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Abstract
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Department of Materials Science and Engineering

A key challenge in designing biosensors is achieving high detection sensitivity without
compromising target specificity. Field-effect transistors based on 2D solids offer enhanced sensitivity due
to their atomically thin characteristics. Still, such biosensors must possess several critical attributes to
detect ultra-low target concentrations within a bodily fluid: 1) Probes must be securely immobilized onto
the 2D-layer substrate; 2) Optimal molecular packing of the probe must be controlled for efficient target
capture; 3) Non-specific adsorption of off-target molecules must be prevented; and 4) Non-covalent
functionalization of the sensing surface is favored to avoid creating surface defects that could affect
sensing properties. Achieving these attributes presents several major obstacles.

In the present research, these challenges are addressed to set the foundation for further
development towards a versatile cancer diagnostic device. An anti-fouling graphene-binding peptide
(GrBP) was used to confer passivating properties onto the sensing surface which mitigates non-specific
protein adsorption, while a heterofunctional GrBP chimera bearing a peptide nucleic acid linker was used
(GrBP-PNA) to immobilize DNA probes onto the sensing surface. Sensor surface functionalization,
followed by subsequent target capture, was confirmed using surface plasmon resonance (SPR) and quartz

crystal microbalance (QCM) analysis. Raman spectroscopy of the graphene FET device revealed a pristine



surface ready functionalization in order to detect nucleic acid biomarker targets. The results provide a
viable biosensing strategy for versatile nucleic acid sensing using a modular probe design. This modular
approach and anti-fouling method can allow for the eventual goal of collecting miRNA expression profiles

from complex biological liquids for clinical diagnosis and prognosis of various diseases.
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1. Hypothesis

Graphene field-effect transistor (FET) biosensors functionalized with hybrid peptide-PNA

constructs display improved device performance in the detection of nucleic acid biomarker targets.

2. Statement of the Problem

Biosensors show great promise for early detection and diagnosis of cancers, diseases, and other
ailments. With the abundance of microRNA (miRNA) biomarkers comes a plethora of potential targets
for facile diagnosis and monitoring of a wide range of diseases. However, the diagnostic power of miRNAs
is limited by the ability to reliably detect these biomolecules in clinical settings. With the right device
architecture and biosensing strategy, there is unlimited potential for diagnosing life-threatening disease
and its intermittent monitoring.

A nanobiosensing platform that can non-invasively sense multiple miRNA species simultaneously,
directly from complex biological fluids (such as saliva, urine, plasma or serum), with high selectivity and
sensitivity, while sampling characteristic disease signatures from various pathologies can help transform
modern healthcare. For example, implementing label-free, direct detection of nucleic acids within an array
format as a routine screening tool for clinical annual checkups to survey a panel of miRNA biomarkers
would help identify early and late stages of various cancers along with other ailments, such as
cardiovascular and autoimmune diseases. Doing so could better discriminate pancreatic cancer from other

2 as well as from non-malignant abnormalities (e.g. chronic pancreatitis)®>~> based on their

cancers, "
differing miRNA signatures—leading to more effective and earlier diagnosis of potentially lethal

maladies.

3. Introduction

Early detection of pancreatic cancer remains a current medical challenge, and presents an
opportunity for developing effective tools for timely diagnosis. Pancreatic cancer is the only cancer with

5-year survival rates of less than 10% (only 2% for distant stages).® Roughly 53,000 new cases were



projected in 2016 in USA, with an estimated 41,780 deaths.® In 2012, pancreatic cancer was ranked fourth
in cancer-related deaths® and is projected to rank second as early as 2020.” Early diagnosis remains a
current challenge owing to the absence of symptoms that do not manifest until advanced stages of disease,
while regular screening of asymptomatic patients is largely ineffective.® Late-stage detection results in
poor prognosis since treatment options become limited and futile due to metastasis. Mean total direct
medical costs ($65,500) reveal the heavy financial burden posed by this disease.’ To address this long-
standing malignancy, a nanobiosensor array for multiplexed detection of pre-lesion and early-stage
microRNA cancer biomarkers is proposed.

Dysregulated miRNA biomarkers expressed early during disease provide suitable targets for
cancer biosensors. Moreover, miRNA dysregulation has been shown to distinguish pancreatic cancer
patients from healthy individuals via whole blood sampling.!® miRNAs in plasma!! and serum?® have also
been used for determining pancreatic ductal adenocarcinoma (PDAC), while early stage and Stage | PDAC
miRNASs have been found in urine and used for microarray analysis.’ Consequently, an opportunity arises
for applying miRNA indices (i.e., expression profiles) to discern disease states from normal, healthy ones.

However, miRNA biosensing technology is not yet mature and to date no such clinical or
commercial devices exist. Previous studies in this research group have proven the feasibility and
application of a peptide-enabled graphene biosensor for detecting proteinaceous CA-19 and CEA cancer
biomarkers. This research will build on the previously established principles of peptide-based modular
assembly and sensor functionalization in order to create a highly sensitive nanobiosensor array for
multiplexed detection of nucleic acid biomarker targets from healthy and disease-state samples of plasma,
serum, saliva, and urine origin. If successful, then this research project will generate a platform technology
for non-invasive detection, diagnosis, and prognosis of a variety of illnesses, disorders, and maladies.

This will be accomplished by using: (1) Novel solid-binding peptide-PNA chimeric constructs that
confer modularity and versatility to biomarker detection and sensor functionalization; (2) Field-effect

transistors based on two-dimensional materials that offer enhanced sensitivity due to their atomically thin



characteristics; and (3) Multiplexing array architectures that leverage the diagnostic power of miRNAs by
cataloguing and comparing their abundance to map disease-specific signatures from disease onset to
disease progression. The advantages conferred by each component (i.e., SBPs, PNAs, 2D materials) are
proper probe display, sensor passivation against non-specific adsorption of biological interferants, and
label-free nucleic acid detection independent from enzyme amplification. The unique modular design of
the chimeric peptide-PNA constructs, FET biosensing approach, and application of nanostructure self-
assembly principles allow for high sensitivity, acute specificity, and facile scalability towards a versatile
sensor array for multiplexed miRNA expression profiling.

The project addresses the lack of cost-effective, point-of-care diagnosis for early cancer detection
by exploiting the evolving abnormal miRNA profile expressed at various stages of disease in order to
detect, identify, and characterize the type and stage of cancer. Although the deliverables include creating
a nanobiosensor array for early diagnosis and prognosis of pancreatic cancer, the proposed sensing
strategy can also be applied to other types of cancers and maladies by taking advantage of their own

respective miRNA disease signatures.

4. Background

4.1. miRNA Biomarkers for Cancer Diagnosis and Monitoring

Biomarkers are biological molecules used to identify, characterize, or determine a biological state.
These biomarkers can be of protein, nucleic acid, lipid, or other biological origin and are often quantified
from biological samples, such as biopsies or blood. Typically, these molecules are released from cells or
are byproducts of cellular processes, such as metabolites, thereby giving insight into the nature of disease
and health. Their detectable presence can reveal clinically important information—for example, the degree
of illness or how well a patient responds to treatments. Biomarkers can be diagnostic, prognostic, or
staging types depending on when they are detectable during the disease process and their involvement in

pathological functions.



Antibody assays are the most common type of biomarker diagnostic used in clinics. Although such
protein-based assays are available for the detection of various ailments, nucleic acids are quickly
becoming an important biomarker category, which includes microRNA (miRNA), circular RNA, >3 cell-
free DNA, !¢ and circulating tumor DNA.!7 Nucleic acid biomarkers therefore present an opportunity for
diagnosis and prognosis of many illnesses and diseases by providing another avenue for detection and
monitoring. Of particular interest are miRNAs which belong to a class of non-coding RNAs, and are
distinct from messenger RNA (mRNA), the transcriptional template derived from DNA.

According to the central dogma of biology, permanent genetic information stored in DNA is
transcribed into expendable messenger RNA (mRNA) for subsequent translation into amino acids that
form proteins. Thus, expression of this genetic information (i.e., genotype) results in the physical attributes
(i.e., phenotype) manifested by the organism. In contrast to messenger RNA, microRNAs are short
nucleotide sequences (approximately 22 bases in length) and function primarily in regulating gene
expression by inducing either mRNA degradation or translational repression'® (Fig. 1). The effect is gene
silencing at the messenger RNA level. Because of their role in controlling protein levels and therefore the
proteome landscape, miRNAs play a vital role in regulating cellular processes. Thus, dysregulation of
microRNAs can therefore lead to abnormal gene expression causing detrimental effects on normal cellular
functions.

