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Direct molecular detection of biomarkers is a promising approach for diagnosis
and monitoring of numerous diseases, as well as a cornerstone of modern molecular
medicine and drug discovery. Currently, clinical applications of biomarkers are
limited by the sensitivity, complexity and low selectivity of available indirect detection
methods. Electronic 1D and 2D nano-materials such as carbon nanotubes and
graphene, respectively, offer unique advantages as sensing substrates for simple, fast
and ultrasensitive detection of biomolecular binding. Versatile methods, however,
have yet to be developed for simultaneous functionalization and passivation of the
sensor surface to allow for enhanced detection and selectivity of the device. Herein,
we demonstrate selective detection of a model protein against a background of serum
protein using a graphene sensor functionalized via self-assembling multifunctional
short peptides. The two peptides are engineered to bind to graphene and undergo
co-assembly in the form of an ordered monomolecular film on the substrate. While
the probe peptide displays the bioactive molecule, the passivating peptide prevents
non-specific protein adsorption onto the device surface, ensuring target selectivity. In
particular, we demonstrate a graphene field effect transistor (gFET) biosensor which
can detect streptavidin against a background of serum bovine albumin at less than
50 ng/ml. Our nano-sensor design, allows us to restore the graphene surface and
utilize each sensor in multiple experiments. The peptide-enabled gFET device has
great potential to address a variety of bio-sensing problems, such as studying ligand-

receptor interactions, or detection of biomarkers in a clinical setting.
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1. Introduction

Detection of molecular recognition events ex situ has been
a well-established approach to drug discovery and molec-
ular biology research since the 1960s.l'! More recently, it
has been applied in clinical research and practice for diag-
nosing and monitoring diseases, including several types of
cancer, through the detection of biomarkers in blood, tis-
sues, or urine of a patient.”] Among the techniques used to
detect such markers are the surface plasmon resonance spec-
troscopy (SPR),>4 quartz crystal microbalance (QCM),P!
various immunoassays including electrochemical assays and
others.[*] The applicability of these techniques to clinical
practice remains limited, however, since the markers are pre-
sent in very low concentrations against a background of high
abundance serum or tissue proteins, requiring high selec-
tion efficiency of the sensor. During the last several years,
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two-dimensional single layer material-based field effect
transistor (2D-FET) (such as graphene) sensors have been
employed for ultrasensitive detection of molecules.['%-14
Graphene and 1-D carbon nano-tubes in particular have
been used successfully to achieve a very low detection
limit,'>21] with designs reported to detect femtogram per
milliliter concentrations of analyte.[??| These levels of sen-
sitivity is possible due to the excellent electronic properties
of graphene, resulting from delocalized n-bond structure,
and zero band gap, which is highly sensitive to molecular
doping.*29] Charge transfer and Hall doping, resulting from
the interactions of molecules with the graphene, the sensor
material, change its Dirac point and, therefore, its resist-
ance.'22227] When a molecule, such as a protein, adsorbs to
or is specifically captured by the graphene sensor, the change
in resistance could allow specific detection of the event at the
molecular level. Based on this proposition, and to establish a
highly sensitive 2D-FET biosensor, target-specific bioprobes
must be immobilized onto the sensor’s surface in a controlled
manner with a simple process while preserving the function-
ality of the sensor substrate.

