ABSTRACT
RICHARDSON HAYLEY . Biochemical Monitoring via Extended Gate Fidtffect Transistor
Sensors with Aptamefunctionalized SurfacegUnder the directioof Dr. Spyridon Pavlidis
andDr. Thom LaBeah

Biodevices capable of continuous biochemical monitoring aim to improve the quality of
life for patients and healthcare providdigt seek vigilant symptom tracking, earlier and
guantifiable diagnoses of diseases, assistance with medication adherence, and overall better health
and wellbeing. Poinbf-care and wearable biosensors are a growing market of such technologies
that have sen tremendous advances in recent years. Translation challenges with existing biosensor
systems include wearable form factosedficity of detected signals, and signal instability from
both the electronic circuitry and biointerface. Reproducible surface chemistry of functional
biorecognition elements particularly impacts the application of electrochemical ajitaseer
biosensas. This research explores the opportunity for new robust biochemical monitoring systems
at the intersection of surface science and electrochemistry. This is achieved through the
physiologicallyrelevant detection of two cruciblomarkers 1) neuropeptidg (NPY) as a path
for norrinvasive continuous stress monitoring, and 2) histone protewards monitoring of
critical inflammation.

First, the surface chemistry of aptarbased sensors is explored. The hlghding
affinities and conformational flexibility of aptamers make them an advantageous candidate for the
detection of small or charged biochemicals in portable biodevitesniCalidentification of sek
assembled molecules throughray photoelectron spectroscopy is examined to validate
immobilization processes. Then, kinetilnding experiments in surface plasmon resonance
achieve rate constants that establish the picortolacentration binding capabilities of the

aptamers in different preparation protocols. Lastly, the elettemsfer mechanisms are studies



by calculating thesurface densitpf aptamer binding sites by chronocoulometry. The conclusion
of this analysis shows thaifférentimmobilizedmoleculesenable the aptamer to havmdified
conformation structure switching during target bindiggudying control surfaces limits non
specificadsorptiorto enable signal accuracy and sedfibration.

After the establishment of \&ersatileaptamer preparation gtiocol the electrical signals
from binding areanalyzedhrough potentiometry. Potentiometric sensing is a powerful modality
for electrochemical transductidn biosensors. This loywower technique can detect sensitive
electrochemical signals with lowoise. The platform utilizes an extended gate fedfdct
transistor(EGFET) setup with custom electrodes. The platform is tested for its ability to detect
changes in pH and ion content with a £¥ stability threshold.

The developedplatform for histone detectiorhas a sensitivity of 3.70 mV/decade
concentration change and a limit of detection (LOD) of 7 pM when testing in buffer. Surface
chemistry experimentsliscovera cemonolayer with novel structural support through dual
chemical modification that enables histone sensing in complex media. Theseawsiilts the
ability to measure histone levels within physiologically relevant ranges, andphuiusefor
future monitoring ofrauma patients with nearitical inflammation.

The detection of NPYhas been successfully demonstrateith a benchtop EGFET
platform as well aswvith two other portable sensing systenmsbuffer, the LODof the benchtop
systemis below the physiological range of NPY in sweat at 0.16 lpMutificial sweat, theNPY
LOD increased td..4 pM, which is low enough to identify individuals with stress disordéne
portableEGFET biosystemsuccessfully detectedPY at the lowest measured concentration of

0.1 pM The development and characterization of Istatectrochemical aptambased sensors



by potentiometric transduction is a critical step towards reliable continuous biochemical

monitoring systems.
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CHAPTER 1

Introduction

1.1 Biochemical Monitoring

For the millions of biochemical compounds found in the human body, any deviations in
concentration from accepted healthy levels can be indicative of diseases or other health conditions.
Chronic diseases like diabetes, heart disease, and kidney disease frequent monitoring of
glucose levelg[1], blood coagulation timg2], and cholestero[3], respectively. Complex
biomarkers are customarily measured in clinical settings by practices like comprehensive
metabolic panels and immunoassé@lable A.1)[4] - [16]. In response tthe rising cost of health
servicesthere isa demand to makbealthcarenore effective and efficient. This calls for more
personalized approaches to healthcare that can be enaldedtimuous biochemical monitoring
and realtime feedback{17]. To achieve thisadvanced biosensing systems and technotogy
needed

The main components @fbiosensor depend on whetliee sensor is monitorirephysical
or chemical targetA physical biosensor measureghysical bigignalthat istransduced and
analyzedor interpretition The signal generaten bea biopotential or other energy on the body
(e.g. temperature). This is measured by a transducer which converts thister@metablesignal
(e.g. acoustic, optical, electrochemical, thermal, eft\¢n, the signal of interest is amplified and
processed. A chemical l@ensor has additional componetdssense chemical biosignal&n
analyte, the chemical species to be measured, is genésatbd body. This is collected and

detectedy the biorecognition component. This recognition creates a biosignal by changing some



propertyof the chemistry of the system. Then, like the physical sensor, the signal is converted into
aprocessablsignal by the transducer, amplified, and read

Ideal electrochemical biosensors have features such as low power requirements, high
sensitivity, low sample consumption, and miniaturizatidheir fundamental operation tracks
electrical property changes due to chemical interactions or reactions between the sensor and the
biological mediumlons and molecules (e.g. proteins, metabolites, hormones) can be detected in
biofluids such as sweat, saliva, blood, and interstitial fluid ([$B). For accurate detection, a
sensor should generate a sensitive signal in physiologically relevant solutions and environments.
It should be selective and only produce a signal that is generated from the presence of the analyte(s)
of interest and not from angteractions with other chemicals or molecules in the medium.
Accomplishing this has inherent challenges, particularly in the surface science development and

signal reliabilityof the sensor.

1.2 Point-of-Care and Wearable Sensors

Stateof-the-art point-of-care (POC)biosensorsshould be capable of deliveringsults
quickly without sacrificing accuracy or precision when comparestandarctlinical monitoring
[19]. Creating sensors capable of handling real, complex samples also eliminates the need for extra
sample preparation before analyi@6]. Technological driving forces behif®lOC and wearable
biosensors involve cheaper manufacturing, improved signal quality and performance, enhanced
user convenience, and compatibility to existing syst&naeslucts with optimaéngineering criteria
(e.g. functionality, reliability, and convenienos)ll be received better by consumers. Features

like minimal data posprocessing are sought after characteristics.



Challenges in designingOCdevices include considerations of suitable form factors, data
reliability, andenergy efficiencyAdequate power supply and consumption are limiting factors in
the accelerated commercialization and development of many wearable electronic biosensor
systems.Energy efficiency affectsthe operational lifetime, data collection rate (i.e. sampling
interval for continuous monitoring), and processing powke essentials of POC devices are that
they must be small, accurate, and conslitthe power.

To address these translation challentesAdvanced SePowered Systems of Integrated
Sensors and Technologies (ASSIST) Cehtes created several sensor systemsHiedth and
Exposure Tracker (HETR1], theSeltPowered and.ow-PowerAdaptive Platform (SAP)22],
and the newow-power electrochemical sensing system (LEG$ure 1.1).These subsystems
and testbedsstablish a path toward a comprehensive understanding of the body for coasdmer
medicalgrade wearable dathrough thaletection of aariety of biosignals and targd3]. Until
now, potentiometric transduction has only been demonstrated for enzymatic sensing systems (e.g.
lactate[24], glucosg25], and uric acid26]). In this dissertation, the adaptabildf/these systems

is proven by thepportunityto improve a potentiometrimodality forcomplementary sensing
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1.3 Affinity Biosensing

Early affinity Dbiosensors were designed
protein Concanavalin A to detect glucose le\j@lg]. Most commercial affinity biosensors or
assays detect a signal from an antibadyigen interaction. Examples of common affinity systems
that use antibodies are the COVID athome test and the enzyrieked immunosorbent assay
(ELISA). Antibodies are &quently used ashe biorecognition element (BRE) detecting

immunochemical reactionés a key part of melectrachemical biosensor, the BRE interacts with
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the analyte of interest and generates a biosignal with electrical properties. BRE binding may not
directly generate the signal, but instead cause another intermediate molecule to produce the desired
electrical response. It is typically a functional parttoe biointerface of the biosensor.

Antibodiesare naturally produced immunological agents that exhibit very high affinity
binding for specific antigens because of their unique physicochemical structure. When this
happens, a signal or property will change and can then be transduced and quantitedh&it
antibody or antigen can be immobilized on the sensor surface. Both molecules have many

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

1.4 Electrochemical Aptamer-Based Sensors

Like affinity biosensors, nucleic acids can generate a biosignal from a specific binding
interaction between two complementary molecyléigure 1.2) This type of complementary
sensing leverages the strongemtolecular interactions from hydrogdéonding that is specific
for base pair sequenceBhesenucleic acidsare aptamers: small singdtrand DNA or RNA
sequencesGenerated by the systematic evolution of ligands by exponential enrichment (SELEX)
process from a large random library of sequenceseituatids are effective for small molecule
or low concentration detectio@ombining the high binding affinity of aptamers with sensitive
electrically generated signals establishes the field of studiectrochemical aptamdrased (E
AB) biosensorsin Figure 1.2, he scale of the aptamers and protein are based on the spatial
dimensions of serum albumiid.pnm x 6.5nm x 4.0nm] [28] and theH4 histone proteinail of
7.8 nm[29]. The average distance between the base pairs (bps) of nucleic acid strands is
approximately 3.4A [30]. Given the secondary structure and bps of the histone aptamer, the

estimated size is 8 nm.
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Figure 1.2. Schematic of aptamer BRE layer formation throsgi-assembly of thiegold
sorption (red). Starting with a gold surface, aptamers assemble for a setéilm@and arrang
in a way based on parameters such as spatial density and electrolyte content. Then, th
is prepared for sensing by the aduh of spacer molecules to passivate exposed metal
provide structural support to the BRE. Finally, the electrode is subjected to analyte inje
which cause a conformational change & #ptamers and a shift in electiimansfer.5 nm
approximate scale bar.

Complementary sensing witlpt@mes has several advantages over conventional affinity
biosensors that u¥REssuch as antibodid81]. Aptamers are smaller in size than antibodies,
which allows them to target analytes with high charge densities without sacrificing the proper
conformation for binding, and [B3.Althdughrsrdailen g i s
aptamers can also have higher binding affinity to certain targets than antibodies can, which results
in a larger discernible electrical sign8pecific aptamer sequencgsould be able to generate a
signal at a lower concentration, thus loweringlitiné of detection (LOD) or limit of quantification

(LOQ) to submicromolarconcentrationst the range that many biochemicals persist in biofluid

I



(Table A.1).Low values of kinetic dissociation rate constants at binding equilibaitgpossible
with the strong hydrogehond interactions of aptameasdmake sensing possible in Isample
volumes, which is advantageous for portable biosensors.

Additionally, aptamers can be even designed to complement targets that do not possess a
natural immune response. This is becatlse selection and development of aptamers can be
performedin vitro (i.e. outside of a living organismyyhereasantibodes are producea live
animals or cellsPurification steps, like chromatography or precipitation, can reproducibly yield
high purity aptamers. Other benefits include easier chemical modifications and fewer storage

requirements due to moderate chemical stgbilit

1.4.1 Sel-Assembled Monolayers

Many EAB biosensors depend on the formatiorsef-assembled monolayers (SAM) to
aid in the generation of an interpretable electrical signal from a biological m¢88]nSelf-
assemblyrelies on the ability of the molecules to spontaneously organize itio enonolayer
based on adsorption or chemical coupling betwbemselvesand the substrate surfacehe
monolayer is a more thermodynamically favorable strudbyréheredudion of the surface free
energy of the substrate

Stable SAMs on sensor surfaces are contingent on orientimendent interactions that
rely on the mass migration and charge diffusion of adsorbates to approach the substrate. Molecules
must travel from the bulk electrolyte to the surface, arrange \pipnoariate conformation for
binding, and react with the surface in an ordered and packed manner to form an effective film of
functional BREs. The strength of the bonding interaction can involve chemical reactions

(chemisorption) as well as weaker secondfsces (physisorption). Physisorption happens



quickly because of the lack of energy activation barrier and is reversible. Chemisorption has
variable kinetic rates, is limited to monolayer formation, and often irreversible; yet, it relies on
physisorption attraction to help transport molecules touhfase.One common assembly method

is through thiolmodification. Thiotgold assembly is theorized to have an ideal balance of
chemi/physisorption interactioas alkanethiol compounds have been shown to organize and form
functional monolayers for a vatjeof applicationg34], [35]. Theelectricalhigh conductivity and

low resistance of gold electrodes make them a suitable metalX8r £&nsing.

1.4.2 Translation Challengesof E-AB Sensos

Functionaland stabl&AMs are cruciaih E-AB sensing. The quality of the SAM is directly
related to the parameters and environment selected during the assembly procedure. The processing
and performance relationships for a specific SAM are difficult to estimate without experimentation
that examineshie interdependencies of the molecular biophysics, electrolyte composition, and
surface formationA useful SAM formation process must limit the degree of variation in the
structure and organization from surfaoesurface.

Understanding the properties of the aptamer SAMs in biological media is an ongoing field
of study[36]. The surfaces can experience biofouling and-specific adsorptiofNSA) from
other molecules in the biofluid. This can introduce noise and drift that mask the specific signal
from the conformation changes from aptamer and target binding complexesalfettion and
modifying the surface chemistry of the solution aeeessary for AB sensordevelopment. The
threat of competitive binding is influenced by the composition of the solution. Additionally, the
concentration of certain background ions cafedf the structure of the aptamer, which

subsequently impacts the reaction rate toupestants and electron transfer kinetics of binding.



Aptamers can be subject to environmental degradattomlifetime of aptamers is partially
dependent on the nitrogenous bases in its sequeeaceral studies hawhownthatRNA is more
susceptible talegradtionin ambient conditions than DNf87]. RNA containsmore hydroxyl
groupsand oxygen atoms than DNA thatakesit more susceptible to hydrolysigvithin this
dissertation, preliminary experiments were conducted to compare the performane&Bof E
sensors with either immediate or delayed use. Understanding the surface chemistry of the aptamers
after a storage period is a crucial milestone beforeg¢hswss are considered for use in portable
systems, where they must be able to endure logistical considerations of acquisition and

transportation befre use.

1.4.3 SAM Procedure with Fabricated Electrodes

A universal SAM procedure was synthesized for the proposed system through literature
review to combine useful methodology (&ig1.3). This procedure was used fdt gold working
electrods (WE) in this thesis, except where specified. Each electrode type received different
cleaning procedures based on suggested best practices from the manufacturer and[B&rature
[39]. Of note, all electrodes for Chapter 4 and Chapter 5 that were prepared for complete
biochemical monitoring with aptameensinguse this procedure.

In-house electrodes were fabricated in the NC State Nanofabrication Facility (NNF) by
electronbeam evaporation of 20 Ti/Au on 300 nm SigSi wafers, coated with photoresist,
and diced to 1.0 cm x 0.6 cm specifications. The estimated number of fullrdleamodel Si
wafer are shown inthe Appendix Figure A.1). Fabrication was made possible through the
collaborationwith other graduate researchers in the Laboratory for Electronics in Advanced

Devices and Systems (LEADS) at NC State.



