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ABSTRACT Biodetection using organic field-effect transistors (OFETs) is gaining increasing
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interest for applications as diverse as food security, environmental monitoring, and medical

diagnostics. However, there still lacks a comprehensive, empirical study on the fundamental
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limits of OFET sensors. In this paper, we present a thorough study of the various parameters
affecting biosensing using an OFET decorated with gold nanoparticle (AuNP) binding sites. These
parameters include the spacing between receptors, pH of the buffer, and ionic strength of the /= Aptamer ‘¢’ = AuNP %%= Thrombin
buffer. To this end, we employed the thrombin protein and its corresponding DNA binding

aptamer to form our model detection system. We demonstrate a detection limit of 100 pM for this protein with high selectivity over other proteases in situ. We
describe herein a feasible approach for protein detection with OFETs and a thorough investigation of parameters governing biodetection events using OFETs.

Our obtained results should provide important guidelines to tailor the sensor's dynamic range to suit other desired OFET-based biodetection applications.
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ffordable healthcare is becoming a

global concern of unprecedented

proportions, and as a result, the need
for real-time, label-free, cheap, and portable
biosensors continues to increase.” Owing
to their low cost and high efficiency, bio-
sensors that can directly transduce a biolo-
gical binding event or biological reaction
into an electronic signal in a label-free
manner are advantageous for sensor tech-
nologies demanding digital readout.?* Min-
iaturizability, low-power requirements, and
lack of dependence on bulky supporting
electronics make electrical transducers such
as electrodes, chemiresistors, and FETs pro-
mising for point-of-care diagnostics.>*~° Of
these transducers, FETs alone offer the ad-
ditional advantages of multiparameter read-
out (source-drain current (Ips), charge carrier
mobility (), etc.) and signal amplification”°
and have already demonstrated much pro-
mise as (bio)chemical sensors.>”~'> While
OFETs have historically been used for detec-
tion in the gas phase, water stability is an
important consideration for biodetection that
has only recently been addressed. A series of
key advancements such as intrinsically water-
stable semiconductors and ultrathin polymer
dielectrics have allowed for the development
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of water-stable OFETs'®~"'? that operate with-
out the need for electrode encapsulation.'®
Finally, OFETs offer the advantages of com-
patibility with flexible substrates and solution
processing techniques, qualities that make
them suitable for low-cost, point-of-care de-
tection and quick screening applications.

We have recently developed an OFET sen-
sor platform that is capable of stable operation
in an aqueous environment.'> Decoration of
this OFET with an ordered array of AuNPs, cast
from a self-assembled poly(styrene-b-2-vinyl-
pryidine) (PS-P2VP) matrix, allows for selective
detection of targeted analytes."”” Using the
above-described AuNP-decorated OFET plat-
form, we previously explored the detection of
a chemical species (Hg?") in deionized water.
However, the transition from chemical to bio-
logical detection remains a challenging task;
in particular, protein detection using OFETs
largely remains an unexplored area. To the
best of our knowledge, only a single report in
literature has addressed this important issue.'®
In this previous work, an antibody was de-
tected via its interaction with a protein that
had been immobilized on the surface of a
perfluorinate-passivated pentacene transistor.
The main advantage of the system used in this
current study is that the organic semiconductor
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Scheme 1. Functionalization of OFET sensing platform and selective detection of target protein. A water-stable OFET is
fabricated with an ultrathin PVP-HDA dielectric and DDFTTF active layer, and the electrodes are protected with a thin layer of SiO,.
The OFET is decorated with an ordered array of AuNPs to provide functionalization sites. A thrombin-specific aptamer is attached to
the AuNPs via a Au—S linkage, and the device surface is blocked against nonspecific protein adsorption with BSA. Upon exposure to

the target protein, the aptamers bind thrombin. Basepairs in bold are responsible for imparting selectivity for thrombin.

is inherently air- and water-stable, so that it does not
require a passivation layer, allowing for more intimate
contact between the analyte and semiconductor. One
other group has used a protein-functionalized inter-
layer in their OFET but has only reported the detection
of small molecules in the dry state with this platform
thus far."®

