cagl GABA, and tryptophan, as well as separately dopamine and
histamine.

For FGT sensing, thfunctionalization PDMS well was replaced with the larger PDMS
well. Initial measurements were carried out with 1X PBS dd@rotonin was added to 1X PBS at
a 10 mM serotonin concentration and vortexed tuitidissolution. The 10 mM stock was serially
diluted with 1XPBS to concentrations ranging froormi to 1 mM. The negative controls were
prepared in the same manner (dopamine, £&ABA, and L-tryptophan).The gate voltage was
swept until subsequentvarter curves overlapped. The stabilization period, where the inverter
curves continuously drifted until overlapping, typically lasted 2damin. Once the device was
stable, the buffer was removed from the well and replaced with fresh 1X PBS to easubhe th
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,uping a signal peak¥{/out). The
maximum value was recorded as the signal (p8&but), and all the calculated signals over the 5
min measurement period were averaged as the final reported Sigghalonducted a portion of

the sensing measurements.
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To measure the inverter curves, a custorade Python program was used.and t were
sourced and measured, respectively, with a Keithley 2612B sm&asure unit (channBl). The
drain voltage (Mp) was sourced with a Keithley 2611 sourneasure unit across the transistor
and over a | oad r esi st wur)whsimedduqed at thé thran eleairode u t
with a Keithley 2612B souremeasure unit (channel A). The source electrode was grounded.
Inverter curves were measured with a sweep rate of 100 m\é¢/steyp size of 10 mV, and

Vpp =10.5V, Ve was swept from the OFRage 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 sesing surface was used. After overnight aptasgdfassemblyand 30 min
of MCH backfilling, the surface was rinsed thoroughly with 1X The surface was incubated
with 1X PBS for 5 min then rinsed thoroughly with Mi} water.The 1X PBS incubation was
done to mimic the sensing environmeftMilli -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.
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Figure 5.2. XPS of aptame/ICH -functionalized FG2 electrodes.The electrode was
immersed in 1X PBS for 5 minafter functionalization before rinsing with watddigh-
resolutionspectra of (a) %, (b) Cs and (c) Nsorbitals with labels for each peak position.

High-resolution spech revealed peaks at binding energies characteristic of the elemental
composition of thiolated DNA and MCHig 5.2ashows the & high-resolutionspectrum contains
a doublet representative of Au bonds (161.9 eV), indicating bound thié#2 To identify the

presence of aptamer on the surface a@d Nisspectra were analyzed. Carbon species relevant to
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MCH include aliphatic carbon, the alcohol functional group, aife. Fig 5.2k the three carbon
peak fits were assigned to the followingieties: G C and CH (284.9eV); CIN, CiO, and CS
(286.6 eV); and NC(=O)i N, Ni C(=O)i C, Ni C(=N)i N, N=Ci N, and N Ci O (289.1 eV)}**The
higher energy peak at 283V relates directly to C species solely in the aptamer. Aliphatic carbon
composes the aptae r & spac€&, MCH, and adventitious carbon adsorbed to the gold surface.
The Nishigh-resolutionspectrum irFig 5.2c has two peaks: 399.6 eV and 401.8 eV. These peaks
evidence the presence of aptamer on R@2 surface, where the 399.6 eV peak is from
heteroaromatic nitrogen while the 401.8 eV peak is G (=O)i N, Ni C(=O)i C, Ni C(=N)i' N,

N=Ci N, and N Ci O.1%*

60 T T T T T T T
Bare Au
404 ——wmcH i
—— Aptamer
—— Aptamer/MCH
201 25 mvis .
< 10 mM [Fe(CN)gJ**
=2 04 1XPBS i
I=
)
£ -204 .
>
O
_40 - -
-60 4
-80 T

—6.4 —(5.2 OTO OI.2 0f4 Of6 0.8
Potential vs Ag/AgCl (V)

Figure 5.3. Cyclic voltammograms of aptamer/MCH functionalization.CV of bare gold
(green, MCH-functionalized gold (teal), aptame®CH-functionalized gold (blue), and

aptameifunctionalizedgold (purplgd. The sweep rate was 25 mV/s, the redox reporter wa
mM [Fe(CN)]®/*, andtheelectrolyte was 1X PBS.

Fig 5.3 presents cyclic voltammetry (CV) ¢gFe(CN)]** in 1X PBS employed for
gualitative characterization of film density as a function of surface functionalization steps. After

overnight incubation of gold substrates in 1 uM thiolated aptamer, thetpgaak separation
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(DEp) in CV for [Fe(CNs]3'* electrochemistry increased substantially from a®22to 920mV.

The adsorbed aptamer occupies electrode surface area, blocking access ok[FEé&(§péries to

the surface where they exchange electrons with the gold working electrode. Therdggiekbone
is highly negatively charged which can also cause repulsion of [Fef¢N)Subsequent exposure
of the aptamefunctionalized gold to 1 mM MCH decreadas, to 761 mV, suggesting that MCH

displaces physisorbed aptamer on the surface, dogesepulsion of [Fe(CN)*/*. Finally,

MCH-only functionalized surfacél h selfassembly)kexhibited DEp of 182 mV which is higher

than gold but lower than aptamer/MCH surfaces.

5.4 Sensor Results and Discussion
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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 ovt
sensing medium. (b) The aptamer/M®@kbdified FGT operating with 1X PBS (green) sho'

a significant positive shift compared tetBEGT alone (blue).
it is important to first understand how

To elucidate the sensing mechanism,
of the

alters the gating

functionali zati on

phosphodiester backbone is négaly charged. Previous studies find this aptamer arranges into a
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folded conformation in close proximity to the substratél146After functionalization of FG2

with the aptamer and MCH, the FGT turns on at more positive potential compared to the EGT
subunit of the same devi¢€ig 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 potentégli)(*! Figure 5.4a shows tlat 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. Devicedose FGT and EGTsubunithad inverter curves that

overlapped were considered outliers.
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Figure 55. Concentration dependence and selectivity of serotonin FGT biosensdg)
Doseresponse curve for different concentrations of serotonin with aptaroeified (blue) and
nonmodified (green) FGT biosensors. The dashed line represents the(hO&electivity of
the serotonin FGT biosensor against dopamine, £&2BA, L-tryptophan, and aocktail of
all control analytes a concentration of 1AM. Error in both plots is shown as the stand:
deviation from 24 FGT biosensors. * indicates p < 0.01 and ** indicates p < 0.00:

determined usingaoneay ANOVA wi t husingtheTuk®y HEP test fordmeal
comparison against serotonin, excluding the dopasamgecontrol cocktailesults.

Upon aptamemedi at ed serotonin captur e, t he

reconfigures, elongatingway from the surfac&:146 This conformational change redistributes
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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 chargeoam serot

we initially attributed the chargeased FGT response largely to aptamer reconfiguration. The
reconfiguration of negative charge at the interface reduces the aptaiueed surface potential

at FG2, necessitating a more negativety induce enouglkharge to ultimately turn the device

ON, as shown in Fig D.44%In Fig 554, the serotonin FGT biosensor produces eieygendent
signalsafter 5 min of exposure &erotonin compared to the bare gold FGT. The LOD, calculated
with the average andstandard deviation of the bare controls using Edl, 4was
approximately?2 pM.

Table 5.1. Serotonin aptamer selectivity with SPR.Average SPR binding response for each
target analyte at 100 nM and 1 pM. Error is the standard deviation from three rephtlage®r
is shown as the standard deviation from three replicates.