Full cleaning was performed by solvent rinsing (acetone, methanol, isopropyl alcohol) and
1-minute of Q plasma ashing to strip the photore#isit covers the substrate during diciiigen,
electrochemical potential cycling was done to clean the electrode surface to limit surface defects,
oxide formation, and exposure to debris as much as possible. This was performed in.86;M H
from-1.0to +1.3 V ircyclic voltammetry CV) with a Gamry 600+ potentiostat with a silver/silver
chloride (Ag/AgCl) referene electrode (RE) and platinum wire counter electrddg).( To
validate cleaning, techniques such as CV, contact angle measurements, or optical imaging were
performed. These techniques were crucial in formulating this procedure, and the results of which
will be shared in later chapters. If necessary, potery@ing would be repeated until the analysis
of the electrode confirmed that the surface was activated and ready fassatibly.

The aptamer SAM was formed overnight under ambient condition by submerging cleaned
gold electrodes in 1 uM thiedptamer solution in TE buffer (tris(hydroxymethghhinomethane
and ethylenediaminetetraacetic acid), with the disulfide bond reduced bycaib@xyethyl)
phosphine (TCEP). Separatefxmercaptel-hexanol (MCH) or poly(ethylene glycol) methyl
ether thiol (PEG) spacer molecules were backfilled into the monolayer to aid in the dispersion and
support of the aptamer molecules fiehour before pdorming the experiments. Again, optical
microscopy, CV, and contact angle studies were alternative processes done to reevatLiatel

this SAM procedure.
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Figurel.3.Process flow diagram detailing the aptasensor functionalization process.

1.5 Potentiometric Sensors with Transistor Technology

The transduction methods of converting a biological signal into an electrical signal are as
varied as the molecules of interddéw developments in integrated electronics have enabled novel
sensors for reliable, accuraéand usefriendly systems for continuous monitoring of biochemical
activity in wearable form factors. For example, commercial integrated systems such as continuous
glucoseketone monitors have revolutionized theedical field and promoted patiecgntered
healthcare by measuring interstitfluid based metabolic biomarkers in real tif@®], [41].
Similarly, sweatbased biochemical sensing has been investigated for a more noninvasive
operation42].

Potentiostats are one hardware subsystem that have various methods to reduce the power
requirements. Potentiostats operate by controlling the current and measuring the potential between
electrodes in a cell. The main components of this system include a control amplifier, an

electrometer, a curret-voltage converter, the signal circuit, and the electrodes (working,
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counter, and reference). Small differences in the voltages need to be measured accurately and
precisely to sense any changes in the biochemical system. Reducing the physical size of the
potentiostat makes the wearable electromore compact and better suited for an inconspicuously
worn device. Potentiostats also have the potential to operate with low power consumption, which
would increase the operational life of a field device and make them more attractive for mobile
users.

An emerging transduction method for chalgesed quantification of analyte
concentrations for PO@nd wearabldesting is the use of extended gate fieffict transistor
(EGFET) platformg43]. EGFET sensors have accompliskeggttricalsignal generation based on
the charge transfer between target analytes and BREs on electrode s{#fHceR!5].
Potentiometric transduction via EGFET senslatecs net charge changes of the binding complex
through the syste@a lownoise sensitivity The EGFET method indirectly measures the

capacitance between the functionali¥¥& and aRE to reduce noise.

1.5.1 Historical Perspective of BiologicalPotentiometric Devices
The rapid development ofsemiconductor technology and theetatoxide field-effect
transistor (MOSFET) erevolutionized thegossibilitiesof biosensing architecturia the last 50
years. The principle of transistbased sensing was reported by P. Bergveld using sseiwsitive
field-effect transistor (ISFET) sensor architecfd®. In this system, a membrane or other surface
receptor acts as the BRE in the -spelnasciet i ovfe 0t hgea
exposed to the ions directly in the electrolyte as well as to an RE in the circuit. The ions binding
to the BRE meerial cause a change in the surface potential that gates a capacitive change in the

channel of the FET. This principle has been applied to analytesxpandpast the detection of
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ions, such as enzymatic reactigag], nucleic acid$48], [49], and cell trapping50]. Aptamers

can also be immobilized and used in ISFET configurations for small molecule de{&dfjon
Recent efforts in the field have been directed towards modeling and simulating the output signal
of different ISFET sensing schemes and how the charge densities of analytes on the gate surface
will impact the intrinsic properties of the FE32], [53].

There iIs growing interest in the adoption
physically separates the gate of a MOSFET and the electronics to independent electrodes or
biointerfacea, while keeping them electrically connectgdl]. This separation allows for more
flexibility in sensor design and fabrication practices, since there is not a need to make the gate or
gate oxide available to the analyte electrolyte, as with early ISFET sensors. This platform better
enables multiplexingnd multianalyte arrays with improved semiconductor nanofabrication by

combining inexpensive, reusable electronics with consumable biosensors.

1.5.2 Extended Gate FieldEffect Transistor Principles
Inthe EGFET setumthiswork a f unctionalized WE is conn
of acommerciaMOSFET(Figure 1.4) Analytes, ions, or pH charges change the surface potential
of the WEinstead of the gate of the FET, but still modutateent in the MOSFET channel within
the circuit. Transfer curves are measured with a set-tisanource voltage (M) and in a range
of gateto-source voltage (¥s). By comparing svalues at the same draio-source current k)
for different solutions, an efétive threshold voltage () shift is tracked, which is indicative of
the chargeébased potential changes at the WE surface and the electrochemif&blcdlhis has

similar principles to other electrochemical techniques such as open circuit potential (OCP), where
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the cell is at equilibrium as no current is passed throggimg insight to the wholeor halfcell
potential.

Potentiometric transduction via EGFET sensors will capture net charge changes of the
aptamer and target binding complex through the sy@tém+noise sensitivity, while combining
inexpensive, reusable electronics with consumbldeensorg56]. Highly mature SMOSFET

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

MOSFET

Drain ‘ ‘ ‘ Source

Gate

LA LR
OJOIG..OO

C) Extended ™
gate to WE

= MOSFET

Figure 1.4. a) A fabricated gold planar WE pol&aning. b) Picture of main components
EGFET platform andonnection to a MOSFET via breadboard. c) Circuit diagram of WE
RE in a beaker setup. Adaptedrr¢56].
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1.5.3 Challenges in Potentiometric Sensing

An important parameter to consider when selecting an aptamer sequence is its size and its
spatialpenetratiorinto the electrolyte from the electradesurface. The net electrostatic effect of
the moleculesd binding interaction oobA, per si
[58], [59]. With increasing distance away from the binding interaction, the electric fields generated
from binding charge exchanges are dampened through electrical screening by surrounding charges
from the ionic content of the electrolytand electrical double laydB6]. Most physiological
biofluids are highly ionic, so overcoming Debye screening is necessary for bicsddsioye

length can be predicted with tBguation(1.1).

T“a0 B” ja (1.2)
a isthe Bjerrumlength) i s Av o g a d roiéthe valance bomaentration of ion species
i, and” j is thecharge density of thieulk.

Multiple techniques have been published to address Debye screening, but there is no one
way to accomplish this or a standard design of experim#fithin the SAM, creating a mixed
aptamer monolayer with polymeric passivation withlar spacerchemicals[59] and reducing
aptamerd sequence lengtlfi.e. fragmenation) are methods tomprove the dectrical signal
responsefs0]. Othertechniques includeonsiderations of dynamic devioperation that adjusts
electronic input frequencies or gain to increase the target resjgdnisgs2], creating frequeney
pairs to produce a ratiometric sigriéB], or electrostatically increasing tle¢ectric double layer
(EDL) with different bias conditionf64]. Tuning these parameters in buffer will help achieve

sensitivity and selectivity in more challenging high ionic strength nié8ia
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1.6 Analyte Motivation

Two aptamer systems were investigated to prove the design feasibility of the EGFET
biosensing platform: neuropeptide Y, a peptide found abundantly in the nervous system; and
histones, a highly charged protein that is indicative of acute respiratory dysfusyndrome and

multiple organ dysfunction syndrome.

1.6.1 Monitoring Stress: Neuropeptide Y

Neuropeptide Y (NPY) has been found to possess anxiolytic properties, thus forming a part
of the bodyds ramsepy|[66]. CancentratiorsldvelscoENPY @an abnnote how
intensely a body responds to stress and the time it takesetjuildrate to homeostatic levels.
Elevated basal levels of NPY have been linked to depressive disorders, traumatic events, and
military operationhstresg(Figure 1.5) NPY concentration in sweat can spike nearly 90 times as
high in people with depression than for those without (3.321 pM vs. 0.19.21 pM)[67]. A
sweat sensor would introduce a quantifiable metric to improve diagnoses for depressive disorders,

medication adherence, and occupational performance foishigés professions.
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Figure 1.5. aj4.310 DNA aptamersecondary structure modeled with Mfold web serigr
Factors connecting an indivi dua-digeaseslaftek:
traumatic eventAdapted from [6].

Mendonsa et. al. used capillary electrophoregstematic evolution of ligands by
exponential enrichment (CEELEX) to discover an 8base ssDNA that selectively binds to
human NPY | a b e | (Eigire £.50}68. Thee secondary folding structure was modeled with
Mfold web serve[69]. The feasibility of this sequence as an immobiliBRIE for sensors has
been proven in other published reseaiidible 1.lcompares work with a variety of transduction
methods such as electrochemical impedance spectroscopy (EIS), colorimetry, and differential
pulsevoltammetry (DPV) and their lowest concentration detected. Given the physiologically
relevant concentration range, a successful sensor must exhibit-afldetection (LOD) below
the predicted femtomolar minimum values. To achieve this, the sensirgplathd environment
must be stable in operating conditions.

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

system on gold. Using gold planar electrodes, a wearable, impedasea platform was
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developed to detect NPY via EIS in sweat. The correlation in cortisol and NPY levels was explored
and a lowest NPY concentration opf/mL (0.2 pM) was detected in human participants, with
comparable sensitivity to that of an aNfPY antibody[70], [71]. Impedance sensors are an
effective electrochemical technique but difficult to adapt for continuous measurements and
wearable sensors. Measurements atfi@guency are difficult to reproduce at good qudng]

and faradaic EIS may cause further issues using redox reporters that infiltrate the aptamer
monolayer and cause unchecked signal fif8i.

Elsewhere, NPY detection was accomplished via DPV using graphene and gold
nanoparticles with the aforementioned DNA aptamer sequenricengobilized with 6mercapte
1-hexanol (MCH)[74]. A physiologically relevant limit of detection (LOD) of 10 pM was
achieved. Graphene fiekffect transistors (GFETS) have also been developed to detect NPY with
a peptide recognition element (P1NB3}], achieving a sensitivity 61.3.8 mV/dec from picomolar
to micromolar concentrations. We hapeeviouslydemonstrated picomoldevel detection via
cyclic voltammetry and EIS on flexible gold films for use in subcutaneous sdiiéinghe NPY
response in PBS was measured as low as 400 pM and showed significant differences between the
aptamersensor when compared to a control surface of poly(ethylene glycol) methyl ether thiol

(PEG)based SAM.
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Table 1.1. Publications using soul@ptamer sequence to sense NPY and lowest concentrations.

1t Author Year Technique Medium Lowest conc.

Thiswork to date 2024 FET Art. sweat 0.1 pM
Churcher, NKM[71] 2022 EIS Art. sweat 0.2 pM
Y. Zhou[77] 2022 RGO-FET PBS 100 pM
Richardson, H[76] 2021 EIS PBS 400 pM
L- pez, L[78] 2021 EIS Art. cerebrofluid 2.3nM
Chévez, J. L[79] 2019 Colorimetry Art. sweat 100 nM
Xu, X. [80] 2018 CNT-FET Serum 500 pM
Fernandez, RIE74] 2016 DPV Serum 10 pM
Banerjee, S[81] 2016 Si-NWFET PBS 10 nM

FET sensing for NPY has been achieved on silicon nanowires (SjNavispn nanotubes
(CNT), and reduced graphene oxide (RG@I, had LOD values above applicable sweat or serum
levels. EGFET transduction can be a superior sensing platform towards a wearable NPY sensing
system for two major points. Firstly, separate consumables and electronics will allow for easy
transition to wegable continuous monitoring with inexpensive, commerciatludgfshelf (COTS)
components. Secondly, the EGFET methad builtin amplification and noiseedudion by its
indirect capacitance measurement approdgtih aptamers, the binding complex and charge
exchange is in close proximity to the surface which ameliorates electron transfer by modulating
the surface potential of the metal seng8#t]. Since one terminal end of the aptamer chain is
anchored to the sensor surface, optimizing the functionalization process and sensing environment

is necessary for the optimal tertiary structure in the binding coni@Bx
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1.6.2 Monitoring Inflammation: Histone Proteins

When the body experiences trauma or has maflammationlike sepsis, damaged cells
release their nuclear content into circulation, that of which includes histone proteins. The increase
of extracellular nuclear histone proteins in the body can cause disruptions to cell signaling and
cytotoxicity. This can leatb organ inflammation and distress, which can induce health conditions
like acute respiratory dysfunction syndrome (ARD8%] and multiple organ dysfunction
syndrome (MODSJ85]. Thus, extracellular histones act as an indicator of cell death.

Monitoring circulating histone levels in critically ill patients would improve the early
recognition of increased risk. Normal histone concentrations in serum are below 0.6 ng/mL (50
pM) and can spike to 3 ng/mL (200 pM) in patients after trauma or $8g%i$85], [86]. Current
detection techniques for MODS and ARDS rely on clinical scores to predict moj&aljty88].
Prediction scores are dynamic calculations that assist medical providers in making decisions on
care but are vulnerable to human subjectivities, multiple and complex metrics, and vary depending
on the mechanism of illnes89], [90]. Furthermore, clinical indicators often reflect late
manifestations of illness severity. Delays in diagnosis or inability to recognize the failure of
therapies are associated with increased mortality in this patient population. The availability of a
single, objective, and quantitative assay of illness severity would allow earlier clinical diagnosis

and directed treatment.
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Schematic of extracellular histomeediated cytotoxicity and the proposed pathway for histc
antamers as theraoeutiéglanted from [8].

Tracking and predicting the histone levels in trauma patients can improve the patient
triaging and recognition of symptoms. Urak et al. published research on the design of several RNA
aptamer sequences that selectively bind to both human and bovinedii8ign€heir work used
immobilized histones on gold surface then measured aptamer binding to histones; however, this
system was not developed with the intention of making an operable sensor, rather only as a
functionalized chip for the purpose of verifying theding activity. Their study demonstrated the
efficacy in aptamers as treatment of clinical conditions associated with MEd@8e 1.6) There
is neither an approved treatment to prevent or reverse MODS, nor a POC sensor for this purpose

that currently eists.
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The proposed sensor will use the published aptamer sequence in the inverse arrangement,
where aptamers act as the surface ligand and detect histones in solution. A major challenge of this
aptamer:analyte system is overcoming the dense positive chargesootproteins, due to its
high isoelectric point and molecular weight (pl = 11 and MW =22XkDa)[92]. This threatens
potential norspecific adsorption (NSA) of histones to electrostatically charged species, like
exposed metal on the sensor surface, which re
aptamers as the functionalized surface hamm@tdges such as their small size than antibodies,
which allows them to target analytes with high charge densities without sacrificing the proper
conformation for binding93]. The RNA aptamer sequence is approximately 17 kDa.

Another challenge will be achieving sensitivity and selectivity in high ionic strength media.
Designing a sensor to operate in whole blood while mitigating NSA and ebargening effects
will rely on optimizing the arrangement of aptamers on the suttaemsure their achieving a
sufficient conformation change during binding. The risk of large NSA also makes the EGFET

platform preferable for its loypower and lownoise capabilitiefs1].