19,20

Consequently, non-coding, circulating cell-free miRNAs can provide a vast wealth of disease

22,23

information?! and have emerged as powerful indicators for a number of maladies: cancer, viral

2425 cardiovascular disease,?®?” and neurological disorders.?83! It has been revealed that

infections,
miRNAs are implicated in a variety of cancers due to their various roles in cellular processes* (Fig. 2).
Importantly, specific miRNA species are known to play a role in the signaling pathways that give rise to
pancreatic cancer—whereby their dysregulation leads to oncogenesis.**** As such, miRNAs have been

proposed as key therapeutic targets® for keeping cancers in check.’® However, their true potential lies in

their ability to foretell disease onset and progression.’”*® Thus, there is great urgency in leveraging



miRNA expression profiles for early diagnosis of pancreatic cancer and identification of its disease
stage.’**" The high stability of miRNAs in blood*! and urine,*? their detectable amounts in serum (5-290
fmol/L range),’ and their ability to withstand repeated freeze-thaw cycles* allow for ready exploitation

via robust biosensing.*44
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Figure 1. Schematic representation of miRNA intracellular function. Mature microRNA (miRNA) is
exported from the nucleus and combines with the Dicer enzyme and a messenger RNA (mRNA) transcript
to form the RNA-induced silencing complex (RISC). The mRNA is then degraded or is precluded from
being translated into protein, resulting in gene silencing and the absence of protein expression. Modified
from Vinny Negi et al. (2017).'8

4.2. Field-Effect Transistor (FET)-based Biosensors

According to the International Union of Pure and Applied Chemistry (IUPAC) a biosensor is a
device that uses specific biochemical reactions mediated by isolated enzymes, immunosystems, tissues,
organelles or whole cells to detect chemical compounds, usually by electrical, thermal or optical signals.*®
A bionsensor consists of three main elements: (1) the analyte being sensed; (2) a biorecognition element
anchored onto the sensing substrate that interacts with the analyte of interest; and (3) a transducer that
senses the interaction between the biorecognition element and the analyte, which transforms that

interaction into a signal that can be amplified, measured, and analyzed.



Important performance parameters include selectivity, sensitivity, lower limit of detection (LLD),
and limit of quantification (LOQ). Selectivity is a measure of how well the sensor discriminates the analyte
of interest from other analytes/molecules, whereas sensitivity is a measure of how well the sensor
successfully measures the analyte of interest. It is important to note that these qualities refer specifically
to analytical selectivity and sensitivity. In addition, there is also clinical sensitivity and clinical
specificity—referring to the ability to correctly identify positive samples from negative samples (i.e., true

positive rate), and distinguishing negative samples from positive samples (true negative rate), respectively.

miR-17~92 cluster § miR-21
miR-21 | miR-126/126*

Let-7
miR-15b
miR-21
miR-23-a/b
miR-155

miR-21
miR-155
miR-17792 cluster

Let-7
miR-10b
miR-16
miR-21
miR-221/222

Anjepowu

anniedidas Sulqeuz

Let-7d
miR-21
miR-23b
miR-126
miR-155

Resisting cell death

miR-21
miR-15b
miR-155

Let-7
miR-15b
miR-21 | Let-7d
miR-125 | miR-10b
miR-155 | miR-15b

% miR200 | miR-21 é‘i}é‘
Y miR-17/20/106 | miR-29 é"b

Figure 2. Cancer-related miRNAs that control cellular processes. Various miRNA species play crucial
roles in regulating cellular functions. Irregular expression of specific miRNAs can lead to abnormal gene
upregulation or downregulation potentially causing tumorigenic behavior in cells and resultant
oncological pathology. From Larrea et al. (2016).*2
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LLD is the smallest possible amount of analyte detectable by the biosensor and is defined as three standard
deviations above the detectable background signal, while the LOQ is the smallest possible amount of
analyte quantifiable and is defined as ten standard deviations above background.

Field-effect transistor (FET) biosensors are so named because their sensing mechanism is gated
by the field-effect phenomenon whereby the conducting channel is set below a threshold potential that
gets triggered by a biorecognition event to induce an electronic signal. Such biosensors have advanced in
many areas—specifically, in the type of material used for the sensing channel (organic polymers, 2D
materials), the device architecture (Bio-FET, solution gate), in addition to the already wide areas of
sensing applications (e.g., gas detection). The advantage conferred by FET approaches to biosensing is
the transduction of biological interactions into an electronic readout thereby creating a label-free approach
to the sensing of molecules.

Recent advances*’ in biosensing technology have produced a variety of miRNA detection
platforms* including electrochemical,*’ electromechanical,>® and optical®'>? approaches. However, FET

biosensors>3->>

are sufficiently sensitive (fM to pM ranges) and forego sample preparation procedures,
amplification and labeling steps—allowing a path for simple, cost-effective point-of-care diagnostics.
Employing 2D materials (e.g., graphene, MoS:) can offer enhanced sensitivity due to their atomically thin
(1<nm) characteristics whereby adsorption to its surface perturbs the electronic structure—resultantly
providing the basis for detecting small amounts of analyte. Conversely, FET biosensors based on bulk 3D
structures are limited by lower sensitivity. Similarly, although 1D structures such as nanowires or single-
walled nanotubes (SWNTs) offer improved sensitivities, they are hampered by inconsistent production
(e.g. purity, thickness, defects, chirality) resulting in variable device performance.®

Tunability of their electronic properties through chemical modification, doping or hybridization
makes 2D materials ideal for biosensing applications. Advantages offered are their large surface areas that

provide greater molecule adsorption compared to 1D structures, while their one-atom thickness facilitates

low-noise operation.’”®! Additionally, facile integration into large-scale circuit designs through existing
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semiconductor device fabrication methods, ease of functionalization, and exceptional thermal and
conductive properties®>% present an attractive biosensing platform.>-646¢ Creating van der Waals
heterostructures composed of various 2D material layers can enable structural and property engineering,

while improving biosensor performance.

4.3. Functionalizing the Sensing Substrate

In designing interfaces between the operating environment and the sensing substrate, it is
important to consider how molecules are presented on the surface in order to maximize intermolecular
interactions. This includes considering the immobilization chemistry, biomolecule form and functionality,
orientation geometry, and sensing strategy. Each aspect can therefore affect the strength of interaction
between the probe and target, or the quality of signal transduction at the substrate-biorecognition interface.
Thus, the method used for functionalizing the sensing surface can greatly affect the effectiveness of the
biosensor.

Two-dimensional atomically thin materials can be functionalized two ways: covalent bonding and
non-covalent bonding approaches. The former requires making chemical linkages between the probe and
the substrate, whereas the latter relies on physisorption phenomena for probe immobilization. One
consequence of covalent binding strategies on 2D materials are their disruption of the crystal lattice, which
alter the physical and chemical properties and consequently its performance. For example, graphene when
covalently linked with a molecule will cause sp? orbitals to become sp* bonds, as seen in its reduction to
graphene oxide. Predicting and controlling the degree of sp® formation can present challenges in tuning
graphene oxide performance.

Non-covalent functionalization has been performed using synthesized molecules. These types of
immobilization capitalize on weak molecular forces such as van der Waals, hydrogen bonding, dipole-
dipole interactions, and ionic bonds. Several classes of molecules have been used for non-covalent

functionalization: polymers, aromatic molecules, and amphiphilic molecules.
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Additionally, non-specific detection can misconstrue true sensing. Thus, it is important to prevent
such incidences in order to maintain accurate readings. These occurrences can arise when off-target
species, sample contaminants, or biological interferants interact directly with the sensing surface, typically
when substrata are exposed directly to the environmental medium. One mitigation strategy is imparting
anti-fouling properties to the sensing substrate thereby passivating it against non-specific interactions.

Ideally, the sensor should display unresponsiveness when non-specific biological targets are introduced.

4.4. Solid-Binding Peptides for Sensor Functionalization
Solid-binding peptides (SBPs)*7-% are short amino acid chains roughly 10-20 residues in length
and have been used to interface organic and inorganic materials, functionalize various material surfaces,

Antibody-bindin o . . .
X ¢ exhibit biocompatibility, and express inherent self-

proteins
assembling properties. SBPs preferentially adsorb to
Fluorescent i Antibody ) . . .
proteins fragments specific substrates based on their amino acid sequence

and their resulting secondary structures and peptide
Antigens Enzymes conformations, which can confer discrete functional

domains that allow for strong surface binding, self-

assembly, and displaying of moieties. The structural

: ; 5 Bifunctional
Ploactve pepude + solid-binding
motifs peptides and chemical diversity of amino acids impart SBPs with
(SA)
Biotin/Streptavidin (SA) multiple avenues for non-covalent interactions with the

Solid-binding peptide (SBP) = N\ . . .
solid surface: electrostatic, polar, hydrophobic, and

Figure 3. Multiple applications of solid-

binding peptides. From Care et al. (2015).6® hydrogen bonding. These properties can be capitalized
upon by functionalizing these SBPs with a variety of molecules, such as biosensing probes or enzymatic
domains, to create novel bio-enabled devices (Fig. 3).

The use of SBPs opens up many options for using 2D materials as the sensing substrate—

potentially delivering exotic device architectures that incorporate single-atomic layer conductors (e.g.,
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graphene), semi-conductors (e.g., molybdenum disulfide), and insulators (e.g., boron nitride) to fully
capitalize on their power and potential in biosensing applications. SBPs have shown selective adhesion to

0 silica,’""? gold,”>’* platinum,” titanium,” MoS,, etc. This

specific materials including graphene,
versatility grants flexibility to employ a variety of biosensing strategies, whether through field-effect
transistors (FETs) that make use of 3D bulk or 2D layer substrates, or surface plasmon resonance (SPR)
spectroscopy that require probe immobilization onto gold surfaces.

