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Bridging the worlds of molecular biology and inorganic materials is a crucial step in
many of today’s medical, nano-technology, energy, catalysis and renewable technology
fields. By its very nature, this task is highly multidisciplinary, incorporating aspects from
surface physics, organic and inorganic chemistry, the tools of nano-technology, and of
course, biology from genetic to molecular to structural to organismal levels. Solid-binding
peptides are a unique class of biomolecules perfectly suited to build this bridge at the
scale consistent with both organic and inorganic systems. These 7-12 amino acid long
peptides are biological in origin (consisting of 20 natural amino acids), bind strongly
through a number of non-covalent interactions, self-assemble into dense ordered
structures, are selected to be highly specific to their target solid materials, and can be
fused with other biomolecules through many chemical and biological means to create
entities with multiple functionalities. These properties make solid-binding ideal for
functionalizing simple and complex inorganic surfaces to impart broad chemical or
functional properties to the system in an environmentally friendly and biologically viable

fashion, with minimal effect on the properties of the underlying substrate.



This thesis demonstrates the design of surface biofunctionality in proof-of-principle
biotechnological and nanotechnological implementations in a variety of applications. As
an example of the utility of engineered peptides with state-of-the art nanomaterials
systems, the thesis addresses the design and manufacture of a graphene based, peptide
enabled nanobio-sensor for molecular detection in a biological medium. The present
report, therefore, focuses on a design and application of solid-binding peptides to control
the bio-inorganic interface, and simultaneously to impart bio-functionality to an inorganic
system. More specifically, in this research group, one of our goals has been is to develop
a graphene biosensor for specific, ultra-sensitive detection of cancer markers against a
background of serum proteins, through a combination of newly developed molecular
biomimetic functionalization and nano-fabrication approaches. In order to build such a
sensor three broad steps must be taken: (1) The surface of the sensor must be passivated
to prevent non-specific adsorption of undesired proteins. (2) Target-specific bio-
functionality must be imparted to the sensor to enable it to capture the targets in the
sample. (3) A modular system, the bio-functionality of which can be easily modified, must
be developed to simplify detection of a variety of targets. These steps must be taken in
such a way as to not negate the sensitivity of the sensor, a graphene field effect transistor
(gFET). The work covers experiments aimed at achieving bio-inert and bio-active
interfaces (i.e. interfaces which do not interact with cells/proteins, and ones that interact
with them in a predictable manner, respectively) via peptide functionalization, as well as
sensor construction, peptide sequence optimization for assembly and property display,
and selective detection of proteins from a complex mixture. As an example, using an

optimized gFET sensor system, the detection of streptavidin binding against a



background of serum albumin at less than 50ng/ml is demonstrated. Additionally, using a
bi-functional graphene binding peptide — antibody binging peptide construct, we
demonstrate a modular detection system, which can be modified to detect a given
biomolecule, for which an anti-body has been selected, in a single step, by replacing the
probing module (the anti-body). Cancer markers are large biomolecules present in the
blood or other tissues, which can be used for early diagnosis. Their detection is
challenging due to the low concentrations at which they are present, and the difficulty of
selecting them against the complex background of other proteins present in the serum.
Using our system we demonstrated selective cancer marker detection, specifically
immobilizing antibodies as the probe on the sensor surface, using engineered peptide
chimeras to detect cancer markers in a serum environment. The system we demonstrate
is the first significant step toward creating a fast, sensitive methodology for profiling the
low levels of multiple markers simultaneously, a must for accurate, reliable, and rapid
diagnosis. Our modular approach, which allows for easy switching of targets, can also be
used for other clinical and research applications in general, such as, ligand-receptor
interaction studies, screening for drug candidates, and developing vaccines against small

viruses.
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1. Introduction

The overarching purpose of this work is to produce a graphene field effect transistor-
based nanobio-sensor (gFET), functionalized via graphite binding peptides (GrBPs), and
capable of selective detection of cancer markers against serum protein background at
ng/ml concentrations, thereby, addressing a challenging bio-medical problem, taking

advantage of the many unique properties of the self-assembling, solid-binding peptides.

1.1 Motivation

Bridging the worlds of molecular biology and inorganic materials is a crucial step in
numerous cutting edge medical, nano-technological, energy, catalysis and renewable
technology fields. Nature, through the process of evolution, has designed numerous
molecular machines of spectacular efficiency and capabilities unequalled by any artificial
approach to date: proteins. They possess enormous chemical and physiochemical
diversity, enabling them to perform the myriad of varied tasks needed for life to function.
Of particular importance, is the fact that these molecules exist and operate at the nano-
scale, lengths comparable to artificial devices produced by the developing field of
nanotechnology. Nano-technology can be significantly advanced by reverse engineering
the intricate control biological systems exert over self-assembly, selective function, self-
repair, hierarchical structuring, and many other aspects of their nano-environment.
However, imitation of nature’s methods in artificial applications is difficult and often

insufficient. We can also borrow tools directly from its tool-box.



1.1.1 Solid-binding peptides

Solid-binding peptides (also known as GEPIs) represent a very promising route to

bridging the bio-inorganic divide due to their strong binding capabilities to their target

materials in the absence of covalent bonds, biocompatible processing, nature, and ease

of conjugation with biological molecules. They are 7-12 amino acid long peptide

sequences that have been combinatorially selected through phage or cell-surface display

to bind to a specific inorganic material.[1] In brief, a randomized peptide sequence is

encoded to be expressed in a flagella (cell) or coat (phage) protein.[2, 3] The library,

containing about 10° differing peptides, is
introduced to the target surface, and then
washed with increasing stringency. The
organisms that remain bound on the
surface are collected and amplified. The
process is repeated 4-5 times, and the
final clones are sequenced to determine
the peptide which gave rise to the affinity
(Figure 1). The peptides can then be
synthesized ex situ and characterized by
SPR or other adsorption measurement
techniques.[4] The peptides can be
further improved by computational
similarity analysis, to isolate the

sequences and structures primarily

A Phage Display (M 13)

!g! PlIlI-SGGG~v
E' PIII SGGGC
AC

Randomized Lin

Pannlng ,Constrained Pe;
phage library
Amplification
of phage Washing step
in E. coli
Eluuon
DNA isolation _ Binding characteriza
& sequencing ’ of selected clone!

B Cell Surface Display (FliTrx)
-~

17/. "?\' Randomized
fh il - “Active”

Constrained
LD\'QQ‘Q;&Q,QM} Peptide
FlageIImThuoredoxmFlagellln

Figure 1. (A) Schematic summarizing the biopanning

experiment using phage display system, M13, (B)

Insertion site of the random peptide library in cell
surface display system, FliTrx.

C. Tamerler, D. Khatayevich, et al. Peptide

Science (2010)



responsible for binding.[5] A vast number of
solid binding peptides have already been
developed for most types of materials including
noble metals (Au, Ag, Pt),[6-10] oxides (SiOz,
ZnO, Cu20, TiO2),[5, 11, 12] minerals
(hydroxyapatite, calcite, graphite, sapphire),[13,
14] and semiconductors (GaN, ZnS and
CdS).[15, 16] The affinities of the peptides for

their respective surfaces are measured to be ~

50 nMto 1 uM.

The resulting peptides are very well suited
to addressing the challenges of the bio-
inorganic interface and especially in the field of
bio-nanotechnology. The high affinity binding,
resulting from a sum of weak interactions
ensures great stability of the modification,
absence of toxic or aggressive chemistry, and
minimal perturbation of the properties of the
underlying substrate.[17, 18] Moreover, the
peptides’ biologically derived nature makes
fusion with functional biological entities such as
enzymes, ligands, receptors and antibodies a

relatively simple matter of co-expression, as
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well as reduces the chances that the linker would show toxicity. For example, a gold
binding peptide can be fused with an enzyme such as alkaline phosphatase to enable its
directed assembly on the micro-patterned gold substrates. The peptide allows the
enzyme to retain more of its activity than the non-specifically adsorbed case (Figure 2
A).[19] Alternatively, gold- and silica- binding sequences can be labeled with different
fluorophores. They can then preferentially assemble on the gold-silica patterned
substrates (Figure 2B).[20] Finally, and perhaps most importantly, the peptides are
smaller than, but of the same scale as proteins and nano-particles making them,
extremely well suited for design and assembly of multi-component nano-systems, without
interfering with the performance of the components. A number of such applications have
already been demonstrated, including directed self-assembly of nanoparticles, quantum
dots, proteins, labeling molecules and enzymes.[21-23] All of the above advantages make
solid binding peptides ideal for addressing complex problems involving biological and

nanotechnological components. One such problem is the detection of cancer markers.

1.1.2 Cancer and Cancer Markers

Early detection of most types of cancer is one of the primary factors in the outcome
of a treatment.[24] To date, however, no established methodology exists for effective,
accurate, non-invasive and routine screening for many cancer types, and most cancers
are only diagnosed once the symptoms are manifested. Although a number of serum-,
urine- and tissue-borne markers have been identified in the literature,[25-27] their
practical usefulness remains limited, due to the low concentrations at which they are
present in the samples, especially in the early stages, and the difficulty of isolating the

markers against the background of a highly concentrated complex mixture of proteins in

11



serum. The problem is further compounded by the fact that it is generally insufficient to
screen for only one type of marker, and elevated levels of a particular marker are an
uncertain indicator of the presence of cancer, particularly without an established baseline
for a given patient (e.g., PSA level screening yields false positives roughly 65-75% of the
time).[28] It is necessary, therefore, to establish a rapid, high throughput, routine, and
above all, sensitive technique for cancer marker detection, that is capable of identifying
the presence of multiple targets at ng/ml concentrations. For this work we have chosen
to focus on pancreatic cancer, one of the most lethal types of malignancies, and the fourth
leading cause of cancer related deaths in the US, with the over 45000 cases diagnosed
yearly, 85% of which have lethal outcomes.[29] The primary cause of such high mortality
rate in the pancreatic carcinoma cases is its high propensity for both local invasion and
distant metastasis.[30] The metastasis rate is so high that by the time the disease is
diagnosed it is usually in the late, inoperable stages, at which point current therapies have
very little impact.[31] Early detection is the single most important determining factor of the

outcome of the disease.

There are a number of pancreatic cancer markers identified in the literature, most
prominent among them, the carcinoembryonic antigen (CEA),[32] and the cancer antigen
19-9 (CA19-9).[33] The abnormal concentration of CA19-9 has been determined to be
above 37u/ml,[34] and that that of CEA above 2.5ng/ml.[35] These markers have been in
clinical use for decades, but suffer from low specificity, because they are present in other
types of cancer and benign conditions. There are numerous other serum markers for
pancreatic cancer (amylin, DUPAN-2, CA242, CAM 17.1, TPS, CA72-4 and other), but

none are better than CA19-9 by themselves.[36] Therefore, it is necessary to create a
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method for simple detection of a variety of markers, which would give a molecular profile

of the disease to allow a more accurate diagnosis.

1.1.3 Graphitic Sensors

Detection of molecular recognition events ex situ has been a well-established

approach to drug discovery and molecular biology since the 1960s.[37] More recently,

detection of molecular recognition events has been applied in clinical research and

practice for diagnosing and monitoring of diseases, including several types of cancer,

through the detection of biomarkers in blood, tissues, or urine of the patient.[38] Among

the techniques used to detect such markers are the surface plasmon resonance

spectroscopy (SPR), [39, 40] quartz crystal

microbalance various

(QCM),  [41]
immunoassays, including electrochemical
assays, and others. [42-45] The
applicability of these techniques to clinical
practice remains limited, however, since
the markers are present in very low
concentrations, against a background of
serum or tissue proteins. In the last several
years, two-dimensional single layer
material field effect transistors (2D-FET)
have been employed for ultrasensitive
molecular.

detection of small [46, 47]
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Graphene and 1-D carbon nano-tubes (CNT) in particular have been used successfully
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and have a very low detection limit, [48-51] with some designs reported to detect
femtogram per milliliter concentrations of analyte. [52] Such sensitivity is possible due to
graphene’s excellent electronic properties, resulting from delocalized = bond structure,
and a band gap which is very sensitive to doping (Figure 3). [51, 53-55] Room
temperature charge mobilities in graphene have been measured to be around 15000
cm?V-ist or more.[54, 56], graphene is also ambipolar, meaning that negative gate
voltages result in large induction of holes, and positive gate voltages result in large
induction of electrons.[57] Because of the sensitivity of the graphitic materials’ electronic
properties, graphene-based sensors can potentially be used to “finger print” and quantify
the adsorbing species from the signal, which has already been demonstrated with small
molecules, such as dopamine and serotonin.[58-61] In fact, even single gas and bio-
molecules have been detected by CNT and graphene based devices.[62] Graphene

based sensors offer a unique opportunity for ultra-sensitive detection of cancer markers.

1.2 Research Objectives

Our objective in this research is to draw on the advantages of the two-dimensional
material based nano sensors and the solid binding peptides to develop a selective,
sensitive nano-sensor for cancer marker detection. To do so, the following scientific and

engineering criteria must be addressed:

1) Methodology for optimum peptide enabled functionalization of surfaces;

2) Methodology to prevent non-specific adsorption of proteins to surfaces using
peptides;

3) Parameters for peptide mutation and functionalization;

4) Criteria to maintain self-assembly properties of the peptides;
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5) Methodology to control surface properties of the resulting peptide/substrate
system;

6) System to impart multiple functionalities to the substrate via peptides;

7) Design of the graphene nano-sensor;

8) Design of modular approach to sensor functionalization for versatility;

9) Reliability, sensitivity and selectivity test of the resulting system;

10) Application of the resulting bionano-sensor system to cancer marker detection;

2. Results and Discussion

Sections below describe the results | obtained in experiments on other materials and
systems, and the way in which they informed the development and optimization of the

graphene bio-sensor for cancer marker detection.

The above design criteria can be grouped into three primary categories, which must
be addressed in order produce a selective, sensitive and versatile bionano-sensor: (1)
The surface of the sensor must be passivated to prevent non-specific adsorption of
undesired proteins; (2) bio-functionality must be imparted to the sensor to enable it to bind
specific targets in the sample; (3) a modular system must be developed to allow simple
switching between a variety of targets by replacing the probe module. These steps must
be taken in such a way as to not negate the sensitivity of the sensor. My work below
covers experiments aimed at achieving bio-inert and bio-active interfaces via peptide
functionalization, peptide sequence optimization for assembly and property display, and
an example of a modular system for selective detection of proteins from a complex

mixture.
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2.1 Peptide Design for Surface Functionalization

Solid binding peptides have been employed for a wide variety of functionalization
applications, ranging from directed enzyme immobilization to surface property
modification to mineralization. In all of these cases, the solid binding peptide sequence
has been designed to contain three domains, a binding, functional, and linking domain.
There are numerous variables to consider when creating such bi-functional constructs. A
permissive site must be found in the binding domain, where further modification can take
place without interfering with the solid binding capability. Often, such a site must also be
a specific chemical group to allow further modification. The functional domain of the
bifunctional peptide must be sufficiently short and properly selected so as to not interfere
with other properties of the construct. The linker often plays a crucial role in properly
displaying the functional domain, as well as preventing the two domains from interfering.
Moreover, the optimal order in which the two components are linked must be determined
for each system. In the study below, the bi-functional design parameters are determined

for a gold-silica bifunctional system.