A number of graphene functionalization routes have
been employed so far involve covalent bonding, e.g., via the
introduction of carboxylic groups, so as to control the inter-
face with graphitic materials.?®="] To preserve the intrinsic
properties of graphene, methods of non-covalent function-
alization via m—r stacking using aromatic chemistry have also
been used.’'33 In order to enhance probe density on the
surface pre-functionalized nano-particles, for example, gold,
have been adsorbed to graphene sensors resulting in high
sensitivity biosensors.?*+3! In addition to these successful
chemical and physicochemical functionalization techniques,
non-invasive approaches using peptides have been dem-
onstrated as a biocompatible alternative to controlling the
surface properties of graphitic materials. Selected using com-
binatorial peptide libraries, these engineered solid-binding
peptides offer a versatile platform for bridging the bio/inor-
ganic divide.?*38] These short (7-14 amino acids long) pep-
tides have strong-binding capability (k; = 50 nM to 1 uM),
exhibit a wealth of chemical diversity, and are materials
specific. The solid-binding peptides have a modular capacity
which allows the control of functional diversity through
simple point and domain mutations and targeted chemical
modification, providing unique opportunities to control
binding, chemical properties, and biofunctional display.[?*4"]
Instead of covalent bonding prevalent among the synthetic
linkers (e.g., thiols and silanes), these short peptides, due to
their specific folding patterns on surfaces dictated by their
sequences, bind to solids through weak intermolecular forces
at multiple positions at the peptide/solid interface. This ena-
bles the solid binding peptides to assemble and function in
aqueous solutions and in biological buffers.[*'-*3 Various
graphite,[*!] graphene-[*#71 and CNT-binding!*3*! peptide
sequences and poly amino acids have been identified in the
literature through combinatorial display and other means.
They have been employed for applications such as bioinor-
ganic nano-material formation,’] and non-specific control
of surface chemistry.*l The dodecapeptide GrBP5-WT (with
amino acid sequence: IMVTESSDYSSY, affinity constant: K,
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Figure 1. A) Conceptual schematics of the modular peptide based
approach for biosensor functionalization; B) AFM image showing the
formation of GrBP5-WT monomolecular ordered film on graphite. Inset
is a fast Fourier transform of the image showing hexagonal ordering of
the WT peptide on graphite crystal surface lattice. C) The amino acid
sequence of WT-GrBP5 showing the primary domains with different
biochemical/physical functionalities.

= 3.78 uM™) is unique among graphite- and CNT-binding
peptide sequences identified so far as, upon binding, it forms
long-range ordered, uniform, and crystallographic molecular
nanostructures on graphitic materials. Furthermore, it has
been demonstrated in this research group,°!l that the peptide
nanostructures can be controlled through sequence muta-
tion that allows to tune intermolecular and peptide-substrate
interactions (Figure 1). Having a modular structure, the
wild-type (GrBP5-WT) peptide can be designed to expose
predictable surface chemistry through the display of specific
amino acids, making it ideal for presenting molecular probes,
ligands, anti-bodies, and other sensing molecules in a control-
lable fashion (Figure 1A). Moreover, it has been shown that
two mutants of GrBP5-WT can be simultaneously assembled
to display a combination of properties on the graphitic sub-
strate.[’2l Multi-functionality is critical to the application of
a biomarker sensor in clinical practice, since in addition to
possessing sensitivity, it must be capable of discriminating for
the target against a background of proteins present in the
sample. It is, therefore, essential to simultaneously impart tar-
geting and anti-fouling capabilities to the sensor.

In the present study, we demonstrate selective detection
of a model protein against a background of an abundant
serum protein using a graphene biosensor functionalized via
two types of co-assembled, multifunctional, self-assembling
peptides which simultaneously display the probe and also
prevent non-specific adsorption. In particular, we employ
a 4-probe graphene field effect transistor (gFET) sensor
(Figure 2), functionalized using co-assembled mutants
of GrBP5-WT, displaying biotin, and SS-GrBP5 mutant,
hydrophilic residues at the N-terminus (Table 1), to detect
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Figure 2. A) Schematic illustration of the four-probe bio-functionalized
graphene field effect transistor with self-assembled peptides; B) Optical
microscopy image of the sensor device at two different magnifications;
C) Equivalent electrical circuit of the gFET device.

streptavidin (SA) against a background of bovine serum
albumin (BSA). Furthermore, a regeneration protocol has
also been developed which allows one to utilize a single
sensor for over 12 experiments. Through this study, we estab-
lish a methodology for single-step bio-functionalization of
graphitic sensors and show its performance and sensitivity
for the detection of biomolecules at low concentrations. The
proof-of-principle demonstration of the peptide-enabled gra-
phene FET biosensor herein can be applied to a variety of
analytes in complex solutions.

2. Results and Discussion

2.1. Graphene Biosensor

The graphene biosensor was fabricated using electron beam
lithography in a four probe configuration (Figure 2). 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

Table 1. Molecular Characteristics of the Designed Peptides.