Taking advantage of graphene-binding peptides (GrBPs) developed in the lab to immobilize
antibody probes, the research team has demonstrated a graphite-based sensor for detecting biotin-
streptavidin interactions.”® Additionally, non-specific adsorption of interferant proteins, metabolites, and
off-target nucleic acid species are of major concern when testing clinically-relevant samples. Solid-
binding peptides provide effective and inert, anti-fouling surface modification (i.e., passivation)—for
example, preventing non-specific protein adsorption while still allowing specific detection of streptavidin
against a background of bovine serum albumin.’®

Moreover, doping single layer materials to control and enhance functionality is an extant
challenge. Not only are dopant species distributed randomly on the surface, they also bind to single-layer
substrates via covalent bonding—resulting initrisignificant and unpredictable alteration of physical
properties by disrupting the crystal lattice, thereby limiting its implementation inistridevice applications.
Previous research from this group has shown that challenges surrounding conventional doping can be
circumvented by using SBPs as molecular dopants, which bind to 2D solids and predictively self-assemble
on the surface. For example, GrBP can hole-dope graphene’® through molecular recognition (i.e.,
assembly oriented along the crystal lattice) and affect charge transfer characteristics without
compromising structural integrity of the 2D material. SBPs can therefore tune the conductance of single
layer materials—allowing sensitive modulation of current-voltage behavior in FET-based biosensors.

Since miRNA biomarkers are the intended target, nucleic acid probes will be immobilized onto

the sensing substrate. Peptide nucleic acids (PNAs)’”"° are synthetic analogues of DNA, and were chosen

14



because they lack the negatively-charged phosphate group and instead possess an amine-carboxyl
backbone—the same structure as peptide chains—that enables facile synthesis of peptide-PNA conjugates
(Fig. 4). Due to their synthetic backbone, PNAs possess 1) greater stability conferred by their resistance
to nuclease and protease degradation; and 2) greater specificity towards RNA and DNA versus other types
of nucleic acid interactions (c.f., DNA:DNA, DNA:RNA)* by averting backbone electrostatic repulsion
upon hybridization. PNAs exhibit stronger duplex stability at higher temperatures,3! sizeable
thermodynamic instability under base-pair mismatching,®>%} and can withstand low salt conditions®-34
(unlike DNA-DNA and RNA duplexes)—contributing to superior specificity under high stringency

conditions.®
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Figure 4. Comparison between DNA and peptide nucleic acid (PNA). (A) Nucleobases (e.g., adenine,
cytosine, guanine, thymine) remains consistent between DNA and PNA molecules. (B) DNA is composed
of a ribose-phosphate backbone, whereas PNA is entire made up of peptide linkages. Modified from Wang
et al. (2004).%

To date there is no known instance of using solid-binding peptides to non-covalently immobilize
PNA probes onto 2D single-atomic layer substrates. Although the aromatic molecule PBASE has been
used to non-covalently secure probes onto sensing surfaces,®” PBASE lacks the self-assembling properties
inherent in SBPs that give rise to simple-to-complex nanoarchitectures®® and allow spatial control of

probe placement to optimize packing density—thereby enabling maximal target capture.
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5. Motivation

5.1. Factors Limiting Early Detection of Pancreatic Cancer

Current detection methods® for pancreatic cancer include contrast-enhanced computed
tomography (CT)” informed by endoscopic ultrasonography®! with fine-needle aspiration (FNA) for
observed lesions, as well as magnetic resonance imaging (MRI) and cholangiopancreatography.®?-** Main
drawbacks are their expensive and invasive nature. CA19-9%57 has long been used to confirm pancreatic
cancer”® and is the only FDA-approved biomarker recommended for monitoring disease progression.”
However, by itself CA19-9 is insufficient for early diagnosis.®!%%1%! Key shortcomings are its lack of
specificity and sensitivity—confounded by the presence of other diseases (e.g., non-malignant obstructive
jaundice!'®? and cholestasis!'®®), as well as its absence in patients lacking Lewis antigens A and B.!%
Because of limitations on the predictive value of serum CA19-9 tests on asymptomatic patients, it is
consequently impractical and economically prohibitive to routinely screen the general population.!9:196
Thus, screening has traditionally focused on those deemed at high risk. In light of these disadvantages,
other kinds of biomarkers have been proposed for identifying and monitoring pancreatic cancer:
metabolites,'” glycoproteins,!®®1%° and miRNAs.** Still, aside from CA19-9 assays, there are no

established, standardized, clinically- or commercially-available methods that employ the use of

biomarkers for early detection of pancreatic cancer.!!”

5.2. miRNA Biosensing for Early Detection, Diagnosis, and Prognosis

miRNA-based diagnostics do not yet exist. Conventional methods for detecting and quantifying
miRNAs!!'12 are limited to qPCR,''* microarray hybridization,'!'*!!7 and NextGen sequencing.!!®!1?
These approaches involve lengthy extraction procedures, enzymatic amplification, subsequent fluorescent
detection, and specialized personnel to operate expensive and sophisticated instruments, which do not

readily lend themselves to convenient point-of-care analysis. Although microarrays provide high-

throughput, comprehensive screening for a few thousand individual miRNAs to reveal global changes in
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miRNA expression, limitations in sensitivity often necessitate pre-amplification procedures that can
introduce non-linear inflation of miRNA or create biased amplification of certain species at the expense
of others, requiring additional corrective analysis.!?*!?! Furthermore, the reproducibility of microarray
profiling is outmatched by low-throughput gPCR methods.!?? Thus, a strategic need exists for a robust
biosensor platform to quantitatively detect miRNAs for diagnostic and prognostic purposes in pancreatic

cancer aside from traditional oligonucleotide detection methods.

6. Approach & Methodology

In pursuing the development of a biosensor array against cancer miRNA biomarkers, several steps
will be implemented. These include verifying the biomolecular sensing strategy, creation and
characterization of the biosensor device, and expanding its capabilities to perform multiplexed detection
of targets from biological samples (Fig.S). Herein, research tasks are outlined which specify details,

objectives, and considerations in meeting project goals.

Task 1: Design and Characterize probe Assess target

e synthesize immobilization, biorecognition
Chimeric heterofunctional self-assembly, and and binding

Probes constructs. surface properties. kinetics.

Task 2: . ;

Gr. _h_;_ FET Fabricate device Confirm target %ﬁ?sﬁgltg;?gﬁ;? Chzrea\zg:nze
a’[’);,,-cee platiorm. biorecognition. relevant media. performance.
N Task 3: Fabricate Multiplexed e

Biosensor b multiplexing detection of Optimize array

Array array. miRNA biomarker. performan

Figure 5. Research Strategy. Flow chart summarizing task areas towards development of cancer
biosensor array against miRNA biomarkers.

6.1. Task 1: Design, Synthesis, & Characterization of the Chimeric Probe System

This aim seeks to establish and validate the heterofunctional modular sensing approach for nucleic
acids using solid-binding peptides (SBP) and peptide nucleic acids (PNA)—focusing on probe
immobilization, surface passivation, and hybridization. Anti-fouling (i.e., passivating) peptides will be

used to protect exposed sensing surfaces from non-specific interaction with biological interferants.
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Designed chimeric probes were assessed for target capture using SPR spectroscopy and quartz crystal
microbalance techniques. Atomic force microscopy (AFM) was used to characterize the sensing surface
following functionalization, with additional plans to carry out UV photoelectron spectroscopy and Raman

spectroscopy.

6.1.1. Design and synthesis of heterofunctional SBP-PNA chimeric constructs.

Graphene-binding peptide and Chimeric GrBP-PNA. Graphene-binding peptide (N-terminus-
IMVTESSDYSSY-C-terminus)®® was prepared via standard FMOC solid-phase peptide synthesis and
purified by high-performance liquid chromatography (HPLC). MALDI-TOF was done to confirm >95%
purity. Chimeric GrBP-PNA construct (5'-aatgcgt-3'-SSIMVTESSDYSSY) was purchased commercially
(PNA Bio, Newbury Park, CA, USA).

Gold-binding peptide and Chimeric AuBP-PNA. For validation studies requiring gold
substrates, chimeras based on gold-binding peptides were used. Gold-binding peptide (AuBP) '?3 bearing
the amino acid sequence N-terminus-WAGAKRLVLRRE-C-terminus was synthesized using standard
FMOC solid-phase peptide synthesis and purified via high-performance liquid chromatography followed
by MALDI-TOF to confirm >95% purity. The chimeric AuBP-PNA construct (5'-tgaggct-3'-
GGGWAGAKRLVLRRE) was purchased commercially (PNA Bio, Newbury Park, CA, USA) as well as
the truncated probe (5'-agcctcaacccctatcac-3") and target (5'-ttaatgctaatcgtgataggggt-3') oligos (Integrated
DNA Technologies, Coralville, IA, USA).

6.1.2. Probe immobilization, self-assembly, and surface characterization.

Peptide self-assembly. Synthesized heterofunctional chimeric constructs (e.g., GrBP-PNA) were
incubated onto freshly-cleaved bulk highly-oriented pyrolytic graphite (HOPG), which consists of
extended atomically-flat carbonaceous terraces and serves as a useful proxy for single-layer graphene.
GrBP-PNA chimeras bind to HOPG and graphene surfaces through m-m stacking of the tyrosine-

containing moiety with sp? hybrid orbitals of the substrate crystal lattice. Assembly characteristics were
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Figure 6. SBP and SBP-PNA chimeric constructs. Schematic showing molecular differences between
the passivating solid-binding peptide that exhibits anti-fouling properties on graphene substrate, and
chimeric SBP-PNA able to immobilize nucleic acid probes in order functionalize the graphene surface.

analyzed by atomic force microscopy (AFM) and assessed according to nanostructure morphology
(height, surface coverage, etc.) and fold symmetry denoting molecular recognition of the substrate.
Chimeric constructs (GrBP-PNA) were also co-assembled with anti-fouling passivating peptides (GrBP)
to protect the sensing surface against non-specific adsorption at different percent ratios.