Analyte Response at 100 nM (RU) Response at 1 uM (RU)
ADP -24.5 £ 30.6 -10.3£10.7

CaCk -0.1+0.1 -0.0+£0.1
Dopamine 0.7+09 -71.2+2.2
GABA -24+15 0.0+0.2
Histamine 0.1+0.0 55+55
L-tryptophan -0.4+£0.2 -0.1+£0.1

Serotonin 3.0£0.1 106 +£0.1

The serotonin FGT biosensor exhdaigood selectivity against GABA ,-tryptophan, and
CaCbk; however, the device responds inexplicably to dopamiitle a high level of variability
(Fig 5.5b) When the serotonin FAliosensowas tested against a 10 uM cocktail of these control
analytes (2.5 uM of each), the device consistently exhibits nonnegligible negative respbmses

results for probing the sadtivity of the aptamer found statistically insignificant responses to 1 uM
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CaCb and L-tryptophan as determined usingaomeay ANOVA with U = 0.05
Tukey HSD test for means comparisdlthen tested against ADP the surface elicited large,
neative responses for both 100 nM and 1 pM concentrations. Table D.1 provid&Pkhe
responses for all analytes at both concentrations. Dopanph@istaminelso eliciedrelatively

large responseat 1uM. As opposed to the positive responses arisingn gerotonincapture at

the surfacé® 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 changet hareases the hydrodynamic radius and/or decreases its
hydration shelt> 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.
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Figure 56. Functionalized control FGTs respond to serotonin. (a) Glyphosate
aptamer/MCH FGTs and (b) MCH FGTs inverter curves (backward sweeps) remain n
1X PBS curve (black) after 0.1 uM serotonin dosing (teal) but shift negatively after 1I
serotonin (blue) and 1 mM serotonin (purple).

Interesingly, responses ar@soobserved whetthe serotoninaptamermwas replaced with

the glyphosateaptamer Fig 56a), eliciting an average response to 1 nsdrotonin of
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1282+120mV among 3 devicesSimilar to the serotonin aptaer, FGTs with larger
functionalization shifts(between FGT and EGS3ubunit) were observed to produce larger
responses to seroton{rig D.2). To deduce whether nonspecific aptaraerotoninor MCH-
serotonin interactionswere occurring MCH-only FGTs were tested where MCH was
functionalized for 1 h with TE. Similarly, MCH FGTs exhibited both a stabilization period and
dosedependent responses to serotofiig 6.50. Furthermore, with PE@iol and hexanethiol

FGTs, 10 uM serotonin also eliedl a similar responseover 5 min indicating nonspecific
interactions between serotonin and the functionalized sensing surfaces, shkayvd.B1 We also
reconsider the selectivity results, as some of these target analytes may be interacting with the
surface be t the gold electrode or thiols a similar manner as serotonin.

To understand the nonspecific interactions at the FG2 interface, we can look toward surface
characterization. Two possible scenarusybe responsible fahe negative shifts observéom
serotoninwith 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 electropolymerizatforserotonint>® XPS can be
strategically used to understand how the sensing susfacaltered after stabilization in 1X PBS
and dosing in serotonin. XPS was used to measutagheesolutionspectra of the Norbital in
search of polyserotonin and thg 8rbital to monitor changes in the monolayer, specifically, for
loss of thiols fron the surfaceBecause the aptamer contains nitrogen, the study was focused on
MCH-functionalized surfaces in order to associate thesignal with polyserotonin. As further
evidence of polyserotonin film growth, thegh-resolutionspectrum of the Aa orbital was

measured, expecting a lower intensity with a polyserotonin coating. Finally;depeCtrum was

73



measured to characterize MCH functional groups in the control and to further characterize the

changes in the sensing surface.
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Figure 5.7. MCH FGTs stabilized in 1X PBS and shsequent exposure to 1 mM serotonin.
(a) Stabilization of an MCH FGT, leading to FGT and E&ibunit inverter curve overlag
(b) Stabilization of a second MCH FGT, where subsequent 1 mM serotonin exposure I

near FGT and EGS8ubunit inverter curve @rlap. Despite having the same functionalizat

protocol, one FGT is unstable while the

are of the backward sweep.

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. ThesRB#ized device underwent

22 FGT scans and 4 EGT scafike potentibBwindows used for EGT and FGT iesters did not
exceed +0.5 VThe serotonirdosed 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 deviak(¥€out = i 359 mV) The two devices
exhibited differences in stabilization despite similar potential windows and number of scans, where
the first device drifted more negatively irs{~150mV) than the second device (~BV). The

differences in FGT staliy arenot well understoodut weexpecthey stem from the FG2 sensing

interface
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Figure 58. XPS of interrogated MCH -functionalized FG2 electrodes XPS spectraof
MCH-functionalizedFG2 electrodesifter functionalization (greengtabilization in 1X PBS
(blue), and stabilization in 1X PBS and 5 min of 1 mM serotonin FGT measurements (p
High-resolutionspectra of (afuasr, (b) Szp, and (c)Cis orbitals. Decreases in intensity ofiC
and increases in Aupeaks after interrogi@an indicate losses of MCH.

Evidence of MCH monolayer formation is shownHig 58 (green), the uninterrogated
MCH-functionalized FG2 electrode. A high intensitysBeak at 284.7 eV iassigned taliphatic
carbon (€ C and G H). The broad shoulder at 286.0 eV is characteristid @ &xd CS bonds-®’
Monolayer formation is indicated by thé& Au characteristic doublet at 162¥. Fig 5.8 also
displays thehigh-resolutionXPS spectra of MCH elémdes stabilized in 1X PBS (teal) and
stabilized in 1X PBS followed with 1 mM serotonin introduction and ser(giagple). Opposing
evidence of polyserotonin formation, the sAdoublet for interrogated electrodeadma larger
intensity compared to the imterrogated electrode. The 1X PBS interrogated electrode has a 44.7%
increase in doublet area while the 1X PBS and serotonin interrogated electdodebB®%
increase in area, proposing a loss of thiol flmsthsurface. This finding is corroborated i the
lower intensity $Au doublet in the & spectra i{18.5%,141.6%) and a lower intensity of all

carbon in the & spectrai(38.1%,i 47.26). In the S spectra, there is also a low intensity peak
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near 168 eVindicative of oxidized sulfufor both interrogated electrod&$.Finally, there is no
observation of s on the surface after serotonin interrogation, reducing the likelihood of
polyserotonin formation at the interface.

These findings indicate that oabserved stabilization period withitiX PBSwas likely
arising from a loss of surfadgound thio$ as we continue to sweep the deviBecause there are
still characteristic & and Gssignals for MCH, theravas not a complete loss of thiol. TS
spetra of thelX PBS and serotonifinterrogated FG2 electrodminted towardeven higher
losses, suggesting that the electrochemical nature of serotonin may have an impact on the stability
of the functionalized surface. As bare gold FEGa&xhibited EGT and FG overlap, the
directionality of the signals from serotonin are also suggestive of loss of sbdand thiols.
Additionally, as the stabilization of the second devdaknot lead to EGT and FGT overlap, but
the introduction and interrogation with 1 mM serotonin did, fwmeher evidence the loss of
surfacebound thiols to stem from serotonin dosing.

We deducethe loss of thiolsduring stabilizationto be the result of lectrochemical
interrogation where both the buffer and small molecule analyte, serotonin, caniddges in
addition to the potentialthat elicit thiol reduction and/or oxidatioSAMs have reportedly
undergone oxidative and/or reductive desorptiornla® V and belowi 0.5 V, respectively315°
The extent at which the electrolyte, surface density, and other electroactive molecules play a role
in electrochemical desorption of thioleas not been well studigd@s it can vary from one
electrolyte/thiol system to anothéf Vogiazi et al. find that the experimental conditions for
electrochemical sensors (e.g., AC vs cusaatic DC potentials, concentration of redox reporter,
buffer concentration) can lead to electrochemicalijuced aptamer loss arttius, signal losses

that vary on a cast®-case basi& EIS interrogation led to significantiyiore perturbation at the
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surface than CV interrogatiobeung et al. narrow the potential window for EAB sensors operating
in 1X PBS at 37 °C t60.2 toi 0.4 V based on changes in signal after 1500 scans using square
wave voltammetny?