Biodetection is inherently difficult due to its neces-
sity to operate in buffer solutions and the susceptibility
of biomolecules to denature or degrade over extended
periods of time. In this work, we demonstrate in situ
thrombin detection with DNA aptamers using an OFET.
In addition, we present the results of a comprehensive
investigation of the key parameters affecting protein
detection with OFETs using thrombin as a model system.
These parameters include (1) ionic strength of the buffer
solution,'® %2 (2) average center-to-center distance be-
tween the receptor sites (dayg), and (3) pH of the buffer
solution.'®?*~2% The influence of ionic strength has been
individually studied with previously reported organic
electrochemical transistors (OECTs),%” dual-gate OFETs,*®
and electrolyte-gated OFETs (EGOFETs).?° 32 Here, we
report the comprehensive effect of pH, receptor spacing,
and ionic strength on biodetection. Unlike inorganic FETs,
investigators have yet to find any experimental studies
using OFETs that carefully probe all of the above vari-
ables. Moreover, studies thoroughly investigating multi-
ple factors using inorganic FETs have only been done
in silico3*** Here, we systematically and empirically
investigate how each of these factors affects the detec-
tion of our model thrombin/DNA aptamer binding sys-
tem to allow researchers to better understand and
approach other OFET-based biodetection events.

RESULTS AND DISCUSSION

Sensor Fabrication and Functionalization. Devices were
fabricated as previously described,'*'” with an ultra-
thin dielectric layer, poly(4-vinylphenol) (PVP) cross-
linked with 4,4'-(hexafluoroisopropylidene)dipthalic
anhydride (HDA), and a water-stable organic semicon-
ductor, 5,5'-bis-(7-dodecyl-9H-fluoren-2-yl)-2,2’-bithio-
phene (DDFTTF), which permits the device's operation
underwater (Scheme 1). The source (S) and drain (D)
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electrodes were protected with a 50 nm layer of SiO, in
order to reduce parasitic currents as well as DNA
binding at the electrodes. The surface of the platform
was decorated with an ordered array of AuNPs cast
from a PS-P2VP matrix, as previously described.'”

A unique feature of the AUNP templating technique
is that d,,4 can be easily tuned by varying the molec-
ular weight (M,,) of the PS-P2VP matrix from which
they are cast. In this work, three M,, of PS-P2VP were
used, namely, 34 kDa (M,(PS) = 23.6 kDa, M,,(P2VP) =
10.4kDa), 105 kDa (M,,(PS) = 55 kDa, M,(P2VP) = 50 kDa),
and 1376 kDa (M,(PS) = 1300 kDa, M,,(P2VP) = 76 kDa).
By characterization with scanning electron microscopy
(SEM), the average nanoparticle diameter (Da,np) Was
determined to be 48 + 06, 103 £ 0.9, and 10.1 +
3.6 nm for AuNPs cast from 34, 105, and 1376 kDa PS-
P2VP, respectively (Supporting Information, Figure S1
and Table S1). As determined by atomic force micro-
scopy (AFM), d,,q was measured to be 39.4 +0.2,70.4 £
0.6, and 158.7 £ 8.0 nm for AuNPs cast from the 34, 105,
and 1376 kDa PS-P2VP, respectively (Supporting Infor-
mation, Table S2). For simplicity, we refer to these values
as dayg ~40, ~70, and ~160 nm, respectively.

Functionalization of the AuNPs with a thiolated DNA
aptamer that had previously demonstrated high affinity
for thrombin®*~3 was performed in accordance with
literature procedures."” Spectrophotometric quantifica-
tion of the DNA released from the AuNPs after treatment
with 100 mM NaCN was used to determine the DNA
loading on the AuNPs, which was calculated to be 2.9 +
0.5 DNA strands/AuNP and 9.2 £ 1.8 DNA strands/AuNP
for AuNPs cast from the 34 and 105 kDa PS-P2VP, respec-
tively (Supporting Information, Table S3 and Figure S2). It
was not possible to quantify the DNA loading on the
AuNP cast from 1376 kDa PS-P2VP due to its dilute
concentration on the surface; however, it is likely similar
to that reported for the AuNPs cast from the 34 and
105 kDa PS-P2VP based on their comparable diameters.
The surface of the OFET was then blocked with bovine
serum albumin (BSA) in order to prevent nonspecific
protein adsorption (Supporting Information, Figure 53).3

Successful functionalization of the AuNPs with the
thrombin aptamer and subsequent deposition of BSA
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Figure 1. XPS characterization of sensor functionalization. (a) Phosphorus (P 2p) and (b) nitrogen (N 1s) XPS cross sections of
the bare surface (black lines), the surface after functionalization with DNA and blocking with BSA (red lines), and the surface

after exposure to thrombin (blue lines).