6.1.3. Functional studies for assessing target biorecognition and binding kinetics.

SPR analysis. Surface plasmon resonance (SPR) analysis was carried out on a Biacore T200
instrument (GE Healthcare, Pittsburg, PA, USA) on gold substrate (GE cat. BR100405). Chimeric AuBP-
PNA, AuBP, DNA probe and DNA target samples were diluted in potassium phosphate buffer and passed
at a flow rate of 50 uL/min. SPR studies will reveal surface densities of the adsorbed probe.!?*!2° Binding
kinetics will be determined for: 1) Adsorption of SBP-PNA chimeras to substrate; and 2) Biorecognition
of nucleic acid targets to PNA probes. Assessing binding kinetics as a function of probe density!'2%127 will
reveal optimal incubation conditions for achieving high capture efficiency and maximal sensitivity.

QCM experiments. Functional tests with the chimeric and control constructs were carried out via
quartz crystal microbalance (QSense, Biolin Scientific, Gothenberg, Sweden) on gold-coated quartz

crystal electrode sensors (Biolin cat. QSX 301). Sensors were cleaned with Piranha solution (1:3 30%

hydrogen peroxide:sulfuric acid) for <5 minutes, then rinsed with Milli-Q water and blow dried with N»
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gas. Flow-through concentrations of 10 pg/mL were used for AuBP-PNA chimeric peptide, AuBP peptide,
truncated DNA probe, and DNA target. Peptide and DNA reagents were diluted in potassium phosphate
buffer which also served as wash buffer for intervening steps. A flow rate of 100 uL/min was applied
while temperature was set at 22.0 °C. The Sauerbrey relation (Am = —C-Af/n) was used to calculate the
total mass adsorbed where C=17.7 ng-Hz!'-¢cm™2 for the 5 MHz quartz crystal and n=>5 for the /5 harmonic
overtone. Average dissipation was calculated from obtained D3, D5, D7, D9, D11, and D13 values
corresponding to the respective harmonic overtones.

6.1.4. Alternative approaches to establish proof-of-concept detection.

Fluorescent and FRET microscopy on fluorophore-conjugated probes and targets can provide
further qualitative and quantitative confirmation. Although quenching occurs when fluorescent molecules
contact graphene, the presence of the peptide anti-fouling layer may prevent this while providing another
metric for assessing graphene surface passivation. Additional validation techniques (e.g., electrochemical
impedance spectroscopy on HOPG substrate, bio-layer interferometry on silica substrate using chimeras
based on quartz-binding peptides) provide further proof of principle and evidence to the versatility of the

SBP-PNA chimera approach for target capture and probe immobilization on a variety of sensing platforms.

6.2. Task 2: Detection of Nucleic Acid Targets by Graphene FET Devices

This aim seeks to assess nucleic acid detection against a background of physiological interferants
(e.g., non-specific biomolecules found in biological fluids) using graphene FET testbeds functionalized
with SBP-PNA chimeras. Doing so will inform the development of an array format to be used for
multiplexed detection of multiple biomarker targets. The measurable output will be a change in the source-
drain current resulting from hybridization of nucleic acid targets with immobilized anti-sense probes. This
effect is commensurate with target concentration. Benchmarks for success include demonstrating sensitive
and specific detection of a range of nucleic acid targets (e.g., DNA, miRNA) in simulated biological media

(urine, blood, saliva, etc.) at physiologically relevant concentrations.
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6.2.1. Fabrication of the nanobiosensor platform.

GFET microfabrication. CVD-grown graphene transferred onto SiO> was purchased
commercially (Graphenea) and underwent microfabrication processes in order to construct the sensor.
Graphene patterning was accomplished via photolithography. AZ1520 positive photoresist was spin
coated onto graphene at 3000 RPM then baked and exposed to UV (3.8 sec), followed by development in
4:1 AZ340:ddH,0 solution (60 sec) and washed in ddH,O (60 sec). Reactive lon Etching (RIE) was then
performed followed by washing in acetone (65 sec) and isopronaol (80-90 sec). Gold electrode contacts
were then added via metallization of a Cr bonding layer then Au. A final annealing step was carried out
in 40%:60% hydrogen:argon gas mixture at 450 °C (1hr) to remove any residual surface contaminants. A
short sonication process (5-10 minutes) was done to further remove any metallization. AFM and Raman
spectroscopy was used to characterize the graphene surface.

6.2.2. Confirmation of target biorecognition.

Biosensing verification. Since RNA is highly prone to nuclease degradation, oligo DNA

analogues of miRNA targets will be used in these initial studies. We will then probe for synthetic mature
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miRNA oligonucleotides in an RN Ase-free environment using RNAse-free reagents. Using the fabricated
device, efficacy of nucleic acid detection by the chimeric SBP-PNA probes will be determined. Changes
in graphene resistance are to be measured upon: 1) Formation of the modular probe (i.e., graphene
functionalization); and 2) Hybridization of oligo targets (i.e., biorecognition). It is anticipated that both
will result in decreased in GFET resistance since the target nucleic acids possess a negatively-charged
backbone which may enhance hole-doping of the graphene substrate. Based on previous work, 7® the
resistance drop is expected to be >50%.

6.2.3. Detection in physiological buffer.

Synthetic media. All experiments are to be carried out using oligonucleotide targets in DI water.
In order to test detection at physiological osmotic and pH conditions, saline and buffered solutions are to
be used. The urine, plasma, serum and saliva milieu will then be replicated by adding appropriate
electrolytes, proteins, off-target biomarker species, and other potential interferants into the fluid
environment. These experiments will assess how well the mixed SBP constructs and SBP-PNA chimeras
can passivate and functionalize, respectively, the GFET sensing surface under physiological buffer
conditions. Hybridization conditions such as ionic strength, temperature, and incubation time will also be
altered to assess hybridization efficiency in both the presence and absence of physiological interferants.

6.2.4. Characterization of biosensor device performance.

Typical biosensor performance parameters*® will be measured in order to assess device reliability
and reproducibility. Device metrics will be characterized, such as dynamic range, signal-to-noise ratios,
threshold voltage, current on/off ratio, charge carrier mobility, stability, and durability. Quantitative
milestones include achieving:

Lower limit of detection (LLD) of <5 fM for target miRNA species along with single base-pair
discrimination and p value <0.05 in biological buffers (plasma, serum, saliva, urine). This value aligns with
physiological concentrations found in disease and healthy states. This will be accomplished by optimizing

probe surface coverage, controlling hybridization temperature, and optimizing appropriate buffer solutions.
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Linearity of response between 5 fM to 500 pM (i.e., linear range across six decades). This encompasses
a broad range of physiological concentrations associated in healthy and disease states. The actual detection
range will be between < 5 fM to 1 nM. We will perform nucleic acid dose response calibration curves
(DNA, RNA, miRNA) to validate these ranges.

Sensitivity of >10 Siemens per fM across the linear range. This provides the current resolution needed to
discriminate small absolute changes in miRNA expression (e.g., a 2-fold signal change over 5-20 fM
change in target concentration) consistent with concentration differences of within 50-100 fM between

normal and disease for circulating miRNA.

6.3. Task 3: Multiplexed Detection of miRNA Biomarker Targets by GFET Array

The goal is to create a sophisticated and sensitive nanobiosensor array to profile miRNA
expression from healthy and disease-state samples of plasma, serum, saliva, and urine origin.
Consequently, a nanobiosensor array with multiplexing capabilities would generate robust miRNA
expression profiles that could readily distinguish disease conditions from healthy patients. A panel of
selected miRNAs indicative of pancreatic cancer will be tested to determine the ability of the
nanobiosensor array to successfully identify and distinguish early vs. late stages of disease.

6.3.1. Fabrication of the nanobiosensor array platform.

Individual GFET biosensors will be arranged into an array format with considerations into account
for multiplexed electronic readouts and device packaging. A process flow yield >63% is sufficient—
representing suitable scalability and reproducibility (e.g., 47 usable dies out of 75 produced per 4-inch
silicon wafer) and corresponds to >92% yield for each fabrication step as defined by
(Yieldcieaning) { (Yieldphotolithography )(Yi€ldEiching) } 2(Yieldpeposiion) = Total Yield. Scanning electron
microscopy will used to characterize device elements, while Raman spectroscopy will be used to

determine the quality of the graphene sensing surface and its functionalization with peptide constructs.
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6.3.2. Multiplexed detection of miRNA biomarker panels against pancreatic cancer.

Biological fluids supplemented with a panel of synthetic miRNA oligos will be used to test the
biosensor array. Additionally, patient samples can be obtained from collaborators at the Fred Hutchinson
Cancer Research Center in Seattle, WA, USA. Benchmarks for success include demonstrating
measurement of a range of pancreatic cancer-associated miRNAs in various biological media at
physiological concentrations relevant for early and late stages of disease, as well as at healthy conditions.