To further rationalizeurresultswe consider the interactions seroitoand dopamine have
with the sensing surface in both neutral and electrochemiicaiyrogated environments.
Dopamine is one of many neurological catecholamines found to adsorb to gold stifféces.
Serotoninand dopamin&éave been measuredith SERS wheretheyadsorbedo goldsubstrates
producing characteristic Raman vibrational bal¥d3%* Serotonin has been reported aan
electroactive molecule, producing faradaic currents from oxidation0né@¥ in 0.2 M PBS and
0.227 023 VinDul becc o6 f€aglehswkdiudmi (BMEM}®>166 with gold working
electrodes. Like other catecholamift&sdopamineis a hghly electoactive molecule in PBS
within the operating potential of £0.5 V, and this property has been exploited for sensing with gold
substrated®®16°These results call into question whether electrochemically active, small molecules
can be detected with quastatic DC platformsand gold sensing surfacédie the FGT without
such nonspecific interactiond/ith this, weproposehat serotonin and its electrochemical activity,
that is within the potential bounds of FGT operatiaas responsible for the dosiependent
serotonin FGT biosensorresponses. This can be extended to the control cocktail, where
electrochemically activeapamine mayhave beemesponsible fosimilar sensor responsego
verify this, anelectrochemicatharacterization tool, such &%, can be used to measure #tate
of the surface as it is interrogated and exposed to sero&ominother small, electroact
moleculesLoss of thiol can be characterizbyg the emergence daradaic current generated by

the oxygen reduction reaction in 1X PB®8ichis suppressed by a SAM on gdfd
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5.5 Conclusions

Serotonin FGTbiosensorsvere designed for chardemsed esponses to serotonin capture
with a structureshifting aptamehaving a K of 360 nM*°3The sensing surface was characterized
with XPS and CV. Functionalization of the sensing electmwde also characterized by inverter
curves that turn on at a more positivedmpared to the EGT of the same device. Serotonin FGTs
that do display a functi@lization shift have concentratim®ependent responses to serotonin
(LOD = 2 uM); however, MCHonly and glyphosate aptamer/MCH FGT controls also pratiuce
concentratiordependent responses. Random, small responses are measured with bare gold FGTs.
Furthernore, serotonin FGbiosensas respond to a cocktail of neurologicatievant, small
molecule analytesuggesting the same mechanism eliciting responses from serotonin dosing may
arise fromanalytesn the control cocktailSPRcharacterizes the seledtivof the aptameifinding
responsetoward ADP, dopamine, and histamiael uM concentratiothat offeran explanation
for responses to the control cocktaPS was used to characterize an Midctionalized FG2
electrodeused in an FGT folX PBS stabization and 1 mM serotonisensingmeasurements,
finding loss of MCH from the surfade both casesompared to an uninterrogated MCH FG2
electrode Although the serotonin FGT biosensor may in fact rékesy potentiometric response
from serotoniraptamer complexing, thevidence of signalérom other functionalizedFGTs
introduces a separatecompoundingmechanismthat must be understoodn order to design
aptametbased FGTs for small molecule detectio@urrently, the signals arising from
functionalized FGTs after exposure to serotonin are speculated to stem from the
electrochemicallyinduced loss of surfadeound thiols from the surfaceas serotonins an

electroactive specie$his can be tested by using CV to electrochemically interrogate the various
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functionalized surfaces with and without 1 mM serotonithe 1X PBS electrolyt&his can also

be extended toward other small, electroactive analgtesh as dopamine.
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Chapter 6: Electrochemical Interrogation of Functionalized Surfaces

6.1 Introduction and Motivation

Electrochemical sensing platforms, suciAB sensors an@&GTSs are on the rise due to
theirenhanced sensitivity, broad applicability, and potential for portabilityrasitu 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 interfalectrochemical interrogation of the
sensing surface with a quabfnamic potential, even within + 1V, can enable undesired
electrochemical events at the interfaes noted in Section 1.4he destructionof SAMs has
originated frompotentials causingeductive(belowi 0.5 V)'*° or oxidative (~ 1 V)desorptiorf?
of the thiok within aqueous electrolyte§.hese potentials vary on a céasecase basis, ahe
electrolytesolution (pH, composition)f?63 thiol typg®315%.17%and interrogation methdd-¢® can
affect the stability of the monolayetonsidering both the stabilization period and nonspecific
FGT signalsobserved in Chapter, & is worth considering ifeductive and oxidative desorption

are occurring during FGT sengj as depicted in Fi§.1.

y
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FG1 Control Gate
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Figure 6.1. Schematic representation of electrochemicalipnduced thiol desorption in an
FGT. Desorption of surfacbound aptamers and other thiols frtme sensing surface, FG2, i
a result of electrochemical interrogationsj\in an aqueous electrolyte
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In this chapterwediscoverthe potential windows that electrochemically disrupt common
sensing surfaces: antibodgnd aptamebasedThis chapter is mainly focused on aptarieCH-
functionalizedelectrodesCyclic voltammetryis used to appland sweemuasistatic potentials
to the functionalized gold substrateunctionalized gold electrodes were electrochemically
interrogated, tuning parameters such as the potential window and sweep rate to observe effects on
characteristic peak potentials from faradaic reacti@se of thecommonlyusedbuffers for
biosensingLX PBS,wasused 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)]e*/*, where changes ipeak potentials from redox events at the surfegeallow for
ease in tracking surface destabilizatiBedoxactive moieties, typically conjugated to aptamers
for EAB sensors, have reportedly caused changes in signal with electrochemical interrogation
usingsquarewave voltammetry{SWV).56 Furthermoe, 1X PBS with and without [Fe(CRJ3>/+
have exhibiteddifferent effects on the stability of the aptamer surfdoe reasons not yet
understood® As suchelectrochemical interrogation experimewsre replicated in 1X PB&nly
to determine whether [Fe(C§l§%/* interacts unfavorably with theensing interfacdEach surface
exhibits different stabilityandwe find aptamer/MCHsurfaces have more narrow safe operating
potential windows than tMUA and antibody surfaces

Theseestimated 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 biosen#as.important to note that the sensing surface,
FG2, experiences the opposite polarity of the potential applied at the control gat@otid
negative and positive polarities are explored in order to set parameters fortippehgnd rype

transistorsand tocallect information on both reductive and oxidative desorptieurthermore,
81



p-type FGTs have operated within +1 V and not exclusively at negative potentials. With this, it is
alsocrucial to set boundaries for potentials that can electrochemicallpattelamage the surface,

and thus alter the gating of the FGT, producing false signals or stabilization periods.

6.2 Experiments

All aptamerMCH-functionalizecelectrodes were photolithographically pattermngith the
same protocol as Section 2.1. The avkthe working electrodenmersed in the electrolytgas
0.25 mm x 0.25 mmEunctionalization was carried out a PDMS wellas described in Section
5.2 for serotonin FGTbiosensors where aptameonly and MCHonly selfassembly were
overnight (1618 h) aml 1 h, respectivelyAll 11-MUA and antibodyfunctionalizedelectrodes
were ebeam evaporated, as described in Section Ruhctionalization was carried out as
described in Section 4.2 for glyphosate H@dsensors. The area of the electrode was ~1 cm x 1
cm with ~1/3 of the electrode immersed into the electroBtth types of electrodes were used
for MCH-only and aptameonly functionalized electrodeg\ll electrodes were dried with Nafter
functionalization and stored undeegativepressurgi 30 in Hg) in a dark antechamber before
immediate use.

CV was conducted as described in Section ZTH& electroactive species waé mM
Ks[Fe(CN)]. The electrolyte was 1X PBS (p¥7.4, 0.2 um filtered). The working electrode was
the functionalized electrod@/orking electrodesvere electrochemicallyterrogatedy applying
a sweeping working potential (vs Ag/AgQiyer a potential window, including a forward and
backward sweep for each scéor a total of 20 subsequestanshavinga sweep rate of 25 mV/s.
To testpositive potential bounds, the sweeps starté@ &V andreached-0.4 Vbefore sweeping
back where thepositivepotentialwas extended by0.1 V until reaching +0.9 VTo test negative
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potential boundgshe sweeps started+0.2 Vandreachedti 0.4 V before sweeping bacwhere
the positive window was extended ©9.1V until reaching 0.9 V. Portions of the aptamemly

and MCHonly work wereconducted by J.H.