Molecule Sequence? Mol. Mass G.R.AVY.D
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

@Residues colored by properties: Non-polar — orange; Polar — green; Charged — red; Aromatic —
brown; YGrand average hydropathy index.
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the voltage between the contacts R3 and R4 at negligible
currents (Figure 1C).

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 1). By sequential introduc-
tion of increasing concentrations of the bi-functional peptide
to the sensor, we were able to determine the ultimate sen-
sitivity of our system, and to create a dense, uniform mon-
olayer of self-assembled biotinylated peptide (Figure 3A,
C). We then introduced streptavidin (SA) to the system in
sequentially increasing concentrations to determine if the
sensitivity significantly diminishes with distance from the
sensor. The AFM images (Figure 3B), along with the sen-
sogram (Figure 3C) demonstrate binding of streptavidin to
the biotinilated sensor surface. The height difference of about
2 nm is observed between the peptide only and that with the
SA added surfaces. Moreover using the three-sigma method,
based on an average of multiple sensor measurements, we
calculated the detection limit of our device to be 30 pg/ml
(+/- 7 pg/ml), for both the bare and the functionalized sur-
face. The differences in morphology in the two AFM images
indicate that there is a certain amount of instability intro-
duced into the peptide by the analyte; however, the coverage
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Figure 3. A) AFM image and schematics of 10 mg/ml bio-GrBP5 self-
assembled on graphite; B) AFM image and schematics of 10 mg/ml
streptavidin captured by the bio-GrBP5 monolayer; C) Corresponding
sensogram of sequential addition of increased concentrations of bio-
GrBPS5 followed by the sequential addition of increased concentrations
of streptavidin (SA).
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remains above 85% after two hours of testing, which is well
beyond the time required to achieve apparent binding equi-
librium. 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 (Figure S1 in sup-
plementary information).

Even a few layers of adsorbed water molecules provide
sufficient dielectric screening of the charged impurities to
prevent their affect as scatterers on the carriers in graphene
while allowing them to be dopants.’3] In our case, the FET is
embedded in water, and the peptides adsorbed on the surface
cause doping through the probe-target interaction affecting a
shift in the overall resistance of graphene-FET. The response
of our sensor is consistent with those reported previously for
graphene-based biosensors.['®>] 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 gFET,
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.

2.2. Mitigation of Non-Specific Adsorption
Non-specific adsorption of background proteins is a major

concern when testing for biomarkers in clinically relevant
samples. Serum albumin constitutes about 50% of the blood

D. Khatayevich et al.

serum proteins, and is, therefore, an appropriate “fouling”
protein to serve as the background against which SA may
be detected. Figure 4A shows the adsorption of bovine
serum albumin (BSA) on graphite after washing (corre-
sponding sensogram in Figure 4D). The protein is present
on the entire surface and agglomerates into fibers as the
result of drying. The sensogram shows robust detection
of binding at 50 ng/ml, followed by increased binding with
overall resistance shift of almost 200kQ at 10 pg/ml, prob-
ably due to the formation of a multi-layer film. In order to
prevent non-specific adsorption of BSA, we employed the
SS-GrBP5 mutant (Table 1), identified in an earlier study
as a mutation of GrBP5 that is capable of assembling into
ordered monolayers and presenting hydrophilic chemistry
on the surface (e.g., 36° contact angle at 100% coverage).l>?
Such a contact angle value is similar to those achieved in
literature by self-assembled monolayer polyethylene glycol
anti-fouling systems (about 32°).[#335¢] The contact angle
value has been strongly linked to anti-fouling properties in
a variety of systems.[57] 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-GrBPS5 peptide (Figure
4B) on the sensor surface, and introduced BSA to the system
(Figures 4C and E). The binding of BSA was significantly
impaired by the SS-GrBP5 mutant, resulting in no detect-
able binding at less than 10 pg/ml concentrations of BSA.
The AFM image of the surface after incubation with 10 pg/
ml BSA for 90 minutes (Figure 4C) displays a small amount
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Figure 4. A) AFM image and schematics of 10 mg/ml BSA adsorption to bare graphite; B) AFM image and schematics of 10 mg/ml SS-GrBP5 on
graphite; C) AFM image and schematics of 10 mg/ml BSA adsorption blocked by SS-GrBP5-functionalized graphite; D) Sensogram showing the
effect 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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of protein present sparsely on the surface and very low deg-
radation of the underlying peptide monolayer. The added
stability, as compared to the bio-GrBP5 mutant, is likely
the result of the more amphiphilic nature of the SS-GrBP5
monolayer among the two peptides, which remains robustly
oriented between the hydrophobic graphite and water. As a
control experiment, we introduced BSA to a monolayer of
bio-GrBP5 (Figures S2). The sensogram shows significant,
nonspecific, binding of BSA.