Several types of biological samples will be tested on the proposed nanobiosensor, but will start

with urine because it contains less interferants than blood,!?®

which could impact the sensitivity of the
device. In addition, urine has already been used in the detection of bladder cancer miRNAs.!'?* We will
probe for early stage (miR-223, miR-204) and Stage I (miR- 143, miR-30e) pancreatic ductal
adenocarcinoma (PDAC) miRNA biomarkers that are present in urine, which have been used in
Affymetrix microarray analysis.’ For detecting pancreatic cancer in early stages, we will also incorporate
a plasma-derived miRNA panel'®® shown to have >95% sensitivity and specificity in diagnosing
pancreatic ductal adenocarcinoma (PDAC): miR-10b, -30c, -106b, -132, -155, -181a, -181b, -196a, and -
212. Early diagnosis will require taking into account risk factors (i.e., precursor legions!'*!132) that can
precede PDAC, such as pancreatic intraepithelial neoplasia,'3* mucinous cystadenomas,!3* and intraductal

papillary mucinous neoplasm (IPMN),!3

which themselves exhibit characteristic miRNA expression
signatures.'*¢ For example, miR-1290 is associated with both IPMN and early stage PaC, while correlating
higher expression with poorer outcome.* Both miR-155 and miR-21 are shown to be highly expressed in

IPMN, 37 while the latter can predict patient survivability.>!38

miR-196a is shown to parallel disease
progression.!!

6.3.3. Characterization of biosensor array performance.

The diagnostic efficacy of the array device will be determined, in addition to measuring typical
performance parameters such as LLD, linearity of response, and analytic sensitivity. Quantitative

milestones include achieving clinical sensitivity (true positive rate) and clinical specificity (true negative
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rate) of >95% for Stage I and pre-Stage I samples, with a 95% confidence interval. This will be assessed
by performing receiver operating characteristic (ROC) curves on the following sample sets in order to
validate the diagnostic potential of the device: 1) Simulated biological media (e.g., urine, plasma, saliva,
etc.) containing nucleic acid targets representative of healthy and disease states; and 2) Biological samples
taken from normal and cancer patient cohorts. False discovery rates (FDR) of < 0.15 will be considered
statistically significant. Current PCR-based assays show clinical sensitivities and specificities of 65-95+%
depending on whether single or panel of miRNA biomarkers are used.!'*

6.3.4. Circumventing miRNA stability.

A potential challenge to detecting miRNAs in their native biological medium (serum, plasma,

140-142 microvesicles,'*? and exosomes!'#4-14¢ that

urine, saliva) is the presence of RNA binding proteins,
confer stability to circulating miRNAs, which may hinder hybridization of target species to the probes.
Still, whether exosomal miRNA contributes substantially to the overall circulating miRNA population has
been called into question.!*” Samples may, therefore, require pre-treatment with appropriate buffers to
release miRNAs from their respective biological binding partners, or need purification using
commercially-available miRNA extraction kits. For example, RNA-binding protein immunoprecipitation
(EMD Millipore, Billerica, MA, USA) may need to be performed to rule out target species shown to be

bound to binding proteins. The incorporation of lab-on-a-chip microfluidic designs can also be explored

to allow for miRNA isolation prior to detection.!*?

7. Results & Analysis

7.1. Results for Task 1: The Chimeric Probe System

Heterofunctional SBP-PNA constructs that act as probe immobilizers for functionalizing graphene
surfaces for GFET biosensors, and gold substrates in SPR and QCM validation studies, were designed by
imparting solid-binding peptides with a peptide nucleic acid moiety. In addition, regular SBP constructs

(i.e., graphene-binding peptide, gold-binding peptide) were used to passivate exposed sensor surfaces for
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protection against non-specific binding. In using both types of peptides, their miscibility and functionality
were assessed prior to implementing the chimeric peptide approach onto the biosensor device.

7.1.1. Overcoming Phase Separation Between Chimeric and Passivating Peptides.

Since two types of peptides (i.e., SBP and SBP-PNA) were used each having differing molecular
weights and molecular constitution, then it is important to consider their compatibility and miscibility to
ensure that one does not interfere with the other regarding their functionality (anti-fouling vs. probe
immobilization). For example, aggregation of a peptide species can cause diminished biorecognition
efficacy due to steric hindrance effects that preclude access to molecular binding sites. Thus, the effects
of peptide concentration and phase formation was investigated.

Incubation of 1 uM passivating graphene-binding peptide (GrBP5) onto HOPG substrate results
in ordered structures displaying six-fold symmetry—indicating molecular recognition of tyrosine residues
in the solid-binding peptide with the underlying graphite crystal lattice (Fig. 8). Because this peptide does
not bear the PNA moiety, it is used solely for anti-fouling purposes to protect the sensing surface from
non-specific adsorption. In contrast, the chimeric graphene binding peptide-PNA (GrBP-PNA) construct
results in amorphous assembly on HOPG. The lack of long-range ordering may be caused by the high
aromaticity content of nucleobases present in PNA, which may form n-r stacking with delocalized sp?
electrons of the carbon substrate. Thus, it is likely that at low surface densities, the chimeric construct
does not display the PNA moiety in an upright fashion, but rather in a longitudinal orientation parallel to
the substrate surface. That is, PNA probes may bind directly to graphene and prevent proper probe display.
This is evidenced when comparing height profiles of passivating and chimeric peptides whereby both
exhibit similar heights (approximately 1.3 nm) when assembled at low concentrations. However, data
reveal that such undesired immobilization can be prevented by mixing SBP-PNA chimeric constructs with
increasing amounts of passivating SBPs.

When combining chimeric GrBP-PNA with passivating GrBP, discrete domains of ordered and

26



amorphous regions are observed. However, at higher concentrations (2 uM) of mixed peptides reduces
this phase separation whereby GrBP-PNA chimeras seem to become miscible with regular SBPs. Thus,
self-assembly may be tuned by altering percent composition of mixtures to allow for controlled
functionalization of the sensing surface. Optimizing the percent composition ratio of SBP:SBP-PNA
mixtures may have promoted proper probe display through co-assembly since doing so probably
constrains the chimeric construct (SBP-PNA) to adopt self- assembly characteristics of the passivating
peptide (SBP). These approaches are analogous to using 11-mercapto-1-undecanol (short alkylthiol
surface diluent) or 6-mercapto-1-hexanol (spacer thiol) to backfill thiol-derivatized DNA monolayers on
gold.'® These alkylthiols displace weak nucleobase nitrogen-gold interactions (i.e., non-specifically-
adsorbed DNA) from the gold surface and reorients the probe to a more upright position due to

electrostatic and steric hindrance effects.!4%13°

é AILETINGIPETCENTHCOMPOSILON!
Passivating: 100 % 75 % 50 % 25% 0%

Immobilizing' 0 °/o 25 % 50 % 75 % 100 %

Figure 8. Tuning miscibility of anti-fouling and chimeric peptides. AFM images of peptide assembly
on HOPG substrate show that at lower 1 uM concentrations, long range ordering by the passivating
Graphene-binding peptide is reduced as increasing percent concentration of GrBP-PNA is added.
However, at higher 2 uM concentrations, both peptides show loss of domains and phase separation,
indicating complete mixing to form monolayer with few exposed substrate surfaces.
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Tuning the surface distribution of chimeric SBP-PNA constructs alongside passivating solid-
binding peptides would help implement a more reliable biosensing interface. Uncontrolled surface
coverage of concentrated chimeric regions (i.e. domains) can lead to inconsistent surface functionalization
and result in variable sensor responses. Likewise, if the chimeric construct exhibits suboptimal packing
density (i.e. overcrowding), then steric hindrance and electrostatic repulsion—caused by the negatively-
charged ribose-phosphate backbone of nucleic acids—may diminish hybridization efficacy between the
immobilized probe and biomarker target. Thus, it is important that miscibility is properly achieved
between the passivating and chimeric peptides in order to yield both a robust biorecognition event and
consistent surface functionalization between devices.

7.1.2. Nucleic Acid Detection by Chimeric SBP-PNA Constructs

The versatility of the chimeric probe system is its modularity, in that the solid-binding peptide
component can be replaced by a different peptide while still maintaining the facile ability to immobilize
the same probe—but on a different surface. In validating the probe immobilization process and subsequent
target capture, two methods were used to assess biomolecular interactions: Surface plasmon resonance
(SPR) and quartz crystal microbalance (QCM) analysis. However, these approaches require using a gold
substrate for adsorption of the solid-binding peptide. Thus, a second SBP-PNA chimeric construct was
used—one based on gold-binding peptide.

The steps involved include 1) surface adsorption of the chimeric and anti-fouling constructs, 2)
immobilization of the nucleic acid probe onto the surface, and 3) capture of the target (Fig. 9A). The first
two steps are essentially surface functionalization of the gold substrate, which was accomplished by
flowing through peptide solution. Following probe immobilization, a buffered solution containing the
target was flowed and the biorecognition event quantified.

In a typical SPR setup, light shining on a gold surface at a critical angle with a certain wavelength
can be absorbed by the gold conduction electrons (rather than being reflected off the surface) whereby the

absorbed energy induces their oscillation (Fig. 9B). This surface plasmon resonance effect is sensitive in
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which accumulating adsorbates on the gold surface causes a measurable shift in the SPR wavelength (i.e.,

the absorbed wavelength red shifts). This phenomenon was used to validate the chimeric probe approach.