6.3 Results and Discussion

To realize whethepotentials used for gatingith 1X PBS cause reconstruction and/or
destruction of our functionalized surfaces, CV was used to interrdgatgptamer/MCH surface
for different potential windows, mirroring similar studies for EAB sen&®$%CV was used based
on its ability to replicate thguaststaticsweep rates and potential windows used for FGT sensing
while using the faradaic currenineasured from electrochemical readitmmonitor the state of
the working electrode surface. These studies were conducted with and without 10 mM
K3[Fe(CN)] in solution, agFe(CN)]*/* has reportedly causembld etchingat positivepotentials
and interferace with electrochemical detection methdd&!’* Free CN and the oxidation of
metallic Au to Aud can lead to the formation of soluble Au(GN)as laid out by the Elsner
reactiont’!

4Au+8CN+2HO+0O2- 4Au(CNY' +4OH (6.1)

The reason to usesfce(CN)] is to track characteristic reduction and oxidation potentials of
[Fe(CNX]3* in order to grasp how the surface is changing with interrogation. Compared to bare
gold, charge transfer is impeded wttae 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(CNX]*/* to occur, either necessitating larger potentials to achieve changsfer or

charge transfer not occurring at all.
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Figure 6.2. CV of bare gold electrodes with 10 mM [Fe(CN)?/+. (a) Voltammograms from
25 mV/s to 250 mV/s, showing changes in the characteristiodEcurrent. (b) Eor the anodic
and cathodic peaks for bare gold electrodes. The error represents the standard deviatior
samples.

Initially, bare gold workingelectrodes were measured to characterize the redox potentials
of 10 mM[Fe(CN)X]*>"* in 1X PBS. This was done from 25 mV/s to 250 mV/s, as showfigin
6.2. As expected, the ped&-peak separatiQmidEp, increases with increasirgyveep rateAmong
four gold samples measured with a sweep rate5omV/s, the average anodic peak dBwvas
276 2 mV, and the average cathodic peakdEvas 159 2 mV. These characteristic potentials
can be used as a reference to rationalize whether ttsolpdien has occurredeaving bare gold
sites The characteristic peak potentials were also determined for aptamer/MCH sukfaces,
36 samplesneasured with a sweep rate of 25 m\the average gz and kcwere 593 £ 29 mV
andi 245 = 39 mV respectivelyThefollowing electrochemical interrogati®tudies usa:a sweep
rate of25 mV/s and a total of 20 scans for all interrogation runs, as this provides a relevant sweep

rate for FGT$"*°and relevant number of scans for FGT sensing.
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Figure 6.3. Electrochemical stability of MCH-only and aptameronly functionalized gold
electrodes in 1X PBS withthe redox reporter. The stability of MCH electrodes interrogate
with extending (a) negative and (b) positive potential windows. The stability of apt
electrodes interrogated with extending (c) negative and (d) positive potential windows
electrodes were interrogated over 20 scans, and the changwas Eeasured with respect

the first scanThe sweep ratevas 25 mV/sthe electrolytavas 1X PBS and the redox reporte
was10 mM[Fe(CN)]3/+.

The results of MCKbnly and aptameonly functionalized gold electrodes are included in
Fig 63. The trends observed with MCelectrodesand aptameelectrodeswere reflected in
aptamer/MCHelectrodes serving as another indication of both molecules being bound to the
surface.As E, for MCH electrodes were near that of bare gold (Fig 5.3), changesciwedte
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smaller (Fig. 6.3a and hinterestingly, this observation also indicates thatweemoleculesvere
undergoing independent phenomena under electrochemical interrogation in 1X PBS with
[Fe(CN)]*/*, meaning that the electrochemical interactions occurring in solution are not totally

generalizable to surfadsound thiols, consistent with the literat§fé>%.170
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Figure 64. Electrochemical stability of aptamer/MCH -functionalized gold electrodesin
1X PBS with the redox reporter. The stability of aptamer/MCH electrodes interrogated v
extending (a) negative and (b) positive potential windohie sweep ratevas 25 mV/sthe
electrolytewas 1X PBS and theredox reporter was0 mM[Fe(CN)]3/#+. The electrodes wert
interrogated over 20 scans, and the change was measured with respect to the first sc
Error is the standard deviation among thedectrodesThe bare Au lines represents thg
difference between aptamer/MCH abdre Auelectrodes.

Fig 64a follows the change in k& with sweeping and eé&ndingthe negative end of the
potential window At negative potentials, we expect the reductive desorption of tMathk. the
10.4 V bound therewas little change in Ec over 20 scansJp to thei 0.5 V boundfor MCH
electrodesEp c became more negativEorthei 0.6 V andi 0.7 V bounds, kc shifted positively
with scanning; whereap,c for 10.8 V andi 0.9 V bounds remained near the initiglcEvith
scanning. This perhaps explains why tl0e8 V data for aptamer/MCH electrodes overlaps with

10.6 V and 0.7V data rather than showing more positive shiftsdaviath extending the negative
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potential window asobserved with aptamer electrod&sy 6.3c and d)As the potential window
becomes increasingly negativiee Ep c shifts positively toward that of bare gdladack). With this,
electrochemical interrogation wiftotentials beyond0.4 V, where kcdecreasedestabilizehe

aptamer/MCH interfackkely in the form of thiol desorptian

0.2+ 4

rys
7/

-1.0 —6.8 —01,6 —6,4 of4 ofe 0.8 1.0
End Potential vs Ag/AgClI (V)

Figure 6.5. Changes inDEp after the interrogation of aptamer/MCH electrodes for each
potential window. The change iDEp of the full voltammograng+0.4 toi 0.7 V) before and
afterelectrochemicallynterrogating over 20 scanBhe end potentialas theextendegositive
or negatie potential bound. The error represents the standard deviation of three electro

For the positive potential windows in Figdb, B, acannot be tracked until extending the
window toi0.7 V. As such, voltammograms froi®.4 V to +0.7 V were measured before and
after the 20 scan interrogation in order to identify chang®kgfor potential windows that do
not contain either anodic or cathodic pe&kg) 65). The change inDE, among tle negative

potentialscorroborateresults inFig. 6.3a, where the aptamer/MCH surfadestabilizedbeyond

the10.4 V bound For positive potentialboundswith unmeasurable gz (+0.4 to +0.6 V) the
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change inDEp before and after interrogatiomas steadywith an averagé5 + 3% decrease after
interrogation with the +0.6 V bound

Beyond +0.6 Vin Fig 64b, aptamer/MCH electroddsllowed similar trends observed
with MCH electrodesn Fig 6.3a and binterestingly, MCHelectrodeexhibited negativehifts in
Ep.aup tothe+0.6 Vbound At the+0.8V bound Ep ashifts positively ~100 m\bver 20 scanfor
aptamer/MCH and MCH electrodescreasingDEp. This observatiorpersised three scans into
interrogation withthe +0.9 V bound for aptamer/MCH, aptamer, and MCH electrad€kis
observationcannot be a result gold etchisgce the increase in electrode area would result in
facilitated charge transfer, decreasiDgp. A past report finds aptamer/MCH SAMs undergo
time-dependent reorganization after safisembly, increasing charge transfer resistance as
measured by EIS® An increase irDEp may haverisenfrom potentiatinducedreconstruction of
the thiols'’® or interactions betweefire(CN)]*/* and the surfacehat are not well understood
Thepositiveshifts inEp awerealso 100mV before continuethterrogation led tormapproximate
1300mV Ep.a shift, nearingbare gold Similarly, gptamerelectrodesxperienced rapid negative
shifts inEpaat the +0.9 V boundeachingapproximatelyi 200 mV. As such the aptamer/MCH
surface was considered unstable beyond +0.3136, reflected in Fig 6.5, whetkiol desorption

and/or gold etchingre likely responsible fddEp decreasindpeyondthe+0.8 VV bound
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Figure 6.6. Electrochemical stability of aptamer-functionalized gold electrodes with
varied sweep rate.The sweep ratevas varied from 25 mV/s to 250 mV/s, the electrolytes
1X PBS, and the redox reporter we® mM [Fe(CN)]3/+. Thepotential window wa$0.7 vV
to +0.8V. The lines represent the characteristi¢de bare gold electrodder each sweep rate
Changes in Eversus (apumber of scanand (b) total time the working voltage {Wwas
applied. Each sweep ratepresents a single sample.