Objective: To create patterned gold thin films and particle arrays by selective
immobilization of gold nano-particles and synthesis of gold from solution by surface-

bound bi-functional peptide constructs.

Efficient and controllable fabrication of inorganic nano- or micro-structures on solid
substrates is critical for a variety of nano- and micro-technologies (e.g. electronics,
photonics, and sensing).[63-65] Arrays of gold nanoparticles, organized on solid supports
as a film, are particularly promising for fabrication of high-throughput and cost-effective

assay systems with unique photonic properties, as well as for construction of
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electrochemical sensor chips and bioelectronic devices.[63, 64] Currently available
physical approaches to fabrication of patterned metallic nanostructured surfaces include
photo-, e-beam, and nanosphere-lithographies.[66-68] Many of these processes are
complex, requiring well-controlled environments, sophisticated equipment, and thus, high
operating costs.[67] Chemical approaches involve complex surface functionalization with
thiol- or silane-based self-assembled monolayer (SAM) molecules, [69, 70] which can be
patterned on solid surfaces using common soft lithography techniques. [71, 72] Patterned
SAMs on gold and silica surfaces, in fact, have been used to fabricate various arrays and
devices. [72-74] However, there are still considerable processing limitations and
drawbacks associated with SAM technology including complexity of surface modifications
that are currently undertaken under biologically unfriendly conditions, applicability to only
a limited number of materials, high cost, long stacking time, low yield and stability. [68,
74, 75] In addition, since such nanosystems are produced in harsh solvents and
conditions, they are often not biocompatible and are of limited practical relevance in
biomedical applications. Here, we demonstrate a bio-enabled fabrication route for surface
micro-patterning as an alternative to conventional techniques by utilizing hetero-
functional solid binding peptides that offer desired versatility as well as multi-material
recognition characteristics. Once properly engineered, the combined peptide building
blocks can link and hold two different materials within close proximity as well as exhibit
catalytic materials synthesis activity. Solid binding peptides have recently, been employed
in the form of modular subunits of a hetero-functional fusion constructs, in combination
with other proteins and peptides for a variety of directed self-assembly applications. [19,

76, 77] Previously, we reported the selection and identification of gold- [6] and silica-
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binding [5] peptides (AuBP and QBP) from combinatorial and de novo peptide libraries
and confirmed their high-affinity and selective binding onto respective solid surfaces. [5,
6, 75] In addition to exceptional binding (at sub-micromolar levels) and self-assembly on
gold surfaces, the specific AuBP sequences were also reported to catalyze and promote
the formation of water dispersible gold nanostructures from aqueous HAuUCIls solutions
under ambient conditions without the need for additional reducing or stabilizing
agents,[78] such as the case in citrate-enabled gold formation. [79] Here the binding and
catalytic activities of these peptides are combined into a single multi-functional unit and
demonstrate their effective implementation for an addressable bio-enabled

nanofabrication route.
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We designed a novel hetero-
functional peptide by linking silica-
and

gold-binding peptide

sequences (QBP and AuBP),
through a flexible poly-glycine
linker. Both peptide sequences
were carefully chosen for best

binding and synthesis
functionalities. [75, 77] Additionally
we were careful to avoid sequences

dominated by amino acids known to
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interact with gold, such as cysteine and histidine, [80-84] and which might, in turn,

promote the gold reduction and crystal growth (Table 1). The patterned QBP-AuBP multi-

functional peptide (Figure 4a-b) was then utilized as a molecular linker for direct

immobilization of gold nanopatrticles onto the silica surface (Figure 4c) as well as to control

the formation of a gold film by a peptide-mediated reduction process (Figure 4d). The

Table 1. Peptide sequences and molecular weights.

Peptide Sequence Mw
(expected)
AuBP WAGAKRLVLRRE 1454.7
QBP PPPWLPYMPPWS 1467.7
QBP-AuBP | PPPWLPYMPPWS-GGG-WAGAKRLVLRRE 3075.6
AuBP-QBP | WAGAKRLVLRRE-GGG-PPPWLPYMPPWS 3075.6

combined approach utilizes the peptide-mediated growth of pre-immobilized gold
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nanoparticles resulting in dense film-like gold nanoarrays (Figure 4e). Finally, we
demonstrated the robustness of our approach by combining these two different types of
functionality, i.e. assembly and catalytic activity, and produced densely packed and thick
gold films by inducing the growth of pre-immobilized “seed” nanoparticles using the

engineered multi-functional peptide (Figure 4e).

First, well-defined peptide patterns of controllable size and shape were produced on
silica surfaces using micro-contact printing technique. We next incubated the peptide
patterned surfaces with pre-made gold nanoparticles of 50 nm size. The resulting gold
nanostructure arrays were characterized using dark field (DF) optical microscopy as well
as atomic force microscopy (AFM) in tapping mode (Figure 5). The micrographs revealed
preferential assembly of the pre-made gold nanoparticles on to the patterned peptide
templates. The height of the features observed was consistent with the expected height

of the construct: 50 nm patrticle plus a 1-2 nm thick peptide monolayer.

Employing QBP-AuBP peptide that combines both silica- and gold-binding motifs
resulted in homogenous and continuous arrays of gold nanoparticle film when compared
to randomly organized and discrete low density nanoparticles immobilized by either single
QBP or AuBP peptide sequences as evidenced by dark field optical microscopy images

(Figure 6).
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Additionally, to test the effect of the

peptide molecular fusion on the
structure and therefore function of the
modular components, we reversed the
order of single peptide domains to
AuBP-QBP. We found that the QBP-
AuUBP sequence performed significantly
better than the reversed permutation
(Figure 6e,g). Such a difference implies
that in addition to primary sequence,
adapted molecular conformation of
hetero-functional peptide triggered by
the order of gold- and silica-binding
domain conjugation is also likely to play

an important role in inorganic binding

functionality.
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Figure 6. Efficiency of Peptide-mediated Gold
Nanoparticle Immobilization. Schematics of
peptide-mediated  immobilization  of  gold
nanoparticles using single or multi-functional
peptides (a, c, e and g); Respective dark field
microscopy images of immobilized gold
nanoparticles via QBP (b), AuBP (d), multi-
functional AuBP-QBP (f) and QBP-AuBP
permutations (h).
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In the next set of experiments, taking advantage of the capability of the gold-binding
sequence to reduce gold ions from gold chloride solution, we synthesized the gold
nanoparticles in situ on the patterned QBP-AuBP arrays assembled on silica surfaces

(Figure 7). Peptide-mediated gold nanoparticle synthesis was achieved using an
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formed gold nanopatrticle film array via the patterned QBP-AuBP penptide and its control sample (a);
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N pt

chloride at room temperature without additional reducing agents. Synthesized gold
nanostructured arrays were imaged using dark field optical microscopy and AFM in
tapping mode (Figure 7). The set of dark field and AFM micrographs in Figure 7 a-b (ii)
shows the silica substrate patterned with QBP-AuBP peptide prior to gold reduction. The
AFM images confirmed that the peptide formed a homogeneous monolayer with
negligible amount of agglomeration. The second set of dark field optical and AFM
micrographs on Figure 7 a-b (i and iii) shows a distinctive difference in gold formation on
peptide-patterned surface compared to control ones after incubation with HAuCl4, the

gold precursor. The results confirmed the formation of 10-20 nm gold particles on top of
22



the QBP-AuBP patterns. The XPS spectrum from the same sample exhibits a significant
presence of gold Au4f peaks, indicative of the formed gold film. The XPS spectra also
display nitrogen-bonded carbon at 286.1 eV, as well as the N-C=0O bonds at 288.0 eV,
indicative of the presence of the intermediate peptide layer. In addition, we observed a
decrease in the signals from the underlying elements, such as silicon and oxygen,
indicating a partial obstruction of the surface by the newly formed gold. Finally, we
demonstrated that these two different types of functionality, i.e. assembly and catalytic
activity, can be combined to produce densely packed and thick gold films by inducing the
growth of pre-immobilized “seed” nanoparticles using the engineered multi-functional
peptide (Figure 3e). As evidenced by dark field and atomic force microscopy results
shown in Figure 18a-b after 48 hours of incubation in aqueous gold chloride solution at
room temperature, the pre-immobilized 50 nm “seed” particles increased in size to up to

200 nm due to the inherent catalytic activity of the multi-functional peptide (Figure 8).

2.2 Mitigation of Non-specific Interactions

Imparting to a material the ability to resist non-specific biological adsorption has been
the cornerstone of biocompatibility research for decades. [85] There are many ways to
passivate the surface, including covalent and non-covalent adsorption, changes in
surface morphology, changes in surface chemistry and others. In the experiment below |
have shown how peptides can be utilized to control cellular adhesion response on a

variety of implantable materials.

Objective: To promote or deter cellular interaction with gold, platinum, titanium, and
silica glass via immobilization of functional molecules through specific inorganic-binding
peptides.
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The developments in the area of biomaterials have given rise to numerous
compounds, materials systems and devices with a variety of attributes to be used for
implantable medical purposes. [86-88] Many of the available materials have already been
optimized to have satisfactory physical and mechanical properties. Insufficient or
improper interactions between the synthetic materials and the living systems, however,
remain a major concern, and often result in failure of the implant. [85, 89-93] The most
common strategy to overcome this problem, and enhance the biocompatibility of implants,
has been to modify their surfaces with functional molecules. Such molecules are usually
selected to perform one of the two functions: to generate cyto-compatible surfaces by
carrying specific cell signals or non-fouling surfaces by preventing adhesion of undesired
proteins and cells. A number of molecular immobilization systems have been successfully
employed to modify the implant surfaces. For example, Rezania et al have utilized N-(2-
aminoethyl)-3-aminopropyl-trimethoxysilane (EDS) and 4-(Nmaleimidomethyl)
cyclohexane-1-carboxylate (sulfo-SMCC) to covalently immobilize cyclic Arginine-
Glycine-Aspartic Acid (RGD) peptides on oxide surfaces. [94] The exposure of these
modified surfaces to cell cultures has resulted in a marked increase in the cell adhesion.
Likewise, Harder et al have used self-assembled alkanethiolate monolayers to link
oligo(ethylene glycol) (OEG) chains to gold and silver and produce protein resistant
surfaces. [95] Messersmith et al. have utilized 3,4-dihydroxy-L-phenylalanine (DOPA) to
non-covalently attach poly(ethylene glycol) (PEG) to gold and titanium. The DOPA-PEG
modified substrates exhibited a marked decrease in the cell adhesion. [96] Other
strategies for surface modification with functional molecules include non-specific

adsorption [97, 98], photochemical grafting [99], functional self-assembled monolayers
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(SAM) [97, 100, 101], covalent attachment [102, 103], and plasma deposition [104],

among others.

The conventional immobilization methods listed are often applicable only to a limited

range of materials and require the presence of specific functional groups, synthetic

pathways, or biologically hostile environments. [101] For this reason, the development of

biocompatible and versatile linkers for surface engineering of implants has been a major

objective in biomaterials science. [105-107] Inorganic binding peptides offer an attractive

alternative to achieve this objective due to their strong binding, inherent non-toxicity, and

ease of fusion with other functional proteins and peptides.

Here we have chosen glass, titanium, gold and platinum as model materials to

showcase the versatility in the
potential use of the peptide-based
surface  modification  platforms.
Noble metals have been the material
of choice in many biomaterial
applications because of their
excellent  corrosion resistance,
mechanical properties and relatively
good biocompatibility. They have
been widely used in dental implants,
stents and tube plating, wiring for

electronic implants, and pacemaker
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Figure 9. (A) Schematic representation of common
approaches for modification of biomaterial surfaces with
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electrodes. [85, 108]. Glass- and titanium-based materials have found utility mostly in
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orthopedic implants. They have
been used as bone grafts and
coatings for metal implants to
improve osteointegration and as
bone replacement due to their
mechanical properties and excellent
stability. [109] Depending on the
material, implantation site and
intended function, certain devices
may call for increased tissue
integration rather than a bio-inert
behavior, or vice versa (Figure 9).
For example, applications involving
noble metals, such as stents and
pacemaker electrodes, often require
with  the

minimum interaction

biological environment. By contrast,
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orthopedic applications of oxides, glasses and glass-based composites favor increased

cyto-compatibility to promote hard tissue integration. [88, 110]

We used an engineered gold binding peptide (3GBP1) [4] and a platinum binding

peptide (PtBP1)[10], developed in our laboratories, to generate bio-inert gold and

platinum surfaces, respectively. By exploiting the primary amine groups present on the

peptides, we covalently bound aldehyde-terminated poly(ethylene glycol) (PEG-CHO) to

26
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the peptides on the surface through targeted assembly (Figure 10a). Water contact
angle and cell adhesion assays show that the PEG density and functionality achieved are
comparable to surfaces prepared via conventional immobilization methods, such as
covalent thiol binding. [95, 111] Similarly, we used a quartz binding peptide (QBP1) and
a titanium binding peptide (TiBP1) to generate glass and titanium surfaces with enhanced
cyto-compatibility. To this end, we synthesized bi-functional QBP1-RGD and TiBP1-RGD
peptides via solid phase peptide synthesis, and immobilized these peptide conjugates on
the surface through directed assembly in a single step (Figure 10b). Cell adhesion and
spreading assays have shown that the QBP1 and the TiBP1 facilitate the immobilization
of RGD on both surfaces while preserving its functionality as a recognition site for the
cells. The sequence information and the physicochemical properties of all the inorganic
binding peptides and their bi-functional combinations used in the current study are

provided in Table 2.
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Table 2: Amino acid sequences and the physico-chemical properties of the peptides

used in the study.