A Heterofunctional SBP-PNA
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Figure 9. SPR experimental paradigm. (A) Schematic depicting stages of surface functionalization and
detection. First chimeric SBP-PNA is adsorbed onto material surface, then nucleic acid probes are
immobilized onto the surface, followed by detection of target. (B) Diagram illustrating specific capture of
nucleic acid targets on functionalized SPR gold surface and resulting shift in absorbed SPR wavelength.

SPR spectroscopy reveals that the AuBP-PNA construct adsorbed onto the gold substrate as
evidenced by the increasing SPR shift upon repeated flow through of the peptide (Fig. 10A, green).
Loosely bound chimeric peptides were removed using intermittent buffer wash steps showing a
concomitant decrease in the SPR shift response. Afterwards, the DNA probe was introduced by flow
through which also resulted in increasing SPR shifts, but with minimal changes during washing steps (Fig.

10A, pink). This suggests that the probe is tightly bound through the PNA linker—anti-linker interaction.
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After demonstrating surface functionalization on gold by immobilizing chimeric AuBP-PNA
constructs, SPR was used to show capture of a nucleic acid target (Fig. 10B, green arrows). These studies
also reveal that a 1:9 percent mixture of chimeric peptdie to passivating peptide is optimal for effective
capture of DNA target at 750 nM since SPR response amplitude is greater at reduced probe packing
densities. This is likely due to reduced steric hindrance creating more accessible space between the
immobilized probes, along with minimizing electrostatic repulsion between neighboring bound targets
and their negatively charged backbones. The effect of probe packing density has been investigated and it

is predicted that of ~2 x 10'? molecules/cm? would yield >90% hybridization efficiency.!
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Figure 10. Surface functionalization and target capture by chimeric gold-binding peptide-PNA
construct. (A) SPR analysis shows AuBP-PNA adsorption (green) onto gold surface followed by
hybridization with DNA probe (pink). (B) SPR profile confirming detection of target after surface
functionalization. Repeating flow through of target results in increasing SPR response (green arrows).
Data also reveal that mixing immobilizing (chimeric) and passivating (anti-fouling) peptide shows greater
biorecognition efficacy versus chimeric peptide alone.

Quartz crystal microbalance (QCM) experiments were also carried out to monitor the sequential
formation of the sensing chimeric assembly—adsorption of the peptide followed by immobilization of the
probe. The working principle behind QCM is that a piezoelectric quartz crystal oscillates at a steady
resonant frequency. However, upon accumulation of adsorbates onto its gold-coated surface, its oscillation
frequency will dampen in response to the added mass. This physical characteristic allows for accurate
measurement of mass buildup in response to peptide surface adsorption, probe immobilization, and target

capture. Three solutions were tested: 1) Anti-fouling AuBP (passivatng peptide), which served as a control
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since it lacks the PNA moiety and therefore cannot immobilize the probe; 2) Chimeric AuBP-PNA
(immobilizing peptide); and 3) a mixture of both peptides at a 1:1 ratio. After adsorption, the probe was
flowed through, and then the target—for all three conditions.

Flowing through the peptides over the gold-coated QCM sensor showed a decrease in resonant
frequency for the chimeric AuBP1-PNA construct and AuBPl-only samples, demonstrating mass
accumulation at the sensor surface as the peptide adsorbs onto the gold substrate and diminish the
oscillation speed (Fig. 11A, green, blue). From the Sauerbrey relation, it was determined that 43.4 ng
PNA-AuBPI1 and 21.2 ng AuBP1 adsorbed onto the surface. However, despite the more robust response
for the chimeric peptide because of its larger molecular weight (3557.7 vs. 1454.7 g/mol), the number of
adsorbed molecules were similar for both conditions (12.19 and 14.57 pmoles, respectively). This implies
that both the immobilizing and passivating peptide occupy the same footprint space such that the PNA

linker remains upright and displayed properly rather than lying flat on the surface.
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Figure 11. Sequential assembly of the chimeric probe system. (A) QCM spectra showing decrease in
resonance frequency as mass is adsorbed to surface suggesting that surface is becoming functionalized
and target is being captured. (B) QCM-Dissipation data reveals greater loss of dissipation energy for the
chimeric immobilizing peptide upon probe immobilization and binding with target indicating that a
flexible viscoelastic layer is formed, but absent in the anti-fouling-only layer.

Flowing through the nucleic acid probe onto the adsorbed chimeric construct resulted in a further
decrease in frequency corresponding to 8.33 ng (1.56 pmole) probe being immobilized onto the gold

surface. In contrast and as expected, this frequency shift was absent for the AuBP1-only condition since
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it cannot hybridize the DNA probe owing to its lack of the PNA moiety. Under the chimeric peptide
condition, presenting the target to the immobilized probe further decreased the QCM frequency. This
indicates DNA was captured by the probe and corresponds to 6.48 ng (0.91 pmole) target bound to the
chimeric complex. This effect was again absent for the AuBP1-only condition.

For the 1:1 ratio of mixed peptides, the sensor response was intermediate between the two previous
conditions (Fig. 11A, brown). It is interesting to note that the target response was not enhanced for this
condition despite expectations that a lower probe packing density would foster greater target capture due
to reduced steric hindrance and electrostatic repulsion. This may be explained by the fact that the chimeric
peptide is more than twice the mass as the anti-fouling peptide. Thus, the expected larger reduction in
resonant frequency resulting from more effective target capture may have been offset by the reduced mass
incurred due fewer chimeric constructs on the surface.

QCM data accounting for kinetic dissipation of biomolecules (QCM-D) reveal a thin and rigid
layer during chimeric peptide and probe steps as evidenced by, firstly, overlapping and coincident
dissipation profiles for all overtones and, secondly, their values still being close to zero following
adsorption and immobilization (average AD=0.06+0.011 and 0.09+0.027, respectively) (Fig. 11B, blue).
However, during the target capture step, the average change in dissipation increases much greater
(AD=0.234+0.022) suggesting more viscoelasticity of the formed layer upon sequential DNA hybridization.
That is, a once rigid layer has now become softer, which may be explained by the creation of a larger
nanostructure composed of a flexible DNA probe anchored to the SBP base followed by the addition of a
flexible nucleic acid target upon biorecognition to the probe. This effect is much reduced in the 1:1 mixed

ratio, and is absent in the AuBP-only condition which does not bind the target.

7.2. Results for Task 2: Graphene FET Devices

7.2.1. Fabrication of GFET biosensor.

Graphene biosensor testbeds were fabricated according to the described process flow in which a
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die was produced consisting of eight individual sensors (Fig. 12A,B). Using this high throughput
microfabrication strategy—in lieu of manual bulk graphite exfoliation in order to isolate single-layer
graphene samples—illustrates a facile approach for creating the biosensor array for multiplexed detection.
Still, the fabrication process must be further optimized to achieve higher die yields since some sensors
displayed tearing of the graphene sheet, incomplete removal of discarded electrode components, and

inadvertent surface abrasion (Fig. 12C, black arrows).
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Figure 12. Fabrication of Graphene F ET testbed. (A) Mlcrofabrlcatlon process flow of GFET device.
(B) Schematic illustrating high-throughput manufacture of graphene sensors arranged on 4-inch silicon
wafer. Brown color represents gold contacts, mint green color represents patterned graphene. (C) Optical
images of fabricated graphene biosensors at the die scale displaying pristine and faulty (black arrows)
qualities.

Raman spectroscopy was performed!®! to confirm graphene integrity following microfabrication
processes. As a point of reference, single-layer graphene was produced by mechanical exfoliation and
confirmed by optical microscopy,'*>!%3 Expectedly, a short G-band at 1583 cm! and an intense sharp 2D
band between 2500-2800 cm™! was observed on single-layer exfoliated graphene. The amplitude of the 2D
band diminishes with increasing graphene layers thereby altering the G:2D band ratio as follows: 1:1

relative height for double layer, 2:1 relative height for triple layer, and 3:1 relative height for bulk graphene
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(Fig. 13A). In comparison, Raman spectroscopy on the CVD-grown graphene following
photolithographic patterning showed similar G and 2D band amplitudes corresponding to predominantly
single- layer graphene with no other significant peaks indicating a pristine graphene surface (Fig. 13B).
Raman spectroscopy on microfabricated graphene biosensors having undergone photolithography,
etching, metallization, and annealing also showed prominent G and 2D peaks (Fig. 13C). While the two
peaks are characteristic of graphene, the amplitude ratio of the two peaks seem now more consistent with
double layer than single layer. This difference may have arisen during the annealing step. Optical

microscopy and AFM reveal a pristine surface suitable for functionalization (data not shown).
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Figure 13. Comparison of graphene quality after processing. (A) Optical image of exfoliated graphene
on SiO2 with single and multilayers. Raman spectroscopy shows expected G and 2D bands for single,
double, and triple layers versus bulk. (B) Optical image of transferred CVD-grown graphene on SiO>
following photolithography process. Raman spectroscopy reveals mostly single-layer graphene. (C)
Optical image of graphene sheet following complete microfabrication process of photolithography,
metallization, and annealing.