Sweep rate dependent measurements were done with ataineiectrodesusing a
potential window of 0.7 V to+0.8 V, shown irFig 6.6. Interestingly DEp increases initially for
scans with sweep rates faster than 25 mV/s, algggesting structural reorganizatioith

sustained scanninghe change iDEp for each scan is smalléor faster sweep rateé\s such,

higher sweep rates are able to sustain more sweeps DEfatecreasesVhenthe change IDE,

is plotted against the time exposed to the electric field rathethleacan number, the effects are
the same among all sweep rates. As such atieeorf thiol loss is dependent on #raount of time

the potential is appliedFor FGT sensing purposes, this provides insight into limiting the
potentiatinduced surface destruction. As shown eaitiétig 3.8, EGTs can operafeom 25 mV/s

to 150mV/s. As such, we expect th&GT sensors can tolerate a higher number of sweeps before
inducing changes in the surface at higher sweep rates.
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Figure 6.7. Interrogation of bare gold working electrode with CV in 1X PBS
(a) Voltammograms of bare goldlectrode with a sweep rate of 25 mV/s and 100 m'
(b) Interrogation of bare gold electrode over 20 scans with a sweep rate of 25 mV/
electrolyte wad X PBS

Experimentswere replicated in 1X PBS without sfce(CN)] for aptamed1CH-
functionalizedgold electrodesFig 6.7a shows the full voltammogram for bare gohbrking
electrodewvith sweep rates of 25 mV/s and 100 m\iH&re, there are two characteristic peaks to
identify faradaic reactions between bare gold and 1X PBS ife2ai andi 0.6 V. The reaction
neari 0.2V is the electrochemical reduction ob @ H-02 catalyzed by gold®17°

O2+2H* + 26z H202 (6.2)
Among four bare gold samples, the characteristic potentials for the peadlor&srat sweep rates
of 25mV/s and 100 mV/s are225 + 4 mV and 270 = 5 mV, respectively. The characteristic
potential for the peak ne&f.6 V at sweep rates of 25 mV/s and01mV/s are 569 + 23 mV

and 1686+ 15mV, respectively.
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Figure 6.8. CV of functionalized electrodes in 1X PBS(a) Bare gold (green), MCH, an
aptamer/MCH electrode voltammograms (b) Ten consecutive voltammograms of
aptamer/MCH electrode. The voltammogram evolves to include a local peakOngsrthat
is characteristic in the bare gold voltammogram.

In Figure 68a, both the MCH and aptamer/MCH electrodes sadwuppressiorof the
oxygen reduction reaction (ORR¥ith a minor observable emergent peak ri€ar V. Fig 6.8b
demonstrateshat aptameMCH-functionalizedgold electrodesvere unstablefor sweeps from
+0.8V in 1X PBS, where theras an emergence and growthioé ORR peak aftei0 scansvith
asweep rate of 25 mV/s. With knowledge timerrogation inLX PBS in itself can induce changes
in the aptamer/MCH surfadbat areobservable within the voltammogramve proceeded with
electiochemical 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, cuwasnhstead tracked as a function of scan
number. hstead of searching for a local maximum, we instead charadesiability by an
increase in current betwe&f.2 andi 0.6 V, similar to past work on monitoring electrochemical

desorption of thiols in biological fluid®.For the positive potential wirvs, the current at0.2V
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was tracked; whereas, for the negative potential windows, the curighéay was trackedAs
monolayer desorption continues, more electrocatalytic sites are available for oxidation reduction.

Increasedn faradaiccurrentindicatethe emergence of a peaerving as an identifier for surface

instability.
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Figure 6.9. Electrochemical gability of aptamer/MCH -functionalized gold electrodes in
1X PBS.The sweep rateas 25 mV/s, and the electrolyes 1X PBS without a redox reporte
(&) Changes in current measured @4 V for negative potential windows. (b) Changes
current measured &0.2 V for positive potential windows. The inset enlarges the lower cui
data fromi 0.4 to+0.8 V. The errorepresents that standard deviation -@f S&amples.

As indicated in Fig &, the current becomascreasinglynegative beyond0.5 V and
+0.8V boundsover 20 scanfor aptamer/MCH electrodeblotably,the current on the first sweep
was more negativas the potential becomes increasingly negative bey0r&dV, indicating that
even the first forward scan had a significant impact on the sufifaedull voltammogram (+0.8
to 10.8 V) was measured afterterrogation to further demonstrate changes in the surface for
potential windows not containing the characteristic peaks (Rig),6especially for the positive
potential windows After interrogation with each potential window, tkhhanges of thdull

voltammogramwere compared to uninterrogated aptamer/MCH. Potentiatsdows beyond
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Figure 6.10. Full voltammograms of aptamerMCH -functionalized electrodes before and
after electrochemical interrogation in 1X PBS. Full voltammograms afteinterrogatingat
various (a) negative and (pdsitive potential windowsver 20 scansThe sweep rate wa
100mV/s, and the electrolyte was 1X PBS. The error of the aptamer/MCH and bare
voltammograms represents the standard deviation of 10 and 4 electrodes, respectively. ,
voltammograms are each of a single electrode.

10.5V and +06 V causedsignificant changes to the full voltammogram wherein the current at
10.8 V decreagkand therewas emergencef an ORR peakAfter interrogation at the +0.9 V
bound, the current density of the ORR peakli 0.6 V peakwerehigher tharthatof bare gold.
In a report by Tencer et al. where the electrochemical stabilitydod&canethiol in 1X PBS was
studied, Clions in 1XPBS are proposed to have caused the complex dfasufollows,

Au+4Ct- [AuCld + 3e (6.3)
with a potential of +0.78 V vs Ag/AgCl, leading to a total loss ofwthen the applied potential
was +0.8 V over 5 min®® Dissolution of Au was not observed in this study; however, further
characterization should be done to confirm whetheetshingoccursat positive potential bounds,

such as with atomic force microscopy (AFM).
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Therewerediscrepancies between the useanid lack of 10 mM [Fe(CN)*/* in solution
with 1X PBS for electrochemically interrogating aptamer/MCH electrotlesextending the
positive potential bound, 1X PB#d not capture unusual electrochemical characteristics observed
from MCH where DEp increased suggesting that it stemmed from interactions between
[Fe(CN)X]3* and the surfacdn extending the negative potential bound, changes in the surface
when observebly tracking k¢ andDEp weremore 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 weltharacterizedE, marker that an aqueous buffer itself can@bt.the
other hand, electrochemical interrogation with CV inABSwas able to provide information on
the stability of aptamer/MCH electrodes that redox reportershaagshieldedthrough their own
unfavorableinteractions with the surfac®verall, these results reveal that aptamer/MCH
electrodes electrochemically interrogated in 1X PBS are unstable, and that potential windows used
in this studylikely induce thiol desorption in the aptanM@H-functionalizel electrode after 20
scans at 25 mV/s.

The electrochemical stability of SAMs indicate that highly ordered monolayers exhibit
greater stability> To compare the results of the two sensing studies, experiments were also
replicated for 1AMUA and glyphosat antibodyfunctionalizedgold electrodesvith 1X PBS and
10 mM [Fe(CNX]**. Voltammograms of :MUA only (Figs E.1 and E2) and antibody
electrodes (FigE.3 and E4) interrogated over 20 scans show greater resistance to the potentials
affecting aptamer/MCH electrodes. Due to the lack ofdE most of the potential windows,
stability was determined by the emergencepilBe approximatsafeoperating potential window
for 11-MUA is10.6 V to +0.7 V. For antibody electrodes, the suriaae stable up to +0.7 V and

aslow asi1.0 V, even more resistant than-WlJA. After a few scans reaching the +0.9 V
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boundary, voltammograms contained peaks that shift toward those characteristicguiidarel
[Fe(CN)]3* for both the antibody and1-MUA electrodes suggestive of gold etchinghe
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 vder Waals forces between the alkgthains lending less structural
disorder®® Furthermore, the alcohol end group of MGlds been rationalized twworsen the
stability of the interrogated aptamer electrodediological fluidscompared to usingnethyt
terminatedhexanethiol as a backfitlg thiol”° However, these experiments, and those done for
MCH and aptamer electrodes, should be replicated in 1X PBS only todghiio@al insight into

the electrochemicastability withoutcompoundingundesirable [Fe(CN)3/# interactions
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Figure 6.11. Comparing CV to FGT electrochemical interrogation. Translation of the
working electrode potential, W, to the FG2 interface of atgpe FGT, where the applie
potential is applied to the control gate rather than to the sensing surfacevd imeodes
represent the FGT in the (a) OFF state and the (b) ON state.