2.3. Multi-Functional Surfaces Through Peptide Co-Assembly

By combining the passivating SS-GrBP5 with the biotinilated
probe peptide, bio-GrBP5, we created a sensor capable of
selective detection of streptavidin in a bovine serum albumin
solution. A mixed peptide monolayer with optimized ratio
(see below), i.e., consisting of 25% bio-GrBP5 and 75% SS-
GrBP5, was formed in a single step from a solution with an
overall peptide concentration of 10 pg/ml. The AFM of the
resulting monolayer (Figure 5A) shows that the peptides
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Figure 5. A) AFM image and schematics of mixed peptide monolayer
on graphite; B) AFM image and schematics of selective detection
of streptavidin against a BSA background; C) The corresponding
sensogram of (B), 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.
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self-assembled into a dense ordered structure with no dis-
cernible segregation, leading to the conclusion that the pep-
tides are completely miscible in each other and, therefore,
they do not hinder each other’s binding and self-assembly
characteristics on the common graphene substrate surface.

Guided by the results in Figure 4, we introduced 5 pug/ml
BSA to the sensor and detected no binding (Figure 5C). We
then introduced sequentially increasing concentrations of SA
to the sensor, while maintaining the levels of BSA in the solu-
tion, and were able to reliably detect streptavidin at 100 ng/
ml, although some signal was present at even lower concen-
trations (Figure 5C). The AFM image of the graphite surface
at the final conditions (Figure 5B) showed less coverage by
SA than the biotin-only surface (Figure 3B). The overall sta-
bility of the bio-GrBP5 appears to have been improved by
co-assembly with SS-GrBP5, displaying very high coverage
and density. The passivating peptide SS-GrBPS also seems
to 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 co-self-assembling sequence
of bio-GrBP5.

2.4. Critical SS-GrBP5 Coverage Determination

To optimize the number of probe-bearing peptides in the
mixed peptide monolayer we determined the minimum
coverage percentage of SS-GrBP5 in the mixed monolayer
necessary to maintain the anti-fouling properties of the
substrate overall, while maintaining the sensory character-
istics. This was accomplished by measuring the K; of BSA
adhering to the sensor as a function of fraction of probe
peptide bio-GrBP5 within the SS-GrBP5 mixed monolayer.
The dissociation constant K; was calculated from the shifts
in signal in response to increasing concentration of analyte,
which was then fitted with the Langmuir equation:

Ky[C]

O = Qrax m

M

where ¢ is the amount analyte adsorbed on the surface, @,
is the maximum amount analyte that could be adsorbed on
the surface, K, is the inverse of the K, and [C] is the con-
centration of analyte. It is important to note that, based on
this equation, if the available binding sites on the surface
are limited, and actual ¢,,,, is smaller than the equilibrium
coverage at a high analyte concentration, the K., will appear
larger (K, smaller) than it actually is. We refer to this quan-
tity as “apparent K;”.

In addition to the aforementioned probe peptide, we cre-
ated a second biotin-functionalized peptide, bio-SS-GrBP5
(Table 1), to test the effect of the extra linker on the display
of the probe within the mixed monolayer, and its ease of
accessibility by the target molecule. To accomplish this task,
we first performed contact angle measurements on mixed
monolayers at maximum coverage in various ratios of the
probe peptides with SS-GrBP5 (Figure 6A). The cosines of
the resulting contact angles exhibit a linear correlation with
the fraction coverage, which is consistent with the Cassie’s
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Figure 6. A) Plot of the cosine of the contact angles, showing linear
correlation with the relative concentration of the peptide mixture;
B) Plot of apparent K values as a function of Bio-GrBP5 and Bio-SS-GrBP5
in SS-GrBP%, demonstrating the critical coverage of about 34% (arrow).

