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ABSTRACT: Transmission electron microscopy (TEM) is being pushed to new

capabilities which enable studies on systems that were previously out of reach. e-
Among recent innovations, TEM through liquid cells (LC-TEM) enables in
operando observation of biological phenomena. This work applies LC-TEM to the
study of biological components as they interact on an abiotic surface. Specifically,
analytes or target molecules like neuropeptide Y (NPY) are observed in operando
on functional graphene field-effect transistor (GFET) biosensors. Biological
recognition elements (BREs) identified using biopanning with affinity to NPY are
used to functionalize graphene to obtain selectivity. On working devices capable of
achieving picomolar responsivity to neuropeptide Y, LC-TEM reveals translational
motion, stochastic positional fluctuations due to constrained Brownian motion,
and rotational dynamics of captured analyte. Coupling these observations with the
electrical responses of the GFET biosensors in response to analyte capture and/or
release will potentially enable new insights leading to more advanced and capable
biosensor designs.
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B INTRODUCTION

Biosensors based on biofunctionalized graphene field-effect
transistors (GFETs) present opportunities for label-free
sensors with extreme sensitivity.' © Because of their high
sensitivity, GFETs are poised to enable new applications
including the tracking of low-abundance hormones and
neurotransmitters in sweat or tears. However, a number of
obstacles impede progress toward reliable devices and
significant research and development is required to deliver
real-world devices. To date, the physics surrounding signal
generation by analytes captured near graphene surfaces

(LC-TEM), has been demonstrated on a number of biological
samples including whole cells,” liposomes,® and viruses.” LC-
TEM enables ultrahigh resolution imaging of biological
components in an environment which more ideally matches
the native environment'’ enabling in operando, direct visual-
ization of sensor activity.

Peptides with binding affinity to a number of molecular
targets have been developed by many research laboratories
using phage display."' "> The motivations behind using short
peptide fragments as biological recognition elements (BREs)
include a theoretically high sensitivity to analyte capture given

remains imperfectly understood and thus tools to study
analyte interactions with sensor surfaces over the course of
signal transduction events are valuable for advancing biosensor
development efforts.

Recently, inroads have been made into studying biological
molecules in their native environment with electron micros-
copy at high resolution. TEM imaging through thin sections of
liquids, known as liquid-cell transmission electron microscopy
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their short length and proximity to a sensor surface, ease of
manufacture and modification, and an increased shelf life in
comparison with many other BREs including antibodies.
Peptide BREs can be designed with two domains to enable
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functionalization onto a sensor surface by a first domain and
capture of an analyte of interest by a second domain. In this
work, we develop GFET biosensors based on phage display
peptides and characterize their performance using the electrical
performance of the GFET biosensors and also via direct
visualization of BRE/analyte activity on the GFET surfaces
using LC-TEM.

We have chosen to study peptide BRE capture of the
neurotransmitter neuropeptide Y (NPY) onto GFET surfaces.
NPY is one of the most important neuropeptides found within
both the central and peripheral nervous systems of the human
body”' ™ and is involved in regulation of biological and
pathophysiological functions such as food uptake, energy
homeostasis, circadian rhythm, and cognition. In vivo, NPY is
translated from mRNA as prepro-peptide of 97 amino acids.
After cleavage of the signal peptide, proteolytic processing, and
amidation, a 36 amino acid peptide is released and circulated
as mature signal peptide with the sequence YPSKPDNPGE-
DAPAEDMARYYSALRHYINLITRQRY.