1.7 Objective and Scope of Thesis

After a thorough review of current statéthe-art devices and literature, the objectives of
this dissertation are established in understanding the key fastachieving a high level of
performance in AB sensing systems with potentiometric portable platforms.

This thesis has accomplished work towards the development of an EGFET affinity
biosensor as one modality in a POC system. This system leverages aptamer technology and low

power potentiometric sensing to deliver a rapid, reliable, and scalable sensoplaxbiofluid.
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The objective of the research is to understand what factors influence the organization of-aptamer
based recognition elements on gold and the consequent impact on EGFET sensor performance.
The objectives of this dissertation are organized as follows:
1. Analyze how spacer molecules, probe density, andlmeking impact the&SAM quality,
and thugperformance of potentiometric aptasensors.
2. Investigate how PEG and MCbhsed spacer molecules impact the accurate sensitivity of
potentiometric aptasensors.
3. Assess tbility of EGFET sensing platform and its influence on the sensitivity of
aptasensors
4. Demonstrate physiologicalselevant sensing for histones in high ionic strength buffer.
5. Demonstrate physiologicaHselevant sensitivity for NPY using EGFETS in artificial sweat

with hardware systems towards wearable deployment.

1.8 Thesis Outline

This dissertation is organized as follows:

Chapter 2 reports an-epth characterization on the surface science of the DNAN&i
aptamer sequence and the RNA dnigtone aptamer sequence on gold electrodes. This was done
help to predict the performance of the EGFET testbed based on initittk rées studies on
immobilization, analyte binding, and charge characteristics. This was accomplished through
electrochemical methodsquarewave voltammetry, electrochemical impedance spectroscopy,
and chronocoulometry. Surface plasmon resonance wasedtaresively to understand the effect
of certain procedural stepsthout the use of redox labels and to characterize the binding affinities

of the aptamers and validation against negative conXelay photoelectron spectroscopy, atomic
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force microscopy, and goniometry were also done to aedhe morphology and chemical
composition of the molecules on the surface.

In Chapter 3, a potentiometric platform is introduced to calibrate the chasgel signal
from analyte:aptamer binding for both the NPY and histone systems. This system was a linear test
bench that functions similar to OCP experiments and did not inagpMOSFET technology.

This chapter emphasizes the impoc&nf measuring control surfaces for sedflibration and
understanding the presentation of specific binding signals. Here, it is fully investigated how PEG
and MCHbased spacer molecules impa& sensitivity of potentiometric aptasensors.

Chapter 4 serves two purposes: to introduce the fabrication and operation of the EGFET
platform electronics and to demonstrate the stability of the platform through sensitive histone
detection. This will detail the different methodology and preliminanysstkeat ensure the sensing
results are accurate and reliable. Histone sensing was performedjradibuffer and in complex
medium with competitive protein binding in the electrolyte background. The selectivity studies
and differences in transfer chatexistics of histone binding or control protein rgpecific
adsorption have implications towards machine learning applications, which will also be discussed.

Chapter 5 demonstrates NPY sensing in artificial sweat with the optimized EGFET
platform. This is done on the benchtop platform and on two different hardware systems with the
goal of wearable sensing with reusable Joawer electronics and consumabléAB sensos.

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

Chapter 6 summarizes the overall merit of the dissertation work. The technical
contributions focus on the development of an adaptable aptamer preparation procedures, multi
technique surface chemistry characterization, and EGFET sensing figures of méath filPY

and histone detection. Future work describes trends in the field that are advancing signal
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processing practices through machine learning, biodevice operation, antkdongontinuous
deployment of EAB sensos.
Appendix A details supplementary information for all chapters.

Appendix B listshe relevant body afiork.
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CHAPTER 2

Surface Chemistry Characterization on Immobilization, Binding, and Surface Density

The performance of the aptaremsed EGFET sensor is highly dependenthenspatial
orientation and density of the aptamers on the electrode su@aceently, accurate predictive
model s that capture the nuances of a bioreco
impact of immobilization steps do not exist. Thumsthis work, multipleexperimentatechniques
were implemented to explore aspects of surface science and create a comprehensive understanding
about the relationships between the moypotar s 6 structur e, process
performance. The monolayers investigated include the biorecognition elements of the DNA anti
NPY aptamer sequence and the RNA -tigtone aptamer sequence. These arencoobilized
with PEGor with MCH and the resulting properties discussed.

This chapter will present the validatief the immobilization and binding protocsl
through various electrochemical, optical, and spectroscopic asallisis chapter starts with
background information on why spacing molecules are pertinent to succes&Rilsensing

through the reductioaf nonspecificadsorptionfNSA).

2.1Background and Motivation

There are several variables that can be tunaiptionize the concentration afvailable
aptamers on the surface. External charges from neighboring surface molecules, exposed electrode
substrate, and the contents of the electrolyte can change the conformation of the aptamer and
prevent any binding to the analyte of interest anddoise binding to unwanted molecules in the

solution. Experimental steps like incubation tif8&], stagnant or flowingolution delivery and/or
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incubation and the order of immobilized molecu[@¢] can be adjusted. Within the SAM system,
parameters such as 8], ionic strengtfj95], choice of spacer molecy®6], aptamer to spacer
concentration ratif97], can all be changed. These variables are important to optimize to have the
biosensor functioning to the best of its ability in physiologically relevant sensing conditions.

Separate, nenecognition molecules can be-commo bi | i zed i n a monol a\
and support the active ligand. These blocking agents, or spacer molecules, help reduce electrostatic
charge repulsion and steric hindrance by physically distancinghbmigg biorecognition
elements. Spacer molecules can also limit potentiatspegific binding of analytes to a non
functionalized bare electrode and other biofouling on the electrode surface. Often, the selected
molecules are carbon chains with termifwaictional groups that are shorter in length than the
specific ligands. Like the biorecognition element, the length of the molecules and the distance of
any interactions and the surfaaeof utmost importance for electrochemical systebitgrature
in this space has compared other molecules such as ethylene glycol thiols of different chain length,
zwitterionic structures, X®lercaptohexadecanoic acid (MHDA), bovine serum albumin (BSA),
and other antifouling materials to passivate ser8&js[99]. The chemical differences between
them may seem minor but can result in varied quality SAMs.

If spacers are not used and the surface density of the ligand is too high, there can be a
dramatic signal loss because the proper conformational folding of the aptamer cannot be achieved,
thus limiting the amount of possible binding. However, excess spackycules with polar
terminal functional groups can increase the amount ofspeuwific interactions because of any
chargebased attraction. Therefore, the ratio in surface density between the two types of surface
molecules is pertinent to control. Thigface density can be controlled by adjusting several of the

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

Calf thymus histone (CTHBSA, cortisol, MCH, PEG(2 kDa), TCEP,andall laboratory
reagents andghemicals were all purchased fradilliporeSigma[St. Louis, MO]. Analytes of
human histones H3.2 and H4 were purchased from New England Biolabs [IpswichNFM].
(YPSKPDNPGEDAPAEDMARYYSALRHYIN LITRQRY-NH2) was purchased from
GenScript Biotech Corp. [Piscataway, NDjfferent molecular weight PEG molecules (528 Da
and 10 kDa) were purchased from Creative PEG Works [Durham, NC].

The aptamer sequences were not selected in this body of work. The histone aptamer was
chosen from a separate publication by a coll a
in the following referencf®1]. The NPY sequence was chosen from an available publication from
an outside research group with multiple citations demonstrating its capabilities for sensing and can
be found as sequence 11468]310 in the following

Theantihistone RNAaptamer sequen¢B*-Thiol-MC6-S-S-GGG AGG ACG AUG CGG
ACU GGU GAA GGG AGG UAC UGC AGA CGA CUC GCC CGB3) and the antNPY DNA
aptamer sequencB'{Thiol-MC6-S-SSAGC AGC ACA GAG GTCAGA TGC AAA CCACAG
CCTGAGTGGTTA GCGTAT GTCATT TAC GGACCTATG CGTGCTACCGTGAA-3 0)
were synthesized by Integrated DNA Technologies (IDT) Inc. [Coralville, IA] and purchased
together with TE resuspension buffelBS-EP+ running buffer (0.1 M HEPES, 1.5 M NacCl, 0.03
M EDTA and 0.5% v/v Surfactant P2BBS 7.5 mM NaHPQs, 2.5 mM NaHPQy, 2.7 mM KCI
and 137 mM NaCland SPR goldchips (SIA Au Kit) for the Biacore systemsere purchased
from Cytiva [Marlborough, MA].Bionavis gold chips §PR102AU-10) were purchased from

Bionavis Ltd. [Tampere, Finland
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For electrochemical sensing, a double junction Ag/AgCI RE was used from Pine Research
[Durham, NC] A microfluidic platform from Micrux TechnologielGijon, Spaih wasused in
conjunction with either a flow cell or batch cell addition. The batch cellagaptedo controlthe
exposed area of the working electrodes fc@r using 0.5 mL of solutiowhile testing EGFET
sensing was performed with commercial off the shelf (COTS) silicon MOSFETs (ZVNL110A)
from Diodes Incorporated [Plano, TX]. In later chaptdrsi-film gold single electrodes ED-SE 1
Au) were also purchased from Micrux. For other etmt systems,cseenprinted electrodes
(DRP-220AT-U75) for squarewave voltammetry were purchased from MetrohRetrjisau,
Switzerland. Ag/AgCl (60/40) paste for screen printiRE was purchased from Sun Chemical

[Parsippany, NJ].

2.3Immobilization Theory

To tether the aptamer to the gold electrod
sequence end. The spontaneous organization of alkanethiol monolayers on gold has been well
studied for sensing and thfitm applications [100]. The sulfur atoms in the thiol-§H)
deprotonate to occupy tliec hollow sites in the (111) plane and covalently bond with gold atoms
at approximately 30from the surface normal at ambient conditigh®1]. Once the SAM is
formed, the thiclgold bond is able to withstand and adapt to a wide range oflpH),
temperatureg103] and interaction timg104]. Ideally, a continuous SAM is formed during
immobilization. However, atomic scale defects in the metal surface can alter the ordering of SAM
and create defects like vacancies, bilayer formation, or tangled cfgfhsBoth pH and
temperature affect the rate of formation and the stamge organizational structure of thlzdsed

SAMs. Higher temperature6>75°C) during immobilization have been shown decrease the
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overall tilt angle andncrease the frequency of pits or vacancies in the $208]. For the work
in this thesis, immobilization was executed at ambient temperatures and dbr &&se of
reproducibility.

Using a thiolmoiety has benefits over other types of sensor surfam®obilization
strategies, such as amine couplih@6] or hydrogel matricegl07], because iteduces the spatial
distance betweethe binding reactiomnd thegold electrode This is preferable to maintain that
thenet el ectrostatic effect wthiht hdeDenloy ®&.Thee¢ egtdDh b
following section discusses the results of different experiments to validate thgdli@ssembly
and the presence of aptamer, PEG,sidH ont o t he el ectrodesd surf
were used depending on the requirements of the instruiach. SAM was formed in ambient

conditions.

2.3.1 Gold Electrode Surface Topography

Foraptamersscanning probe microscopy techniques &kamic force microscopy (AFM)
can be a usefudystem to extract height and conformation data because of the possible variations
to adjust to théool, like tapping mode for samples in liquid and temperature cantsalu studies
[108], [109] While the height data is directly quantitative based on the topographical mapping,
conformation information can be inferred by the shapes present on the surfaces and responses to
external stimul[110], [111] Additional techniques like spectroscopy can be used to confirm these
measuremenid 12].

Direct immobilization of the aptamer sequence to the gold is achieved through th® C6 S
linker to maintain a small distance between the aptdmséone binding interaction and the
electrode surface. To better understand the topography of the startiudalte AFM studies

were done to compare the relative roughness of the commercial surface plasmon resonance (SPR)
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chips and EGFET WEs (Rige2.1). The SPR gold chips were cleaned ugirg3minute piranha
solution of 3:1 of HSOs:H20,, thenpH20 rinse anddried with N> gas WE were cleaned
according to the protocol introduced in Chapter e electrodes wersubmersed in 1 uM

aptamer solution overnighinsed withp/H20, anddried under N

Figure 2.1 AFM topography results for a) SPR chip, b) fabricated EGFET WE, c) EGFET
with NPY-aptamer, and d) EGFET WE with histeaptamer.

The chemical oxidation of the gold electrodesHsEOs::H20> or HoSQs-only is a key
surface pretreatment activation step to improve the electrochemical EidBdl This step is
performed to remove organic contaminants while maintaining the molesabs surface area,
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often referred to as the real or effective af@ther pretreatments, such as mechanical polishing
in alumina,canexfoliate the surface which inherently increases the roughness for more available
gold area for electrochemical reactigB9].

The roughness and topology of the gold were measured using a scan size of21ad0 pm
1.00 Hz scan rate to calculate raotansquare roughness (RMS). The RMS of the EGFET WE
was approximately fivéold larger than that of the commercial SPR chip, whigsanticipated
since the latter employs a thinner metal stack and undergo#ger smoothening steps.
Nonetheless, it is sufficiently smooth for EGFET sendibhty@]. Additionally, the fabricated
EGFET WEs were measured after immobilization of the DNA Niptamer and the RNA histone
aptamer, with inconclusive results. The topography images presented with a hazy appearance,
which can be due to a number of variables saghinevaporated solvent, strong coupling of the
aptamer to the AFM tip, or aptamer rearranging and being dragged in the direction of the raster
pattern. Both aptamers caused a decrease in RMS and in kurtosis, which is a measurement of the

frequency of otlier points in the distribution (i.e. tailedne¢¥pble 2.1)

Table 2.1. Quantitative comparison across the four electrodes surveyed.

Substrate SPR Gold EGFET WE EGFET WE EGFET WE
Aptamer None None NPY Histone
Max. (nm) 2.603 17.211 14.746 8.771
Min. (nm) -2.543 -9.705 -10.510 -6.701
RMS (nm) 0.623 3.030 2.938 2.108
Kurtosis 0.106 1.07 0.579 0.369
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The 3D roughness plots do not confirm the presence of oligonucleotide ¢hagt)e
usefulness of scanning probe microscopy was limited to the initial analysis of the gold electrode
substrate to quantify the expected roughiiEgpire 2.2) Aforementioned techniques like

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

Figure 2.2 AFM 3D roughness results for a) SPR chip, b) fabricated EGFET WE, c) EC
WE with NPY-aptamer, and d) EGFET WE with histeaptamer. Scale bars are specific
each surface.

2.3.2 Contact Angle
Goniometry is a useful technique to gain insight into the interaction of available surface
energy of a material with water, or its wettability. Contact angle measurements were done with

water (surface tension, 0 = Td@edintidsorjaceofwleanh 10
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EGFET WE, measured, then dried with air. The average of n = 10 and error bars are plotted in
Figure 2.3.The contact angle gblanargold was within the expected range ofBW [115].
Surfaces with SAMs measured a lower contact angle than that of bare gold, suggesting that the

thiol-molecules immobilized to the surface even with repeated wash and drj14i€js
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Figure 2.3. a) Contact angteeasurements g@jold andfour different SAMs formed by thiel
gold seltassembly. b) Mixed SAMs showed different interaction with water compared tc
SAMs with only NP¥aptameior with ¢) mixed SAMs withhistoneaptamer. All surfaces
exhibited hydrophilic behavior (<9

34



Focusing on the NPY (i) or Histone (H) aptamer surfaces with spacers, the measured
angle was different depending on if only the aptamer was present, or the aptamer and either MCH
or PEG The wettability was different because of differenceaenhcharge rearrangement in the
co-SAM [117]. This was an initial implication that the spacer molecule impacts the interaction of
the aptamer with its environmenthe basic measurements of goniometry do not gather
information on what structural arrangements the molecules are arranged in, their packing density,
or what presenting chemical compounds are interaatiogt with the solution rather just

macroscale surface tension differences.