7.1. Results for Task 3: Multiplexed Detection of miRNA Targets

7.1.1. miRNA biomarker panel candidates identified.

In selecting candidate targets, it was considered whether reported miRNA biomarkers were
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135,154 1,3,4,155,156 11,157-160

detected from tissue, serum, plasma, saliva,” or urine® since expression

discrepancies exist between tissues and bodily fluids'** (Table 1). Accounted was whether studies had

156,157 or used pooled heterogeneous

reported averaged data from a cohort of combined Stage I-IV patients,
samples,®!%! as this may compromise how well the biomarkers can distinguish early-stage from late-stage
disease. Microarray expression data!6>!6* submitted to the Gene Expression Omnibus!%4-1%6 database can
also be mined to seek out unique pancreatic cancer miRNA signatures (e.g., series accession numbers

GSE2564,'7 GSE25820,!® GSE59856,! GDS4329,!% GDS4103,'7° GDS4102,'"! GDS4100,'7* etc.).

This can provide an additional source of targets from disease-state miRNA expression profiles that can be

further validated using receiver operating curves.

Table 1. Identified miRNA biomarkers against pancreatic cancer.!->135:154-160

ER ST T
[N mir-20a UAAAGUGCUUAUAGUGCAGGUAG  [ZL "I miR-16
ESEl mir21 UAGCUUAUCAGACUGAUGUUGA P miR-18a(5p)  UAAGGUGCAUCUAGUGCAGAUAG
T mir24 miR21(5p)  UAGCUUAUCAGACUGAUGUUGA
[0 miR25(3p)  CAUUGCACUUGUCUCGGUCUGA Pl miR-155(-5p)  UUAAUGCUAAUCGUGAUAGGGGU
| serum [EUTEVH UGGCAGUGUCUUAGCUGGUUGU miR-181a
TN mir-99a AACCCGUAGAUCCGAUCUUGUG miR-181b
[0 mir125a3p  ACAGGUGAGGUUCUUGGGAGCC miR-196a
S mir134(5p)  UGUGACUGGUUGACCAGAGGGG miR-210(:5p)  AGCCCCUGCCCACCGCACACUG
[EI0 mir-146a(-5p)  UGAGAACUGAAUUCCAUGGGUU miR-221(-3p)  AGCUACAUUGUCUGCUGGGUUUC
ST miR185(:5p)  UGGAGAGAAAGGCAGUUCCUGA miR-375 UUUGUUCGUUCGGCUCGCGUGA
[0 miR191(-5p)  CAACGGAAUCCCAAAAGCAGCUG miR-483-3p  UCACUCCUCUCCUCCCGUCUU
[EI0 miR-200a(3p)  UAACACUGUCUGGUAACGAUGU
[E0 miR-200b(-3p)  UAAUACUGCCUGGUAAUGAUGA
T mirazs
[EI mir4ss UCAGGCUCAGUCCCCUCCCGAU .
: miR-30e(-5p)  UGUAAACAUCCUUGACUGGAAG
[0 miR628-3p  UCUAGUAAGAGUGGCAGUCGA .
[0 miR7705p  UCCAGUACCACGUGUCAGGGCCA mIR-24363p) = "DEASAUGARSEACHGIAGETC
I mir1290 UGGAUUUUUGGAUCAGGGA mie:a08
I mir1303 UUUAGAGACGGGGUCUUGCUCU mif22 ap) IHGUCAGUUHGUCRARUACE OCR
: miR4835p  AAGACGGGAGGAAAGAAGGGAG
T mira1s2s UCCAGUGCCCUCCUCUCC _
B mire294 EACUCINCGEAETa miR-665 ACCAGGAGGCUGAGGCCCCU
, miR-36633p  UGAGCACCACACAGGCCGGGCGC
I mir4476 CAGGAAGGAUUUAGGGACAGGC
T mir4s30 CCCAGCAGGACGGGAGCG
ST mir-6075 ACGGCCCAGGCGGCAUUGGUG
[0 miR67995p  GGGGAGGUGUGCAGGGCUGG mm_
ST miR68363p  AUGCCUCCCCCGGCCCCGCAG miR-1246 AAUGGAUUUUUGGAGCAGG
[0 miR6880Sp  UGGUGGAGGAAGAGGGCAGCUC m miR-4644 UGGAGAGAGAAAAGAGACAGAAG
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8. Discussion

Several key attributes must exist to detect ultra-low miRNA concentrations in biological fluid: 1)
Probes immobilized onto 2D-layer substrates must not compromise structural integrity or electronic
properties of the sensing material; 2) Optimal probe density must be achieved for efficient target capture
in order to avoid steric hindrance of probes or electrostatic repulsion of charged targets; 3) Non-specific
adsorption of biological and chemical interferants must be mitigated to prevent erroneous effects on the
2D sensing substrate, which can cause false positives readings; and 4) Non-covalent probe attachment is
favored to minimize defects in the underlying crystal lattice of the sensing material which could alter

sensing properties.

In the present study, chimeric PNA-SBPs were used to anchor nucleic acid probes onto either
graphitic or gold substrates for characterizing self-assembly and validation of nucleic acid detection,
respectively. Heterofunctional constructs composed of solid-binding peptide and peptide nucleic acid
were used to facilitate detection of nucleic acid targets onto various sensor surfaces. For gold-binding
peptide chimeras, quartz crystal microbalance (QCM) was used to demonstrate the sequential
biomolecular assembly of the modular chimeric probe system, while surface plasmon resonance (SPR)
spectroscopy revealed the effect of steric hindrance on target capture whereby a lesser probe packing
density results in greater sensitivity. The results of using two different heterofunctional constructs—one
based on graphene-binding peptides and the other based on gold-binding peptides—demonstrate the
versatility of a modular approach to sensor surface functionalization by allowing probe immobilization
onto various sensing materials, as well as the viability of using such SBP-PNA chimeric molecules for
capturing nucleic acid targets (e.g., miRNAs, cell-free DNA) thereby creating a path towards defect-free
functionalization of 2D materials by non-covalent means.

Key aspects of designing effective biosensors include tethering probes onto the sensing substrate

while maintaining their proper orientation to appropriately bind target molecules, and efficient signal
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transduction across soft bio/nano interfaces of the sensing surface. Solid-binding peptides present a
suitable method for non-covalent immobilization of probes onto single-atomic layer substrates. This
approach delivers functionalization while eschewing the challenges posed by covalent modification, such
as the introduction of lattice defects that could adversely affect sensing properties, for example, by creating
cause electron scattering points, and is therefore especially relevant to sensors based on two-dimensional
materials like graphene and MoS;.

However, in order for a biosensor to be truly effective, it must be able to detect targets from
biological samples. Sensing biomolecules in their native environment can offset complications caused by
loss of tertiary and secondary structures due to changes in the solution ionic strength (i.e., protein
denaturation) when biological samples are diluted. For example, the presence of salt has also been shown
to provide a stabilizing effect on protein conformations. !> Other issues related to diluting biological
samples is that decreased detection of the target species can occur due to a reduced target load in the
media. In addition, operator error may also lead to inconsistent reproducibility because of additional
manual handling of the sample. In addition, DNA hybridization does require the presence of ionic salts to
dampen electrostatic repulsion between the negatively-charged ribose phosphate backbones of sense and
antisense strands. !’* Conversely, PNAs can withstand high stringency conditions (i.e., low ionic strength)
better than DNA or RNA, and because PNAs exhibit greater thermal stability, these characteristics allow
for higher sensitivity and specificity for the target nucleic acids despite detecting in a low-salt
environment.

However, the presence of ions can also interfere with the sensitivity of a biosensor by decreasing
the Debye length of the sensing channel whereby charge screening effects from ions in solution affect the
signal transduction of molecular interactions at the sensor surface. The greater the ionic strength of the
solution environment, the lower the Debye length due to larger charge screening. Thus, ionic strength of
solution can interfere with signal transduction at the FET interface. This becomes especially important in

salt buffers such as PBS and physiological biological fluids since the media environment may affect
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structural and functional properties of both the solid binding peptide as well as the probe, in addition to
biomarker targets. Though this phenomenon presents an opportunity for using solid-binding peptides to
fine tune local Debye lengths along the sensing channel to improve sensitivity and strength of signal

transduction.

9. Future Plans

The proposed research project describes three aims towards developing a nanobiosensor array for
miRNA profiling from biological samples: 1) Design, Synthesis, & Characterization of the Chimeric
Probe System; 2) Detection of Nucleic Acid Targets by Graphene FET Devices; and 3) Multiplexed

Detection of miRNA Biomarker Targets by GFET Array.

9.1. Addressing Task 1: The Chimeric Probe System
The subtasks associated with Task 1 are largely complete—culminating with a proof-of-principle
detection of nucleic acid targets.

9.1.1. Probing the biomolecular interaction at the substrate-solution interface.

However, additional characterization of the physical phenomenon occurring at the substrate-
biomolecular interface can reveal criteria and insight for adequate probe immobilization, optimal probe
density, and surface passivation (e.g., surface diffusion, substrate doping, uniformity control). For
example, electron transport properties can be measured using conductive AFM by comparing bare
graphene surface, functionalized surface, and captured target conditions. This could provide insight into
how the negatively-charged backbone of nucleic acid targets affect the source-drain current across the
graphene sensing channel, especially since graphene becomes doped with positive hole charge carriers
upon adsorption of solid-binding peptides.