Peptide Amino Acid Sequence pl [ GRAVY | M.W. CII:IaerLe
GBP1 NH2-MHGKTQATSGTIQS-OH 8.562 | -0.743 | 14466 +1
3GBP1 | NH:-(MHGKTQATSGTIQS x 3)-OH 10.30| -0.743 |4303.7 +3
PtBP1 NH>-CSQSVTSTKSC-OH 8.47 | -0.867 | 923.9 +1
AuBP1  [NH>-WAGAKRLVLRRE-OH 11.71] -0.567 |1454.7 +3
AuBP2  [NH.-WALRRSIRRQSY-OH 12.00| -1.267 |1591.8 +4
3AuBP1 |NH>-(WAGAKRLVLRREx3)-OH 12.10| -0.567 |43281 +9
3AuBP2 |NH.-(WALRRSIRRQSYx3)-OH 1230 -1.267 |47394 | +12
QBP1 NH2-PPPWLPYMPPWS-OH 595 | -0.650 |1467.7 0
QBP1-RGD [ NH2-PPPWLPYMPPWSGGGRGDS-OH | 6.26 | -0.958 |2054.3 0
TiBP1  |NH-RPRENRGRERGL-OH 11.82] -2.633 | 14956 +3
TiBP1-RGD |NH.-RPRENRGRERGLGGGRGDS-OH |11.70| -2.211 |2082.2 +3
RGD NH>-GRGDS-OH 584 | -1.920 | 4904 0
PEG ~5000

The non-polar residues are displayed with bold characters. The pl indicates the
theoretical isoelectric points and the GRAVY indicates the calculated grand average of

hydrophaticities of the peptides.
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Bio-inert modifications

The surfaces were prepared by a)

sequential incubation of sputtered
gold and platinum substrates with
3GBP1 and PtBP1 solutions
respectively, followed by incubation
with the PEG solution. The surface
adsorption and uniformity of PEG on
gold were monitored by AFM and
contact angle measurements over a
range of assembly conditions. The
showed a

AFM characterization

uniform distribution without
agglomeration of the polymer on the
surface under optimal experimental
conditions (Figure 11 a and b). The
contact angle measurements
confirmed that the gold and the
platinum surfaces were successfully

functionalized with PEG through
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Figure 11. AFM micrographs and section analysis of
a bare (a) and a GEPI-PEG modified (b) gold surface.
The size bars correspond to 100 nm. (c) Water contact
angles on gold and platinum surfaces after treatment with
PEG-CHO alone, GEPIs alone and PEG-CHO conjugated
via GEPIs. Thiol-OEG on gold is shown as a positive
control. (d)High resolution XPS analysis of the carbon
photo-electron emission spectrum of GEPI-PEG modified
substrates.

D. Khatayevich,
Biomaterialia (2010)

M. Gungormus et al Acta

GEPIs. No significant changes in contact angle were observed on the surfaces incubated

with PEG-CHO alone with respect to the unmodified negative control: about 60 degrees

for gold and 48 degrees for platinum (Figure 11c). The adsorption of the peptides alone
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on the surfaces resulted in about a 25% decrease in the contact angles. This decrease is
consistent with the abundance of hydrophilic and polar residues in the peptides (Table 2).
The conjugation of PEG with immobilized 3GBP1 and PtBP1 further decreased the
contact angles to about 32 degrees for both surfaces. This value is consistent with those
reported in the literature and reproduced in this study for OEG immobilized on gold
through thiols. Additionally, high resolution XPS analysis of the carbon photo-electron
emission spectrum of peptide—PEG modified substrates showed the presence of both
amide —CO-NH- groups indicative of the peptide and —-C—O—C- groups indicative of PEG
(Figure 11d). The gold and platinum surfaces modified with peptide—PEG conjugates
exhibited a significant decrease in the non-specific adhesion of NIH 3T3 cells as
compared with the unmodified controls. After 2 h incubation with cells in serum-free
conditions, and subsequent washing, less than one cell mm-2 was observed on the
GEPI-PEG modified surfaces, while 100-fold higher non-specific adhesion was observed
on the control surfaces (Figure 12). Similar results were obtained with OCCM-30 cells
(Not shown). As shown in Figure 12e, the difference between the number of cells per unit

area on both the bare and peptide-only surfaces was negligible.
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The stability of the 3GBP1-PEG system
was also tested in the presence of 1% FBS
and 24 h cell incubation. The rich variety of
proteins in the FBS provides an environment
similar to in vivo conditions by introducing
possible peptide—protein, PEG—protein or
surface—protein interactions. As expected,
the presence of FBS increased the number
of cells attached 1.5- to 3-fold in all of the
samples compared with the serum-free
conditions. This increase was due to the
interaction of serum proteins with the
material surfaces, which in turn created a
more compatible surface for the attachment
of cells. The increase in cell attachment on
the GBP-PEG modified substrates,
however, was still negligible compared with
the negative controls. The average number
of the cells attached to the 3GBP1-PEG

surfaces was 3.1 + 0.75 cells mm=2, while

about 50-fold higher cell attachment was

GBP-PEG on Gold Thiol-OEG on gold

OPLATINUM
NGOLD
M Thiol OEG

15

0.5

GEPI LINKER-PEG

Bare

Figure 12. (a—d) Optical microscopy images of NIH
3T3 cells remaining after washing on modified and
unmodified gold substrates. (e) The number of NIH
3T3 cells per area remaining after washing on
modified and unmodified gold and platinum surfaces.

D. Khatayevich, M. Gungormus et al Acta
Biomaterialia (2010)

observed on the negative control surfaces. From this observation it can be deduced that

the 3GBP1-PEG layer not only resists the adhesion of cells, but also the adsorption of
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serum proteins. SEM analysis showed that the 3GBP1-PEG layer was still stable after
24 h cell incubation in 1% FBS. After 24 h the cells on the bare gold surface displayed
the typical fibroblast morphology, with some of the cells displaying clustering rather than
a homogeneous distribution (Figure 12a). On the 3GBP1-PEG modified surfaces no
additional cell adhesion was observed at 24 h. Energy-dispersive X-ray spectroscopy
(EDXS) analysis confirmed that the PEG layer was still present on the surface with a
prominent carbon peak (Figure 11d). Additionally, we have attempted to achieve PEG
conjugation on gold with two other gold-binding peptides (AuBP1 and AuBP2) selected
via bacterial cell surface display. Although all of these peptides have demonstrated
selective affinity for gold, conjugation of PEG with AuBP1 and AuBP2 did not result in a
sufficient decrease in the water contact angles (Figure 13). This may be due to the fact
that AuBP1 and AuBP2 are much smaller in size (12 a.a.) compared with 3GBP1 (42

a.a.), facilitating conjugation with PEG. To

70

test this possibility, we prepared a single 60 po= =

repeat of GBP1 and triple tandem repeats of >0 ol ] -
40
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compared with the original peptide, but not 4,16 13 water contact angles of the gold

) _ surfaces modified with single and triple tandem
3AuBP1. The failure to achieve complete repeats of the three different gold-binding
peptides, GBP1, AuBP1 and AuBP2.
ver with both the original and the tripl
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. . . ) Biomaterialia (2010)
repeat of AuBP1 implies that the conjugation
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of PEG with lysine residues impairs the stability of the peptide on the surface. The lysine
residues may be essential for binding, either by directly interacting with the surface or by
contributing to the structural stability of the peptide on the surface. To investigate this
hypothesis, we selectively conjugated PEG-CHO with AuBP1 while the primary amine on
the lysine residue was protected and only the N-terminal primary amine was available. In
this way, conjugation can only occur through the primary amine at the N-terminus. As
expected, selectively conjugated AuBP1 resulted in a contact angle comparable with the

positive controls (Figure 13).

The differences in the degree of functionalization with different peptides indicate that
both the relative size of the peptide and the number of available groups suitable for
conjugation are important factors governing the extent of surface functionalization. Since
combinatorial selection against a surface usually produces not only one but a set of
multiple peptides for the target surface, one can select the most suitable peptide for the

desired application among the set of peptides, as demonstrated here.

It is interesting that PtBP1 does not obey this generalization. Despite the relatively
small size of the peptide compared with the PEG molecule, sufficient conjugation and
coverage was achieved without the need for a tandem repeat of the peptide. This may be
due to the constrained nature of the peptide. The disulfide bridge between the cysteine
residues introduces a structural constraint and, therefore, increases the stability of the
peptide. Constrained peptide architecture, in turn may render the peptide less susceptible

to steric effects.

Bio-active surface modification
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Cellular adhesion and spreading was evaluated on titanium and glass surfaces using
NIH 3T3 mouse fibroblasts in the absence and presence of serum proteins to assess the
cyto-compatibility of the surfaces. The glass and titanium surfaces were prepared in a
single incubation step by placing them into the QBP1-RGD and TiBP1-RGD solutions
respectively. Adhesion of the NIH 3T3 cells to glass and titanium surfaces modified with
RGD chimeric peptides were increased by 3.5- to 5-fold in serum-free and 2-fold in 1%
FBS conditions, compared with negative controls (Figure 14 a and b). A decrease in

adhesion was observed especially on glass surfaces incubated with RGD alone in serum-
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Figure 14. (a) FM micrographs of phalloidin stained NIH 3T3 cells on glass and titanium surfaces. (b) The
number of adhered NIH 3T3 cells per mm2 in the presence of 1% FBS. The comparison of cell adhesion in
serum-free and 1% FBS conditions on the titanium (c) and glass (d) surfaces. (e) Average cell spreading on
titanium and glass surfaces in the presence of 1% FBS.
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free conditions. Such a decrease may originate from the dissociation of non-specifically
adsorbed RGD peptides from the surface into the medium. The unbound RGD in the
medium may then interact with the RGD-binding sites on the integrin receptors and act
as an integrin antagonist to prevent further cellular interactions with the surface.
Conversely, a slight increase in adhesion was observed on the surfaces modified with
QBP1 and TiBP1 alone. Although within the margin of error, this effect may be due to the
inherent chemical properties of the peptides. The abundance of non-polar residues in the
peptides (Table 2) is likely to result in an increase in the hydrophobicity of the glass
surface. Contact angle measurements showed that QBP1 indeed resulted in a 19%
increase to a value of 46 degrees compared with bare glass. Consequently, when
amphiphilic molecules on the cell membrane, such as proteins, interact with the non-polar
residues an increase in non-specific adsorption on the surface may be observed. As
opposed to serum-free conditions, no significant differences in adhesion were observed
between the three negative control surfaces (Bare, GEPI alone and RGD alone) in 1%
FBS conditions. Cell coverage on all of the control surfaces was about 300 cells mm-2.
Adsorption of serum proteins on the surfaces rendered the control surfaces
cytocompatible. On the peptide—RGD modified surfaces, however, a combined effect of
the serum proteins and the bifunctional peptides was observed. The number of cells
increased by 30- 35% in the presence of serum proteins on GEPI-RGD modified

surfaces relative to the serum-free conditions (Fig. 14c and d).

In tissue engineering applications the integrin ligands were not only used to modify
surfaces for increased cell adhesion but also for enhanced cell viability and function. To

test whether the RGD chimeric peptides resulted in any enhancement in cell viability, cell
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spreading was evaluated in addition to cell adhesion. ImageJ image processing software
(NIH) was used to analyze cell spreading. An increase of about 1.6-fold in cell spreading
was observed on both materials modified with chimeric RGD peptides compared with
bare surfaces (Fig. 14e). A similar increase was observed on fibronectin modified
surfaces. The results indicate that the presence of both material binding and RGD
domains in the designed bifunctionalmolecular construct is necessary to promote cell

adhesion and proliferation.

2.3 Modular Bio-sensor Design

In designing a biosensor, it is desirable to be able to easily adapt the system to detect
a variety of targets. For example, functional tissue patterning in multicellular organisms
relies on cell-cell interactions specifying cell fate. Proper stomatal patterning is critical for
plant productivity and survival. Genetic studies in Arabidopsis have suggested that
secreted peptides, EPFs, are recognized by cell-surface receptors with extracellular
leucine-rich repeat (LRR) domains, ERECTA-family LRR-receptor kinases (LRR-RKSs)
and TMM LRR-receptor-like protein (LRR-RLP), to enforce stomatal patterning. One of
the methods by which we quantified the ligand receptor interactions ex situ was through
detection of ligand binding to immobilized receptors on SPR and QCM biosensor
platforms. The specifics of the implications of our measurements are not relevant, but the
sensor design can give insight into the proper approach to designing the cancer probing

device.

Objective: To create a sensor functionalization procedure to detect a variety of ligand-

receptor interactions from a complex solution of peptides.

36



The preparation of sensors was as follows: Gold-coated QCM and SPR slides were
incubated with anti-GFP in phosphate (non-specific adsorption). The surfaces were then
blocked in a 2 % bovine serum albumin (BSA) solution to minimize nonspecific
interactions. The resulting samples were incubated with a membrane fraction of either
control (GFP only) or receptor-GFP construct solution and additional BSA blocking to

yield receptor-immobilized biosensor chips (Figure 15).

Purified, bioactive MEPF1 and MEPF2 peptides were used to perform ligand-receptor
binding assays using biosensor platforms of QCM (quartz crystal microbalance) and SPR
(surface plasmon resonance). For both techniques, we first immobilized purified
ERECTAAK-GFP, ERL1AK-GFP TMM-GFP, or control GFP from N. benthamiana on gold
surfaces via anti-GFP antibody linkages and then introduced the purified MEPF-His

peptide solutions.
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Figure 15. Fabrication of biosensors for ligand-receptor interaction detection
J. S. Lee, et al, Genes and Development (2012)
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Robust binding of MEPF1 and MEPF2 to the ectodomain of ERECTA and ERL1 was
detected as a function of frequency change (for QCM) or the shift in surface plasmon
resonance wavelength (for SPR). Based on the SPR sensorgrams, the binding of MEPF1
to both ERECTA and ERL1 was rapid, saturable and in similar kinetics. The QCM data
supports this observation. By contrast, no obvious binding of MEPF1 to TMM-GFP or
control GFP was detected by either SPR or QCM. MEPF2, unlike MEPF1, exhibited
binding to TMM in addition to ERECTA and ERL1. The apparent affinity difference for
TMM by MEPF1 and MEPF2 was consistently detected in three different methods.
9
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Figure 16. SPR sensograms and overall shifts, with corresponding to the QCM results of MEPF-1 and -2
ligands interacting with ER, ERL1, and TMM receptors. Lure and Buffer given as controls.

38



Additionally, we detected a difference in the binding kinetics of MEPF2 to ERECTA and

ERL1, with ERECTA having higher saturation (Figure 16).

To address the specificity of ligand binding, we further performed SPR analysis using
a similar, but unrelated peptide LURE2. LUREZ2 showed no binding to ERECTA, ERL1,
or TMM with the same tested condition (300 nM of total refolded peptide solution), and its
sensorgram was identical to buffer-only control. Furthermore, heat denaturation of
MEPF1 and MEPF2 severely compromised their binding to receptors. Together, the
results demonstrate specific, direct binding of bioactive MEPF peptides to the ERECTA-

family RKs as well as their differential binding to TMM (Figure 16).

2.4 Controlling the Surface Chemistry of Graphite by Engineered Self-Assembled
Peptides
In the above experiments we have demonstrated that solid-binding peptides can be
employed for functionalization and passivation of surfaces, and that a modular bio-sensor
system can be created by substitution of antibody-bound probes. In the subsequent
experiments we apply these principles to graphitic materials and the graphene nanobio-

Sensor.