2.3.3 X-ray Photoelectron Spectroscopy for Chemical Identification

Connecting how thiegold interactions and the behavior of the aptamer (e.g. spatial
density, conformation) will respond in certain environments was accompligh&t order)by
spectrometric analyses-pay photoelectron spectroscopy (XPS) was used to analyze the chemical
state of the surface and SAM compounds by providing quantifiable information based on the bonds
present in the sample. This method has been used to trdokmaation changes in aptam¢i4.8],
different immobilization times of aptamdtsl 9], different aptamer concentratifit20], and ratio
of aptamer to spacer concentratighg1]. In this system, the aptamer should show peaks for
elements P, C, N, O, S, spacers for C, O, S, and Au in the subEs22jteT his study was intended
to increase understanding of theSAM behavior, calculate surface probe density on the surface,
andwork towards theomparson ofspectra for specific binding or NSA.

Ultimately, optimizing the surface by adjusting the immobilization parameters will
improve the performance of the EGFET sensor by specific aptamer binding and the prerention

reductionof NSA biofouling. The experiments studied modifications to the SAM with the NPY
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aptamer and PEG. The following parameters were investigated in this study: 1) aqueous storage to
cause dynamic reorganization of the SAM, 2)-plecking the SAM with BSA, and 3) probe
density on the surface by adjusting the functionalization concensatimefaultl UM aptamer

and 1 MMPEG Table2.2 summarizes thseix samples thatvereprepared and analyzed via XPS.

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

because they are connected todhemicalaused in the gold electrode, spacers, and aptamers.

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

Modified NPY -Aptamer and PEG SAMs
Exp. # Surface
1 Bare gold
2 NPY-aptamer + PEG, Ohr storage (1:1,000)
3 NPY aptamer + PEG, 24hr storage (1:1,000)
4 Pret r eat ment : [HoGking(LL1,000 B S A
5 High Ratio (HR) Aptamer:PEG (1:10)
6 Low Ratio (LR) Aptamer:PEG (1:100,000)

Pretreatments like prblocking with BSA and aqueous storage of electrodes prior to
analyte testing have been proven to increase selectivity of aptasensors for some systems. BSA can
passivate disorganized portions of SAMs to reduce NIBIB]. Aqueous storage of the SAM
before concentration sensing is of interest, as storage in buffer may remove possible defects and

benefit sensing due to dynamic rearrangement and padiy [124] However, reorganization
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may cause too densely packed systems and prevent the proper charge transfer through the electrode

via weakened aptamer folding.

2.3.4 XPS Results Modified NPY-Aptamer and PEG ceSAMs

XPS characterization was made possible through the Analytical Instrumentation Facility
(AIF) at NC State University125], [126] Experiments were run on a SPECS System with
PHOIBOS 150 Analyzer with fixed analyzer transmissiurvey spectra was collected from 1160
to 1 eV anctalibratedo carbonC-C, GH) energy o£85.0 eV Spectra data were processed using
CasaXPS software, including peak finding, elemental identification, area quantification, and
component fitting.

The results of the XPS studied confirmed some of the key immobilization factors. In the
survey spectra in Figure 2#heAu 4d doublepeaks were promineras well as Au 4f and Au 4p.
For the gold survey (Figure 2.4a), soddsandadventitiousC 1speaks were present from the
atmospherer other contaminantgven with the system operating at uliigh vacuumaAt this
scale, the bare gold spectrum had larger Au 4d peaks than thap&vier (Napt.)+ PEG co
SAM (Figure 2.4b), suggesting that there \wwasduction in available gold on the surface detected
by the XPS analyzer. The C 1s peaks appeared similar in intandi®y1s was more easily located
in the NApt+PEG ceSAM spectrum. In both the bare gold spectrum and tepNPEG co

SAM spectrum, N 1peakswere difficult to detect.
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The survey spectra confirmed what peaks could be studied in high resolution in these
experiments. Other elements that could have been present based on the composition of the aptamer
would have been phosphorous in the aptamer uigasphate backbone and: tbulfur within the
thiol linker. P 2s has energy at 188 eV and 2p doublet at 13@edS 2s has energy at 228 eV
and 2p doublet at 165 eWo elemental peaks within this energy range were identified and the
intensity of the spectra between the C 1sAandf appeared to be within the noise. The detection
of sulfur was difficult because of the relatively loweguantity than other atoms present.
Additionally, sulfur signals may suggest that the DNA is not arranged bygbidlassembly and
the strands are physiosorbed to the surfat8]. Due tothe lack of phosphoryseaks, itwas not
investigated with higitesolution spectrdyut could be isolatemh futuremeasurements

High resolution scans were run for the four elemental signature peaks of interest. The
energy range was set based on where the peaks were located in the related survey spectrum. All
data was plotted with intensity measured except for N 1s, which requiBaitzkyi Golay
guadraticsmoothingfilter in order to distinguish the signal. Area under the curves was calculated
by assigninga Shirley y pe background to each peaRelatwend pr o
Sensitivity Factors (RSFA peak fittingMarquardtoptimizationalgorithmwas done for the C 1s

components in the CasaXPS software.
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Figure 25. Comparison o&) Au 4d doublespectraand b) area under the psak

Starting with the Au 4d high resolution comparison in Figure 2.5, the appearance of larger
Au 4d peaks in the bare gold survey spectra were confirmed. Bare gold without any aptamer or
PEGhadthe largest area (43202 CPS.eV), whiehs expected. The area was calculated under
both the Au 4g» and Au 4d» doublet. The NApt+PEG ceSAM treated with 30 minutes of BSA
had the lowest Au 4d intensity at 18792 CPS.eV, which may suggest that this type of treatment
had the best net surface coverage and passivaaddst gold. This would be logical given that
the BSA was an additional material to coat the SAM and did not have to diffuse to the electrode
surface to assembly, but rather adsorb on the SAM.

In a similar analysis, the low ratio (LR) aptamer to PEG surface had lower Au 4d peaks
than the high ratio (HR) surface (27067 CPS.eV vs. 29105 CPS.eV). This may also be a result of
the uptake of more molecules onto the electrode surface, since theatiRetné was achieved by

increasing the PEG molarity during i mmobiliz
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1:1000 ratio, had an area value between the two different ratios, suggesting that Au 4d peak
suppression was partially dependent on the concentration of PEG available during assembly.

For the aqueous storage treatments, Ohr storage had a higher integrated area than 24hr
storage (27407 CPS.eV vs. 20391 CPS.eV). Each of these surfaces had equivalent exposure to
the same concentrations of NRYtamer and to PEG, but the 24hr storage wpsikel0 mM
PBS pH 7.4 for an additional day before loading it into the XPS instrument. This increase in gold
surface coverage suggested that as the monolayer was allowed to equilibrate further in buffer, the
dynamic nature of the moleculesormyanized ad formed a more uniform or dense layer that
better covered any exposed gold. Similar logic can be applied to the comparison of the intensity

of the other chemical elements.
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Figure 26. Comparison o&) O 1lsspectraand b) area under the peak.

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

storage (4459 CPS.eV vs. 2448 CPS.eV) (Figure 2.6). The increase of oxygen bonds on the surface
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could have come from the heightened presentation of PEG in tBé\Moor from the early
formation of gold oxide on the surface. While there is oxyagems pesent in the aptamer-ss

DNA strand, the higher concentration of PEG and the linearity of its polymer chain make it more
likely that PEGwasthe larger contributor to the oxygen intensity. This reasoning suggests that the
two other SAM ratios created a-&AM with slightly more PEG spatially available on the surface.
When comparing the O 1s of the bay@ld surface, the peak area was only 281 CPS.eV and
dramatically lower than the functionalized surfaces. This low amount of oxygen was either present
in the environment or gold oxide formation was possible. The oxygen peak measured at 532 eV

was unimodaldr all the surfaces.
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Figure 27. Comparison o&) N 1sspectraand b) area under the peak.

The highresolution N 1s peaks had the least CPS compared to the spectra of the other
elements (Figure 2.7). Data processing required attention to make sure the area was being
integrated consistently, since the values were much IGwerpresence of nitrogen in the &M
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layers should be detected from the bases within the OKAonly slightdifference between the
surfaces was the performance of aptamer and PEGABS with Ohr storage and 1:1000
immobilization concentration ratidVith this aptamer to PEG ratio and omission of aqueous
storage, this combination of parameters appeared to optimize the availability of the aptamers on
the surface.

The CPS intensity of this peak may be low for several reasons, such as the multiple
conformation arrangements of theBNA, and different nitrogen type bonds in the four bases.
The N 1s peak has been shown to be detected best when most or all of thedeAcsare
thymine baseflL19]. Elsewhere, th&XPS elemental ratiof nitrogen for aptamer systems has been
reported as less than 0.5M27]. Nitrogen detection should be optimized for more detailed

experiment comparisons in future iterations of these studies.
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Figure 28. Comparison o&) C 1sspectraand b) area under the peak.

43



Analyzing the carbon C 1s peaks was very important. The adventitious carbon energy near
285 eV was used to calibrate the higisolution spectra of the other elements by determining the
offset as a typical standard for XPS. During initial calibrationeddme clear that the C 1s peak
was not unimodal but possessed multiple binding states. After identifying the peaks, calibrating to
the GC binding state, and creating a background, it was necessary to split the complex C 1s peak
into multiple components drfit binding energies for possible states.

Considering the expected types of carbon bonds between the aptamer sequence and the
PEG, the binding components were split into two peak€: libnds and €© bonds. &C bonds
also include alkanes ¢8), alkenes(C=C), and carbides.-O bonds include functional groups
such as alcohol (©-H), ether (CGO-C), ketone (C=0), and carboxyl {O=0). Figure 2.9 shows
the C 1s spectra of four of the different surfaces with two fittings to representGhan@ GO
type bnding energies. Table 2.3 has the binding geaéttion (eV), full width at halmaximum
intensity (FWHM), and % chemical composition. Figi&.€ in the Appendix has the data for the
high ratio and low ratio curves, which had data similar in morphology to that of the Ohr storage
curves in Figure 2.9b. For the spectra, scatter points are the measpeguinental data (blue,
scatter points). The data were first fit with an envelope curve (blue, solid line) and Shirley
background for the area integration (yellow, dashed line). The calculated residua¢réhe
experimental data and envelope fit is given by the black solid line, with the normalized line as a
black, dashed line. This was used to calculate the standard deviation (STD) in Table 2.3. Two
bimodal peaks for binding energies ofdbonds (greersolid line) and GO (red, solid line) were

created through Klarquardtoptimizationalgorithm
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Figure 29. C 1s spectra of ajoid EGFET WE b) N-Apt+PEGco-SAM with no pretreatment
or storage, c) MA\pt+PEG ceSAM with 24hr PBS storage, and d)Apt+PEG ceSAM with
BSA preblock. e) Legend of curves presented in the spectra.
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The peak locations for the-G and CC values were 286.7 + 0.E¥ and 284.9 + 0.12V,

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

a constraint in the fitting modelgl26]. These values suggedtthat the curves exhibited

statistically significant symmetry and accurately represtthie binding states.

Table2.3.Peak fitting data for bimodal analysis of C 1s spectra on surfaces witkraNfaser.

C-O C-C Residual
Sample eV FWHM % eV FWHM % STD
Gold 286.5 1.3 10.2 284.9 1.5 89.8 1.05
NPY coSAM,
286.6 1.8 67.7 284.8 1.4 32.3 1.01
Ohr
NPY coSAM,
286.8 1.5 95.1 285.1 1.2 4.9 0.846
24hr
NPY coSAM,
286.9 1.6 75.0 285.0 1.7 25.0 0.975
BSA
NPY coSAM,
286.9 1.6 75.6 285.0 1.3 24.4 0.886
HR
NPY coSAM,
286.6 1.7 76.9 284.8 1.3 23.1 0.950
LR
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The bare gold surface (Figure 2.9a), which had the lowest carbon area, had predominantly
C-C type binding (89.8%). As previously discussed, PEG is a polyether compound, an@the C
contributions are likely from the detection of this molecule near thecgurfdere should be less
C-O bonds present without aptamer or PEG on the surface, whssupported by the low area
of the O 1s spectra for gold as well. Between the Ohr storage (Figure 2.9b) and the 24hr storage
(Figure 2.9c) spectra, the-@ bond hasa larger contribution to the carbon identification after
storage in PBS, again supporting the argument that PEG underwent more dynamic rearrangement
and clouded the aptamer presence. BSAbpweking the surface had the largest total carbon area,

due to tke contributions from its polypeptide chain.

2.3.5 XPS Summary

XPS confirmed the ability of thidbased spacers to immobilize on the surface and the
elemental differences in the top monolayer arrangement based on intensity shifts of the Au 4d, O
1s,and C 1s peak. Cleaned, gold EGFET WE had markedly different peak morphology and
intensities in all elements when compared to functionalized surfaces with NPY and PEG, notably
the prominence of the-C contribution over the © in the bimodal C 1s fitting.

Different immobilization concentrations of PEG were studied while maintaihipd/
aptamer concentration consistent. Only the intensity of Au 4d peaks inversely scaled with PEG
concentration (HR: 10 uM, Ohr: 1 mM LR: 100 mM), demonstrating that the surface coverage of
gold was impacted by the immobilization concentration of PEGs @eak intensities were all
similar. O 1s peak intensities were smallest for the middle ratio at Ohr stbhegdightdifference
in N 1swas largest for the middle ratio. Ancrease in nitrogen bonding suggests the most

available aptamer on the surface and the best conformation for analyte, Uptetkese tests
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should be repeated imore expanded workThis will be the optimized aptamer to spacer
concentration in this worind built upon in later experiments.

BSA preblocking before analyte sensing showedgteatesteduction in the Au 4d peaks
and the largest C 1s area. While the molecules presence possibly coated exposed gold and
electrostatically attractive groups of the PEG spacer, the N 1s did not see an improvement. The
nitrogen bases of the aptamer sequenca® wot detected any better in B88A system. While
the BSA did not optimize the conformation or SAM spatial density, it may be considered as an
extra passivation step to reduce NSA in complexianedater EGFET testing.

There are multiple simultaneous processes that may be happening during 24hr storage that
impact the net chemical quantification. Through the analysis of comparing the peak areas, aqueous
storage increased the surface coverage of the gold electrode B t¢&rangement via increase
in C-O bonds in C 1s, 2) oxide formation via increase in O 1s, and 3) aptameseiisiéve
degradation via decreased N 1s intensity. This will be studied further in later sections of SPR and

in EGFET analyte sensing.

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

The last method used to track the monolayer formation irtirealwas surface plasmon
resonance (SPR). SPR is an optical technique where the magnitude of the change in the angle of
reflected light is directly proportional to the mass of material immaulliand quantized as
response units for every 0.001° (R{UK28]. The aptamer and spacer molecules were immobilized
in-situin the instrument for a set amount of time to track the angle change asSAd/ctormed.

The rate of change of the RU was compared to the drift associated with the buffer baseline. The
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first generation of SPR data was collected at the Molecular Education, Technology and Research
Innovation Center (METRIC) at NC State on a Biacore 3000.

SPR gold sensor chips were purchased from Cytiva. The binding titration results were
measured with a 180 second association injection at 30 uL/min. After an analyte injection, a 600
second dissociation phase with PBS, regeneration with 50 mM NaOH andaCMaxd baseline
stabilization with PBS were done before injecting the next concentration.