Although NPY is principally found in the tissues and fluids
of the nervous system and in blood, a small fraction partitions
into sweat and is thus available for noninvasive assessment. In
healthy individuals, NPY presents in sweat in the range of 0.8—
2.9 pM. In individuals with major depressive disorder, the
levels rise to 14.2—73.2 pM.** In the picomolar concentration
range, NPY is a challenging analyte tractable by only the most
sensitive modalities yet is within the reported detection limits
of graphene field-effect transistors (GFETs).>>?°

We hypothesized that it might be possible to use LC-TEM
to make molecular level, time-resolved observations that could
be used to understand and optimize sensor performance.
Ideally one would correlate the electrical activity of NPY
binding to GFET biosensors while simultaneously observing
component interactions and dynamics using LC-TEM with the
expectation that direct observations would provide insights to
guide sensor design. Figure 1 shows a general schematic of an
experimental setup enabling electrical measurements of GFET
response with concurrent direct visualization via LC-TEM.
This setup, and subsets thereof, were used to study NPY
capture onto graphene surfaces.
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Figure 1. LC-TEM imaging of peptide-functionalized GFETs. In
operando studies of analyte capture by peptide-based biological
recognition elements (BREs) is made possible by TEM-compatible
GFETs housed within a TEM-holder with fluidic and electrical
interconnects. TEM-compatible chips containing graphene (GFET
chip) are made by spanning monolayer graphene between the
electrodes on the chip. BREs functionalized on graphene of such chips
allow selective capture of a specific analyte that can be detected by
monitoring changes in the conductivity of graphene. The liquid-cell
(LC) is formed by placing a spacer chip with a spacer thickness ~100
nm on top of the functionalized GFET chip that creates a fluid path
along the surface of graphene enabling the in operando sensor study.
O-rings shown in the cross-section provide a fluid-tight seal.

B RESULTS AND DISCUSSION

Biopanning for Identification of Peptides. We have
previously identified and characterized a 12-mer peptide with
high selectivity, binding aﬂinit%r, and sgeciﬁcity for graphene
using a peptide phage library. 27162728 The peptide, named
P1, consists of the sequence HSSYWYAFNNKT. ? Biopanning
was also used to discover peptides with affinity to NPY. Details
can be found in the Supporting Information, Section
S1.1. Through an affinity selection process known as
biopanning, phages displaying peptides with high affinity for
the target molecule are isolated, eluted, and amplified. At the
onset of our study, streptavidin (SA)-coated magnetic beads
were functionalized with biotinylated NPY (bNPY) and used
as target for peptide phage display studies. Four rounds of
biopanning were performed using bNPY with a Ph.D.-12
library (New England Biolabs, Inc., Ipswich, MA) and several
dominant sequences were enriched. We focused on the three
distinct peptides labeled N1, N2, and N3 exhibiting basic
isoelectric point (pI) of around 8.5—9.9, as shown in Figure
2B. The equilibrium constant (K,,) values for these peptides

A) bNPY/SA-coated beads c)
NPY-binding phages
Phage N1 N2 N3 C1 C2 — bNPY N1
ANt-NPY o o— o — — or/ @ N2
N3
anti-fd s s — A N NPY
”~ Y
12 3 4 5 & 7 Ly 4 o
| 2
B)
Peptide Sequence Calculated pl Keq (M)
N1 VQHNTKYSWIR 9.99 3.30x 10%
N2 YHPNGMNPYTKA 8.50 1.03x 108
N3 FPNWSLRPMNQM 9.75 418 x 10%

Figure 2. Binding confirmation of phages displaying NPY binding
peptides. (A) Equivalent amounts of phage displaying NPY (lanes 1—
3) or SA binding peptides (lanes 4—5) were incubated with
biotinylated NPY (bNPY) immobilized on SA-coated magnetic
beads. Lane 6 represents bNPY immobilized on SA-coated magnetic
beads and lane 7 represents bNPY peptide as controls. (B) The amino
acid sequences, isoelectric points (pI), and equilibrium constants
(Keq, for a Langmuir adsorption isotherm obtained from QCM
measurements) of NPY-binding peptides are tabulated. (C)
Schematic representation of binding sites of BREs on NPY, as per
CD spectra. N2 binds to the unstructured region of NPY, whereas N1
and N3 bind to the helical region.

were also calculated by fitting the response to multiple
concentrations of NPY (measured using quartz crystal
microbalance, QCM) using Langmuir adsorption isotherm
(see Supporting Information, Figure S2C). All three peptides
were found to contain hydrophobic and aromatic amino acids
which are known to be involved in protein—protein
interactions.>® As a control, when SA-coated magnetic beads
were used as a target in phage display studies, peptide
sequences C1 and C2 were isolated which contained the HPQ
motif characteristic of streptavidin binding peptides (Support-
ing Information, Figure S1B).”!