Controlling interfacial properties of materials through surface functionalization of solid
substrates has been a major challenge in medicine and nanotechnology for the last two
decades.[112, 113] The precise display of function and chemistry is particularly critical for
engineering bio-inorganic interfaces, where the orientation and density of the immobilized
molecules may have direct bearing on the performance of the resulting assembly, such

as, for example, the specific activity of immobilized enzymes.[114] As described above,
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solid binding peptides are extremely well suited for surface functionalization and display
due to their strong binding, chemical diversity, modular capacity and biologically friendly
processing. Rather than covalent bonding, prevalent in synthetic linkers, such as silanes,
thiols, and phosphanates, short peptides bind through weak forces at multiple positions
along the peptide/solid interface with the advantage of assembling and functioning in
aqueous solutions.[6, 115] As biocompatible coatings, therefore, solid-binding peptides
are particularly well suited for applications in medical and biological fields because they
are produced and function under biological conditions, and have not shown any toxicity

in cell culture studies.[17, 18]

Graphite, graphene and carbon nano-tubes (CNT) have been employed for both
biomedical and nanotechnological applications due to their anti-microbial activity, high
conductivity, optical transparency, and surface sensitive properties.[53-55, 116, 117]
These graphitic materials have been employed for biosensing applications in particular
due to their excellent electronic properties, resulting from delocalized = bonds on the
surface.[118-120] A number of functionalization routes through covalent bonding, i.e. the
introduction of carboxylic groups, have been employed to control the interface with
graphitic materials.[121, 122] In parallel, however, to preserve the intrinsic properties of
these materials, methods of non-covalent functionalization via n—mn stacking using
aromatic chemistry have been used to assemble functional molecules.[123, 124] In
addition to these successful chemical functionalization techniques, a non-invasive
approach using peptides could present a biocompatible alternative to controlling the
surface properties of graphite. Here, we demonstrate precise control over the hydropathy

of graphite through single-step self-assembly of peptides and their engineered mutants.
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The graphite binding peptides are modular and can be designed to self-assemble into

stable monomolecular films on graphite, exposing predictable surface chemistry through

the display of specific amino acids. The highly oriented pyrolytic graphite (HOPG) has an

atomically flat surface which is ideally suited to demonstrate, using atomic force

microscopy and contact angle
measurements, the display of tailored
chemistries on  graphite  through
controlling the binding and assembly of
the designed peptides, in the absence of

roughness effects.[125]

Various graphite-,[126] graphene-
[127-129] and CNT-binding [130, 131]
peptide sequences and poly amino acids
have been identified in literature. They
have been employed for applications such
as bioinorganic nano-structure
formation,[132] as well as non-specific

control of surface chemistry.[127]
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Figure 17. (a) Atomic force microscopy
(AFM) image of the peptide GrBP5-WT on )
graphite with (b) Corresponding sequence (N- to
C-terminus) and schematic. (c) AFM image of
GrBP5-Phil mutant on graphite with (d)
Corresponding sequence and schematic. Insets
show the contact angles and the Fast Fourier
Transforms of the images to highlight presence
or lack of ordering. Schematics (b), (d) and (e)
lllustrate the hypothetical conformation of the
peptides within the film which produce the
observed contact angles, binding through the
aromatic region and displaying either the
ordered hydrophobic or disordered hydrophilic

residues.
D. Khatayevich, et al. Langmuir (2012)

The dodecapeptide used in this work, GrBP5-WT (Sequence: IMVTESSDYSSY,
affinity constant: Ka=3.78uM-1) [133] is unique among graphite- and CNT-binding peptide

sequences identified so far, as it forms long-range ordered, uniform, and crystallographic
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molecular nanostructures on HOPG (Figure 17a), which can be controlled through
sequence mutation. The abbreviation WT denotes the original, unmodified, sequence of
the peptide, which we call “wild type”. In previous work,[133] it was found that the self-
assembly of GrBP5-WT arises from a combination of binding through the aromatic rings
of tyrosine residues at the C-terminus, and ordering through intermolecular interactions
among hydrophobic tail domains (Figure 17b). The formation of ordered morphology,
apparent from Figure 17a, and evidenced by the FFT, seems to be a result of both lattice
matching with the underlying HOPG, which results in six-fold symmetry and assembly
conditions, such as concentration, which, along with intermolecular interactions,
determines the size of features.[133] Replacing the hydrophobic residues at the N-
terminus with hydrophilic ones, therefore, inhibits formation of the ordered phase (OP)
and causes the peptide film to remain in the amorphous phase (AP) because of the lack
of intermolecular interactions (Figure 17c and d). Furthermore, it was found that an
ordered film of GrBP5-WT displays hydrophobic property on the graphite surface (Figure
17a). These findings motivated us to hypothesize that ordered structures of GrBP5-WT
leave the N-terminus amino-acids free for rational control of intermolecular interactions
as well as further functionalization, and predictable display of specific chemistry. Based
on this hypothesis, we aim here to demonstrate that the wettability of graphite can be
controlled by varying the N-terminal sequence of the GrBP5-WT peptide. Specifically, we
design two mutants (i.e., variants of the WT peptide) which exhibit hydrophobic or
hydrophilic properties while retaining their ordered structure and predictable display
capability. The hydrophobic mutant GrBP5-Phob is produced by substitution of the three

N-terminal amino-acids of the wild type with a more hydrophobic LIA sequence (Table 3).

42



The hydrophilic hybrid mutant SS-GrBP5 (Figure 17e, Table 3), on the other hand, is
designed by the addition of two hydrophilic serine residues to the N-terminus of the wild

type peptide.

To characterize the wettability of the peptide-functionalized graphite surfaces, freshly
cleaved HOPG substrates were incubated in 1uM aqueous peptide solutions (Table 3)
for several time intervals, resulting in samples of peptide films on the graphite surface
that range from sparse to near-confluent monolayers. The wettability of these films was
guantified by contact angle goniometry, and the coverage was determined by atomic force
microscopy (AFM) The plot of contact angle vs. coverage values exhibits a coinciding
linear correlation below 70% coverage for all peptides (Figure 18a, red), meaning that
the contact angle contribution of the peptides in the amorphous phase does not depend
on sequence. Above 70%, they also display linear relationships but with slopes that vary
greatly with sequence (Figure 18a, blue). To quantitatively compare the wettability of
different peptides, we applied Cassie’s Law,[137] which describes the contact angle, cos
0, of a macroscopic droplet on a chemically heterogeneous surface via the relation: cos
6 = ¢g cos 6g + ¢p cos Op (¢g,p : coverage and 6g,p : contact angle for graphite and

peptides, respectively). By fitting this equation to the experimental data, effective contact

Table 3. Peptide sequences, weights, and hydropathy indices

Peptide Sequence Mol. Mass G.RAV.Y.H
GIrBP5-WT IMV-TESSDYSSY 1381.4 -0.242
GrBP5-Phob LIA-TESSDYSSY 1335.3 -0.283
GrBP5-Phil TQS-TESSDYSSY 1354.3 -1.542
SS-GrBP5 SSIMV-TESSDYSSY 1555.6 -0.321

[a] Grand average hydropathy index

angles are extrapolated for fully covered surfaces of each peptide, 6p, (Table 4). Between

0 and 70% coverage, all peptides display little difference in 0p (about 28°+4°). The 0p
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values above 70% coverage of GrBP5-
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SS-GrBP5 |GrBP5-Phob| GrBPS-WT

coverage without recognizable

crystallographic symmetry in the

GrBP5-Phil

formed film. There is an transition _ _
Figure 18. (a) Plot of contact angle 8 versus fraction

0 coverage ¢ of peptides on graphite. The blue lines
threshold from AP to OP at about 70% indicate linear trends above 70% coverage; the red

. . line represents the linear trend for all peptides below
coverage. Ordered peptide films also  70% coverage. The change in slope between ordered
(OP) and amorphous (AP) trend lines indicates the

exhibit more uniform and narrow change in the displayed chemistry. The grey lines
indicate the AP to OP transition region (b) AFM

C . images showing typical examples of AP and OP
distributions of thickness as measured  stryctures, as well as the corresponding coverage and

by AFM , which is apparent from the average roughness values in Table 4 Only GrBP5-

Phil, with no hydrophobic tail, remained disordered under all incubation conditions.

Table 4. Projected contact angles of a theoretical 100% peptide-covered sample for each

peptide and phase, and corresponding measured roughness values.
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0, AP 0, OP

Peptide (0-70% AP Roug. nm (>70% OP Rough. nm
coverage) coverage)

GrBP5-WT 30.0°+2.5° 0.92 64.0°+1.0° 0.39

GrBP5-Phob 23.0°£11.5° 0.53 87.0+£0.5° 0.36

GrBP5-Phil 32.0°£12.0° 0.72 No Order No Order

SS-GrBP5 25.5°+55° 1.20 36.0°+£1.0° 0.34

The similarity in the Bp contact angles of all peptides in the AP below 70% coverage
may indicate that the exposed amino acid domain is conserved among mutants and is
predominantly hydrophilic. This is most likely due to the random alignment of peptides
displaying polar residue- and a serine-rich domain in the central portion of the peptide
(Table 3). Conversely, the contrast between the contact angle contribution of GrBP5-WT
(64.0°) and GrBP5-Phob (87.0°) in the OP implies that the three amino-acids at the N-
terminus are uniformly exposed towards the solution, since they are the only ones that

differ between the two peptide sequences.

Both the binding and ordering capabilities of the peptides were retained in the SS-
GrBP5 mutant (Figure 18). Even in the ordered state, the SS-GrBP5 mutant has a contact
angle contribution close to that of the AP (Table 4), indicating that hydrophilic residues
are displayed in both of its phases of the peptide films. The difference in the contribution
of the two phases, about 9°, confirms a transition from AP to OP, seen clearly in Figure

18, on surfaces functionalized by SS-GrBP5.
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The uniform display of N-terminal residues by self-assembling peptides forming
confluent ordered films on graphite that appears to be occurring, results in a wide range
of wettability values. It is, therefore, plausible to further tune the contact angle through a
simultaneous high coverage, single-step, co-assembly of peptides with varying
wettability. We chose the two mutants that retained their assembly capabilities and
exhibited the widest range of 8p, i.e., 36.0° and 87.0°, to achieve precise control over the
wettability of graphite surfaces at a constant coverage. For this, 1uM aqueous solutions
of GrBP5-Phob and the SS-GrBP5 were mixed in appropriate proportions and incubated
on HOPG for 3 hours, assuming the complete solubility of the two peptides solutions. The
AFM images and contact angle versus fraction coverage dependencies are shown in
Figure 19. While the peptide coverage of these films remained at around 80%, the contact
angles of functionalized surfaces varied from 44.0° to 83.0°. The linear nature of the plot
and the uniformity of the AFM images indicate that GrBP5-Phob is homogeneously
dispersed within the film formed by SS-GrBP5. Moreover, by adding a third term to

Cassie’s equation (cos 6 = ¢g cos 6g + ¢p1 cos Op1 + + ¢p2 cos Op2), we were able to

a)%SS =0% %SS =25% %SS =50% %SS =75% %SS =100% b)
0 =73.0° 0 = 63.5° 8 = 53.5°

A A Experimental
% L\. - Cassie's Law

"
A
R2=0.96 4

0 100

GrBPS-Phob in SS-GrBPS /
%

Figure 19. (a) Contact angles and AFM images of ordered co-assembled peptide monolayer containing
SS-GrBP5 and GrBP5-Phob. Coverage for all surfaces is greater than 80%. (b) Plot of cosine of the contact
angle versus % of GrBP5-Phob mixed in SS-GrBP5 shows agreement with the trend predicted by Cassie’s
Law.

Khatayevich, et al. Langmuir (2012)

predict the cosine of the contact angle resulting from a given mixed monolayer based on
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the Bp values from Table 4 (Figure 19). The agreement between the prediction and the
data is quite close (Coefficient of determination, based on sum of squares of error is R?
= 0.96). The small discrepancy in the predicted and measured values could result from a
slight variation in the binding affinities of the two peptides, whereby SS-GrBP5 is present
on the surface in slightly higher proportion than the GrBP5-Phob under the same

incubation conditions.

2.5 Selective Detection of Proteins in Solution via Graphene Sensors Enabled by

Self-Assembled Mixed Peptide Monolayer

To turn a 2D-FET into a biosensor, target-specific bioprobes must be immobilized on
the sensor's surface in a controlled and simple process while, at the same time,
preserving the functionality of the 2D sensor substrate. Instead of covalent bonding,
prevalent in synthetic linkers, short peptides bind through weak forces at multiple
positions at the peptide/solid interface enabling them to assemble and function in
aqueous solutions. [6, 115] Solid-binding peptides are particularly well suited for
applications in medical and biological fields because they are produced and function
under biological conditions, and have not shown any toxicity in cell culture studies.[17,
134] The dodecapeptide GrBP5-WT (Sequence: IMVTESSDYSSY, affinity constant:
Ka=3.78uM-1) is unique among graphite- and CNT-binding peptide sequences identified
so far, as it forms long-range ordered, uniform, and crystallographic molecular
nanostructures on graphitic materials, which can be controlled through sequence
mutation (Figure 20).[133] GrBP5-WT is modular and can be designed to expose
predictable surface chemistry through the display of specific amino acids, making it ideal
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35
& Moreover, it has been shown that two

— Substrate
R LT i mutants of GrBP5-WT can be

C Amphiphilic/Assembly  Aromatic/Bindin

simultaneously assembled to display a

12 3 4 5 6 7 8 9 10 11 12
| JOEESNSED Y 8 8 Y combination of properties.[135] Multi-

Figure 20. A) Conceptual schematic of the peptide .
based approach to biosensor functionalization; B) practice,
GrBP5-WT image showing the formation of ordered

nhase: C) seauence and nranertv/function man. possessing sensitivity, it must be

functionality is critical to the application

Display Site

of a biomarker sensor in clinical

since in addition to

capable of discriminating for the target against a background of proteins present in the
sample. It is necessary to simultaneously impart the targeting and the anti-fouling

capabilities to the sensor.

In the present study, we demonstrate selective detection of a model protein against a
background of serum protein using a graphene sensor functionalized via co-assembled,
multifunctional, self-assembling peptides, which simultaneously display the probe and
prevent non-specific adsorption. In particular we employ a 4-probe graphene field effect
transistor (QFET) sensor (Figure 21), functionalized using simultaneously co-assembled
mutants of GrBP5-WT, displaying biotin, or hydrophilic residues at the N-terminus (Table
5), to detect streptavidin (SA) against a background of bovine serum albumin (BSA). We
also develop a regeneration protocol, which allows us to utilize a single sensor for over

12 experiments. Through this study we establish a methodology for single-step bio-
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functionalization of graphitic sensors
toward sensitive detection of
biomolecules, which can be applied to a

variety of analytes in complex solutions.