Starting with the NPY aptamer, SPR was attempted with different aptamer incubation times
on the different flow cells (Fc) on the SPR chip. This experiment aimed to track whether there
were changes to NRFinding RU changes with different immobilization #s Fc2, 3, and 4
received approximately 1, 3, or 9 hours of 1 uM aptamer at 1 pL/min., respectively. The spikes
between immobilization time periods represent washing and refilling of the microfluidic injection
needl e. Al Il f our Rionsof MEHtebaokfd the surface.elThe slopeofthen j e ¢
RU curves during injections were clearly modified compared to the Standby mode with
background PBS running buffer. While thresitu immobilized material successfully caused a

change in RU, there were some problems within the procedure.
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Figure 210. First experiment with variable length aptamer injections and calculated drift
corrections of individual flow cells. a) The injection pattern to immobilize the NPY aptan
or MCH. b) The kinetic analyte injection portion of the experiment with labeled NPY

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

Fcs from 0.01 to 3 uM and d) from the full range up to 40 uM.
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The injection pattern in the Biacore 3000 flows in series from Fc1, to Fc2, and so forth.
Fc2 was tested individually first, for 506 an
assumption is that the system does not continuously run buffer oanttaning cells. An issue
detected early on was that adjacent flow cells were impacted by the continuous flow of their
neighbor.In Figure 2.10eventl, Fc3 and Fcl have a curve morphology that changes RU more
than Fc4, which was not adjacent to Fc2 duriagnjection. Similarly, at other eveniisandlll ,
it is apparent that the Fc farther from whatever ones were being injected was not as impacted. This
phenomenon i-cvernd |l kat iceamrtyhe fl ow cell s and i
microfluidic cartridges not being physically separagdvalves on both sides, per the Biacore
3000 manual. In this instrument, long solution contact time may result in diffusion into adjacent
flow cells. This makes it inaccurate to assume that the aatu@liret of immobilized materials
exactly matched what was injected into any certain flow cell. The data uneZdL.0d shows a
lack of correlation between the maximum RU of different NPY concentration and aptamer
immobilization time. Although the MCidnly control flow cell shows reduced RU compared to
the aptamer ones, there were still appreciable NPY interactionsvAilcromolar concentrations
in Figure 2.1@., there is not a clear relationship.

The next set of experiments used a standardized injection scheme for the immobilization
of both aptamer and MCH. Only Fc3 and Fc4 were used, and each injection was the same amount
of time (5 hours). For 15 hours at 1 pL/min, 1 uM aptamer solution wasdlawene of the flow
cells, i.e. the active cell. To backfill the active cell and to create a separate control cell, 1 mM MCH
was flowed over both cells for five hours at 1 pL/min. NPY and BSA dilutions from 10 nM to 3
MM were made in PBS. The binding &tion results werkept consistent antieasured with a 180

second association injection at 30 pL/min. After an analyte injection, a 600 second dissociation
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phase with PBS, regeneration with 50 mM NaOH and 1 M NaCl, and baseline stabilization with
PBS were done before injecting the next concentration.

Figure2.11 shows the same procedure for NBjytamer (a) and historaptamer (b) in
buffer. Fc3, in red in both plots, appeared to have some-gaeny since the curves had drift larger
than what is caused by just the instrument or running buffer. Because dig¢haesalyte binding
to the control surface of MCH was likely larger than typical due to the presence of some carry
over aptamer

Although unwanted, the extra presence of aptamer and corresponding high RU values still
suggest that aptamer was successfully immobilized onto the SPR chip in theWoatein-situ
methodology. This investigation shows the possibility of monitoring the SAM during formation in
an indirect way without applying a bias potential or using other labels. The kinetic binding results
of these SPR experiments and more are reported in th8eetitn in discussion on binding theory

of the aptamer SAMs.
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histoneaptamer and MCH.
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2.3.7 Conclusion: Immobilization Theory

In order to begin tanderstand the role of the aptamers for thiEEsensor, it was pertinent
to confirm successful functionalization of the surface through physisorption of the thiolated
material. Scanning probe microscopy evaluated the topography and roughness of theswb ty
gold electrodes used thus far but was not useful for detecting the presence of aptamers. Goniometry
demonstrated differences in wettability of the surfaces after modification with aptamers, PEG, or
MCH. The electrochemical moments of the chemicalssed a decrease in contact angle, which
indicates that water was more attracted to the functionalized surfaces when compared to
electrochemically cleaned EGFET WE. Additionally, aptamer SAMs eBA&Nls were spacers
had different angles, suggesting thag thet effect of spacers affects the bulk attraction and
potentially how the aptamersé6é tertiary struct

XPS investigated the chemical identification of EGFET WEs with different SAMs. An in
depth study was conducted for the NBpMamer with some difficulty. The surface analysis failed
to characterize a depth within the SAM that was conducive to the techiitygiéargest signals
generated were from the presence of the PEG passivation layer. Tracking the changes for these
types of surfaces for elemental analysis, it was dotlvat the gold surface had lower detected
amounts of oxygen, nitrogen, and carbon andhbrface compared to surfaces with aptamer and
PEG. These differences, along with the C 1s peak morphology, confirmed the functionalization of
the surfaces with thiolated molecular satisembly.

Finally, preliminary SPR in a Biacore 3000 instrument was performed for the NPY
aptamer, historaptamer, and with spacer molecule MCH. It was found that for this instrument

model, it was impossible to generate different types of flow cell surfaces withintg.
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Regardless, aptam@unctionalized surfaces were generated in as few as 9 hours. The

standardization of X&our incubation times had caroyer present for either aptamer type.

2.4Label-Free Binding Theoryvia SPR

In this section, SPR is studied in more depth. This includes calculating the kinetic reaction
rate binding constants from the figeneration study for NPY, histones, and control molecules. A
secondgeneration of SPR data was collected on a Biacore E2®@re sophisticated and capable
type of GE Healthcareds SPR instrument suite.
this study includes a systematic comparison of MCH and PEG onseasiive RU binding and
the necessity of control surfacesuttderstand how much signal is representative of specific target
binding. A preliminary analysis of the morphological and response magnitude characteristics of

the SPR data was completed to determine the separability of histone ¥éstome inputs.

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

In addition toin-situ immobilization studies, SPR investigated how well immobilized
molecules can detect solutipmase analytes at precisely controlled flow rates. Since SPR is a
masssensitive and optical technique, it is not affected by the ionic composition of the running
buffer[129]. Thus, this approach uncouples the measured binding interaction from arydead
NSA that could arise from the applied electric field. Although the units between SPR and
potentiometry differ, we can relate the two towardsHEbiosensor performangé3], [130] From
the source publication of the aptamer sequence by Mendonsa et al., thegoddiér should bind

to NPY withKg= 0. 3 N[68].2 & M
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Figure2.12. Sensorgrams of NPéptamer and MCH surface exposed to NPY dilutions
BSA dilutions. On Fc3, the sensorgrams are shown for a) NPY and b) BSA. Max. RU
end of the association phase are plotted with the five concentrations with logarithmic teel
in ¢). Similarly, Fc4 was exposed to d) NPY, e) BSA, and max. RU values were plotted

Table2.4.Maximum RU values for NPY SPR firgieneration data.

Fc3: NPY Fc4: NPY Fc4: BSA Fc4: BSA
RU @ [3 pM] 263.1 260.3 129.6 95.9
Ko (M) 0.55 +0.58 0.48 % 0.46 N/A N/A
R? 0.414 0.787 0.179 0.554
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Figure 2.12 shows five injections of both NPY and BSA over the functionalized surface
with the MCHbased SAM and the curve morphology for the 180 second association injection.
The curves had the baseline response value before injection subtracted and all theezerfies w
to time = Os for the beginning of the injection. The maximum observed response at the end of the
sample injection was representative of the binding amount. The datauie Eifj2 arefrom the
same experiment with the immobilization plot in g 2.11a. Based on the morphological
similarities between Fc3 and Fc4 sensorgrams to both NPY and BSA, it was confirmed that
aptamer carriegver into the control flow cell, ruling out the likelihood that an MGkly surface
formed in Fc3.

Peak RU is plotted for NPY and BSA in kig 2.12c andFigure 2.12f on a semi
logarithmic scale for concentrations 0.05 uM to 3 uM. NPY showed a stronger response increase
with increasing concentration injections, whereas BSA showed lower correlation. When the NPY
curves were fit with a singlsite bindingmodel SigmaPlo}, the extractedquilibrium dissociation
constant, I value, was 0.36 uM, which is in agreement within the reporteddfue obtained
from SELEX experiments by Mendonsa eff@8]. BSA was used as the control orthogonal target
because of its large charge density and because of the abundance of human albumin that exists in
biofluid [43], [131] BSA is a globular protein with a molecular weight of approximately 66 kDa.

Its isoelectric point is lower than that of histones proteins at pt3.0,5making it have a negative
charge at the neutral pH buffer used in the SPR anditatiee potentiometric experiments. This
makes it a quality orthogonal target to test due to its relatively large mass and opposite charge
attraction to any exposed metal on the electrode or to the KU7 RNA agi8agr

Although there was weak concentration dependent correlation, the measured SPR response

to BSA injections was not negligible overall and corresponds to considerablspeaific
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adsorptionof BSA. We therefore hypothesize that MCH may also electrostatically attract certain
targets and limit the aptamers from specifically binding. Even with significant NSA from the
control protein, the Kvalue was within the kinetic range of the original work.

A larger range of concentration as tested on histqriemer surfaces with MCH. Fc3 and
Fc4 were immobilized according to kg 2.11h Like the experiment for NPY, the magnitudes
of RU for Fc3 and Fc4 were similar for both calf thymus histones (CTH) and for BSAr€Fig
2.13c and Figure 2.18fBoth Fc3 and Fc4 had significant binding to CTH with a better fit to the
logarithmic trendline, based on théWRilues. The BSA RU values for all concentrations were very
similar to each other and did not achieve Rillies as high as what were detected for CTable
2.5)

In summary, the firsgeneration SPR experiments showed the capabilities of both aptamer
sequences to specifically bind to their targets while implementing MCH as a backfilling spacer
molecule in the SAM. The next section incorporates some of the birtkogytand strategy as

the histoneaptamer is investigated further with new variables.
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Figure2.13.Sensorgrams of historaptamer and MCH surface exposed to CTH dilutions
BSA dilutions. On Fc3, the sensorgrams are shown for a) CTH and b) BSA. Max. RU
end of the association phase are plotted with the five concentrations with logarithrminédsel
in ¢). Similarly, Fc4 was exposed to d) CTH, e) BSA, and max. RU values were plotted

Table2.5.Maximum RU values for CTH SPR firgeneration data.

Fc3: CTH Fcd: CTH Fc3: BSA Fod: BSA
RU @ [10 uM 79, 10.4
U @ [10 uM] 1027 9795 310 322.4
Ko (M) 0.55 0.63 074074 N/A N/A
R? 0.7420 0.7519 0.1607 0.4442
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2.4.2 SecondGeneration SPR: Binding to HistoneAptamer with MCH co-SAM

To confirm the specificity of the aptamer surface and provide binding kinetics values, SPR
experiments were performed using Cairtd human histones, H3.2 and H4, as the target analytes,
and BSA as an orthogonal control protein in 10 mM HBS+ running buffer. The second
generation of histone SPR data was collected for a collaborative research effort towards deep
learning initiativesof potentiometric EAB sensors. SPR was used to create a robust data set that
could be used to train machine learning models on the sensitivity of aptamer platforms.

This set of experiments were performed at Duke University on a Biacore T200 with the
help of collaborators and multiple instrument technicians. With the transition to the new research
facility, the instrument proved to be more useful in collecting datéhercontrol surfaces, in
addition to testing BSA as a control analyte. The specific response of the apisimee
interaction was calculated by subtracting the response of the control surface (MCH only) from the
active surface (RNA and MCH). The RNA aptar was immobilizeth-situon a blank gold sensor
chip in a Biacore T200 instrument. 1 uM aptamer solution was flowed on the active channel for
15 hours at 1 pL/min. 1 mM MCH was flowed on the active channel and control channel for five
hours at 1 pL/min. Histone dilutions from 5.3IM to 200 uM were solubilized in HBEP+.
Dilutions of BSA were made with the same procedure. Binding was performed with a 180 second
association injection and 600 second dissociation phase at 30 uL/min. Regeneration wathdone w
a solution containing 50 mM NaOH and 1 M NacCl for 60 seconds at 30 uL/min with a 30 second
baseline stabilization before injection the following concentration.

MCH-backfilled sensors were tested first following thesitu immobilization protocol.
Figure2.14 shows transient sensorgrams for an active flow cellufei@.14 : AKU7 + MCHa

and a control flow cell (Figre2.14 AMCH Onl y o) .-SAWj thelsurfaca witiCH c o

60



KU7 present had higher RU values than the control surface of -BI@ly{ suggesting some
specific binding of the antiistone aptamer to CTH. CTH is a mix of the five major histone
proteins with a molecular weight of approximately 15 kDa. Because of itsopeteity, its
structure may not be in an ideal quaternary conformation when it approaches the aptamer

functionalized surface.
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Figure 2.14CTH sensorgrams for a) the active-88M backfilled with MCH, b) the contro!
surface of MCH only. ¢) Column chart showing the differential response betwee
aforementioned active and control surfaces.
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Next, human histone H4 was tested for the first round of SPR experiments. H4 shows more
binding to the KU7+MCH surface, but themasclear significant NSA of H4 to the MCHnly
surface(Figure 2.15b)At 200 nM H4, the calculated aptarmamnly responsé calculated as the
differential between the two flow cellsis less than 20% response of the total measured active
flow cel |l 6waurezlécs)ponTshei s( Fswggests that a major
binding result cannot be specifically attribdtto that of the historgpecific aptamer, thus making
MCH a poor choice for the spacer molecule in the aptasensor system. The differential charts for
H4 and for CTH were in a similar range of RU values; however, the active KU7+MCH channel

demonstrated much larger response than the active channel for CTH.
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Figure 2.15.H4 binding sensorgrams for a) the activeS®M backfilled with MCH, b) the
control surface of MCH only. c) Column chart showing the differential response betwe:

aforementioned active and control surfaces.
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Figure 216. BSA sensorgrams for a) the active-88M backfilled with MCH, b) the contro
surface of MCH only.

In addition to performing titration binding experiments with H4, BSA was also tested on
MCH co-SAMs and on MCHonly control flow cells. In Figre2.16, thebinding response of the
control MCHonly surface had higher RU values than the active surface with both KU7+MCH.
For both channels, the curve morphology had weak association phases and very low RU values.
The difference between the peak RU values for spording BSA concentrations was less than

five. Values were too low to use any fitting models to the obtained binding curves.

2.4.3 Identifying Baseline Wander and Separability

A preliminary analysis of the morphological and response magnitude characteristics of the
SPR data was completed to determine the separability of histone Msistmre inputs (i.e. BSA)
which demonstrated distinct responses between the control and aetiger chips, thus
illustrating the effectiveness of different ligand immobilization scheffleis data and paper were
presented at th& Solid-State Sensors, Actuators and Microsystems Workspgmsored by the
Transducer Research FoundatjtB3]. It was determined that there was baseline wander on the
SPR results. As shown in kige 2.17athe wander was uniform across the active and control cells,

indicating incomplete regeneration of the ligan binding sites on the flow cells. Future efforts will
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be made to optimize the regeneration conditions. As demonstrated in all the sensorgram plots, in
this study the baseline wander was subtracted from the data and zeroed the beginning of each cycle
to view only the differences in response magnitude.