To roughly translate these potentials to the FG2 interface of an(FG®.11), we first
consider the application ofd/ As it is applied taCG, the opposite polarity is in turn felt the

FG2 interface as a result of capacitive coupling. Thus, for the case of operating at 25 mV/s with
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1X PBS, the potential bounds for safely operating an aptamer/MCH FGT within 20 sweeps is
roughlyset toi 0.7 V to +0.5 V. When operating the EGT of aitGHF, Ve is applied directly to the
floating gate, so the potential bounds are of the same poldify 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 ensing 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 ancGT h
good coupling with the design implemented toward glyphosate and serotonin detection, indicating
potential losses are minimal.

In the earlier work for FGTsnvertercurves measured with a sweep rate offRHs with
Ve extendedas far ast1.0 V.?145 However, inverter curves aflyphosate anderotonin FGTs
typically operate with potential windows within £®&.V, and the sweep rate used for these studies
was 100mV/s, providing a safer electrochemical environment for sengiaghown in Sectio
5.4, interrogation of the FGT and E&Guibunit within +0.5 V led to losses of MCH at the sensing
surface as confirmed by XP¥o better translate CV potentialthefloating gate potentialVrc)
can bemeasurd asVe swept monitoring how £ changes withnterrogation over the sensing
medium To further characterize and quantify the extent of monolayer loss, XPS can be used to
measure théiigh-resolutionspectra of the Au, Sp, and Gs 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 electrochemlictability of aptamer/MCH electrodes. Design considerations for the
sensing surface include all functionalization conditions: type of thiol(s), solvent, surface cleaning

method, and sefissembly time.
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CV studies should also be extendedatutions 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 Conclusias

Electrochemical interrogation of functionalized interfaces can lead to the structural
changes or losses of surfdeeund thiols, as made evident@y. Changes in voltammograms for
differing potential windows indicate problematic potentials for botfatige and positive voltages
in 1X PBS with ad without the redox reportefFe(CN)X]>/+. The use of the [Fe(CH|}’* does
play a significant role in the stability of the interface, as the resigtsiot align with those
measured in 1X PBS onlgpecifcally, interactions between [Fe(Ci’* andaptameCH at
positive potentialgaused an increasen DEp that maskd the desorption observed 1X PBS at
these potentialsThe safe operating potential window determined by CV in 1X PBS for
aptamer/MCH electrodes wasughly 0.5 V to +07 V. While these results indicate a general
issue of using CV for bichem@ensing, these potential windows can be translated to the FGT,
where the sensing interface experiences the opposite polarity gitedpotential V. As such,
we predict that FGT biosensors seemingly necessitating a stabilization period are likely suffering
from similar electrochemical lossebserved with CV

To better design future electrochemical stability studiescan lookoward other forms
of characterization to validate the safe operating potential windows set by CV and to gain insight
into the mechanisms causisgrface destruction, such as thiol desorption and gold etching.
validate CV results, surface characterizattools, 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 XPSSAMs composed of XMUA and antibodyconjugated electrodes
exhibited stability at poterstls beyond those destructive to aptamer/MCH with 10 mM
[Fe(CN)]*/*, 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 transaged biosensors
due to the physical decoupling and electronic coupling of the signal transducer and biorecognition
chamber. The signal transduction element, the EGT, can be easibafathrthrough aerosol jet
printing, while signals can be translated and amplified Bdllue to the high transconductance
(or gain) of the device. The floating gatrables compartmentalization of the EGT and sensing
medium, prevening contamination of ta 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 devindhis regard, it is clear the platform is currently
stunted byissues within the sensing compartment that luénadlengedsmall molecule sensing.

The FGT biosensor has demonstrated its efficacytassensor through the detection of
DNA,#? gluten?” and ricin?® To further understand the sensing mechanism, R®dels were
developed that take the FGT architecture, EGT materials, and inverter components into
consideration, paving a path toward signal amplification of chaapel capacitanebased
signals?*4445> These models utilized data from FGTs functiaredi with seHassembled
monolayers (SAMs) whose tailorable lengths dictated capacHaamed sensing and pH sensitive
tail groups dictated chargeased sensing. However, limitations in the form of biasing, sensing
surface composition, and aqueous elegteolise present additional variables for consideration
when designing the platform, especially toward small molecule detection. Overall, small molecule
detection with an FGbiosensonecessitates both strong consideration of the sensing surface and

the mans of electrochemical interrogation in order to overcome the present sensing limitations.
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Thefirst studyexplorel the signal transduction element, the EGT. Past stdioig®l that
there are potential losses between the EGT and FGT of the same deditieessnlossewere
thought to be a result of charge lost to a parasitic capacitance between the floating gate and the
underlying pdoped Si wafer. It was shown that these losses are amplified when the area of the
second floating gate interface (FG2) iscamsed on both S¥®i and an insulating substrate
(glass), as expected. However, the estimate f
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 interfatlessing us to eliminaté
from FGT models.

To further address the practical use of printed EGTs as commercial signal transduction
elements, the sherand longterm stability was invegated. EGTs stored in ambient air opedate
over 30 days but exhiletl fluctuationsin their mobility and threshold voltage {/ When
measured in ambient vs2glove box), the transfer curves of the same EGTs vary dramatically.
More so, after exposure to a high humidity environment, the same EGTSs also experience reversible
changes to their transfer curve characteristics, indicating that environmental fagtbrsass
humidity and light, can impact the déy-day operation of EGTs. Lorgrm, EGTs can be stored
in the glove boxup to6 months while still operating suitably for signal transduction, allowing for
mass fabrication of EGTs without concerns over slifelf Finally, EGTs can be measured with
sweep rates as high as 150 mV/s with minor impacts on hysielesisasing measurement times.
These two results thus addressed important issues in device stability and detection time that were
not considered in prious experiments on the FGT platform.

The second studyimed to achieve detection of the snw@ihrgedmolecule glyphosate

using an antibodyased FGT. As the presence of the capture agent, the glyphosate antisody,
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the primary component for bioregoition, the surface chemistry was carefully characterized to
ensure the conjugation of the antibody. The mixed monolay&éd-&UA and PEG thiolwas
characterized witlXPS. Reacting the carboxylic tail group of-MUA with a mixture ofEDC
and NHS (pH =5.8) led to aNHS ester tail group, whose characteristic vibrational bands and
stretches wereharacterizethy RAIRS. TheNHS ester group is readily substituted with the lysine
residueof the antibody, conjugating the antibody to the SAM through an amiae. Batibody
presence on the surfasascharacterized with RAIRS and XPS on control substrand the FG2
electrode, proving that the surface chemistry can be translatediitoveeter sized electrode using
a PDMS well as a vessel. The glyphosate B@BEensoexhibited lowand irreproduciblsignals
when exposed to 100 uM glyphosatéen compared to controls (bare gold and PEG FGTs)
despite its design toward maximized sensitivity to chdvaged signals using FGT models. In
addition to considering thedbye length (0.7 nm in 1X PBS), the binding affinity of the glyphosate
antibody was also considered. Attempts to measure the binding constqumtf (ke glyphosate
antibody withSPRalso proved to be a challenge. In varying the antibody density, eléetroly
strength, and pH of the antibody solution, a binding curve was still never achdevedch, the
glyphosate FGT biosensor was not successful in detection of glyphekate we attribute to the
poor quality of the capture agent