To confirm the binding interactions of isolated phage clones
(N1, N2, and N3) to NPY, we incubated equivalent amounts
of the amplified phages displaying either the NPY-binding
peptides or control peptides against bNPY-SA magnetic beads
or SA beads alone. The phage-bead complexes were rinsed
several times with buffer to remove unbound phages and
resolved using SDS-PAGE. Immunoblotting with NPY (anti-
NPY) or M13 phage coat specific (anti-fd) antibodies was then
performed to detect for the presence of NPY on the beads and
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Figure 3. Analysis of motion in BRE-tethered NPY assemblies. Panel A presents LC-TEM micrographs of four NPY assemblies (labeled A—D)
tethered to a graphene surface via PBASE and P1N3, taken from a 74 s video. Two of the assemblies (A+B) exhibit significant motion during video
capture, whereas assemblies C and D are comparatively static. Assembly A shows significant rotational motion as evidenced in frames captured at
6.7 and 7.0 s. Assembly B shows both rotational and translational motion, with both a large step displacement and rotation on exhibit between
frames captured at 27.0 and 27.3 s. Panel B shows the Ax and Ay displacements for assemblies A and B, offset and centered by the average
displacement of each assembly observed over the course of the video. Circular overlays of roughly 5.5 and 10 nm radius delineate positional
envelopes of the assemblies. Panel C shows the displacement between video frames (3 Hz) for assemblies A and B. Step distances at time points
corresponding to the LC-TEM images in Panel A are indicated with arrows. Missing data points in the bottom plot in Panel C are the result of

assembly B wandering too far out of focus. Scale bar is 20 nm.

phage, respectively. We observed that phage clones represent-
ing NPY binding sequences (N1—-N3) only bound to bNPY-
SA magnetic beads (Figure 2A, lanes 1—3). Phage clones
representing peptide binding sequences that bind to
streptavidin (C1 and C2) bound to the SA-coated magnetic
beads (Figure 24, lanes 4—5) as shown by immunoblotting
with antibody against the phage coat protein. The presence of
a band in lanes 1—-3 with anti-fd antibodies indicates that
isolated phage clones (N1—N3) bound strongly to the
immobilized NPY, while the streptavidin binding phages
show little or no binding to NPY. We confirmed that NPY
was immobilized onto the SA-Dynabeads as indicated by the
presence of bands in all lanes when probed with anti-NPY. As
expected, strong binding was detected between the streptavi-
din-coated magnetic beads and the C1 and C2 phages
displaying the peptides with HPQ motif. In contrast, NPY
binding phage clones (N1, N2, and N3; lanes 1—3) showed
negligible binding to streptavidin (Supporting Information,
Figure S1A). Therefore, phage clones (N1—N3) specific for
binding to NPY were identified from the phage peptide display
library.

We next chemically synthesized the N1—N3 peptides and
used circular dichroism (CD) spectroscopy to identify the
secondary structure of NPY, N1—-N3 and their conjugates
(Supporting Information, Section S1.3). NPY exhibited an
alpha helical secondary structure with characteristic negative
peaks at 222 and 208 nm, while the N1-N3 peptides were
unstructured with broad negative peaks at 195 nm (see Figure
S3), consistent with previous short peptides isolated from
phage display.”” The addition of N3 to NPY resulted in the
presence of an isodichroic point and a loss of helicity in the
CD spectrum as shown by a decrease in the ratio of ellipticities

at 222/208 nm. This suggests that any structural changes
observed between NPY and NPY-N3 complexes is due to
binding interactions within the helix-forming regions (Figure
2C). In contrast, the CD spectrum of NPY-N2 complexes
strongly resembled the CD spectrum of free NPY. Given that
N2 has been determined to bind with NPY, this suggests that
binding may occur in a location outside of the helix-forming
regions of NPY. N1 complexation with NPY results in a CD
spectrum with decreased negative ellipticity but with the same
peak shape as free NPY and thus N1 is also likely to bind at or
near the alpha helical regions.