was confirmed with X-ray photoelectron spectroscopy
(XPS) by monitoring the surface content of phosphorus
(P 2p) and nitrogen (N 1s) (Figure 1). Prior to function-
alization with DNA, there was no detectable phos-
phorus signal, and only residual nitrogen remained
from the PS-P2VP matrix from which the AuNPs were
cast (Figure 1, black lines). However, upon exposure of
the AuNP-decorated platform to the thiolated DNA
aptamer, a noticeable increase in the P 2p signal could be
observed (Figure 13, red line) as a result of the phosphate
backbone of the DNA aptamer. Additionally, the pre-
sence of nitrogenous groups in both the DNA aptamer
and BSA caused an increase in the magnitude of the N 1s
peak as well as a +1 eV shift (Figure 1b, red line) as a result
of their more electropositive chemical environments3%*°
Exposure of the functionalized devices to thrombin
attenuated the P 2p signal (Figure 1a, blue line), likely a
result of the increased amount of protein on the surface
rather than removal of DNA from the surface. This
conclusion is supported by the further augmentation of
the N 1s peak (Figure 1b, blue line), indicative of the
presence of additional amino acid groups. XPS con-
firms successful functionalization of the device, which
was completed in two simple incubation steps. Ease of
functionalization of the AuNPs is a major advantage of
this OFET platform, as is the large number of available
thiolated receptor groups, allowing for a great vari-
ety of potential sensing targets using a single OFET
platform.

Validation of Thrombin Sensitivity and Target Selectivity.
Thrombin is a protease that is commonly used in
model systems as a result of its thoroughly character-
ized interaction with a 15-mer DNA aptamer known to
selectively bind thrombin with high specificity.>>~>’
DNA aptamers have gained favor because of their cost
effectiveness, stability to pH and temperature fluctua-
tions, and insusceptibility to degradation.*' ~** Addi-
tionally, aptamers can be designed for a vast array of
(bio)molecules, making this approach broadly appli-
cable to a wide array of sensing targets. Here, aptamers
are preferred over antibodies because the small size of the
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thrombin aptamer (~2 nm when folded)** compared to
an antibody (~10—15 nm)'? facilitates its use for charge-
based detection in buffers of high ionic strength.'
Additionally, the thrombin aptamer can be easily synthe-
sized to contain a terminal thiol group, making it highly
compatible with the AuNP-decorated OFET platform.

Prior to exposing the devices to thrombin, the system
was allowed to fully equilibrate in a widely employed
thrombin binding buffer (TBB, 1x TBB = 140 mM NaCl,
5 mM MgCl,, T mM CaCl,, 20 mM Tris-acetate, pH 5.5).%¢
The device was operated at mild conditions (gate-source
voltage (Vgs) = —0.4 V, drain-source voltage (Vps) = —0.6 V)
to prevent the electrolysis of the aqueous buffer (see
Supporting Information, Figure S4 for source-drain cur-
rent (Ips) vs Vs plots and Figure S5 for Ips vs Vps plots
in situ). Delivery of thrombin to the OFET sensor was
accomplished by means of a PDMS flow cell, mounted
directly on top of the OFET and connected to an
HPLC pump with polyether ether ketone (PEEK) tubing
(Figure 2a), using a flow rate of 1 mL min~". The addition
of thrombin to a device with AuNPs of d,,q ~ 70 nm
operated in 0.0001 x TBB, pH 5.5, resulted in a decrease in
Ips (Figure 2b). At this pH, thrombin has a net positive
charge, as the pH is less than the isoelectric point (pl) of
thrombin (7.0—7.6)."*” The increased positive charge
density that develops on the surface of the OFET induces
negative charges in the semiconductor according to the
field effect,*® which results in a decrease in the magni-
tude of Ips in the p-type transistor. A similar trend in
response has been observed before for the detection of
small molecules,”® DNA oligomers,® and ions'’”" using
FET-based sensors.