Thethird studyattempédto address the issues with small molecule detectiahlgging
the analyte to serotonin andilizing a structureshifting aptamer to overcomenhance charge
based signalsiear the FG2 interfacélhe serotonin aptamer has & Kf 360 nM that wa
characterized whouse with SPR. The serotonin aptamer, havings-#hiGl linker, was seH
assembled onto gold and backfilledith 6-mercaptohexanol (MCH) in order to displace

physisorbed aptamer and densify the monolayer. The surface functionalizasarharacterized
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with XPS and CV. Serotonin FGJiosensas were designed for charpased sensing baseGT
models, andhe expectedsensing mechanismeant to amplify signal, ake highly negatively
charged aptamer rearranges away from the sumi@om ®rotonin captureSerotonin FGT
biosensorsequired sweeping over £0 min to stabilize the device before introducing serotonin.
The serotonin FGbiosensoresponéd as expected to serotonin with concentrati@pendent
signals; however, the serotonin FGibsensoalso responeldto a cocktail of other neurologically
relevant small molecules, challenging the sensing mechanism. SPR selectivity detalEdsged
the selectivity othe serotonin aptameéue toSPR signalérom dopamine, ADP, and histamiag
1 uM concentrations. Further, control FGTs having MGHEG thiol, hexanethiobr glyphosate
aptamer/MCH functionalization elieitl concentratiordependent responses to serotorifter
interrogating an MCH FGT as usual for stabilization and serot@msisg, the sensing surface
was characterized with XPS to compare against an uninterrogated MCH surface. The findings
pointed toward electrochemical lossesMEH during interrogation, and further losses after
interrogating with ImM serotonin in the electrolyte, 1X PBBaus, the serotonin FGT biosensor
not only suffered from stability issues, leading to electrochemical desorption of thiols, but also
raised the gestion of whether the electrochemical activity of serotonin and other small molecule
analytes could proote electrochemical desorption, causing false signals.

In the finalstudy, the electrochemical stability of the sensing surfacesfosée serotonin
and glyphosate FGT biosensaire explored using cyclic voltammetry (G¥ocusing mainly on
the aptamer/MCH functionalizatiorFunctionalized goldelectrods were electrochemicdy
interrogaédas the working electrodesingCV. The electrolyte was 1X FBwith and without 10
mM K3[Fe(CN)J, a redox reporter. The working electrode potential (vs Ag/AgCl) was probed on

both the negative and positive bounds up to +0,9aWd the sweep rate was 25 mV/s
10z



Aptamer/MCH electrodes exhibited thiol lossepatentids beyond th&0.5V to +0.7 V window

for 1X PBSinterrogation Faster sweep rates leaddsschanges in the voltammogram per sweep.
Electrodes functionalized with AMUA and electrodessubsequently reacted to conjugate
glyphosate antibodies are lessistnt to electrochemical damage in 1X P&&h 10 mM
Ks[Fe(CN)k, indicating that perhaps a denser, more uniform, and/or thicker monolayer can
suppress electrochemical reactions leading to surdaceage The potential window can be
translated to the potential felt at FG2 when operating an FGT by flipping the palatghly
setting the bounds ®.7V to +0.5 V.

Overall, small molecule detection with an FGT proves to be a challéngansights
discovered in this work can lead to optimizationpafameters other than the FGT architecture.
For one, setting experima&l limits for interfaciacharge sensingith quasistatic FGT inverters
considering the distance of the charge from the electrode and density of, claartpe utilized to
predict thechargebased detectioaf small moleculecapture agent complexdauture work must
also consider how the composition of the sensing surfacecaagdistatic 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 tuasistatic FGT inverter for
enhanced sensitivityo chargebased and capacitanbased signalselectrolyte strength and
biasing must be explored as additional design parameters. Here, we can copsatestady on
the interfacial charge sensitivity of thjgasistaticFGT by Thomas et &t ThreedifferentSAMs
were used to determine the average change upWdn altering the pH of the aqueous environment,

promoting protonation or deprotonatitre altered the interfacial charge near the FG2 interface
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In determining the surface density, the surface potential ( was predicted wit
equation, derived from the Guio@hapman treatment of an EDt1%7

. —sinh? (7.1)

where, is the surface charge density, Taiss t emg
Avogadr o6 s - nsuhabpeenmittivity afrirée space. Related to the aqueous electrolyte,

is the dielectric constant of the medium, anghsds the concentratioof ions in solution.

Gr ahameds e qu predicotme chargs in forddepcbtortation of the IMUA SAM,

providing good agreement with the experimentally determined s¥ift. Additionally, the

electrolyte strength wasgaried for 13IMUA SAMs, where higher electrolyte strengtitimately

dampened the response of ionizing the tail groAg.chargescreening increasesith higher

electrolyte strength, this result was expected.

Figure 7.1. Altering the length of carboxylic acidterminated thiols. The Debye length for
1X PBS ép) is denoteds 0.7 nm

Becaise an antibody is a fixed capture agent and small molecules have limited charge

density,the studies used to understand interfacial charge sensing withUd can be extended
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to estimatethe bounds for chargbased sensingsing quasstatic FGB. A typical IgG antibody
hasdimension®f 14.5nmx 8.0 nm x 4.0 npwith the antigen binding sites located 18t6 apart
from each othet3® The area that an antibody occupies on the surface can be estimated as a circle
with a diameter of 13.6 nnin the case foglyphosate (R) binding at each site, the total, average
chargeof 4i occliesa 191 nn¥ area. Comparatively, as the density ofMWA on the surface
was 3.2molecules/nfy and considering 4 molecules (4 COgdoups), an average charge of 4
occupies a 1.28 nmarea, nearly 10@ld lower than the antibody conjugated surfadéne
proposedstudywould tunethe length of the alkyl chain of a SAM, systematically altering the
distance of thefixed, ionizable carboylic acid group from the electrode interface
Carboxytterminated alkanethiols that are commercially available are shown in Figjmilarly,
variables such as thelectrolyte strengthand density of carboxyterminatedthiols in the
monolayer (using enixed monolayerfanbe varied to realize the limits for charjased sensing
for instances of variedharge density at the surface

For quantification of the number of ionizable groups, the surface density of chrdie
guantified.This must be done for each thiol type, as the density of the SAM may vary due to
intermolecularforces.A characterization toahat accomplishes this, without the use of a redox
tag, isnuclear reaction analysis (NRA), a variant R@itherford backscatteny spectrometry
(RBS), available at the University of Minnesota Characterization Faéftity/.1’8NRA detects
light elements, such as carbon, using an energetic, ion beam to collide with the nuclei within the
target surfaceAn intermediate nuclearae is formed that decays back to the original reactants,
emitting a particlehat can be counted and correlated tostiidace coverage of carbon atotfis

We expect that as the al ky lwillecoHhoagerrbedbletogt hen

predict the surface potentiahlternatively, we can look toward the Debye lengtbmmonly
10¢



referred tdor electrochemical biosensodgrived from the linearized Poiss&oltzmannmodel,
that considers a flat platié1/°

e W ¢ exp— and_ _ (7.2)

wheree is the potential at the interface, x is the distance away from the @ad®is the
elementary charg@hetheoretical value for can be calculated for each electrolyte strength and
compared to the lengtht svhich charge is no longer detectable for carboxgb 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 nothleave
time to relax to an equilibrium state that induces chamgeening at the sensing interfacete®
Although the capacitance of ionic liquids drop substantially beyond 100 kHz, recent work has
enabled stable-10 MHz operation with Znéased EGTs bgninimizing parasitic resistances and
capacitances associated with the ion'§e\lore so, inverter curves can be measured withifv+ 1
so the electrchemical breakdown from water oxidatican beavoided As EIS has shown to
decrease the perturbation of aptasfiusrctionalized gold electrodes compared €\he use of a
high frequency potential may also improve the electrochemical stability of the sensing interface as
compared to quafdC operationAs uch, we suggest adoption of the ZnO E@Test the use of
high frequency ¥ on the amplification of chargleased signals, where the limits determined by

theaforementioned study utilizinguasistatic FGT invertescan be tested
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7.3 Tailoring Surface Canposition for Enhanced and Stabld=GT Sensing

In order tounderstand the sensing mechanisi@lapter 5, where serotonin interacted with
functionalized FGTs with dosgependent responses, we can look toward electrochemical and
spectroscopisurface characterizatiomo 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 vdth ¢an be used as the
working electrodeand bare gold electrodes can be used to characterize peaks perhaps generated
by electrochemical events between serotonin and the gold eledBypde@veeping the electrode
between +0.6 Vat a sweep rate of 100 mY/sommonconditionsused for FGT and EGT
measurements, theltammogram can be monitored o2 sweepsThe emergence of a peak
from the oxygen reduction reaction (ORR) can serve as an indication of thiol desorption from the
surfaceElectrodes can subseauly be characterized with XPS to observe changes inth&fg
and Nishigh-resolution spectra for evidence of thiol desorption, reduction, and/or oxidatibe.
case that serotonin dopsomote thiol desorption from the surface, experiments caxteaded
toward other electroactive small molecules, such as dopamine, in order to observe whether this is
a generaissue for FGTbased (and other transistoased) detection.