Law,®l indicating that the peptides are, again, fully miscible
and are distributed evenly on the surface. Example contact
angle measurements are given in Figure S3. The apparent
K, values, shown in Figure 6B, exhibit a transition between
no binding and 9.5 x 10~ M. The transition in apparent K,
values occurs probably because there are insufficiently avail-
able binding sites on the surface to reach the equilibrium. The
linear extrapolation of the transition region indicates that the
critical coverage is 32% +2% of bio- or bio-SS-GrBPS5 in the
mixed monolayer, meaning ratios of 2:1 probe-peptide to
passivating-peptide are viable. No difference in critical cov-
erage was observed between bio-GrBP5 and bio-SS-GrBP5
mixed monolayers, indicating that the resistance to non-
specific adsorption is imparted by the SS-GrBPS5 component,
independent of the probe-peptide sequence.

2.5. Optimization of Probe Display and Biotin-Streptavidin K,
Measurements

The accessibility of the probe can be a critical factor in bio-
sensor functionalization. To test this crucial function of the
displayed biotin in our peptide conjugate system and, at the
same time, optimize its affinity for binding, we carried out a
series of measurements to determine the apparent K, values
of streptavidin-biotin interactions using both bio-GrBP5
and bio-SS-GrBP5 mixed monolayers with the passivating
peptide. We hypothesized that inserting the SS linker into
the probe peptide would increase the accessibility of biotin
and decrease the K of the interaction. The summary of these

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. A, B) Change in sensor signal with respect to concentration at
different ratios of bio-GrBP5 and bio-SS-GrBP5 to SS-BrBP5 respectively,
with corresponding Langmuir fits; C, D) Plots of apparent K, values of
biotin-streptavidin interactions at different ratios of bio-GrBP5 and bio-
SS-GrBP5 to SS-BrBP5, respectively.

experiments is given in Figure 7. By optimizing the con-
centration range for our experiments, we again observed a
transition of apparent K; values from no binding to a stable
value, corresponding to the low availability of binding sites at
low probe coverages. By linearly extrapolating the transition
region of the K, plots (Figure 7C and D) we arrive at a value
of approximately 7%, which represents the quantity of inac-
tive (unavailable) probes on the surface.

The equilibrium K, values obtained via bio-GrBP5
(1.82 x 10 M) vary significantly from those obtained via
bio-SS-GrBP5 (1.10 x 107!* M). This is consistent with our
hypothesis that the probe entity must be displayed above the
surrounding passivating SS-GrBP5 monolayer for accurate
detection. The value we obtained from the bio-SS-GrBPS-
based system correlates well with the established literature
values (5 x 10714 M).[>

The sensor devices used in this study were restored
and reused. We observed some sensor degradation over
the course of about 12 experiments, with the noise levels
increasing from near 2k Q to about 10 kQ. It appears, how-
ever, that the sensitivity of the device is not significantly
affected between trials, meaning that it can be reused to
produce comparable data repeatedly several times. The ini-
tial signal from the device varied in water by approximately
40 kQ, with standard deviation of about 22 kQ. This is a sig-
nificant feature for practical application of graphene-based
sensors in terms of their reuse, and represents another
advantage of peptide functionalization over covalent
approaches. The details of the reuse procedure are given in
Section 4 (Experimental).

3. Conclusions

In this study, we demonstrated a system for simultaneous pas-
sivation and functionalization of the graphene field effect tran-
sistor using modular graphite-binding peptides, based on the
engineered dodecapeptide GrBPS5, which allows for selective
detection of streptavidin against a serum albumin background
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Figure 8. Schematics of the optimized self-assembled peptide
functionalized graphene FET bio-sensor.