Additionally, we created a modular

\ "
probe approach to make the bio-sensor %OM";:“'“V \J’
3 G

more versatile. By fusing the SS-GrBP5 e

N\

§ -,
Sum

) . o . Figure 21. A) Schematic illustration of the four-
with an anti-body binding motif, we were  probe bio-functionalized graphene sensor; B)

Optipal micr(_)scqpy image of the sensor device; C)
able to immobilize anti-maltose binding Equivalent circuit of the device.
protein (anti-MBP) on the sensor surface
and selectively detect maltose binding protein (MBP) against a background of BSA. The

results of this study are discussed in section 4.1

Table 5. Peptide sequences weights and hydropathy indices

Molecule Sequence Mol. Mass [g/mol] G.RAV.Y.H
GrBP5-WT IMVTESSDYSSY 1381.4 -0.242
Bio-GrBP5 bio-IMVTESSDYSSY 1624.3 0.185
SS-GrBP5 SS-IMVTESSDYSSY 1555.6 -0.321
Bio-SS-GrBP5 bio-SS-IMVTESSDYSSY 1798.5 0.264

[a] Grand average hydropathy index.
Graphene Biosensor

We fabricated the graphene biosenor, using electron beam lithography, in a four
probe configuration (Figure 21). Such configuration is advantageous, because it
minimizes the effect of contact resistance on the measurement, increasing the signal to
noise ratio. This is accomplished by supplying a constant current via contacts R1 and R2,
and monitoring the voltage between the contacts R3 and R4 at negligible currents (Figure

18c).
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In order to test the capabilities of
the graphene field effect transistor
sensor, as well as to ensure that our
peptide-based functionalization
scheme appropriately displays the
probe, we created a biotin-graphite
binding peptide (bio-GrBP5) fusion
molecule (Table 3). By sequential
introduction of increasing
concentrations of the peptide to the
sensor, we were able to determine the
ultimate sensitivity of our system, and
to create, what appears from AFM
uniform

images to be, a dense,

monolayer of self-assembled

biotinilated peptide (Figure 22a, c). We

then introduced streptavidin to the

Resistance (kQ)
N
(6]
o

N
o
o

Figure 22. A) AFM image and schematic of
10mg/ml bio-GrBP5 self-assembled on graphite; B)
AFM image and schematic of 10mg/ml streptavidin
captured by the bio-GrBP5 monolayer; C)
Corresponding sensogram of sequential addition of
increased concentrations of bio-GrBP5 followed by the
sequential addition of increased concentrations of
streptavidin.

system in sequentially increasing concentrations to determine the sensitivity limit for

binding of secondary analyte. The AFM images (Figure 22b), along with the sensogram

(Figure 22c) demonstrate binding of streptavidin to the biotinilated sensor. The height

difference of about 2nm is observed between the peptide only and the SA added surfaces.

Moreover, we found that the sensitivity of our device is between 20 and 50ng/ml, both in

the bare and functionalized state. The differences in morphology in the two AFM images
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indicate that there is a certain amount of instability introduced into the peptide by the
analyte, however, the coverage remains above 85% after two hours of testing, which is
well beyond the time required to achieve apparent binding equilibrium. Additional stability
experiments are discussed in section 2.6. As a control, we also tested the binding of SA
to the un-functionalized sensor, finding that no detectable binding occurs in the range of
concentrations used. The response of our sensor is consistent with that reported
previously for graphene-based biosensors.[51, 138] The decrease in resistance in the
presence of the biomolecule is explainable through increased doping of the graphene
layer by ionic and partial charges of the peptidic molecules. The sign of the resistance
change is dependent on the gating conditions of the graphene field effect transistor, which
are not controlled in the present device. The change in resistance can, therefore, be

treated as arbitrary intensity units for the purposes of binding quantification.

Mitigation of Non-specific Adsorption

Non-specific adsorption of undesirable proteins present in solution is a major concern
when testing for biomarkers in clinically relevant samples. Serum albumin constitutes
about 50% of the blood serum proteins, and is, therefore, a good model protein to serve
as the background against which SA may be detected. Figure 23A shows the effect of
adsorption of bovine serum albumin (BSA) on graphite after washing (corresponding
sensogram Figure 23D). The protein is present on the entire surface and agglomerates
into fibers probably as the result of drying in sample preparation. The sensogram shows
robust detection of binding at 50ng/ml, followed by increased binding with overall
resistance shift of almost 200kQ2 at 10ug/ml. In order to prevent non-specific adsorption
of BSA, we employed the SS-GrBP5 mutant (Table 3), identified in an earlier study as
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one capable of assembling into ordered monolayers and presenting hydrophilic chemistry
(36° contact angle at 100% coverage).[135] Such a contact angle value is similar to those
achieved in literature by self-assembled monolayer polyethylene glycol anti-fouling
systems (about 32°).[17, 95, 111] The contact angle value has been strongly linked to
anti-fouling properties in a variety of systems.[139] We, therefore, hypothesized that our
self-assembled peptide monolayers, which are dense and exhibit similar contact angles,
would also be anti-fouling. To test this hypothesis, we assembled SS-GrBP5 peptide

(Figure 23B) on the sensor surface, and introduced BSA to the system (Figures 23C and
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Figure 23. A) AFM image and schematic of 10mg/ml BSA Adsorption to bare graphite; B) AFM image and
schematic of 10mg/ml SS-GrBP5 on graphite; C) AFM image and schematic of 10mg/ml BSA adsorption
blocked by SS-GrBP5 — functionalized graphite; D) Sensogram of sequentially increasing concentrations of
BSA added to bare sensor; E) Sensogram of sequentially increasing concentrations of BSA added to SS-
GrBP5 functionalized sensor
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E). The binding of BSA was seemingly inhibited by the SS-GrBP5 mutant, resulting in no
detectable binding at less than 10ug/ml concentrations of BSA. The AFM image of the
surface after incubation with 10ug/ml BSA for 90 minutes (Figure 23C) shows a small
amount of protein present sparsely on the surface and very low degradation of the
underlying peptide monolayer. The apparent added stability, as compared to the bio-
GrBP5 mutant, is possibly the result of the more amphiphilic nature of the SS-GrBP5
monolayer, which is more likely to remain robustly oriented between the hydrophobic
graphite and water. As a control experiment, we introduced BSA to a monolayer of bio-
GrBP5 and detected significant binding of BSA, indicating that it is specifically the addition
of SS to the peptide, which results in anti-fouling properties. See section 2.6 for additional

discussion of stability.

Multi-Functional Surfaces through Peptide Co-Assembly

By combining the passivating SS-GrBP5 with the biotinylated probe peptide bio-
GrBP5, we created a sensor we believe should be capable of selective detection of
streptavidin in a bovine serum albumin solution. A mixed peptide monolayer consisting of
25% bio-GrBP5 and 75% SS-GrBP5 was formed in a single step from a solution with an
overall concentration of 10ug/ml. The AFM of the resulting monolayer (Figure 24A) is
interpreted to mean that the peptides self-assembled into the dense, ordered structure
with no discernible segregation, leading to the likely conclusion that the peptides are

miscible. Guided by the results in Figure 23, we introduced 5ug/ml BSA to the sensor and
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detected no shift in the resistance of the
sensor (Figure 24C). We then introduced

sequentially increasing concentrations of

SA to the sensor, while maintaining the Mixed Peptide
: -

levels of BSA, and were able to reliably
detect streptavidin at 100ng/ml, although
some signal was present at even lower

concentrations (Figure 24C). The AFM

~450 - BSA maintained at 5 pug/ml
im f the graphi rf he final gk i oo i) =l
image of the graphite surface at the fina 9400 WEcE £ £ 1=
conditions (Figure 24B) showed less @350 | 5| |255 5 &5 2 3
c —=| |w o el S -
- S300 | E = D
coverage by SA than the biotin-only =
4250 | 5
surface (Figure 22B). The overall stability =~ & 559 L ‘ : . ‘
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of the bio-GrBP5 appears to have been Time (min)

improved by co-assembly with SS- _ _ , ,
Figure 24. A) AFM image and schematic of mixed

peptide monolayer on graphite B) AFM image and
schematic of selective detection of streptavidin against
a BSA background; C) corresponding sensogram,
and density_ SS-GrBP5 also seems to  where 25% bio-GrBP5, 75% ss-GrBP5 peptide mixture
is introduced first, followed by BSA, which shows no
binding, and finally, streptavidin, which is captured
selectively.

GrBP5, displaying very high coverage

retain its anti-fouling function despite a
25% reduction in coverage, owing to the fact that the overall order of the monolayer is

maintained by the self-assembling sequence of bio-GrBP5 inclusion.

Determination of Critical SS-GrBP5 Coverage
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To quantify the minimum percent of SS-GrBP5 in the mixed monolayer necessary to
maintain the anti-fouling properties of the surface overall, and to characterize the co-
assembled monolayers, we measured the Kd of BSA adhering to the sensor as the
function of fraction of probe peptide in the SS-GrBP5 mixed monolayer. In addition, we
created a second biotin-functionalized peptide Bio-SS-GrBP5 (Table 5), in order to test
the effect of the extra linker on the display of the probe within the mixed monolayer, and
its availability. We first performed contact angle measurements on maximum coverage

mixed monolayers at various ratios of the

A
probe peptides with SS-GrBPS (Figure %05: 2= 09945 ABio-GrBP5
=
, . <075 :
25A). The cosines of the resulting contact 8 07 | +Bio-SS-GrBPS
- : : . £065 - R? = 0.994
angles exhibit a linear correlation with the S o6
@
0 0.55
fraction coverage, which is consistent with 0.5 : :
0 50 100
. T % Bio-X-GrBP5 in bio-GrBP5
the Cassie’'s Law, indicating that the 10-A-BIERS I blo-Br
B 1.2E-08 -
eptides are fully miscible, and are 08 -
bep y 1E-08 Critical Coverage: & & &
] ] 8E-09 - 32% +/-2% /‘
distributed evenly on the surface. The g . o
g &4  Kd: 9.60E-9M
apparent Kd values, shown in figure 25c, < 4809
2E-09 - i Abio-GrBP5
Qs " . Bio-SS-GrBP5
exhibit a transition between no binding and O ¢ RIEeTEEs
0 20 40 60 80 100
% bio-X-GrBP5 in SS-GrBP5
9.5x10°M. The Kd values were calculated
by fitting the signal change versus Figure 25. A) Plot of the cosine of the

contact angles, showing linear correlation; B)

. . . Plot of apparent Kd values of BSA-sensor
concentration plOtS with  the Langmuir interaction as a function of Bio-GrBP5 and Bio-

SS-GrBP5 in SS-GrBP%, indicating the critical
equation (R = Rmax (KeqC/(1+KeqC)), where R coverage of about 34%
is the resistance change from the no analyte present level, to maximum apparent binding

at a given concentration, Rmax is the change in resistance at the apparent equilibrium, and
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C is the experimentally introduced concentration of the analyte. In taking this approach
we make the following assumptions, which may be inaccurate: the change in resistance
is proportional to the amount of analyte on the surface, concentration remains constant
in solution during the experiment and an equilibrium is achieved at higher concentrations,
The transition in apparent Kd values occurs because Rmax corresponds to a smaller
number of binding events than the true Kd. The linear extrapolation of the transition region
indicates that the critical coverage is 32% +/-2% of bio- or bio-SS-GrBP5 in the mixed
monolayer, meaning ratios of 2:1 probe to passivating peptide are possible. No difference
in critical coverage were observed for between bio-GrBP5 and bio-SS-GrBP5 mixed
monolayers, indicating that the resistance to non-specific adsorption is imparted by the

SS-GrBP5 component, independent of the probe peptide sequence.

Biotin Probe Display Optimization and Biotin-Streptavidin Kd Measurements

The availability of the probe can be a critical factor in biosensor functionalization,
affecting the number of active binding sites, and therefore, the ultimate sensitivity limit of
the sensor. To test the availability of biotin probe in our system, and to optimize its
accessibility for binding, we conducted a series of measurements to determine the
apparent Kd values of streptavidin-biotin interactions using both bio-GrBP5 and bio-SS-
GrBP5 mixed monolayers. We hypothesized that inserting the SS linker into the peptide
would increase the accessibility of biotin, and decrease the Kd of the interaction. The
summary of these experiments is given in Figure 26. By optimizing the concentration
range for our SA-binding experiments, we again observed a transition of apparent Kd
values from no binding to a stable value, apparently due to the low availability of binding

sites at low probe coverages. By linearly extrapolating the transition region of the Kd plots
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(Figure 26¢ and d) we arrive at a value of approximately 7%, which represents the quantity

of inactive/unavailable probes on the surface.

The equilibrium Kd values obtained via bio-GrBP5 (1.82x10-°M) vary significantly from

those obtained via bio-SS-GrBP5 (1.10x10-*3M). This is consistent with our hypothesis

that the display of the probe above A _ a0 100% oo B 350 100%
2 ————— = 75%
E ;32 259% 50% § ;gg - ¥ “ 50%
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well with the established literature % bio-GrBPS in SS-GrBPS % blo-§3-GrBPS In $S-GrBPS

values (5x1014M).[140]

The sensor devices used in this study were regenerated and reused by washing in
boiling acetone. We observed some sensor degradation over the course of about 12
experiments, with the o3 noise levels increasing from near 2kQ to about 10kQ. However,
it seems that the sensitivity of the

Figure 26. A, B) Change in sensor signal with respect
device is not significantly affected to concentration at different ratios of bio-GrBP5 and bio-SS-

GrBP5 to SS-BrBP5 respectively, with corresponding

between trials, meaning that it can ~ -ngmuir fits.

be used to produce comparable data several times. This is a significant feature for
practical application of graphene based sensors, and represents another advantage of
peptide functionalization over covalent approaches. The details of the regeneration

procedure are given in the Methods chapter (chapter 5).
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Multi-analyte Sensor Platform Design

In order to allow for interchangeable probes we fused the SS-GrBP5 peptide with an
antibody binding peptide sequence ABBP2 (FAGRLVSSIRV).[141] The ABBP2 peptide
binds specifically to the Fc (conserved) section of the antibodies, meaning that a variety
of ant-bodies can be used to functionalize the sensor, so that any analyte can be detected
for which an antibody exist. The construct displays robust binding under the AFM, and is
miscible in SS-GrBP5, making it acceptable for simultaneous graphene surface
functionalization. We chose anti-maltose binding protein and maltose binding protein as

pair as the model system, because of its strong interaction and because of our previous

experience in using that system.

25%ABBP2-SS-GrBP5
A B + 75%SS-GrBPS

Anti-MBP BSA MBP + BSA
A A
a — MBP 550000 " Y A \Af A
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Figure 27. A) Schematic of the probe structure B) sensogram, where 25% ABBP2-SS-GrBP5 and
75%SS-GrBP5 peptide mixture is introduced first, followed by anti-MBP, then BSA, which shows no
binding, and finally, streptavidin, which is MBP selectively.

The interface layer structure we envisioned is schematically represented in Figure

27a. To make it, we first incubated the sensor with the mixed peptide solution
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(25%ABBP2-SS-GrBP5 + 75%SS-GrBP5). We then added a sequentially increasing
guantity of anti-MBP until saturation was reached, as indicated by the stabilization of the
signal. Thereupon, we added BSA, observing no change in signal, followed by increasing
concentrations of MBP in BSA. Based on the shift in resistance during the anti-MBP
introduction, Kd for the ABBP2-SS-GrBP5 interaction with anti-MBP is about 0.5uM
(Figure 27b). No detectable shift after BSA introduction, indicates that the anti-fouling
properties of the SS-GrBP5 monolayer were preserved. Although more data points are
needed to reliably measure the Kd of the anti-MBP interaction with MBP, it is detectable,
and is in the nanomolar range. In subsequent experiments we modify this system to detect

cancer markers against a background of serum.