There were two sets of tests performed to determine the separability of the histones. For
both tests, measurements were aggregated from all the concentrations 3.13 nM to 400 nM sampled
on the active and control channels. For the first set of tests, wehesethximum amplitude of
the waveform at the end of the association phase of the SPR experiment. For the second set of
tests, we used the value of the gradients of the SPR outputs at the beginning of the association
phase. We hypothesized that the corngtoface would have different absorption characteristics,

and the analytes would adhere at different rates even if they had similar response magnitudes.
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Figure 2.17. a) Graphs displaying baseline wander from cycle to cycle. The baseline
determined by the mean of the samples before the association phase begins on any giv
b) Histograms of the gradient magnitudes at the beginning of the association phase
demonstrated the distributions of the maximum gradient magnitude of the different chai
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While the responseds amplitude al one does
and test surface response to the analytes, the maximum magnitude of the gradients of the SPR
outputs allow us to differentiate the active channels from the control elsamith p <0.05 (Figre
2.170. However, theravasinsufficient data at théme to use the sammodelto differentiate
between analytes on the same cell to the same degree of certainty with the saris &sidy is
part of an ongoing mission to apptyachine learning to biosensing, which will be discussed in

more detail in Chapter 6.

2.4.4 SecondGeneration SPR: H4 Binding to Histoneaptamer with PEG coSAM

The presence of nespecific adsorption(NSA) motivated an investigation of spacer
moleculesFor bestcomparisonijn-situ functionalizationwas performed to inspect the behavior
of PEG as a spacer molecule (g 2.18). While the measured response of the active
AKU7+PEGO surface was similar in maximum resp
differential (i.e., active control) response was much larger when PEG was usear€Rd.8d).
For example, the differential response for the Ma$ed surfaces was 323.9 RU when exposed
to an H4 concentration of 200 nM. The differential response irPE@based surfaces when
exposed to 223 nM of H4, by comparison, was 913 RU, or almost three times larger. This was
because the PEGnly surface possessed significantly smaller-specific interactions with H4.
At 223 nM, the PE@nly surface had a RU oB8, which was much less than 200 nM H4 on the
MCH-only surface with 2126 RU. While both control surfaces demonstrated some NSA of
histones to noispecific electrostatically charged elements on the surface, the response was lower
when using the PE@nly cortrol surface. This motivates the use of PEG as a spacer molecule to

reduce unwanted interactions based on chid/@é.

66



Further SPR experiments were conducted to investigate major variables that may influence
immobilization and sensor performance when PEG was used as a spacer. For example, prior
reports of aptasensors have demonstrated thathe@4stabilization period iproves binding
performancg124]. Thus, SPR chips that were preparediniaituimmobilization were stored in
HBS-EP+ prior to testing. The response of both the KU7+PEG anddPl§Ghannels are shown
in Figure 218b, and it can be seen that the differential response was significantly smaller,
indicating no overall benefit when a stabilization step was introducedré218l).

A comparison ofn-situ vs. exsitu immobilization was also executed, since the latter is
more representative of the protocol used to prepare the WE in EGFET experiments. Between these
two experiments, the peak RU value at 10 pg(820 nM)was over twice as high for the-situ
prepared surfaces (2417.6 RU) than édesitu surfaces (765.4 RU). Calculating the signal that
can be attributed from the H4 proteins interaction with the aptamer was done by dividing the
differential by the measured KU7+PEG respoms a percentage. Tihesitu surfaces had 46.7%

of the response from the aptamer arditu was 65.8% at this concentration.

67



KU7+PEG in-situ, Ohr storage

2500
3 Bl KU7+PEG
52000 (- | PEG
[nd L
@ 1500 |
10 L
<
g 1000 -
%) -
& 500 |
0
7 14 28 56 111 223 445 890
H4 Concentration (nM
b)
2500 KU7+PEG in-situ, 24hr storage
L Bl KU7+PEG
E':i 2000 |- [HHW PEG
2 1500 |
%) L
c
S 1000
(7)) -
& 500 | - - -
0
7 14 28 56 111 223 445 890
C) H4 Concentration (nM)
1000 KU7+PEG ex-situ, Ohr storage
Bl KU7+PEG
=) Bl PEG
£ L
[¢}]
2 500 -
o
(o
[%]
q) -
4
0 |
7 14 28 56 111 223 445 890
d) - H4 Concentration (nM)
(KU7+PEG) - (PEG)
1500
()]
o [ in-situ, Ohr storage
- I [ in-situ, 24hr storage 1132.2 1128.6
o 1000 + [ ex-situ, Ohr storage
o L
[}
o 500
@ - 159.9
& |16 32 381 343 732 855 142.9

7 14 28 56 111 223 445 890
H4 Concentration (nM)

Figure 2.18. Column charts comparing the H4 concentratégpendent peak SPR response:
the active surface consisting of an aptamer+PEGSAM versus the control, PEGnly
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in-situimmobilization followed by 24hr storage prior to testing and c)giuimmobilization
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Designing a sensor to operate in whole blood in the future while mitigating NSA and
chargescreening effects requires strategic arrangement of aptamers on the surface to ensure they
achieve a sufficient conformation change during binding. Differences @mistry and
electrostatic attraction of either MCH or PEG spacer molecules affect the steric hinderance of the
aptamer and other intermolecular interactions, and thus impacts the measured sensor response of
co-SAMs [135]. MCH is a small alkanethiol with a polar hydroxyl head group and a molecular
weight of 134.237 Da. PEG has ether functional groups through the 2 kDa chain and a terminal
methyl group most exposed to the histones in solution. The adoption of PEG inliagtgoufaces
has been reported to prevent unwanted protein uptake due to its larger molecular weight creating
a hydration layef136], [137]

As mentioned, Urak et al.ds SPR measur emen
reverse system by using immobilized histones to detect aptamers in solution in order to corroborate
the results of the SELEX procefl]. In that case, aptamers exist with a quaternary folding
structure while suspended in the solution. This structure is not possible in the desired EGFET

sensor configuration due to one end being anchored to the gold with the thiol moiety. Nonetheless,

our PR experiments confirm that anchored aptamers still successfully bind to H4 proteins.
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2.4.5 SecondGeneration SPR: BSA and CTH Binding to HistoneAptamer with PEG co-

SAM

For PEG ceSAMs, all the conditions tested for H4 binding were also test&E#l and
CTH experiments. The PEG -@AMs used a titration series from 0.078 pug/mL to 10 pg/mL.
Similar BSA results were obtained for PE@sedn-situ prepared surfaces to thatiofsitu MCH
(Figure2.199. Peak RU values were never higher than 25 RUs for either an active or control
surface. There was significantly lower binding to BSA than to H4, thus proving the selectivity of
the functionalized electrodes.

In the SPR chips prepared with thesitu protocol and Ohr storage, the RU values were
very similar for the KU7+PEG chip and the PEG chip for B&#yure 2.19c)Some surfaces had
some negative RU values at low concentrations. This may be due to pressure differences when
injecting the BSA titration compared to the preceding buffer injection. Notably extsitu data,
the second A0 nMO injection was higher than
to, and similarly the two different 0.628M injections yielded different RUs on both surfaces.
Like with the H4 experiments, regeneration with weak acid was used in between BSA injections
with a stabilization period in buffer, which minimizes any analyte accumulation or@agryinto
later corcentration measurements. Overall, it can be assumed that very little binding to BSA
happened with either active or control surface, either MCH or PEG, and with any specific surface

preparation steps.
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The range of the RU values for the CTH binding responses were slightly lower than that
of H4 and markedly higher than that reported for B&#yure 2.20) Trending similarly with the
H4 responsean-situ preparation with Ohr storage had larger binding responses than 24hr storage.
Consistently, for both active and control surfaces, the ratio of the binding response of the active
KU7+PEG surface compared to the RB@y surface was close to that seentfee H4 binding.

Ex-situ had lower peak RU values thamt of thein-situ Ohr storage, but the PE@ly surface
had less NSA to the CTH when considered as a signal ratio. At 223 nM (10 pgksltyresults
showed an aptamer contribution of 60.5% comparéat-situ at 48.9%.

Repeated concentrations of 0 nM and 0.625 nM after the titration series show that the weak
acid regeneration solution used did not impact the surface, as similar RU values are recorded after
multiple injection cycles. Additionally, due to their similarityvalue, there is limited carrgver
cycleto-cycle and the aptamer is able to successfully bind to the target analyte for multiple

injections without degradation of the monolayer.

2.4.6 SecondGeneration SPR: Table ofKinetic Binding Constants for H4 and CTH

Tables with the kinetic binding constants for Bidd CTHwere populated. SPR showed
that both PEG and MCH exhibit some pgpecific interaction with H4, but the differential signal
(i.e., the difference between peak RU values in the active and control flow cells) was largest when
PEG was used. The kinetic asistion (k) and dissociation ¢x constants, as well as the
equilibrium dissociation constant gKare reported in Tabl2.6 for the binding for H4and Table
2.7 for CTH[138]. The original SPR experiments by Urak et al. reported an estimated dissociative
binding constant of K= 4.01 nM. Here, for th&-situ, Ohr storageKU7+PEG ceSAM, a 1:1

binding method resulted inK= 7.68 nM, which was near the SELEX results of the source
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publication[91]. The Ohr storage method also proved beneficial when compared to case where
24hr storage is used gk 9.49 nM). The experiment using MCH showed the highesiftc6.23

nM, thus further emphasizing its incompatibility within the dmstone aptamer eSAM. When
comparing the response to H4 obtained vitfsitu immobilization to the case whege¢situ
immobilization was used, it was found tleatsituimmobilization with Ohr storage had the lowest

calculated K value of 0.178 nM.

Table2.6. Comparison of binding kinetic values for varid#4 SPR experiments.

Analyte | Ligand | Experiment | 10* x ka(M-1s?) | 104 x kq (s?) | Ko (nM) | Source

In-situ, amine
KU7 H4 56.2 22.5 4.01 [91]
coupling

KU7 + In-situ, Ohr

H4 0.303 1.70 56.23 |[This work
MCH storage
KU7 + In-situ, Ohr
H4 2.2 1.69 7.68 |This work
PEG storage
KU7 + | In-situ, 24hr
H4 2.56 2.43 9.49 |This work
PEG storage
KU7 + Ex-situ, Ohr
H4 5.62 0.10 0.178 |This work
PEG storage

For all CTH SPR data, the calculated 1:1 binding models had poor fit to the measured

binding curves, due to the CTH analyte being a mixture of five different histone proteins. For
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accurate binding kinetics to be calculated, homogeneous solutions of analytes are necessary. The
reported kK values are approximate and represent the complex combinations of competitive
interactions of the protein mix with the KU7 surfaces. With the MCi$8Ms, there was a strong
correlation between increasing concentration and RU values within the testedt@timerange

of 1.35 to 173.2 nM. This was the inverse of the relationship reported for H4, and the MCH K
value of 0.408 was the lowest measunéall the CTH SPR experiments. MCH contributions to
possible norspecificadsorptionof CTH to the SAM is possible, as demonstrated in other work
[133]. Within the PEG ce65AM experiments, thexsituwith Ohr storage had the lowesp Kalue,

which is the same conclusion for the H4 analyte. CTH measured an appare@t30 nM.

Table 2.7 Comparison of binding kinetic values for varid¥H SPR experiments.

Analyte | Ligand | Experiment | 10* x ka(M-1s?) | 104 x ka (s?) | Ko (nM) | Source

In-situ, amine
KU7 CTH 16.2 9.15 5.6 [91]
coupling

KU7 + In-situ, Ohr

CTH 259 10.6 0.408 |This work
MCH storage
KU7 + In-situ, Ohr
CTH 9.73 3.91 4.01 |This work
PEG storage
KU7 + | In-situ, 24hr
CTH 6.32 3.46 5.47 |This work
PEG storage
KU7 + Ex-situ, Ohr
CTH 6.51 0976 1.50 |This work]
PEG storage
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2.4.7 Conclusion Binding Theory

Overall, the complete survey of SRperiments conducted in this work enabled binding
constants below the maximum pathophysiological range of H4 histones (200 pividhe ideal
spacer being PEG for overall better binding constdrtis confirmed that the preparation of the
WE functionalization when done outside of t
operational concentration range, thus enabling bémgEGFET measurements. Batlsitu and
exsitu protocols had some signal contribution from the PEG and confirmed that baseline

stabilization and calibration are necessary for accurate EGFET measurements.

2.5NPY Binding Theory with Redox Reporters

A major translation challenge of wearable biosensors is creating a reproducible signal with
low noise. In potentiometry, a typictidreeelectrode cell matches the measured and desired cell
voltages by driving current into the cell. Many electrochemical transduction methods are difficult
to adapt for continuous measurements and wearable sensors since they directly investigate the
Awetel ectrode setup. These shortcomings inclu
since it can be an extremely weak and ngiseceptible signal. Measurements at-fogquency
or current are difficult to reproduce at good quality.

A commonway to amplify the signal of B sensors is to include a redox reporter. Redox
reporters modify the rate of electron transfer to the gold electrode. This rate is affected by the
structural changes of the aptamer when it undesgmding[139]. There are two types of redox
reporters investigated in this chaptera methylenéblue (MB) label attached to the terminal end

of the aptamer an2) chemicals that create a reference signal present in the background electrolyte
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Using redox reporters may also have inherent issues, like disruption to the organization of
the aptamer monolayer and a limited electrochemical wifdd®]. Delayfree dataacquisition
with potentiostats may be limited by the voltage program or the electrochemical analyzer used, so
a wide potential window is also ideal. Adding a label to the aptamer may be feasible when creating
functional bicinterfaces, bu adding an additional chemical to the biofluid would be a
disadvantageous step for the user by increasing measurement time and complexity.

This section has different types of electrochemical transduction to validate the magnitude
and direction of the signal generated by the changes in structure for abhdJiR aptamer. With
a MB-terminus NP¥aptamer, SPR was just to determine the sensitfitiie modified aptamer.
Squarewave voltammetry (SWV) was used to determine the expected trend in-clegrgredent
signal changes. Lastly, as part afi accompanyingreport on a different electrode type,
electrochemical impedance spectroscopy (EIS) watassium ferrocyanide was used for NPY
detection. All of this work in combination further validates the ability of the tetheredN&i
aptamer to sense NPY in solution, as necessary preliminary work before testing the ability of the

EGFET EAB sensor.

2.5.1 Third -Generation SPR: NPY Bindingto MB -Modified Aptamer

Methylthioninium chloride, or methylene blue (MB), is a standardasadt colorantised
as a redox indicator for a variety of purposes. When combined with aptamers, they will appear
blue when the aptamers are in their oxidized state in the disulfide form. After chemical reduction,
the solution will be colorled441]. SPR was the first technique to use redox reporters in this study.
Since SPR is optically sensitive, this experiment was done to determine the ability of NPY to bind

to the aptamers withthe MBr o b e at t aenththatis furthesttinto ¢he Buldeetrolyte.
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NPY concentrationgeretestedn a range fron0.0L ¢ Mo5 . 0 Oon suklaces with the
NPY aptamer and PEG. Dilutions were made in thlecsion bufferfrom the source SELEX
publication[68]. The selection buffer we20 mM HEPES and 10 mM NacCl at pH 7.3 pH adjusted
withNaOH fi | t er ed t hr ough a.InGhe Bionavid instranmebt usedferthis i | t e |
generation of SPR datangle concentrationweretested per channekith two channelper SPR
chip. NPY dilutionswere tested witlthe highest and lowest concentratieamghefirst SPRchip,
and then the secordhip had the second highest and second lovaest,so onNo regeneration
was used.