To enablestablesensing with guaststaticFGT inverterusing structureshifting aptamers,
we can look towardlesigning a sensing interface tieelectrochemically stable within the FGT
operating potentials. lrobking toward other avenudgr signalamplification and stabilitywe
find the SAM composingthe sensing surface playa critical role in the sensitivity of both
capacitanceand chargdased perturbations generating sigrfatselectrochemical biosensors
For example, Macchia et al. attribute the use of a mixed monolayerMtKLand 3MPA to the

first demonstration of singlmolecule detection with a transistoased biosensd#? 18 In this
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work, it is suggested that capture of a single 1gG antibody invokes a slight change in the tilt of the
underlying SAM, causing a work function shift thatssociated with a shift in the transfer curve.
Other strategies utilizenixed monolayers oPEG thiols enabling detectiomeyond the Debye
length in high electrolyte strength buffe#$87.120.17°Recent analytical models propose tlaat
Donnan potentiais formedfrom ionsimmobilizing in thefunctionalizedsurface layer” These
analyticalmodels built around the Donnan theory suggest tlatength of the PEG thiol must
match or be longer than the distance ofttliget analyteeapture agerdomplexfrom the interface
in order to detect the charge of the target anafytihird exampldinds thataltering the terminal
functional group of &ackfilling SAM froman alcohol to a methoxy group can have a significant
impact on the longerm stability of an EAB sensdé? All of these examples highlight how crucial
the design of the sensing surfdmyond the sensitivity and specificity of thepttae 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. Withethis,
electrochemical stabilitynder quasstatic interrogationf the aptamefunctionalized surface can
perhaps be widened to larger potentials windows by survesginguscandidates fobackfilling,
including hexagthiol, PEG thiol, and -lodecanethiol to name a fe@tudies done in Chapter 6
can be replicated for aptamiemctionalized electrodesurveyinga library of backfilling thiolan
order toenhance the electrochemical stability of the serotonin apt@nerpreviously mentioned
means of determining the statyilwithin the FGT biosensor isy monitoring the floating gate
potential(Vrc) as Ve is swept As the surface undergodsconstruction, we anticipate-&will
change, as observed with tireverter curves over thetabilization period for serotonin FGT

biosensorsTo gain insight into the mechanisms causigjability, XPS and AFM can be used as
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tools to measure the surfackemicalcomposition,surfaceroughness, andlectrodethickness

after interrogatiorof FG2.

Q
o

Peak-amplitude [a.u.]

incident reflected
radiation radjation

Amide Il

1

o =N WA O
Ll

- }

-

-

4

IR window

(=]

1 2 3 4 5 6
Time [h]
Metal islands

C W(COOH)v,,(CO0") v,(COO)
incident reflected Microfluidic Amide |} Amide I |
radiation radiation channel g 25 min

g 7.5 min
G ¥

s} R}

2 : N :

° P AN $
3 : va\ ¢ 60 min
N H : o/ 100 min
37 pm E I\ ¥/~ 200 min
- E . 8 IOéoz i é E : o

‘I - | 7 L ;

fluid in- and outlet 1800 1700 1600 1500 1400

Wavenumber [cm]

Figure 7.2. Insitu infrared spectroscopy undermicrofluidic flow . (a) A microfluidic cell
where incident radiation permeates antiBnsparent silicon substrateteracting with the
metal islands. Radiation is reflected, reaching the detector to collect the spectrdre (
amide Il band peak amplitie as a function of time. (c) Changes in the IR spectra asvwaS}t
flown over themetal interface, conjugating to the surfaReprinted/adaptedvith permission
from Kratz, C.; Furchner, A.; Oates, T. W. H.; Janasek, D.; Hinrichs, K. Nanoliter Sensit
Infrared BioanalyticSACS Sen2018 3 (2), 299 303. Copyright 2021 American Chemicz
Society.

Aside from using the previously mentioned forms of characterizatiercan look toward
forms ofin situcharacterizatiothat @n be adapteid resembléhe FGT sensing mediurmfrared
spectroscopy has been used to monitostiréace as it undergoésnsformations or as it is used
for its reactivity, such as in the case mionitoring surface functionalization, biomolecular
interactions or catalptic activity in mL flow cells orwith microfluidics® An example of a
microfluidic cell forin situ monitoring oftripeptide glutathione (GSH) immobilization on gold is
shown in Fig 7.2where an IR spectrum was collected every 2.5'ifhe cell utilizes gold metal

islands in order tenhance thsignalby 10-100fold over the full midIR range.



Forelectrochemical work, a chip can be desigsiadilarly but with the inclusion of a side
gate forvoltage applicatiom order to mimic the FGT sensing environmétiectrochemical cells
for in situ IR have been designed before to monitor the growth gpywble'® films at the
liquid/solid interface ofsilicon, but the silicon substratevas the working electrodeather than
having a sidegated potentialThe optofluidic platformin Fig 7.2does not necessitate the use of
additional optics (e.gprismg, is not limited bywat er 6 s strong absorption
of the light pathand can bequippedwvith commercially available microfluidic chip materiafs.
Theintegration of thenicrofluidic chambercanflush desorbed thiol from theurfacewhile also
enabling introduction ofsmall molecule analytes, such as serotonin, to obséoe
electrochemical interrogation influences the surfafilerational bands characteristichonds can
be characterized egitu, as done in Section 4.&ithoutand afterelectrochemicainterrogation
with CV. In situ spectra can be collect@ua similar fashion to Fig 7.2; however, the gate voltage
can be sweph between spectrum collectioGontrol spectra can be collected for the chip under
flow but without electrochemical interrogatiam order to determine the noise level of the system
This platform can also be extendedcharacterie the surfacendermicrofluidic flow for future
surface chemistriesespecially to examine whetheeactiontimes can be minimized under

microfluidic flow compared tammersion chemistries used with a PDMS well.
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Appendix AT EGT Studies
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Figure A.1. Capacitance of P3HT/ion gel interface(a) lci Ve characteristics obtained ¢
various gate sweep rates for a 50-tmeck P3HT EGT Vb = 0 V) with a channel size G00e m
x 20t m. (b) The measurdd atVe =10.3V against the corresponding sweep rate. The sl
of the fit is divided by the channel area to obt@iwsHTion gel. Reprinted (adapted) with
permission fromfhomas, M.S.Adrahtas, D.Z.Frisbie, C.D; and Dorfman K.DModeling of
QuasiStatic Floating Gate Transistor BiosensofCS Sensor2021 6 (5), 19101917
Copyright 2021 American Chemical Society.
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Appendix BT Glyphosate FGTBiosensorCharacterization
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Figure B.1. XPS of ime-dependent monolayer formation of 1AMUA . High-resolutionXPS
spectra of (a) Au, (b) Sp, (c) Gs, and (d) Qs orbitals of1 mM 11-MUA on gold. Selfassembly
times were 4 h (green), 8 h (blue), and 20 h (purple).



Figure B.2. XPS of ime dependentmonolayer formation of PEG thiol. High-resolutionXPS
spectra of (a) Ay, (b) Sp, (¢) Gs and (d) Qsorbitals ofl mM PEG methyl ether thiol on gold.
Selfassembly 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-
resolutionXPS spectra of (a) Ay (b) Sp, (¢) G, and (d) Qsorbitals of1 mM 11-MUA andPEG
methy! ether thio(1:2 molar ratiokeltassembled for 20 &in gold.
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