2.6 Selective Detection of Cancer Markers

In these experiments we develop a

modular (multianalyte) graphene bio-
sensor system for selective detection w
of cancer markers against a

background of abundant serum

Sensor

proteins. In particular we employ a 4

Figure 28: A) Schematic illustration of the four-probe
graphene field effect transistor sensor; B) Proposed
functionalization scheme, showing mixed self-
sensor, functionalized with a mix of assembled peptide  monolayer, which prevents
nonspecific adsorption and displays anti-bodies, which

peptides which allow for further are chosen to bind to specific cancer markers.

probe graphene field effect transistor

functionalization with antibodies, and mitigate non-specific adsorption of serum proteins
(Figure 28). As discussed in Chapter 1 we selected carcinoembryonic antigen (CEA) and

carbohydrate antigen (CA19-9), which are both indicative of pancreatic cancer.[33] It
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A) No incubation B) H20 Q) PBS D) 3%FBS E) 3% FBS Added

SS-GrBP5

ABBP2 + SS-GrBP5

WT-GrBP5

Flgure 29: A) Peptlde monolayers as assembled after 1hr, 6uM concentration. Samples mcubated for 30
minutes in B) Deionized water, C) PBS, D) 3% FBS after removing the peptide solution. E) Peptides
incubated with FBS while the peptide is still present in solution.

should be possible to easily modify this proof-of-principle system to detect any
biomolecule for which an antibody exists, in a variety of complex solutions, and to apply

it to any high sensitivity graphene sensor configuration demonstrated in the literature.
Optimization of Mixed Peptide Monolayer Stability in Sensing Environment

In order to test the stability of our bi-functional, antibody-binding/anti-fouling
peptide monolayer under either buffer or FBS conditions we prepared a series of AFM
samples. The first set of samples was prepared by pre-assembling the peptide (SS-
GrBP5, 70% SS-GrBP5 + 30% ABBP2-SS-GrBP5, and WT-GrBP5) in de-ionized water
(6uM, 1hr) followed by wicking, and introducing to de-ionized water, PBS buffer, or 3%
FBS. The last set of samples was prepared without wicking, by adding a higher

concentration of PBS buffer, and FBS into the peptide solution drop after incubation, so
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Figure 30: Schematic illustration and sensogram of

FBS adsorbing over the long term to the mixed peptide

slows down the adsorption of 3% FBS. monolayer.

Based on this data we hypothesized that when additional peptides are present in solution,
as they are during our sensor experiments, the peptide monolayer is replenished faster
than it is replaced by the FBS or other non-specific binding species, therefore, prolonging
the anti-fouling function. To test this hypothesis we conducted a sensor experiment in
which 70% SS-GrBP5 + 30% ABBP2-SS-GrBP5 was first bound to the surface, and then
3% FBS was added to the sensor. The results are shown in Figure 30. The sensogram
shows no appreciable immediate binding of FBS to the mixed monolayer surface. There
is some minor drift associated with slow 3% FBS adsorption over the first 50 minutes of
the experiment, at which time (about 3400s) the adsorption becomes rapid, most likely
because the critical amount of SS-GrBP5 is no longer present on the surface. These
results are consistent with our observations in a previous experiment (Figure 26), where
we found that if less than 2/3 of the surface is covered with SS-GrBP5, the anti-fouling

effect is lost. The linear appearance of the transition region is consistent with a transport
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limitation artifact (as on SPR), when in the absence of flow conditions, an analyte
depletion zone is formed close to the surface, and therefore, the shape of sensogram
reflects the diffusion of the analyte in solution, rather than binding to the surface. From
this experiment we concluded that the stability of our anti-fouling modification is reliable
for about 35-40 minutes, and have kept the rest of our experiments well below that length

after adding 3% FBS.

Bi-functional peptide monolayer

It is necessary to impart two functions to the surface of the sensing material to
make it selective: specific binding capability, and prevention of non-specific binding. Using
genetically engineered peptides it is possible to impart these functions simultaneously
through a mixed monolayer co-assembly.[135] We have chosen antibodies as probes to
capture the cancer markers from solution because they are highly specific, widely
available and have a conserved region, for which peptidic binders exist. We selected a
peptide known to bind to the Protein A binding site of antibodies from many different of
animal sources.[141] We chose this peptide over some of the other antibody binding
peptides available because it contains few aromatics, which bind to graphitic materials
readily,[133] and because it does not interfere with binding or assembly when fused with

SS-GrBP5 (Figure 31 A).
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Previously, we demonstrated that
the SS-GrBP5 peptide reduces non-
specific adsorption of bovine serum
albumin (BSA) and 3% FBS, as long as it
covers at least 66% of the sensor surface.
By mixing the bi-functional ABBP2-SS-
GrBP5 with SS-GrBP5 at 30% to 70%
coverage respectively we expected to
achieve a surface that has both antibody
binding and anti-fouling capabilities.
Based on the sensogram in figure 31B,

the mixed appears to allow immobilization

of antibodies, showing a shift in signal
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Figure 31: A) Schematic illustrations of the peptide
self-assembled and co-assembled monolayers, and
the corresponding AFM images; B) Schematic
illustration of the self-assembled bi-functional
peptide monolayer, functionalized with anti-bodies,
and the corresponding sensogram, showing
increases in resistance with the addition of
modification s to the surface.

when the antibody is added. Moreover, the sensogram indicates that no non-specific

antibody binding occurs in the absence of ABBP2-SS-GrBP5. The mixed monolayer also

mitigates non-specific adsorption of 3% fetal bovine serum (FBS) at time-scales of the

experiment (about 30min). Both types of antibodies used can be immobilized on the

surface with roughly the same efficiency, and similar results were obtained for the anti-

CEA antibody.

Detection of Cancer Markers
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Figure 32: A) Schematic illustrations of the peptides forming co-assembled monolayers, followed by
anti-CEA immobilization and selective detection of CEA; B) Limit of detection sensogram (unmodified)
showing the signal from the formation of the surface functionalization layer, followed by increasing
concentrations on CEA, against a background of 3%FBS; C) Enlarged portion of the CEA detection
sensogram, corrected for FBS adsorption; D) Cross specificity sensogram (unmodified) showing that
the sensor is specific and sensitive to CEA over the CA19-9 marker control; E) Enlarged portion of the
cross specificity sensogram, corrected for FBS adsorption;

Increasing concentrations of CEA were added to the anti-CEA functionalized
sensor. We were able to detect the 30ng/ml concentrations of CEA in 3% FBS (Figure
32 A, B, C), however, by extrapolating the average 3c sensitivity limit based on
equilibrium noise from this and 7 other sensograms (2.7kQ), the ultimate sensitivity limit
is found to be 15ng/ml. 3c detection limit is calculated by finding the standard deviation
in the nominally unchanging signal of the device, and multiplying by 3. This value is
considered a good measure of the smallest meaningful shift in the signal from a sensor.

Due to experimental limitations, we were not able to achieve full surface coverage by the
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analyte and determine the Kd of anti-body target interactions because sufficiently high
concentrations of target could not be achieved. Additionally, we tested the device with the
improper marker-antibody combination, showing that the anti-bodies remain specific even
at high concentrations of the non-matching cancer marker because, apparently, anti-CEA

does not bind strongly to CA 19-9 (Figure 32 D, E).

Similar results were obtained with CA19-9 cancer marker, with 3o limit of detection
of at 400u/ml (Figure 33 A, B, C). This result is significantly higher than the nominal levels
of this marker at about 40u/ml. More sensitive sensor configurations would have to be
employed in the future to extend the range of this device, in order to satisfy the clinical
requirements for diagnosis. The device shows specificity to CA19-9 as well, showing no
adsorption at maximum tested concentration (Figure 33 D, E). Again, the drift after the

introduction of BSA is consistent with our control experiment in figure 30.

It is important to note that the demonstrated sensor does not meet the clinically
relevant requirements for sensitivity. The detection limit for CEA (15ng/ml) is about 10
times less sensitive than necessary to meet the diagnostic needs, since the nominal level
of this marker in the blood is about 2.5ng/ml. In the case of CA19-9, the ideal detection
limit is under 10u/ml, while our current system detects a minimum of about 400u/ml. While
it represents a significant advance toward label free, rapid cancer diagnosis, this device
will need to be greatly improved in sensitivity before it can become clinically relevant for

cancer marker detection.

In order to improve the sensitivity of cancer marker sensor system in the future, it

is necessary to understand what exactly causes the shift in resistance of graphene. To
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Figure 33: A) Schematic illustrations of the peptides forming co-assembled monolayers, followed by
anti-CA19-9 immobilization and selective detection of CA19-9; B) Limit of detection sensogram
(unmodified) showing the signal from the formation of the surface functionalization layer, followed by
increasing concentrations on CA19-9, against a background of 3%FBS; C) Enlarged portion of the
CA19-9 detection sensogram, corrected for FBS adsorption; D) Cross specificity sensogram
(unmodified) showing that the sensor is specific and sensitive to CA19-9 over the CEA marker control;
E) Enlarged portion of the cross specificity sensogram, corrected for FBS adsorption;

this end, others in our group have recently carried out a theoretical study to understand
the nature of the affinity between the solid binding peptides and graphene (S. Dag, et al,
in preparation). They found that when a peptide binds to the surface, it takes on a specific
conformation, affecting the graphene in two major ways. Firstly, adsorption of peptides to
graphene results in charge transfer, called Hall doping, to the graphene, changing the
Dirac point and therefore, resistance of the sensor. Secondly, the dipole moment of the

oriented peptides will have a collective effect on the graphene. Any component of the
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moment which is perpendicular to the graphene will result in a change of surface potential
(gating).[142] Taking advantage of this fact, it may be possible in future studies to predict
the effect of a given analyte on the sensor signal and precisely control it by controlling its
dipole orientation. GrBP5 peptide family members self-assemble in a predictable
conformation on the surface, meaning that the orientation of the dipole can be controlled
by controlling its sequence. This is discussed further in the future work chapter (Chapter

4).
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3. Conclusions

Controlling surface properties through modification and self-assembly of peptides,
which bind to specific solid materials, provides a novel approach for engineering
biomolecule/solid interfaces. Mixed self-assembled peptide films prepared in water have
led us to the development of bio-sensors with optimized bio-chemical properties and
biocompatibility. Further understanding of the mechanisms of intermolecular interactions
among different peptides in the ordered phase will allow tailoring the probe molecule to
form novel, complex nanostructures with spatially controlled molecular conformations and
functionality. Therefore, the ease with which displayed amino acid domains are
introduced into short peptides could provide an opportunity to develop biomolecular
constructs with proteins, peptide domains, and chemical groups to further control
functionality of graphitic surfaces. This inherently biocompatible and non-covalent
molecular immobilization approach is suitable for a variety of potential applications of
graphitic materials in nanobiotechnology, such as tailoring, controlling and interrogating
ligand-receptor interactions (by controlling and perhaps switching the orientation of the
displayed moieties), in general, with potential implementations in screening for drug

candidates in neurodegenerative diseases and anti-viral agents for small viruses.

We demonstrated a system for simultaneous passivation and functionalization of the
graphene sensor using the GrBP5 modular graphite-binding peptide family, which is
shown to be capable of selective detection of streptavidin in the presence of excess serum
albumin (Figure 34). We also demonstrated detection of two different cancer markers in
3% FBS, using a modular, anti-body based system. The same system can be extended

to other, more efficient sensor architectures, and other single layer materials systems,
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Figure 34. Schematic of the optimized self-assembled peptide functionalized graphene bio-sensor.

such as the semi-conducting MoS2 or WS2 (which could provide other means of
detection, for example, optical fluorescence), either through rational mutation of the
GrBP5-WT peptide, or through discovery of new peptides specific to those materials. The
novel biosensors based on peptide-two-dimensional material conjugation establishes a
new method for biomolecular detection, not only through electrical signals but also,
potentially, through optical and magnetic signals, depending on the characteristics of the
sensing material (for example, magnetically and plasmonically active materials, or light
optical ring resonators) and the interaction of the target biomolecule with the peptide-

displayed probe. Our ability to control the groups at the outer interface of the peptide
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monolayers, as well as the possibility of creating mixed monolayers, allow for the
construction of multi-functional sensors capable of selective detection of multiple probes
in a complex environment. Self-assembled peptides offer unique opportunities for
biosensor functionalization, including biocompatibility, non-covalent binding, ease of
fusion with biological probes, and high degree of control over assembly. Since a variety
of short peptidic probes have been identified for many disease biomarkers through phage
and cell-surface display, the next step for this technology would be to complete a relevant
diagnosis and monitoring system. However, the system is not limited to clinical
applications. Specific ligand receptor interactions are of critical importance to all areas of
molecular biology. It is possible to create a selective biosensor to study the kinetics of
many ligand-receptor pairs, as long as the response of the biosensor remains linear,
displaying one of the constituents on the graphene surface in a predictable fashion. Using
our anti-body immobilization approach, the system can be easily modified to detect any
molecule for with an antibody exists, making this system comparable with the

conventional molecular adsorption techniques such as SPR and QCM.

More broadly, this study adds another tool to the peptide-based bio-nanotechnology

toolkit, taking advantage of Nature’s way of putting together materials at the nano-scale.

4. Future Work

Having demonstrated the proof-of-principle modular system for selective detection of
blood borne cancer markers, CEA and CA 19-9, which are implicated in pancreatic

cancer, we have taken a significant step toward a clinically relevant, versatile diagnostic
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tool. However, we have also initiated several avenues of research that could be pursued

to continue this work toward the goal of an optimized bionanosensor:

1)

2)

3)

71

Sensitivity: There are numerous graphene and carbon nano-tube sensors in
literature, which have achieved incredibly low sensitivities, 2-3 orders of magnitude
lower than our sensor (See motivation section). One of the ways to improve
sensitivity would be to apply our peptide system to more sensitive sensor
architecture (for example by creating an additional channel below the graphene,
to allow binding on both sides of the material). Our surface functionalization system
should perform well on any graphene based device, and could be optimized for
other graphitic materials. Alternatively, the probe signal could be amplified through
controlled orientation of its dipole moment over graphene. To do so we would need
to know the geometry of the dipole moments of each molecular component. We
can then engineer the system through peptide mutation to optimize its orientation.
Selectivity: Selectivity of the sensor functionalization depends on the stability of
our modifications, which, though sufficient for the initial tests, could be improved.
By substituting the binding domain of the GrBP5 peptide family, we could increase
the binding strength in buffer, which would prevent peptide desorption and allow
for a construction of a flow system.

Fabrication: The approach to sensor fabrication taken in this study is
advantageous, because it results in graphene with little contamination and defects,
while requiring no special instrumentation. However, in order to make a
commercially viable device, it would be necessary to use a method which is

amenable to mass production. CVD graphene offers a large scale alternative to



exfoliation (which is accomplished by random deposition of graphene on a surface
using the scotch tape method) . Unfortunately graphene produced by CVD is prone
to defects. Nevertheless, as the manufacturing methods improve, it would be
advantageous to demonstrate our surface modification system on a sensor which
could be mass produced.