Ultraviolet photoelectron spectroscopy (UPS) of graphene'!

before and after probe
immobilization could further reveal the hole-doping effect via a change in the measured work function

(approx. 0.3 eV increased shift). Raman spectroscopy would confirm!>! graphene passivation, probe
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immobilization, and biorecognition of the nucleic acid target. It is expected that the Raman spectrum of
bare graphene (1583 cm™! G-band with an intense sharp 2500-2800 cm™ 2D band) will change from two
peaks to an increasing number of peaks as the SBP-PNA chimeric construct immobilizes the probe and
nucleic acid targets are captured. These studies will yield a fundamental understanding of how peptide-
substrate interactions influence nanomaterial properties to affect sensitivity and specificity of cancer
biomarkers. The obtained results will also further inform the use of peptide-enabled single-atomic layer
materials at bioelectronic interfaces.

9.1.2. Tackling peptide desorption.

Bovine serum albumin (BSA) is often used to passivate surfaces due to its high molecular weight
rendering it unlikely to be displaced by other proteins. However, its large size also poses challenges for
surface functionalization since the resulting steric hindrance can make immobilized probes inaccessible
to their binding partner targets. Small peptides such as oxidized glutathione (GSSG) have been shown to
have anti-fouling properties just as effective as BSA, but without introducing steric hindrance—yielding
lower detection limits because of greater biorecognition efficacy. !> However, it may also be due to lower
Debye lengths created by an anti-fouling layer closer to the sensing surface.

Unpublished data from our research group shows oxidation of tyrosine amino acids potentially
creating a crosslinked monolayer through free radical formation and subsequent polymerization. This
crosslinked monolayer can be used as an anti-fouling layer resistant to the Vroman effect whereby smaller
proteins are displaced by larger ones, and also resilient to desorption due to its interconnectedness. Since
the graphene surface is functionalized using weak bonding forces, it is important to consider potential
peptide desorption since loss of anti-fouling regions can expose sensing areas to non-specific adsorption
of biological contaminants—creating erroneous sensor readings. Pursuing this tyrosine polymerization
approach can reveal additional insight and improvement into peptide-based surface functionalization for

biosensing applications.
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9.2. Addressing Task 2: Graphene FET Devices
The subtasks associated with Task is underway and has yielded a working testbed for detecting
nucleic acid targets.

9.2.1. Characterizing biosensor device performance.

Additional activities include characterizing device performance and detection of biomarkers in
synthetic biological fluids. Metrics for determining performance parameters include generating I-V curve
response data. Likewise, to ensure selective hybridization with nucleic acids targets, probes that meet
criteria for high selectivity (e.g., antisense sequences predicted to be non-promiscuous) will be used.
Dysregulated target miRNAs in pancreatic cancer will be screened for low consensus sequences. Probes
will be further validated using target sequences containing point mutations®? to determine specificity and
selectivity, ruling out any probes that fail to meet high stringency.

9.2.2. Detection of nucleic acid targets in physiologically-relevant media.

Following detection of nucleic acid targets in biologically osmotic and pH-balanced buffers,
simulated physiological media will be replicated and used for biosensing. For example, blood plasma can
be replicated by supplementing 1X PBS with BSA. Additionally, native serum samples lacking detectable
amounts of the target biomolecule can be spiked with the target biomolecule to serve as a positive sample.
Optimizing biosensor performance under these conditions will advance the project closer to its ultimate
goal of detecting biomarkers directly from patient samples.

9.2.3. Minimizing the Debye screening for enhanced sensitivity.

The Debye length is the maximum distance beyond which an electric charge can no longer exert
influence or effect. This has great relevance to FET-based biosensors because the sensing principle is
based on the bound biomolecule perturbing the sensing channel in order to elicit a change in current and
yield an electronic sensor signal response. Thus, charge screening by ions in solution can greatly diminish

sensor sensitivity and poses a major challenge when detecting molecules in high ionic strength solutions
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such as biological fluids and buffers. Being able to increase the Debye length will ultimately strengthen
the electrostatic influence of the bound biomolecule on the sensing material.

There are several options!’ available for minimizing the Debye screening: 1) decreasing the ionic
strength of the solution; 2) minimizing the distance between the site of probe-target interaction and the
sensor surface; 3) introducing a high field-effect through an additional gate; 4) disrupting the electric
double layer formed by ions at the solution-surface interface. The objective for each of these strategies is
to decrease the charge screening effect imposed by the ions in solution.

The effect of charge screening by high ionic strength solutions can also be mitigated by inducing
a field-effect through a gate electrode very close to the transistor channel, thereby creating a solution
potential across the gate electrode and the transistor channel.!”® This high-field modulates the channel
conductivity and therefor can result in a measurable current gain. Thus, it is possible to re-design the
graphene biosensor to accommodate a gate electrode with a high field-effect.

9.2.4. Breaking up the electric double layer.

The presence of an electric double layer (EDL) can diminish FET biosensor sensitivity. This is
because charged ions in solution accumulate at the solution-substrate interface and can charge screen the
sensing material from the electrostatic effects of the bound target molecule. The formation of an EDL is
similar to decreasing the Debye length of the sensing channel rendering it less sensitive to the biomarker
target. Thus, minimizing the EDL can extend the effective boundary of the Debye length, which would
impart greater detection sensitivity by allowing the sensing material to be less shielded and more easily
perturbed by the biorecognition event.!’® Furthermore, incorporating high frequency modulation into the
biosensing strategy using alternating current (AC) can break up the electric double layer by removing ions
localized at the solution-substrate interface.

Thus, FET-based biosensors using AC-driven signals across the conducting channel can detect
protein targets with greater sensitivity in high ionic strength solutions, such as in physiological

buffers.!””!78 Since nucleic acids are highly charged molecules that are prone to ionic shielding, the
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practicality of applying similar sensing strategies towards nucleic acid detection is reasonable. For
example, rather than detecting the change in conductance of the sensing material in a FET device,
incorporating high frequency AC modulation can instead detect the perturbance of molecular dipoles of
adsorbed molecules.!” Such an approach is advantageous since it overcomes challenges created by Debye
screening effects that render sensing in physiological buffers ineffective. Electrochemical impedance

spectroscopy studies can be performed to investigate these effects.

9.3. Addressing Task 3: Multiplexed Detection of miRNA Targets

The subtasks associated with Task 3 will commence fully upon near completion of device
performance characterization as outlined in Task 2. However, the device packaging approach and circuitry
currently being designed can start being scaled up from one sensor to multiple sensors. However,
candidate miRNA biomarker targets have already been identified from research literature and are deemed
suitable for early diagnosis of pancreatic cancer.

9.3.1. Possible use of other 2D materials.

In creating a cancer biomarker biosensor, well-characterized GFET-based devices are developed
before potentially exploring additional single layer materials. Established microfabrication
techniques!'®*!¥! have been used to create FET devices based on graphene. These can be easily adapted to
make FET devices based on other 2D materials. For example, molybdenum disulfide is a semiconducting
analogue of graphene!®? and is touted as a highly versatile substrate for various sensing platforms.'®} MoS»
is attractive due to facile production of high quality crystalline 2D layers via chemical vapor deposition!'#*
or atomic layer depositione!®> techniques, which are amenable to microfabrication techniques. The
advantage MoS; has over graphene is its bandgap, which graphene lacks, thereby conferring MoS; with a
semiconducting nature that helps lower background carrier densities—allowing for enhanced sensitivity
with lower leakage current, along with permitting optical sensing platforms. MoS»-binding peptides have

already been developed in our research group and so it is possible to pursue a MoS,-based device.
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10. Milestones

Task 1: Design, Synthesis, & Characterization of the Chimeric Probe System

» Completion of SPR and QCM experiments | |
* Optimizing anti-fouling layer

«Publication: “Chimeric Peptide-PNA Heterostructures
for Nucleic Acid Detection”

+ Publication: “Antifouling Monolayer Derived from
Free Radical-Induced Tyrosine Cross-Linking”

Task 2: Detection of Nucleic Acid Targets by Graphene FET Devices

« Detection in physiological buffer
« Characterization of device performance
« Completion of electrochemical impedance studies |

+ Publication: “Solid Binding Peptide-PNA Chimeras
for Electrochemical Impedance Biosensing of DNA”

< Publication: “Peptide-based Graphene Biosensors
for miR-155 microRNA Detection”

Task 3: Multiplexed Detection of miRNA Biomarker Targets by GFET Array

« Biosensor array fabrication
« Characterization of multiplexed miRNA detection

« Optimizing device array performance

« Publication: “Peptide-Enabled NanobiosensorArray
for Early Detection of Pancreatic Cancer”

General Exam ()
Final Exam ()

11. Potential Publications

e Chimeric Peptide-PNA Heterostructures for Nucleic Acid Detection

e Solid Binding Peptide-PNA Chimeras for Electrochemical Impedance Biosensing of DNA
¢ Peptide-based Graphene Biosensors for miR-155 microRNA Detection

¢ Antifouling Monolayer Derived from Free Radical-Induced Tyrosine Cross-Linking

e Peptide-Enabled Nanobiosensor Array for Early Detection of Pancreatic Cancer
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