The data from the MBiptamer experiment was plotted against data from a previous section
without the MBmaodification in Figure 2.21The 1:1 fitting model calculated a kinetic binding
value of Ko = 177nM. This value is within the range of the original SELEX experiment and lower
than what was measured without the MB or MCHSZM (Kp = 550 nM). These experiments
cannot be directly compared across all variables, but it is assumed that the MB redox probe did

not prevent the uptake of NPY by the immobilizethaper.
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Figure 2.21Plotof RU for a) MB-aptamer binding to NPY and b) data from Figure 2.12
showing Fc3 binding to NPY fit with a logarithmic trendline €R0.6158).

2.5.2 SquareWaveVoltammetry for Structure Switching Analysis of NPY-Aptamer

Voltametric interrogation of AB is a powerful category of analytical techniques that can
be used to analyze the dynamic charge arrangements of aptamers. Of interest SWV has been used
to track conformational changes in aptamers by a redox mediator.€thueificy and timescale
dependence of SWV makes it suitable for fast analysis of electrochemical monitoring. These
frequencies also reduces the likelihood of background noise froffaramhaic current processes
[142].

The actionable results from SWV include the signal change magnitude as well as the signal
polarity. In surfaceconfined reactions, this type of structure switching can be examined by how
the MB-probe either increases or suppresses the electron transteriaes&WYV experiments
wereper f or med for two main reasons. F i cursent, t he
(A) gives insight how the conformational change in the aptamer should impact the electron transfer

as Awingn aolr -o fi bebayidr[@d43]. Second, this was an additional electrochemical
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technique to corroborate the investigation of MCH vs. PEG as appropriate spacers. This system
uses the same DNA aptamer sequence with a methylene blue modification®rdthee nd as SP
Further studies on SWV for NPY detecting including sensor stabiiiguency optimization, and

SWV capabilities in wearable hardware systems at NC State University can be found in the
masterod6s thesis of a coll aborat ¢4 Gr ace Madd

SWV experiment was performed from 0 nM to 200 nM NPY in HEPES biféen -0.4
V to 0.1 Vat 50 Hz frequency, and multiple pulse sizes. The data shown here were plotted at 0.15
mV step sizeThis was done on a Metrohm Potentiostat with Metratmmpatiblescreenprinted
gol d el ectrodes. T hoarrerd of ftheE eoncentrationaseriescapamst Q M i n |
HEPES buffesvascompared for the two electrodeme with PEG and one with MCH as a spacer.

Both electrodes had changes in peak differential current due to the binding of NPY. This
change manifested as a signal suppression and reduced the current. This suggests that the NPY
causes a change i n the apt ame rBrddaxlregarter furtherhat e
from the el ectrodefofsd s wmadsarcwth woth tha MCH &ansl theggRES |
COo-SAM.

The peak U0 current was plotted two ways. Fi
baseline, 0 nM NPY (Figre2.2). The scaleof the FV plots of Figure2.22a and Figre2.22b
are different andvereeasily distinguished in the differential plot of Big 2.2Z. The PEG co
SAM had a | arger &l c uSAMeaswvellas alarg@hsensitiviyrflt he MC
HA/decade concentration change compare® 021 pA/dec with MCH. However, when plotted
as %signal gain, the sensitivities of thtwo electrodes are comparable.Q58 + 0.007 pA/dec),

withthe PEGces AM st i | | exhibiting lue22@per di fferenti.
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The aptamemvas still able to undergo conformational changes when increasing NPY

concentrations are introducedth a MB-probe. SWV showed that the MB redox probe was denied

access

to the

el

ectrodeos

sur face

t hrough

for

binding complex forced new steric hindrances that resist the transfer of the MB and othengnsulat

effects at the electrode interface of the SfM5].

into the expected potentiometric response of EGFET NPY sensing.
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2.5.3 Electrochemical Impedance Spectroscopfor NPY Detection with Ferrocyanide

This section details work that was published in a 2021 conference proceedEgEof
Sensorswith collaborators Grace Maddocks and Kaila Petefg6h The work here investigated
flexible polyimide electrodes for aptarAeased sensing of NPY using EIS. The EIS experiments
were started with a background redox agent, in potassium ferrocyaniflee(®N)]
IK4[Fe(CN)], in a KCI electrolyte. The microneedles electrodes were designed to be used for
minimally invasive longitudinal patient monitoring in wearable deployment. This technology is
related to commercial examples with microneedle technology such as continumosegl
monitors. Microneedles measurggpeoximately 25 mm in length and slightly larger or slightly
smaller than 1 mm in electrode tip width. Large electrodes were used for CV and small electrodes
were used with EIS.

Microneedles were fabricated at the CHANL cleanroom at UNC with the major process
steps listed here. A carrier layer of polydimethylsiloxane (PDMS) was deposited onto a clean soda
lime glass 100 mm wafer. A 50 um thick layer of polyimide film was thenegglanto the PDMS
layer. Cr adhesion and Au layers were deposited by DC Sputtering for a 20 nanometer and 300
nanometer thick layer, respectively. Traces, pads, and electrodes were patterned by
photolithography. After being cleaned, a wh layer of parylenevas coated onto the wafer by
thermal deposition. The parylene was patterned and etched by DRIE to expose the desired contact
pads and electrode&g/AgCl paste wasured on the RE pad.

Initial characterization of electrodes was completed via cyclic voltammetry (CV)
conducted before and after formation of an aptamer and ¢@E&3AM on the gold electrodes
(Figure 2.23c). Tie peak shape of the voltammogram for the bare gold elecpdesentethe

expected response of the reversible redox couple, [Fe(€R)6Ferrocyanide/ferricyanide
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complexes are a standard electrochemical method to analyze differences in electron transfer of
surfaces with oligonucleotides through techniques such as CV or electrochemical impedance
spectroscopyl46], [136] For the functionalized electrodes, the cyclic voltammogram staw
reduced current and broadening of the redox peaks, indicative of a dinféicey effect on the

charge transfer between the redox agent in the electrolyte and el€didddeThese results
pointedto the successful functionalization of the histdireding aptamer and PEG, supporting the
interpretation that surface functionalization impacts the electrochemical reactioifhateed

curve shows results in PBS, whichdsignificantly reduced magnitudes in the absence of a redox
couple.

As expected, higher scan rates resulted in higher measured current magnitudes. Initial CV
results were bolstered by the linear relationships determined between peak redox currents and
square root of scan rate, which indicate both reversibility of redokioaa and a clear dependence
of electrochemical reaction rates on surface characteristics. The last significant result was the
determination of anodic and cathodic peak voltages, which are used to inform ideal EIS testing
parameters for later experimenis.particular, the DC offset voltage value was set equal to the
value of the CV oxidation peak, seen here as +0.1 V for electrodes in PBS and +0.26 V in redox
solution, effectively shifting the electrochemical test cell from its open circuit potergialactive
oxidation region to ensure charge transfer and thus depictive and concefttegimaent EIS
results.

After initial CV results indicated successful monolayer formation and analyte binding, EIS
was utilized to transduce concentration dependent sensor results. Initial concentrations ranged
from 12 to 200nM and different frequencies were analyzed to shoverwaton dependence

across a wide range. The difference in EIS response between an apitactienalized surface
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and a PE®nly control surface across the 12 to 200nM range is shown ime2g23d. The EIS
parameter consisting of the imaginary impedance scaled by frequency, has been previously
established in literature to correlate to capacitance at the sensor surface, varying directly with target
concentratiori78]. When EIS was conducted in potassium ferrocyanide, the electrode surface with
aptamer indicatka clear concentration dependence while the reference sgmepared only with

the PEG blocking agenmeasuredh comparably minimal response, suggesting low amounts of
NSA.

To explore the viability of our aptasensor in more biologically relevant environments,
further EIS was conducted in PBS, whidid not contain the redox couple seen in previous test
setups, across a range featuring lower analyte concentrations. Normalized resuéid &how
significant response between 400pM and 12nM, with possible sensor saturation at higher
concentrationsThis was promising for labdiee detection in the transition from buffer to more

complex media.
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Figure2.23.a) Image of large microneedle fabricated on polyimide substrate and demons
of flexibility. b) Large and small microneedles with scale and labeled contacts for WE, RI
CE. c) CV curves at different scan rates for different electrode surfaces ahfferent
electrolyte solutions. d) EIS curves of impedance parameter versus NPY concentre
different frequences for active and control SAMs. e) Normalized EIS curves in PBS at
concentration range.
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2.5.4 Conclusion NPY Binding Theory with Redox Mediators

Secondary techniques to potentiometry such as these that use a redox agaoivitsp
insight into the aptamer folding and how spacewpstribute important stabilization between
neighboring chains to allow charge transfer to the sensor. PEBANRIs were investigated in all
three techniques, where SWV also considered MCH as a blocking 8Béhand SWV were both
capable of NPY detection withaMBr obe modi fi ed on the 36 end
was structurally able to withstand and disruptioth® ceSAM arrangement brought on by the
additional probe. SWV further investigated the mechanism of the aptamer binding and gave insight
to the net charge interaction. The MB probe was repelled further from the surface when the
electrode experienced bimgdj to NPY. This suggests that this aptamer demonstrates-signal
behavior and that this technique has signal suppression with increased NPY concentrations. MCH
and PEG ce&5AMs both exhibited aptamer sensor sensitivity to NPY, with PEG having the larger
differentialt  c u.r r ent

With the microneedle form factor, impedance characteristics of the functionalized BRE
molecules were leveraged for NPY detection with BSnore significant differential response
was captured at concentrations below 12 nM. Further exploration of sensor response in lower

concentration ranges will be relevant as progress is made towards subcutaneaunshishgds.
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2.6 Surface Density ofBinding Sites

The final results section of this chapter involves work on calculating the surface density of
sites of the aptamer by further redameliorated experiments. With the lack of detghtial
provided from the AFM measurements, the hydrodynamic radius of the aptamers and theoretical
spacebetweenaptamerchain lengts needs to be studied through alectrochemicatype of
technique. The limitations of scanning probe microscopy can be overcome through an
electrochemical analysis technique called chronocoulgm{&€). Probing the electrochemical
characteristics of the aptamer SAM was done thrdd@hThis was accomplished through the
compaison of aptamersequences with a new redox mediatexdammineruthenium(iii) RuHex
3+ with different spacers and different immobilization timesEstimating the number of aptamers
in a specific area is one parameter that can be fed into the development of potentiometric
experiments.

A new strategy to overcome NSA and Debye length screening is considered in this study,
and that is to vary the molecular weight (MW) and chain size of the PEG spacer molecule. PEG
ranging from 500 Da to 10 kDa have been show to emh&@FET sensing signals by
electrostatically modulating the electric double lafgDL) [131]. The saméradeoffs discussed
previously may be amplified, that larger MW PEG maywat@ptamer conformational switching
by lower MW PEG may increase the risk of NEIA7]. Thegoal of this study is to compare the

surface density of the material by how well they limit the redox reactions of RuHex.
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2.6.1 Chronocoulometry for Selection of Optimal Spacer for Histone Detection

Methodology

CC has been used in literature for a variety of oligonucleotide anagpisciallywith the
use of RuHex. The variety of literature opened a wide range of possibilities about what type of
information could be gained with this study. Different immobilization tiniEs9], [148]
immobilization @ncentration$149], and optimization of probe packing with thiolated molecules
[150], [151]have all been studied faucleic acidquantification on goldDifferent potential steps
have an effect on the diffusiarontrolled electrochemical reactions between the interface of the
electrode and thelectroactivespecies (i.e. RuHex). At the rapicthescales of the CC experiments,
the reduction of the species will partially exist in a riagssfer limited regime that can give
insight to the different sources of charge capacitance in the cell.

With the histone aptamer system, it was anticipated that NSA would be more of a challenge
for this system than for the NPY aptamer due to the dense positive charges of histones, coupled
with the weakened robustness of the structural sequence of the RiAeapT o best prepare for
EGFET platform measurements, the CC study for surface density was designed to compare a

variety of surfacereparationshat may perform best in complex media (Table 2.8).
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Table2.8.First cesign of experiments for surface density of hist8Aés andindividual

spacers.
Histone-Aptamer SAMs Spacers
Exp. # Surface Exp. # Surface
1 Histoneaptamer
2 Histoneaptamer + PEG2 kDa) 6 PEG (2 kDa)
3 Histoneaptamer #MCH 7 MCH
4 Histoneaptamer + PEG00 Da) 8 PEG (500 Da)
5 Histoneaptamer + PEGL0 kDa) 9 PEG (10 kDa)

Methodologywasselected from literature based on known redox mediators and their use
for tracking changes in aptamer SAMs. CC was performed in 10 mM Tris buffer
(tris(hydroxymethyl)aminomethageat pH 7.0 with and without 0.5 mM RuHe% 500ms pulse
was used for a 0.5 V pulse width (100 mV-490 mV). These values were determined on the
electrochemical potential window of RuHex, which is reduced (i.e. oxidation of gold) at +100 mV
and oxidized (i.e. reduction of gold) a#00 mV vs. Ag/AgCI[148]. Linear fitting in Gamry
EChem Analyst was done for the Anson ploisdata withinthe time response (tau tyrof t*2 =
0.4 to 0.7 (¥?). Tris buffer was allowed to equilibrate for five minutes before testhigiests
were done in the Micrux microfluidic platform with EGFET WE, Ag/AgCl RE, and a platinum
wire counter electrode.

In these experiments, capacitance data were calculated using the Cottrell current equations

as well as for subsequent manipulations for base pair and RuHex interfti®hd he Cottrell

89



equation tracks changes in current with respect to time, as a function of applied potential steps.
Capacitivecharge is calculated by the integration of the Cottrell current. There are several key

variables within equation (2.1).

v —0 v v (2.1)

0 (C)is the capacitandeom the Cottrell current is the number of electrons transferred in the
reaction;Oi s Far adayo6s c o &thsthe areaobtide&IBetradd, (mo/k)) |
is the diffusion coefficient) (mol/cn?) is the concentratior (s) is the time constarli,  (C)
is the capacitance from the EDL, aind (C) represents the charge from the adsorbed RuHex.
In these experiments with RuHex= 1 (RuHexX"Y RuHex").
Equation 2.1 is key in interpreting the Anson plot, which are the resulting curves from the

CC experiments. The curves there can be fit with the stipecept form of a straight line)

& ® @), and were done so far T to O . From the slope, it is possible to

calculate th&, O, 0, or0 , so long as the other three variables are estimatedhis

experiment, the known variables were assumad ap andd T & 0.0 can range from

8.5x 10 %0 5.0 x 160 1 ¥ ' !depending on temperatuEs3]. 0 is the electrochemically active
surface area, or effective area, which is the surface area experiencing the electron exchange with
the RuHeX154]. The geometric area of the electrode exposed to solution was maintained at 0.2
cn? by the microfluidic batch celEffective areas of electrodes can be calculated through other
techniques like CV by interpolating the area under the curves when measuring with RuHex and

can also be used to calculate a Aroughnesso f
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Experiments such as this would complement previous AFM work and the calculation of aptamer

surface density but were not necessary for th
The more valuable data terms of the adsorbed electrochemically active speciees

from the differences in theiptercept offset between the curve measured with the redox agent

and the curve measured in just buffEmesedata represerthe adsorption interaction of RuHex

with the aptamer phosphate backbone at the reduction peak potential.