4) Fundamentals: Much could be learned from further studies of our system about
graphene properties, and the peptide-graphene interactions. Some of these
studies have already been undertaken in our group to learn more about the effect
of the peptide-graphene interactions, as well as the interaction of peptides with

different number of layers of graphene (unpublished).

5. Methods

5.1 Methods for: Peptide Design for Surface Functionalization

Fmoc peptide synthesis: The peptide sequences used in this research, including QBP,
AuBP, and the multi-functional peptides, QBP—-AuBP and AuBP—QBP, were synthesized
via automated Fmoc peptide synthesis using CSBio 336s peptide synthesizer (CSBio
Inc., USA). The obtained crude peptides were then purified by C-18 reversed-phase high-
performance liquid chromatography (HPLC system, Waters, USA). The mass of purified
peptides were confirmed by mass spectroscopy using matrix-assisted laser
desorption/ionization mass spectrometer linked with time-of-flight detector (MALDI-TOF)

MS (Bruker AutoFlex I, Bruker Daltonics, USA).
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Micro-contact printing: The PDMS stamps were fabricated by molding a mixture of
polydimethyl siloxane and curing agent (10:1, Sylgard 184, Dow Corning, USA) on the
surface of a patterned silanized master for 2 days at ambient condition. The stamps were
then washed several times with ethanol, heptane, and again with ethanol, and dried with
inert gas before being used. Patterned side of PDMS stamp was incubated with 100 pyL
of 100 uM or 200 uM peptide solutions for 5 min. The peptide solution was removed from
the stamp surface by careful pipetting. The stamps were then dried with inert nitrogen
gas. The silica surfaces were cleaned by ethanol and sonication, and then applied to the
surface of the stamp and pressed using force for 10 s and left on stamp for 1 min. The

surfaces were then washed with DI water for 2 min and dried with nitrogen.

Peptide-mediated immobilization of gold nanoparticles onto silica surface: Peptide-
patterned silica surfaces were incubated with 100 yL of 50 nm pre-made gold
nanoparticles (Ted Pella, USA) for 15 min. Then silica surfaces were washed with DI

water for 2 min and dried with nitrogen.

Peptide-mediated formation of gold nanoparticle film onto silica surface: Peptide-
patterned silica surfaces were incubated with 200 yL of 10 mM aqueous solution of
HAuClI4 for 48 h in moisture chamber to eliminate evaporation. The silica surfaces were
then washed with DI water for 2 min and dried with nitrogen. In our combined approach
nanoparticle-patterned silica surface were incubated with 200 yL of 10 mM aqueous

solution of HAuCI4 for 48 h as described above.
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Dark field optical microscopy: Silica surfaces with patterned gold nanoparticle arrays
produced by peptide-mediated assembly of pre-made gold nanoparticle as well as by
peptide-mediated gold nanoparticle formation were characterized using dark field optical
microscopy on Nikon Eclipse TE-2000U Optical Microscope (Nikon, Japan). The dark
field images, which are obtained from at least five different locations on each sample,
were recorded through Metamorph imaging software (Universal Imaging, USA). Analyses

were repeated in three independent experiments.

Molecular dynamics: To model the two different permutations of hetero-functional peptide,
we built linear forms using the HyperChem’s molecular modeling software (Hyperchem
7.5, USA). The energy minimization of these peptides was carried out under implicit
solvent conditions using the conformational analysis program. By randomly changing
predefined dihedral angles we created numerous initial configurations in order to increase
the sampling space of the potential energy surface. Using the conformational search
module, we found 1000 different local minima on the potential energy surface and chose
the lowest one as the global minimum or the lowest-energy conformation. Then, the
lowest energy conformations were solvated with TIP3P water explicitly; and finally the
overall system was energy minimized using the Polak-Ribiere conjugate gradient method
until convergence of the gradient (0.01 kJ/mol) was reached using the CHARMM 27 force
field. The final configurations were generated using the VMD (Visual Molecular Dynamics)

software.

Surface characterization: Produced gold nanoparticle arrays on silica surfaces were

characterized using various surface characterization techniques, including atomic force
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microscopy (AFM), scanning electron microscopy (SEM) and X-ray photoelectron

spectroscopy (XPS) as follows.

Atomic force microscopy: AFM images were obtained in tapping mode on a Dimension
3100 SPM (Veeco, USA), in air, using silicon tips. The scans were obtained at a maximum
of 30 ym with the maximum possible scan range of 90 um. At least three different

locations were observed on each sample.

Scanning electron microscopy: The samples of peptide-formed gold nanoparticle film
were coated with platinum using an SPI sputter coater (SPI supplies, USA) and observed

using a JSM 7000F SEM (JEOL Ltd., Japan) at 10 kV beam voltage.

X-ray photoelectron spectroscopy: The non-patterned PDMS stamps were used as
described above to create maximum possible coverage of gold nanopatrticle film on-silica
surfaces so as to increase the photoelectron yield. Experiments were carried out in an
UHV system (P < 3.0 x 10-9 Torr) equipped with a monochoromatized Al Ka X-ray
source and an X-ray photoelectron detector (SSL 300 from Surface Science Inc.). High
resolution spectra were collected for 14 h from a 100 ym radius spot. The data was

analyzed by peak shape fitting method.

5.2 Methods for: Peptide Mitigation of Non-specific Interactions

Peptide Synthesis: The peptides were produced by solid-state synthesis using a CSBio
336s automated peptide synthesizer (CSBio, USA) on Wang resin via Fmoc chemistry
and HBTU activation. The crude peptides were purified by reverse phase high
performance liquid chromatography to >98% purity (Gemini 10 ym C18 110A column).
The purified peptides were verified by mass spectroscopy (MS) using a MALDI-TOF mass
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spectrometer (Bruker Daltonics Inc., USA) The amino acid sequences and the physico-

chemical properties of the peptides used in the study are shown in Table 6.

Table 6

Peptide Amino acid sequence pl Gravy M.W. Net charge
GBP1 MHGKTQATSGTIQ 8.25 —0.743 1446.6 +1
3GBP1 MHGKTQATSGTIQS x 3 10.30 —0.743 4304.7 +3
PtBP1 CSQSVTSTKSC (cyclic) 8.47 -0.867 9239 +1
AuBP1 WAGAKRLVLRRE 11.71 —-0.567 1454.7 +3
AuBP2 WALRRSIRRQSY 12.00 —-1.267 1591.8 +4
3AuBP1 WAGAKRLVLRRE x 3 12.10 —-0.567 4328.1 +9
3AuBP2 WALRRSIRRQSY x 3 1230 —-1.267 47394 +12
QBP1 PPPWLPYMPPWS 5.95 -0.650 1467.7 0O
QBP1-RGD PPPWLPYMPPWSGGGRGDS 6.26 —0.958 2054.3 0
TiBP1 RPRENRGRERGL 11.82 —2.633 1495.6 +3
TiBP1-RGD RPRENRGRERGLGGGRGDS 11.70 -2.211 2082.2 +3
RGD GRGDS 584 —-1.920 4904 0

The non-polar residues are displayed in bold. pI indicates the theoretical isoelectric
points and GRAVY indicates the calculated grand average hydropathicities of the

peptides.

The non-polar residues are
displayed in bold. pl indicates
the theoretical isoelectric points
and GRAVY indicates the
calculated grand average
hydropathicities of the

peptides.

PEG functionalization: Aldehyde-terminated methoxypolyethylene glycol 5000 (PEG-

CHO) [42] was prepared through the condensation reaction of methoxypolyethylene

glycol 5000 and 4-carboxylbenzaldehyde. The reaction was carried out in a 1:1 mixture

of N,N-dimethylformamide (DMF) and methylene chloride, in the presence of 4-

(dimethylamino)pyridium 4-toluenesulfonate (DPTS) and 1,3-dicyclohexylcarbodiimide

(DCC). The reaction product was purified using a silica gel column with an ethyl acetate

to methanol elution gradient. For selective on-resin functionalization of the AuBP1, PEG-

CHO was reacted with the peptide still on the resin and with the e-NH2 groups protected

by a tert-butoxycarbonyl (Boc) group. In this way, conjugation occurred only through the

a-NH2 at the N-terminus. The conjugation reaction was carried out for 4 h in ethanol under
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a nitrogen atmosphere while stirring. The resin was then filter washed with 10 ml of
ethanol. The Cdouble bond; length as m-dashN double bond at the peptide—PEG junction
was reduced with 2.5 mM sodium borohydride in sodium acetate buffer (pH 5.5) at room
temperature under nitrogen overnight. The Boc group on the € NH2 was later removed

from the peptide during its cleavage from the resin.

Substrate preparation: Standard 22 x 22 mm microscope coverslips (Fischer, USA) were
used as the glass surface. The glass slips were cleaned by ultrasonication in 1:1
isopropanol:acetone mixture and were kept in ethanol prior to use. Gold, platinum and
titanium surfaces were prepared by sputter coating the coverslips using a Gatan Precision
Etching Coating System (Gatan Inc., USA). Both sides of the substrates were coated with
2 nm of chromium followed by 23 nm of gold or platinum, as measured using the built-in
guartz crystal microbalance. Titanium substrates were prepared by directly coating a 25

nm titanium layer on glass. The substrates were used immediately after sputtering.

Surface modification: The GEPIs were attached to the surfaces by submerging the
substrates in their respective peptide solutions. The gold substrates were submerged in
2 ml of 20 uyM solutions of the original or triple tandem repeats of GBP1, AuBP1 and
AuBP2 for 1 h at room temperature. The platinum substrates were submerged in 2 ml of
a 150 uM solution of PtBP1 for 1 h at room temperature. The glass and titanium substrates
were submerged in 2 ml of 20 yM QBP1-RGD and 20 uM TiBP1-RGD solutions,
respectively, for 1 h at room temperature. Similarly, substrates coated with 20 uM QBP1,
20 yM TiBP1 and 20 uM fibronectin were prepared as controls. All surfaces were washed

three times by dilution with water and dried with nitrogen after functionalization.
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The gold and platinum substrates were then further modified with PEG by submerging
in 2 ml of 100 uM PEG-CHO solution in ethanol overnight. The samples were then washed
by dilution using ethanol and deionized water, followed by rinsing with deionized water
and drying with nitrogen. The thiol control surfaces were prepared using a thiol
oligo(ethylene glycol) (thiol-OEG) conjugate (HSC11(EG)30H) (Sigma—Aldrich, USA).
Gold substrates were submerged in 2 ml of a 1 mM solution of thiol-OEG in ethanol
overnight and washed by dilution with ethanol and deionized water, followed by rinsing

with deionized water and drying with nitrogen.

The surfaces were characterized by atomic force microscopy (AFM) to check the
uniformity of the coverage and polymer agglomeration using a multimode Nanoscope llla
in tapping mode (Veeco, USA). The presence of the peptide and the polymer on the
surface was verified via X-ray photo-electron spectroscopy (XPS), using S-Probe
(Surface Science Instruments, USA), at the Surface Analysis Recharge Center

(University of Washington, USA).

Contact angle measurements: Static water contact angles were measured on each of the
gold and platinum samples to verify the assembly of PEG on the peptides and the
consistency of assembly between different experiments. The modified surfaces were
allowed to equilibrate in air for 30 min after preparation prior to measurements. All
measurements were made with a Rame-Hart Optical Goniometer 100-00 (Rame-Hart

Instrument Co., USA) using >16 MQ deionized water.

Cell adhesion and spreading analysis: NIH 3T3 mouse embryonic fibroblasts were used

in the cell adhesion assays. The cells were maintained in Dulbecco’s modified Eagle’s
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medium (D-MEM) with 10% fetal bovine serum (FBS) and 2 mM glutamine, 100 U/ml
penicillin and 100 mg mil-1 streptomycin (Invitrogen, USA). Experiments with 3GBP1-
PEG, QBP-RGD and TiBP—RGD were carried out in both the absence of serum proteins

and the presence of 1% FBS.

The gold and the platinum surfaces were inoculated with 3 x 105 cells and the glass
and the titanium surfaces with 5 x 103 cells in 500 pl of medium for 2 h at 37 °C and 5%
CO2. The gold surfaces were also kept for 24 h after cell inoculation to further test the
stability of the PEG layer. The samples were then rinsed three times with serum-free
medium and the cells were either prepared for phalloidin staining or scanning electron
microscopy (SEM), as described in the following sections. The number of cells on the
surfaces was determined by counting the cells within four random areas using SEM and,
in particular, fluorescence microscopy images using ImageJ image processing and
analysis software (NIH, USA). The extent of cell spreading was quantified by measuring

the cell contact areas from the detailed SEM images using ImageJ (NIH, USA).

Phalloidin staining: Following the 2 h incubation, the cells were fixed in 500 ul of 2%
glutaraldehyde (Ted Pella, USA) solution in phosphate-buffered saline (PBS) for 10 min
at room temperature and dehydrated with a series of ethanol solutions of increasing
concentration (10%, 30%, 60%, 90% and 100% ethanol, 10 min in each). The slides were
then rinsed twice with PBS and permeabilized in 500 pl of 0.1% Triton X-100 in PBS for
5 min and rinsed twice with PBS. The permabilized samples were blocked with 1% bovine
serum albumin (Sigma—Aldrich, USA) in PBS for 30 min at room temperature to minimize
non-specific staining. Previously prepared methanolic stock solution of Alexa Fluor488—
Phalloidin (Invitrogen Co., USA) was diluted 40 times in PBS to obtain an approximately
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165 nM working solution. 200 pl of the final working solution was added on top of each
sample and kept at room temperature protected from light for 20 min. The samples where

then rinsed twice with PBS and observed using a TE 300L microscope (Nikon, Japan).

SEM sample preparation: The cells were fixed in 500 pl of 2% glutaraldehyde (Ted Pella,
USA) solution in PBS for 10 min at room temperature and dehydrated with a series of
increasing concentration ethanol solutions (10%, 30%, 60%, 90% and 100% ethanol, 10
min in each). After ethanol dehydration the samples were coated with platinum using an
SPI sputter coater (SPI Supplies, USA) and observed using a JSM 7000F scanning

electron microscope (JEOL, Japan).