CD spectrum results were useful in designing a set of NPY-
binding peptide domains for simultaneous analyte capture and
analyte labeling. Results specifically suggested the possibility of
simultaneous binding of NPY with N3 or N1 at the helix-
forming amino acids and N2 outside of the helix-forming
amino acids (Supporting Information, Section S1.3). Con-
sequently, the capture domain N3 was concatenated to the
graphene binding domain P1 using a three-residue glycine
linker. The resultant peptide PIN3 is able to bind both
graphene and NPY, but it also binds NPY in a manner that
simultaneous binding with the alternate NPY binding peptide
N2 is also possible. Thus, NPY can be captured near the
graphene surface using PIN3, and N2 conjugated with gold
nanoparticles can be used to label NPY for enhanced imaging.
N2 was therefore conjugated to 10 nm gold nanoparticles
(N2—Au) and simultaneous binding of N3 and N2 to NPY
was observed using TEM as shown in Supporting Information
Figure S4.

Sensor Preparation. A monolayer of graphene was
synthesized via chemical vapor deposition,®>** transferred to
appropriate TEM chips and finally functionalized sequentially
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with PIN3 followed by the analyte. See Supporting
Information, Section S2 for details. In some cases, we used
1-pyrenebutyric acid N-hydroxysuccinimide ester (PBASE) as
a linker between graphene and PIN3. PBASE provides a
monolayer coverage on graphene throu%h pi stacking suitable
for immobilization of biomolecules®> ™’ and also contains a
succinimidyl ester that couples to primary amines located at
the N-terminus and at Lysll of PIN3. PIN3 by itself also
forms a monolayer without PBASE (see AFM images in
Supporting Information, Section S2.4) and hence can act alone
for NPY immobilization. The sensor responses to NPY with
and without PBASE were also found to be similar.

Dynamics of NPY on Graphene. Dynamics of NPY were
best observed in LC-TEM when NPY was in its prepro-peptide
form with an N-terminal Glutathione S-transferase (GST) tag
(AbCam 112330, Cambridge, USA). Although the ideal sensor
will be designed to detect the 36 amino acid NPY peptide,
there is precedent for retaining the fusion tag in structural
studies. Recently, a 38 kDa maltose binding protein was used
to provide structural integrity to a much smaller peptide and to
provide mass for aligning and averaging copies of the complex
for single particle analysis.”® We also observe further that GST
forms a trimer of dimers (see cryo-TEM of GST-NPY in
Supporting Information, Section S3.1). The resulting hexamer
assembly has a diameter of ~20 nm, which is discernible even
through water using TEM. Neither GST-NPY nor GST-NPY
hexamers are expected to behave exactly as the 36 amino acid
circulating NPY, but adequate visualization of unlabeled NPY
is not possible using LC-TEM at this stage. GST-NPY
assemblies retain the capacity to bind N3 and N2 and were
thus used as a proxy for NPY which could more easily be
imaged. Also, due to their size and multivalency, GST-NPY
hexamers enable more facile visualization of motion in NPY
tethers, especially rotational motion, which would otherwise be
imperceptible from translational motion in a singly valent
analyte.

In some experiments, GST-NPY assemblies were labeled
with N2—Au (using procedure discussed before) to increase
contrast and enhance both bright-field and dark-field images.
Motion of GST-NPY assemblies captured near the graphene
surface by BREs are imaged in bright-field mode, as shown in
Figure 3 and Supporting Information Video V1. For these
experiments, electron dose was kept below damage thresholds
for the protein. A detailed discussion of beam damage and dose
effects is included in the Supporting Information Section 3.3.