(Figure 8). The system developed can be extended to other
sensor architectures, and different single layer materials sys-
tems, such as the semi-conducting MoS, or WS,, which can be
enabled either through rational mutation of the GrBP5-WT
peptide, or through discovery of new peptides specific to these
materials. The novel biosensors based on peptide-2D mate-
rial conjugation opens up a new area in biomolecular detec-
tion, not only through electrical signals but also, potentially,
through optical and magnetic signals, depending on the phys-
ical characteristics (semiconducting, dielectric, etc.) of the
2D material, the interaction of the target biomolecule with
the peptide-displayed probe, and the appropriate mode of
detection, i.e., electrical, photonic, or magnetic. Our ability to
control the functional biomolecular groups displayed by the
peptide monolayers as well as the possibility of creating mixed
monolayers for controlling the preparation of the sensor
surface allow for the construction of multi-functional sensors
capable of selective detection of multiple probes in a complex
environment. Self-assembled peptides offer unique opportu-
nities for biosensor functionalization, including biocompat-
ibility, non-covalent binding, the ease of fusion with biological
probes, as well as a high degree of control over assembly
and surface coverage. Based on a variety of short peptidic
probes that have been identified for many disease biomarkers,
through phage and cell-surface display,/® the next step for
this novel technology would be to create a diagnosis and
monitoring system via the formation of fusion proteins (i.e.,
multifunctional biomolecular constructs) through molecular-
genetics based techniques. Furthermore, the peptide-enabled
¢FET is not limited to clinical applications. Specific ligand
receptor interactions are of critical importance to all areas
of molecular biology and biotechnology. By upgrading and
optimizing the gFET described herein further to include a
flow configuration, for example, it would be possible to build
a selective biosensor to study the kinetics of various specific
ligand-receptor pairs. More broadly, the presented study adds
another significant tool to the peptide-based bio-nanotech-
nology toolkit, taking advantage of molecular biomimetic
ways of rationally connecting biomolecular and 2D single
atomic layer materials at the nano-scale.
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4. Experimental Section

Sensor construction: Graphene samples were prepared by
exfoliation method?% on silica wafers which were pre-treated
with acidic piranha solution (75% sulfuric acid, 25% hydrogen
peroxide). Orientation markers were made via indium micro-sol-
dering,[6! 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 2B) were made via electron beam lithography on
JOEL 7000 SEM (JOEL Ltd., Japan). The pattern was developed and
then extended by hand to lengthen the electrodes. The electrodes
were made by sputtering 2nm of titanium as adhesion layer, fol-
lowed by 46 nm of platinum, and 2 nm 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 450 °C 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 1 mA 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.

Peptides and Proteins: 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 activa-
tion. The crude peptides were purified by reverse phase high per-
formance liquid chromatography to >98% purity (Gemini 10 um
C18 110A column). The purified peptides were verified by mass
spectroscopy (MS) using a MALDI-TOF mass spectrometer (Bruker
Daltonics Inc., USA). The amino acid sequences and the physio-
chemical properties of the peptides used in the study are shown in
Table 1. HPLC and MS sensograms are presented in the supporting
information Figure S4. Streptavidin and bovine serum albumin
were purchased from Sigma-Aldrich, USA, and used as received.
All of the solutions were prepared with de-ionized water.

Sensor Measurement: The device was connected to the
Agilent U2722A USB Modular Source Measure Unit (Agilent, USA)
in a four probe configuration, with current (I,4) kept constant at
0.1 pA between R1 and R2 terminals, and voltage (V4 meas-
ured between R3 and R4 terminals (Figure 2C). A 20 ul 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,
using a micropipette so that the total volume of the drop never
exceeded 35 ul. As each subsequent analyte is added, the pre-
viously used analytes have remained in the test solution. Data
was collected from two distinct devices and each experiment was
reproduced at least once.

Atomic Force Microscopy: To complement the biosensor
results, certain states of each experiment were reproduced on
highly-oriented pyrolytic graphite (HOPG) and imaged by atomic
force microscopy (AFM). The peptide solutions, at concentrations
identical to those used for sensing experiments, were placed on
HOPG and allowed to bind for amounts of time (10-90 minutes)
similar to those used for graphene. The samples were washed by
dilution, dried and immediately imaged using a Digital Instruments
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Nanoscope-llla Multimode AFM (Veeco, USA) under tapping mode.
The images were taken in at least 3 different areas of the sample.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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