H-Apt + PEG (2 kDa)

2.E-05
1.E-05
[ RuHex
1.E-05 |
1 E-05 No RuHex
o 8.E-06 F Trendline 1 -
[ RuHex
6.E-06 | Trendline 2 -
- No RuHex
4.E-06 }
Qads
2.E-06
: tQEDL
0.E+00
0 0.2 0.4 0.6 0.8

{112 (s112)

Figure 2.24. Forward charge Anson plot of Electrode #2:apt + PEG (2 kDa). Linea
trendlines based on where the curves plateau are inchsdddshed line®aqds and QepL are
indicated by the intercept offset.
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As expected, the difference between the measurements with and without RuHex in the
example Electrode #2 results (Figure 2.24) was clear in all electrodes tested) Ahe
intercept value of the curve with RuHex represents the sum of the charge of the electrode
interface and the charge of any adsorbed reactant species. Measuring the CC curves without
RuHex represents  because there is no adsorbed redox species. Thus, applying the linear
trendline and calculating the offset between thietgrcept values leads to the charge of RuHex
interacting with the SAMO . This offset is denoted by arrows in Figure 2.24.

With 0, we can perform another equation to convert charge to the molar concentration
of RuHex. Equation (2.2) expands the second contribulion, to its variables, where

o (mol/cn?) represents the surface density of redox material.

0 £ 0D (2.2)

Finally, to connect the surface density of Ruliexhe surface density of aptamer chains,

Equation (2.3) converts to  (chains/cr), the surface density RNA chains.

®  » Yy O (2.3)

Qis equal to the charge exchange of the redox molecule with the apdaiméhe number of base
pairs in the nucleotide sequence, &ad s Avogadr o0ds nu rrudts/mo)m. 02214
these experiments= 3[155] anda = 51 base pairs, per the KU7 sequejedg.

RuHex has been studied to show its binding specifically to the base pair sequences of

nucleotides. It is not totally understood how it may interact with surfaces of just spacer
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molecules that have polar sites in their chains as well. Because of th@,aheNere held
constant through the calculations in order to compare the results. Compasamstéad of

@ would have yielded the same correlations.

2.6.2 Quantification of Histone-Aptamer with Individual Spacer Molecules Results

With the methodology and equations defined, cleaned EGFET WESs were prepared with
standard overnight 1 uM historatamer and then 1 mM of either MCH or PEG (2 kDa, 500 Da,
10 kDa). The results of thgna or T n A salculations for Experiments #49 are presented in
Figure 2.25.

Experiment #1 was a surface with just the histapgamer to first define the baseline
surface coverage of aptamer. Th@a value was 4.4%10'? molecules or chains per énTo
convert this value to the lateral distanden@) between aptamer binding sites, Equation (2.4)

converts the surface density to fim find the 2D space occupied by a single aptamer chain.

Q S (2.4)

For the histon@ptamer only surfacelrna= 4.72 nm. The average distance between the
base pairs (bps) of nucleic acid strands is approximatelk 88]. The histoneaptamer
sequence at 51 bps long would be approximatelyX, %8 17 nm, if it were totally elongated. In
Chapter 1, the native folding prediction of
modeled (Figure 1.6). The expected folding, anchoring of one prime end to the surface, and

neighboring chains are akasons that thdrnawas less than 17 nm.
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The addition of spacer molecules into theS®M increased the RuHe®a4scharge, and
thus thelirna Values (Figure 2.25a). The four-8AM surfaces averagéikna = 6.36 + 0.3x10'?
molecules/cri All MW PEG molecules performed similarly. This was also the case when the
spacer molecules were tested by themselves. In Figure 2.2%13,lhevalues were all in
between that of just the histeaptamer and of their respective 84 M.

The most notable observation was the interaction of MCH and RuHex. In-B&NMp
there was more adsorbed RuHex than just the aptamer alone (Figure 2.25a). When MCH was
tested by itself, there was a large reduction in the interactions of RuHex and tiozlelec
interface afis rao = 6.46x10% (Figure 2.25b). The differentials between the two types of
surfaces are plotted in Figure 2.26. There, it was clear that the electrochemical structure of MCH

did not participate in any reduction reactions of RuHekkearthe PEG chains.
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Figure2.26.Column charts of differential surface density of different spacers in use wi
the histoneaptamer.
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Previous surface chemistry experiments have suggested that MCH blocking does not do an
adequate job at supporting the aptamer in a way that is most conducive of analyte binding. This
finding illuminated a new possibility that the coverage of exposed dgeltrede and net
electrostatic passivation of the surface may be improved with MCH. Like shown in SPR, if MCH
and PEG both are subject to similar levels of NSA due to physical adsorption to the monolayer,
then perhaps there could be an advantage to corttigrgassivation of MCH with the structural

support of PEG (2k Da). This hypothesis promptedsthdy in thefollowing Section.

2.6.3 Cooperative Use of MCH and PEG (2 kDa) to Support Histonédptamer

A new design of experiments was established to examine whether MCH and PEG could
be used in a thremolecule ceSAM with aptamer (Table 2.9). Experiment #10 and Experiment
#11 were 1hr cammobilized strategies, meaning that both MCH and PEG were in the
immobilization solution at the same time. The first was set to 0.5 mM of each chemical to
maintain approximately the same molarity as exposure to one type of chemical at 1mM.
Mechanisms of simultaneous competitive sel§embled alkanethiols are not wellidedl, and
techniques like XPS could give insight to what molecule has stronger affinity to the surface and
binding site probability156]. With that in mind, the second experiment was set to 0.25 mM of
each chemical so to slightly dilute the concentration of available molecules. 0.5 mM of each
chemical werentroduced separately for 1hr in Experiments #12 and #13 in the order defined in

Table 2.9.
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Table2.9. Second dsign of experiments for surface density of hist8Aé/s andmixed

MCH and PEG (2 kDa)

Mixed SAMs Histone-Aptamer + Mixed SAMs
Exp. # Surface Exp. # Surface
10 Co-immohlized at0.5 mM 14 H-apt. + co-immaob. at0.5 mM
11 Co-immobilized at0.25 mM 15 H-ap. + co-immob. at0.5 mM, H4

12 0.5 mM MCH then 0.5 mM PEG

13 0.5 mM PEG then 0.5 mM MCH

Cooperative Spacers Only
8.E+12

7E+12 |
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5E+12 |

4E+12 |
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3.E+12 | mM

rna (Chains/cm?)

r

2E+12 |
PEG then MCH
MCH then PEG

1.E+12 Co-immob. 0.5

mM

0.E+00
Surfaces

Figure2.27.Column charts ofurface density of different mixing strategies for MCH and P
spacers.
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The column charts of the calculatégras Values for Experiments #1108 were plotted in
Figure 2.27. The canmobilization method at 0.5 mM had the lowest surface densitynat=
1.09x10" chains/cm. With equal presence of PEG and MCH, this surface was selected to
attempt histoneptamer ceSAM and EGFET sensing. All four of the mixed surfaces did not
have surface density values near that of RIa(y surfaces found in Figure 2.25. Like
mentioned, thstructure and sheterm organization of these surés could be investigated
more thoroughly in expanded studies. Figure 2.28 shows the results of including the histone
aptamer on the surface. Before analyte testing the surface density valliguwas.83x10%
and thedrna= 4.14 nm, and slightly reduced after exposure to 100 nM H4. After analyte binding

occurred, RuHex redox sites previously available were then occupied.
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Figure2.28.Column charts of surface densityafimmobilized 0.5 mM method with histon
aptamer, and with histone aptamer after exposure to H4 in buffer solution with back¢
BSA.
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2.6.4 Conclusion Surface Density of Sites

The data collected in CC were insightful to provide a closer electrochemical viewpoint of
the electron transfer reactions at the surface. RuHex as a model redox enhancement proved
useful because of its established record of publisha8 Eensing system&at were used to
create this new methodology.

These parameters all connect in achieving the ideal conformation of the aptamer
histones to bindb themin solutionand modulate surface chargéhke first experiment quantified
the number of histonaptamer chains on the surface and the approximate size of the hydration
radius. It also presented a new finding on the electrochemical difference between MCH and PEG
passivation. PEG interacted with tReiHex reactants and had an increase intevalues for
all three MW PEG chains compared to the mstaptamer. MCH exhibited the inverse and saw
total Qads reduction. Through the analysis of the control surfaces of individual spacers only, and
the combinations with the histomag@tamer, it was clear that the benefits of both MCH and PEG
molecules could be leveraged for an ideal thnedecule ceSAM. The inceased surface coverage
of MCH and the spatial support properties of PEG may best support the aptamer when sensing is
performed in complex media. This was confirmed in the second set of experimearis,ande
immobilization method of equal 0.5 mM concentrations of MCH and PEG (2 kDa) maintained low
Qads representing good gold passivation. When tested with the hisfmamer  were similar
to the surface of aptamer + PEG (2 kDa), suggesting good spatial support.

Going forward, any reference to PEG is the 2 kDa MW chain. After EGFET performance
is established by the aptamer system in buffer, if NSA complications arise in complex media, the

co-immobilized mixed MCH and PEG spacer strategy will be used.
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2.7 Conclusion

E-AB sensors are reliant on the successful immobilization of probes on the surface so that
they may bind to the targets that have diffused to the sensor surface. Investigating the quality of
immobilization can be difficult on a scale that considers thevimhagal aptamer chains and
immediate surrounding charges. Useful techniques that were implemented in this chapter include
goniometry and SPR, which can show clear differences in measured signals between surfaces with
and without aptamefunctionalization. SPR was used to characterize the electrode
functionalization process and examine the specific responses to NPY, CTH, and H4. Through SPR,
we show statistically significant differentiation of the responses between different
functionalization processes with< 0.05 on the active and control flow cells and achieve kinetic
binding constants within the expected range from the original SELEX work.

The interactions between the solutions and the $SAIMaces suggest net interactions, like
hydrophobicity and adsorbed total mass of the surface, without the knowledge of what chemical
elements are present or how molecules are arranged. Surface anetysguis such as XPS can
provide quantitation of the elemental chemistry and atomic composition of the IBpMvided
someinformation on the arrangement or orientatafmrmolecules based on the intensity of what
type of bond signature was present indpgaksFuture studies with XPS could attempt to better
detect the N 1s signahd film thicknesdy angle resolved measurements to match the expected
30° tilt angle of the thiolated SANIL57].

AFM provedto be a difficult alternative to gauge the structure in more depth that nanoscale
roughness differences due to the likelihood of charges interacting with the AFM tip and dynamic
probes rearranging during the scaRise roughness of the gold surface is an important metric to

track when adapting new pteeatment methods, such as mechanical polishing, to track the
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effective electrochemical area of the electrode. In future work, new surface preparation should be
incorporated into roughness studies in combination with SAM formation and sensor performance.

Combining methods of electrochemistry techniques and fundamental equations to describe
the reactions at the electrode boundary offer an alternative approach to the technigques above that
complement the main body of this wolBWYV and EIS CC provided insight on the structure
switching of the NPYaptamers during the interaction with a redox agent. CC laid the foundation
on the electrical differences between MCH and PEG and that leveraging the key features of both
may provide a dation with histoneaptamer sesing in complex mediaVith CC, this work could
be improved by analyzing additional CV curves to calculate the effective area to quantify the
roughness between geometric area, variation from prepared stfswwdace, and connect to
other electrode prereatments.

In the next Chaptersye aim to improve sensitivity and the current limits of deteatiith
reproducible potentiometric measurements. For both aptamer:analyte systems, the EGFET
platform will focus on continuing to generate more data and performing tests in more complex
media with other competitive binding. Achieving these aims will be met byuriegcomparable
LOD values with existing literature, understanding the binding capabilities of the system in other
sensing modalities and comparing to the EGFESponse, and showing selective work that proves

the sensor is more sensitive to an analyte of through systematic comparison
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CHAPTER 3

Impact of PEG vs. MCH Spacer Molecules ofPotentiometric Sensitivity

3.1Background and Motivation

The primary performance of the functional SAMs is assessed through potentiometry.
Before the incorporation of MOSFET technology, the aptamadified electrodes were tested in
a linear, onechannel potentiometric setup using a custom GUI and benchtop pop@res. In a
commercial electrode microfluidic housing platform with associated electrodes, this platform was
designed to check whether the analyte:aptamer binding complex has a perceivable change to the
net electrostatic charges to modify the surfactemtial of the electrode and thus the sensing
circuit.

The important role of MCH and PEG molecules in the sensor design is a major design
variable investigated in this chapter. The objectives of these studies were to characterize the
behavior of gold electrodes functionalized with different aptamers and spandrsubsequently

weigh their suitability for potentiometric detection.

3.2Materials and Methodology

For NPY sensing, the NRaptamer, NPY, cortisol, MCH and PEG were all the same item
as in Chapter 2. For histone sensing, the hisggamer and CTH were also the same. Chemicals
MCH, PEG, TCEP, and all buffers were the same as in Chapter 2.

The microfluidic platform from Micrux Technologies wassed in conjunction with the

flow cell addition. Thin-film gold single electrodes (ED-SE1Au) were also purchased from
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Micrux [Gijon, Spain]. For the sensing in Chapter 3, a Ag/AgCltgjpe RE was purchased from
Microelectrodes, INCMI-409[Bedford, NH].

Potentiometric tests were performed with a Keysight B2901A Series Precision
Source/Measure Unit and controlled with a custom LabVIEW interface. The open circuit potential,
indicated as W in Figure 3.1, was measured at tNe¢E with respect to th&®E. Flow rates were
controlled with a syringe pump system. Before testing, new tubing was connected to the
microfluidic system, the reference electrode, and the syringe pump. The system was cleaned with
detergent, IPA, and DI water. PEf®r NPY) or HBSEP+ (for hstones)was flown through the
system at 0.5 mL/min, then flow was stopped so the buffer could interact with the electrodes for
10 minutes. After this time, the voltage was recorded for six minutes prior to injecting the next
solution. The first 10 minutes wereémided to stabilize the voltage reading and the last six minutes
were recorded and averaged for every concentration. This resolution is plotted as one standard
deviation in the error bars in the potentiometric results. This was done continuouslipivest
to highest concentration in a tvfold dilution series of NPY (195 pM2.5 nM)or CTH (1.56 nM
to 1000 nM.

The SAM was formed overnight under ambient conditions following the previously
describednethodin Chapter 1 (Figure 1.3peparately, MCH or PEG spacer molecules wefe co

immobilized in the monolayer to aid in the dispersion and support of the aptamer molecules.

3.3Performance of anAptamer-BasedHistone Potentiometric Sensor

This section presents findings on the development of an electrochemical histone sensor

using gold electrodes functionalized with a histgpecific RNA aptamer sequence.
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Electrochemical detection of calf thymus histone is subsequently demonstrated, whereby the
importance of the spacer molecule was also studied.

One of hi stonesd main functions is to pr
condensing and packaging DNA to form chromatin. The five main proteins form a dense, positivity
charged octamer unit that electrostatically attracts the negatively chaagedoairs of single
stranded DNA. The DNA wind itself around the histones in a fashion that is often compared to
how a thread wraps around a spool. Examples of extracellular histone sensors are limited, but
several groups have published methods to detectrenitor histone acetylation: a process which
affects gene regulation while histones are still within the nucleodd®s®@]. An aptamer
functionalized FETs and quartz crystal microbalance (QCM) sensor was shown to detect 100 nM

of intact H4 with approib9mat ely &5 mV potent.

Analyte

Figure 3.1 Schematic opotentiometric test bench. The functionalized surface is highlig
here to show the SAM before and after binding events.
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