To visualize NPY as captured by BREs on working devices,
BRE was first coupled to graphene via PBASE. NPY was
coupled to BRE on the TEM chip with GST-NPY solutions in
water. To facilitate imaging, GST-NPY was then labeled with
N2—Au in water. The positions of the GST-NPY assemblies
were tracked over time as shown in Figure 3. Figure 3A shows
a series of images containing four representative graphene-
bound assemblies. Figure 3B shows a plot of the positions of
the NPY centroids relative to the average centroid position
over time. Figure 3C plots the step distances observed between
successive frames. The assembly tracking analysis reveals
heterogeneous motion in captured assemblies. In the field of
view shown, two assemblies (C,D) are relatively stationary
over the course of the 74 s video, whereas assemblies A,B show
more dynamic motion. Assembly A showed a range of motion
within an approximately 5.5 nm radius, whereas assembly B
exhibited a larger range of motion with positions up to 10 nm
away from the average centroid position.

These observations fall within the maximum expected tether
length based on the BREs of the system. Specifically, there are
three potential tether lengths. PBASE conjugation to PIN3 at
the N terminus produces a tether that is 27 amino acids in
length. PBASE conjugation to PIN3 at Lysll produces a
tether length of 16 amino acids. The third tether length results
from PIN3 direct coupling to the graphene surface. Assuming
full interaction of the P1 domain of PIN3 with the graphene
surface, a tether length of 15 amino acids is expected. The
assembly tracking analyses in Figure 3 suggest two distinct
tether lengths of approximately 5.5 and 10 nm. These observed
lengths reasonably match expected tether lengths resulting
from peptide chains of 16 and 27 amino acids assuming an
extended peptide conformation with an inter-residue spacing
of 3.5 A (5.6 and 9.45 nm, respectively).” Tether lengths
corresponding to 15 and 16 amino acids, even if both are
present in these samples, are likely similar enough in length
that they may not be distinguishable by these methods. A
much larger sampling of assembly trajectories would need to
be analyzed to substantiate the claim that tether length of
captured analytes can be directly measured but tether lengths
of other molecules (DNA) have been estimated before using
fluorescence imaging and similar analysis.*’ In any case, the
direct observation of a number of distinct tethering behaviors
suggests that direct imaging could play a role in understanding
biosensor performance.

LC-TEM observations were also made of NPY assemblies
captured by BREs directly coupled to graphene via the P1
domain of PIN3, omitting PBASE as BRE-graphene linker.
Labeling with gold was also omitted so that the system more
closely matched real-world devices. Assemblies coupled
directly to graphene via PIN3 appeared confined to similar
positional envelopes as those coupled using PBASE as linker.
Assemblies were generally confined in both cases to envelopes
with radii of approximately 5 and 10 nm. These limited
observations suggest the likelihood of only minor differences in
sensor performance due to these two distinct coupling
strategies (see Figures S and S10). In addition to tracking
positional envelopes, qualitative data was also collected on the
motion of captured analyte (see Supporting Information,
Videos 1 and 4). Direct visualization revealed apparently
stochastic positional fluctuations of assemblies within a circular
envelope as well as assembly rotations. These observations
provide information which is potentially valuable toward
understanding the sources of noise or transients in the sensor
response in a number of analyte capture strategies. Recent
theoretical studies consider association and dissociation of the
analytes as the only source of noise,"' ~** however the role of
rotational motion of captured analyte on sensor surfaces or of
variability in radius of the positional fluctuation envelope on
sensor noise is yet to be investigated in detail. Similar to
association and dissociation of analyte, motion in a direction
perpendicular to the sensor surface is expected to add noise as
the analyte goes in and out of the Debye length.**** LC-TEM,
especially on functional GFET devices, appears poised to
enable these investigations.

In Operando LC-TEM Study. Figure 4 presents the results
of probing graphene’s conductivity while simultaneously
visualizing changes in surface decoration of the graphene via
LC-TEM. TEM chips were coated with graphene and then
directly functionalized with PIN3 for NPY capture. Prior to
electrical measurements, devices were incubated with GST-
NPY and N2-Au. Perfusion rates of 0.5 and 2 yL/min resulted
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Figure 4. Simultaneous LC-TEM and potentiometry of NPY captured
onto and released from GFET surface. Panel A shows the effect of low
flow perfusion of BRE-functionalized graphene devices with captured,
gold-tagged analyte. Over a 5 min experiment, little to no change in
surface decoration is observed with corresponding constant current
through the GFET device with 0.2 V Vg and 0 V V. In contrast,
panel B shows the effect of faster perfusion which disrupts the BRE-
analyte-tag assemblies on the graphene surface, resulting in increases
in current through the device. See Supporting Information Videos V2
and V3 for temporal evolution of assemblies. All scale bars are 20 nm.