5.3 Methods for: Modular Bio-sensor Design

Preparation of biosensor surfaces: Gold-coated QCM and SPR slides of the specifications
described below were used after cleaning by sequential sonication in acetone, ethanol,
and water (three times per solvent, 5 min each) followed by UV ozone cleaning for 20
min. The GFP-tagged receptors were immobilized on clean chip surfaces via anti-GFP
antibody linkage. First, the surfaces were drop-incubated with 1:50 dilution of anti-GFP
solution (ab290, Abcam) in phosphate buffer (pH 7.4) in a humidity-controlled
environment overnight at 4°C and rinsed 10 times by dilution rinse with phosphate buffer.
The surfaces were then blocked in a 2% bovine serum albumin (BSA) solution for 2 h and
washed by dilution as before. The resulting samples were incubated with a membrane
fraction of either control (GFP only) or receptor solution for either 4 h (QCM) or 2 h (SPR),
followed by the dilution rinse and an additional 1 h of BSA blocking to yield receptor-

immobilized biosensor chips. All chips were used on the day they were produced.
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QCM: QCM measurements were performed using QCM-Z500 (KSV Instruments) and
commercially available AT-cut polished QCM crystals with a fundamental resonant
frequency of 4.95 MHz (International Crystal Manufacturing Co.). The sensor surface was
precoated by evaporation with a 100 A titanium adhesion layer, followed by 1000 A of
gold. The QCM crystal dimensions used were 1.397 cm (0.550 in) blank diameter and 0.5
cmand 1.176 cm (0.440 in) wraparound electrode diameters. The receptor-modified QCM
crystal (described above) was placed in the holder and sealed with two O-rings. In order
to establish a stable baseline, a sufficient amount of phosphate buffer solution was
injected to fill the QCM chamber, and the frequency shifts were monitored overnight.
Then, sequential serial concentrations of recombinant MEPF1 or MEPF2 peptides in
phosphate buffer solution were introduced to the QCM chamber, and the frequency
change was recorded continuously until no further change was observed, indicating
equilibrium. The QCM resonant frequency shifts recorded at the seventh harmonic were
used to analyze ligand—receptor interactions, since the observed resonant QCM

frequency decreases proportionally to the mass of adsorbed molecules.

All experiments were performed at 4°C in stop-flow mode in three independent

experiments.

SPR: SPR measurements were made on a four-channel instrument (Kretschmann
configuration: Radio Engineering Institute, Czech Republic) equipped with a
polychromatic light source (Ocean Optics LS1). The slides were prepared via thermal
evaporation by coating a BK-7 glass slide with 20 A of chromium as the adhesion layer
and 480 A of gold. The instrument can detect changes at a level of 0.0001 refractive index
unit and is temperature controlled (10°C-55°C). Buffer and recombinant MEPF solutions
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were degassed to avoid bubble formation in the flow cell. First, phosphate buffer solution
was flowed over the surface until a stable baseline signal was established (<0.05 nm
change over 5 min). Then, recombinant MEPF solutions in phosphate buffer at
concentrations indicated were flowed over the surface, and the adsorption was monitored.
The temperature within the flow cell of the SPR was kept at a constant 25°C via a heating
element and a cooling fan controlled by a temperature controller. All of the solutions used
were introduced to the flow cell at a rate of 140 pyL/sec. The Langmuir isotherm model
was used to calculate the kinetics of the adsorption process using the experimental data

obtained from SPR.

5.4 Methods for: Controlling the Surface Chemistry of Graphite by Engineered Self-

Assembled Peptides

Peptide Synthesis: Peptides were prepared on an automated solid-phase peptide
synthesizer (CS336X, CSBio Inc., Menlo Park, CA) employing standard batch-wise Fmoc
chemistry procedures as reported previously. The synthesis was verified by MALDI-TOF

mass spectrometry.

Surface Modification: Samples for contact angle measurements were prepared on HOPG
pieces no smaller than 5mm by 5mm. The surfaces were prepared by removing a layer
of graphite via scotch tape, which leaves a pristine surface as determined by AFM. An
80ul drop of the appropriate 1uM peptide solution in water was placed on the surface for
times ranging from 10min to 5hrs. The drop was wicked with tissue and the sample dried
in a nitrogen stream. The samples were allowed to equilibrate in air for 30min prior to

contact angle measurements.
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Contact Angle Measurements: Static contact angles were measured using an FTA1000B
Goniometer (First Ten Angstroms, Inc., Portsmouth, VA) with an automatic camera
system by placing 2ul of the same solution as was used to produce the sample in two
different locations on each surface. The measurement was made immediately. The liquid
surface tension was determined by pendant drop shape method, and was found not to
vary significantly for different solutions. In all, two measurements were taken on two
different samples for each data point. The samples were then dried with nitrogen and the

coverage was measured by AFM.

AFM measurements: Atomic force imaging was carried out on a Digital Instruments
(Veeco, Santa Barbara, CA) Multimode Nanoscope llla scanning probe microscope
equipped with high frequency NanoSensors PPP-NCHR (NanoandMore USA, Ladys
Island, SC, USA) non-contact probes, with a 42 N/m spring constant. Coverage was
determined by image analysis of at least two 0.5um x 4um areas in at least three parts of

each sample.

5.5 Methods For: Selective Detection of Proteins in Solution via Graphene Sensors

Enabled by Self-Assembled Mixed Peptide Monolayer

Peptide preparation: The peptides were produced by solid-state synthesis using a CSBio
336s automated peptide synthesizer (CSBio, USA) on Wang resin via Fmoc chemistry
and HBTU activation. The crude peptides were purified by reverse phase high
performance liquid chromatography to >98% purity (Gemini 10 ym C18 110A column).
The purified peptides’ identities were verified by mass spectroscopy (MS) using a MALDI-

TOF mass spectrometer (Bruker Daltonics Inc., USA). Streptavidin, anti-MBP, MBP and
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bovine serum albumin were purchased from Sigma-Aldrich, USA, and used as received.

All of the solutions were prepared with de-ionized water.

Surface Modification: Samples for contact angle measurements were prepared on HOPG
pieces no smaller than 5mm by 5mm. The surfaces were prepared by removing a layer
of graphite via scotch tape, which leaves a pristine surface as determined by AFM. An
80mlul drop of the appropriate 1uM peptide solution in water was placed on the surface
for times ranging from 10min to 5hrs. The drop was wicked with tissue and the sample

dried in a nitrogen stream.

Contact Angle Measurements: The samples were allowed to equilibrate in air for 30min
prior to contact angle measurements. Static contact angles were measured using an
FTA1000B Goniometer (First Ten Angstroms, Inc., Portsmouth, VA) with an automatic
camera system by placing 2l of the same solution as was used to produce the sample
in two different locations on each surface. The measurement was made immediately. The
liquid surface tension was determined by pendant drop shape method, and was found not
to vary significantly for different solutions. In all, at least two measurements were taken
on two different samples for each data point. The samples were then dried with nitrogen

and the coverage was measured by AFM.

AFM measurements: Atomic force imaging was carried out on a Digital Instruments
(Veeco, Santa Barbara, CA) Multimode Nanoscope llla scanning probe microscope
equipped with high frequency NanoSensors PPP-NCHR (NanoandMore USA, Ladys

Island, SC, USA) non-contact probes, with a 42 N/m spring constant. Coverage was
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determined by image analysis of at least two 0.5um x 4um areas in at least three parts of

each sample.

Sensor construction: Graphene was prepared by exfoliation method, [54] on SiO2 wafers,
which were pre-treated with acidic piranha solution (75% sulfuric acid, 25% hydrogen
peroxide). Specifically, HOPG powder was deposited on scotch tape and cleaved using
another piece of tape at least 30 times. The resulting strip was then pressed against a
sample of SiO2 wafer, resulting in a transfer of graphene, and graphite flakes. Graphene
was discovered using an optical microscope, and determined to be single layer through
color comparison. Orientation markers were made via indium micro-soldering,[136] and
a PMMA coating was applied to the wafer by spin-coating 5% PMMA solution for 1 min
at 1000 RPM. The electrode patterns (Figure 21b) were made via electron beam
lithography on JOEL 7000 SEM (JOEL Ltd., Japan). The pattern was developed in IPA
and then extended by hand to lengthen the electrodes. The electrodes were made by
sputtering 2nm of titanium as adhesion layer, followed by 46nm of platinum, and 2nm of
titanium, as insulating layer using Gatan Precision Etching Coating System Model 682
(Gatan Inc., USA). The PMMA was removed in boiling acetone, and the device annealed
in a tube furnace under a 60% argon / 40% hydrogen atmosphere at 450C° for 1 hour.
The terminals of indium solder were added at the ends of the electrodes. The contacts
were current-annealed under nitrogen atmosphere by cycling currents of up to 1mA at up
to 60 volts through the device using Agilent U2722A USB Modular Source Measure Unit
(Agilent. USA), until the resistance of the device remained constant between cycles. The
devices were re-cleaned between experiments by boiling in acetone for 1 hour, followed

by current-annealing.
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Sensor Measurement: The device was connected to the Agilent U2722A USB Modular
Source Measure Unit (Agilent, USA) in a four probe configuration, with current kept
constant at 0.1pA between R1 and R2 terminals, and voltage measured between R3 and
R4 terminals (Figure 23C). A 20ul drop of water was placed on the sensor and the
resistance was allowed to equilibrate. The device was maintained in a hydration chamber
at 100% humidity to prevent evaporation. Analyte was added to the static drop on the
sensor in the appropriate concentrations, so that the total volume of the drop never
exceeded 35pl. Data was collected from two distinct devices and each experiment was

reproduced at least twice.
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6. List of Recurring Abbreviations

Abbreviation

Meaning

AFM

Atomic Force Microscopy

AP Amorphous Phase

BSA Bovine Serum Albumin

CA Contact Angle

CA19-9 Cancer Antigen 19-9

CEA Carcinoembryonic Antigen

CNT Carbon Nanotube

CVD Chemical Vapor Deposition

DF Dark Field Optical Microscopy

DI De-ionized

EDS Energy Dispersive Spectroscopy

EDXS Energy Disersive X-ray Spectroscopy

FBS Fetal Bovine Serum

FET Field Effect Transistor

GEPI Genetically Engineered Peptide for
Inorganics (solid-binding peptide)

gFET Graphene Field Effect Transistor

GFP Green Fluorescent Protein

GRAVY Grand Average of Hydropathicity

HOPG Highly Oriented Pyrolytic Graphite

HPLC High Performance Liquid Chromatography

MALDI-TOF Matrix-assisted Laser Desorption Time-of-
flight

MBP Maltose Binding Protein

MS Mass Spectroscopy

OEG Oligoethylene Glycol

OoP Ordered Phase

PBS Phosphate Buffered Saline

PDMS Polydimethylsiloxane

PEG Polyethylene Glycol

PSA Prostate Specific Antigen

QCM Quartz Crystal Microbalance

SA Streptavidin

SAM Self-assembled Monolayer

SEM Scanning Electron Microscopy

SPM Scanning Probe Microscopy

SPR Surface Plasmon Resonance Spectroscopy

SRS Surface Resistivity Spectroscopy

VMD Visual Molecular Dynamics

XPS X-ray Photoelectron Spectroscopy
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7. Highlights of Candidate’s Personal Contributions

The following is a summary of highlights from the work accomplished during my
graduate studies, which represent my personal contribution to the fields of molecular
biomimetics, including diverse areas such as surface functionalization, bio-sensing, and
functional peptide design. They are presented in chronological order and relate to the
topics of biocompatibility, nano-particle formation and functionalization, ligand-receptor
interactions, functionalization and property control of graphitic materials, selective

sensing with gFETSs, and sensing of cancer markers, using antibodies, in 3% FBS.

a. Biofuntionalization of implant materials via peptides: The purpose of this study
was to demonstrate the utility of solid binding
peptides as molecular linkers in the

biofunctionalization of solid substrate to

impart cytocompatibility or anti-fouling
properties, on titanium, glass, and noble metals such as gold and platinum, respectively.
In the latter case, | used Schiff-base chemistry to immobilize PEG onto the peptide-
functionalized solid surfaces in sufficient concentrations to prevent cell adhesion. This

g experiment was a novel demonstration of using solid-binding

peptides to modify surface properties of substrates by
functional molecule immobilization.

b. Single step controlled fabrication of functional gold
nano-particles: After we discovered that our gold-binding
peptides are capable of reducing gold from a HAuCl4 solution

(Au®') into Au*tions and subsequently into particles (Au°), |
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set out to use a multi-functional gold-binding peptide — RGD construct to simultaneously
form particles of controlled size, and functionalize them in a single step. By controlling the
temperature and concentrations of the reaction components, | demonstrated synthesis of
particles with controlled diameters between 2 and 50 nm, which preferentially bind to
cells. This study is a first demonstration of multi-functional designed, solid forming
peptides, capable of reducing, capping, and functionalizing in a single step.

c. SPR and QCM selective bio-SENSOr  runctionsization approach
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GrBP5: As part of the analysis of the GrBP5

graphite-binding, self-assembling peptide
sequence, it was necessary to interrogate the amphiphilic tail, believed to be responsible

for the ordering of the peptides on the surface. Through a series of mutations on the
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hydrophobic amino acids | was able to determine that the amphiphilic nature of the
assembly domain was indeed critical to ordering. More importantly, | discovered that the
amino acids closest to the N-terminus are the ones best displayed to the solution, a finding

which is instrumental to design of surfaces using GrBP5.
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display principles of GrBP5, one of the

most  effective graphite-binding
dodecapeptides originally selected by phage display in the research group, enabled me
to control the surface properties of graphite through addition an mutation of specific amino
acids on the N-terminus of the GrBP5 peptide. In this case, | was able to vary the contact
angle of (normally hydrophobic) graphite between 44 and 92 degrees. This experiment
served as a powerful demonstration of the possibility of rationally designing surface
properties through peptide mutation, which helped to develop the novel concepts of
modifying the physical (in addition to chemical) properties of solid substrates, in particular
single layer atomic materials, starting with graphene and MoS2, representing a significant
step towards genetically engineered devices.

f. Controlling surface properties of graphite through mixed peptide monolayers: As a
simpler alternative to controlling surface properties through mutation, | proposed and

demonstrated continuous control in contact angle between 44 and 92 degrees via mixed
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combination with to molecular phase separation and controlled conformational change on
surfaces in self-assembled peptide systems opens up numerous new approaches to
multi-functional graphitic surfaces.

g. Selective sensing of proteins by gFET using mixed
peptide monolayers: Selective sensing of proteins in
complex biological solution conditions is a major problem in

molecular biology and medicine. By taking advantage of the

¥

extreme sensitivity of graphene based sensors, along with o
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the mixed peptide monolayer approach to functionalization P T’ R
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anti-fouling peptide of my own design, | was able to
selectively detect streptavidin against a background of bovine serum albumin. This study
represents a major step towards the development of a novel graphene-based, peptide-
enabled molecular biosensor.

h. Stability of Cancer sensor under 3% FBS conditions: The stability of the peptide
mixed monolayer in the testing conditions is critical for its performance of the sensor with
respect to selectivity. | tested the stability of my sensor functionalization scheme in 3%

FBS, finding that it remains stable after 30 minutes of exposure. This performance is
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sufficient for detection of cancer
markers, with experiments running
about 10 minutes in length. It also
compares favorably with the stability

of other graphene modifications in

ABBP2 + SS-GrBP5

literature, highlighting the ability of

the solid-binding peptides to modify the surface in a non-perturbative, robust fashion.

i. Selective sensing of cancer markers by gFET using antibodies displayed via mixed
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peptide construct capable

of simultaneous binding to graphene and, through binding to the conserved portion of an
antibody, exposing it to the solution. The advantage of this system lies in the possibility
of displaying any given antibody making the sensor useful for detecting any potential
analyte, for which an anti-body exists. Using this system, assembled via the best
methodologies from my previous experiments, | was able to detect two different cancer
markers in the tens of ng/ml range. This unique system takes full advantage of the
particular capabilities of the peptidic approach to result in a device with numerous

potential applications.
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