in differences in BRE-analyte-tag retention on the surface, with
the higher perfusion rate disrupting and washing away the Au
nanoparticles and likely the complete NPY-Au complexes from

the surface. Accumulation of analyte on the surface with
concurrent electrical measurement is not shown due to the
longer accumulation times required to capture the analyte and
the more extensive beam damage resulting from longer
accumulation times. Nevertheless, a correlation between
conductivity and surface decoration in PIN3-GFET devices
is evident.

Selectivity and Sensitivity Study. The response of
GFET devices in the LC-TEM chips to NPY is examined in
detail here using GFET devices made on silicon substrates (see
Section $2.3 for details on sample preparation). The response
to NPY was also compared with IL-6, which is another relevant
biomarker but potential interferent to specific NPY detection.
IL-6, a 20.9 kDa protein with high alpha helical content, has
been measured in human sweat in ranges of 10—100 pg/
mL,”* corresponding to approximately 0.5—5 pM. An electro-
lyte-gating scheme, as shown in the inset in Figure 5A, was
employed with static artificial perspiration as electrolyte (AP,
Pickering laboratories, CA, U.S.A.). Current through the
graphene layer was measured while the gate potential was
swept from +ve to —ve with an applied source/drain (S/D)
bias of 0.3 V. As an additional control, GFET devices
functionalized with only the graphene binding domain P1 were
exposed to NPY. As seen in Figure 5A, NPY additions to
PIN3-GFET devices in the picomolar range shifted both
graphene’s Dirac voltage (V) and conductivity over a wide
range of gate voltages. These shifts remained similar even when
PBASE was used as a linker between graphene and PIN3 or
when NPY-GST assembly was used as analyte (see Supporting
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Figure 5. GFET responses to BRE-NPY binding. Panel A plots the source/drain (S/D) current versus gate/source (G/S) voltage in a GFET
functionalized with the bidomain peptide PIN3 with affinity to both graphene and neuropeptide Y. Both a change in the charge neutrality point of
graphene (i.e. Dirac voltage,Vpy;,.) and changes in graphene’s conductivity were observed upon NPY administration. Vi, at 0 pM NPY is
indicated with an arrow. Inset illustrates device setup with electrolyte-gating. Panels B and C show negative control devices with non-NPY binding
P1 (B) and PIN3 in response to IL-6 (C). In both cases, Vp;,. changes are insignificant compared to changes observed in (A). Panel D shows the
result of plotting Vpy,,. versus the analyte concentrations for the data shown in (A) through (C). The response of the NPY-selective GFET based
on P1N3 is markedly steeper than the responses of either negative control. Panel E shows a receiver operator characteristic (plotting true positive
rate TPR versus false positive rate FPR of the response curve) for a PIN3-GFET device exposed to 18 positive and 18 negative samples,

demonstrating its utility for NPY biosensing.
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Information, Figures S10—S11). On the other hand, addition
of NPY to P1-GFET devices (Figure SB) and addition of IL-6
to PIN3-GFET devices (Figure SC) show negligible changes
in Vp;,. and conductivity. Any shifts in the I-V curves for
these negative controls did not appear to be dose responsive.
Changes in Vp, are plotted as a function of NPY (or IL-6)
concentration in Figure SD, which suggests the utility of
PIN3-GFET as a sensitive device for NPY biosensing. In only
the case of the PIN3-GFET response, consistent sensitivity to
NPY can be observed over the tested range. In contrast, the
response to the PIN3-GFET to IL-6 is flat. These two
experiments suggest that PIN3-GFET devices can be both
sensitive and selective to NPY in sweat, although more
selectivity studies are needed to fully qualify PIN3-GFETs for
real-world use. The response of P1-GFET to NPY is also
encouraging in that there is no significant response without the
NPY-specific BRE. In this case, only a slight change in Dirac
voltage is observed over the tested range, yet the change does
not appear to trend with analyte concentration. This result
suggests that the NPY in PIN3-GFET experiments is likely
interacting with the N3 domain and that the PIN3-GFET
response is not likely due to nonspecific adsorption of NPY to
the graphene surface or to the P1 domain. Instead, changes in
Dirac voltage of P1-GFETs to NPY likely hint at other
nonspecific interactions with graphene that require further
elucidation; for example, charge screening effects of varied salt
concentrations or charged amino acids in solution may alter
graphene conductivity and Dirac voltage without adsorption to
the graphene surface or its capture peptides. Further
experiments, potentially using LC-TEM, are required to
elucidate these effects and to devise effective counter-measures.
Continuous Monitoring of NPY. Static measurements
simulate conditions pertinent to scenarios with accumulated
analyte or for spot assessments, such as for single use sweat
patches. For continuous monitoring applications, continuous
flow experimental apparatus such as in Figure SE are more
appropriate. To this end, a microfluidic delivery apparatus was
employed to perfuse the PIN3-GFET with NPY-spiked AP.
Eighteen positive samples, defined as containing 10 pM NPY
and higher, and 18 negative samples comprised of 1 pM NPY
or 10—100 pM IL-6 were tested and used to generate a
receiver operator characteristic (ROC) curve. Former analytes
were washed away prior to testing each new sample by flowing
Tris-buffered saline (TBS) for 30 min through the microfluidic
chamber and then heating to S5 °C. The chip was then
equilibrated again in TBS buffer under constant flow for at
least 45 min. (See Section S4.2 for complete details.) The
positive/negative distinction threshold was derived from the
maximum rate of change in the step response of the sensor
from negative AP solution to the test sample. Sweeping
through a range of cutoff maximum rates of change and then
classifying each sample as greater or less than 10 pM, in
comparison to the known concentrations enables the plotting
of the true positive rate (TPR) versus false positive rate
(FPR) for the collective data set. The area under the curve
indicates the fitness of a given sensor for use. Classifying NPY
or IL-6 samples using a cutoff threshold of 10 pM resulted in
an area under the ROC curve of 0.74. This is similar to the
results obtained from graphene FETs (see Section S4.3) and
other diagnostic devices functionalized with antibodies; short
peptide BREs used in this study however have the benefit of
potentially longer shelf life and lower cost of production.""
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B CONCLUSIONS

The data presented in this paper allows a number of useful
conclusions. First, we observed that functionalization of
graphene FET devices for specific capture of NPY can be
done directly with bidomain peptides. We presented a specific
BRE, P1N3, which can be used to functionalize GFET devices
to produce a biosensor device with pM sensitivity to the
neuropeptide NPY. Notably, biosensors based on N3 coupled
to quartz crystal microbalance only showed micromolar
responsivity to NPY in our hands (see Supporting Information,
Section S1.2). In addition, selectivity of PIN3 GFETs for NPY
has been shown against the background of a small set of
control experiments, although more specificity validation
would be required to establish PIN3-GFET for NPY sensing
in sweat.

We further showed that LC-TEM enables the direct
observation of assembly motion and abundance. This will
allow for the collection of statistically valid analyses of the
fraction of captured molecules which are tightly bound to the
surface versus the number of molecules with confined
Brownian motion, potentially including the actual tether
lengths if enough molecules are tracked. We observed that
assembly motion between two different tether strategies was
qualitatively similar and we noted a likelihood that the two
sensor systems would perform similarly, which was borne out
experimentally. Additionally, none of the observed envelopes
exceeded the expected molecular tether length, suggesting that
the motion we observe is due to constrained Brownian motion
and that measurement of motion on a large number of
assemblies might enable the estimation of tether length. The
observations presented in this work are potentially meaningful
as proof of concept toward novel approaches to understanding
the mechanisms that impact biosensor performance. Finally,
these approaches are likely applicable to other technology areas
including enzyme encapsulation, catalysis, antifouling surfaces,
clinical assays, and functional substrates.
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