Under these operating conditions (0.0001 x TBB, pH
5.5, davg ~ 70 nm), the detection limit for thrombin was
100 pM, well within the reported range of most other
FET sensors>2 > without the limitations typically asso-
ciated with nanotube and nanowire-based FETs (tedious
fabrication and low device-to-device reproducibility).>®
To allow for a more quantitative comparison, we plotted
the sensitivity of our device vs thrombin concentration
(Cthrombin) (Figure 2c), with the sensitivity of the device
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Figure 2. Validation of thrombin detection in 0.0001x TBB, pH 5.5 for a device decorated with AuNP of d,,; ~ 70 nm
functionalized with thrombin binding aptamer. (a) PDMS flow cell used to deliver thrombin mounted directly on top of the
OFET device. Insets show side and bottom view of the flow cell. (b) Response of the DNA-functionalized device to thrombin.
(c) Plot of sensitivity vs analyte concentration (Cihrombin)- Inset is log-scale plot. (d) Determination of the equilibrium
dissociation constant (kp) by fitting association and subsequent dissociation of thrombin/aptamer complex (dashed lines are
exponential fits of curve). () Response of a device lacking the thrombin aptamer to thrombin.

being defined as

llbs — Ips, o]

m

sensitivity =
Ips, 0
We observed that sensitivity scales nonlinearly with
increasing Cihrombins Which may be attributed an im-
perfect association between thrombin and its aptamer
due to the low salt concentration as well as the
potential of the protein to aggregate,®” resulting in a
multivalent binding event. Further, we estimated the
equilibrium dissociation constant (kp) of the thrombin
aptamer—thrombin complex using the Langmuir bind-
ing isotherm. Various Cihrombin Were exposed to the
sensor, followed by sensor regeneration with TBB
(Figure 2d). Ips was normalized by the transconduc-
tance (g,) of the device (taken from the linear region of
the conductance (Ips/Vps) vs Vgs) plot. Using the
method presented by Duan et al.’® the association
(k;) and dissociation (k_4) constants were determined
from the normalized plot (see Supporting Information
for more detailed discussion of this fit); kp can be
defined as

kp = — ()

Notably, kp for the thrombin—aptamer complex
was determined to be ~140 nM, which is consis-
tent with the value reported in literature for this
aptamer.>>*7 Next, we analyzed the specificity of our
platform. To ensure that the decrease in Ips resulted
from the binding of thrombin to its aptamer rather
than through the nonspecific adsorption of thrombin
onto the sensor surface, a device lacking the aptamer
was exposed to thrombin. Figure 2e shows the lack of
response of this unfunctionalized device to thrombin,
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indicating that no binding reaction occurs. This result
suggests that a binding event must occur to induce a
change in Ips.

To further evaluate the platform's selectivity for
thrombin, we interrogated it with other proteases
(chymotrypsin and elastase), which mimic thrombin
in size and pl (Figure 3a,b, respectively).***>® The
device had only a minor response to both chymotryp-
sin (pl =8.75) and elastase (pl = 8.5). The slight decrease
in Ips observed upon exposure to these proteins is
likely caused by their overall high net positive charge
(as discussed in the following sections) and not to
a specific binding event,>® as evidenced by the drama-
tically smaller magnitude of the change in Ips for these
proteins vs that observed for thrombin. Finally, the
three serum proteases were combined and exposed to
the sensor to evaluate potential interference caused by
their interaction in solution (Figure 3c). The response is
similar in magnitude to that of thrombin alone, sug-
gesting that the presence of additional proteins does
not affect the platform's ability to detect thrombin. Our
experiments lead to the overall conclusion that the
platform is sensitive to thrombin via the specific inter-
action with its DNA aptamer. The use of a flow cell
coupled to a liquid delivery system to introduce ana-
lytes resulted in highly reproducible responses. Failure
of other proteases to produce false positive results or
interfere with the detection of thrombin indicates the
platform's robustness.

Effect of lonic Strength on Thrombin Detection. After
thrombin detection had been successfully validated,
we systematically analyzed the effect of varying the
previously described parameters on biodetection. Our
initial study was of the influence of charge screening on
biodetection, a parameter that has attracted attention
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Figure 3. Demonstration of sensor selectivity. Response of the device to various proteases, including (a) chymotrypsin, (b)

elastase, and (c) a combination of the three proteins.

for several decades.®"%? For inorganic FETs, it has already
been demonstrated that the ionic strength of the buffer
has the single most influence on the sensitivity of the
sensor>® as a result of its inverse square root relationship
with the charge screening distance (x~"), more com-
monly known as the Debye length; « " is defined in as

EkBT
k= 3
2Npe?l G)

where ¢ is the absolute permittivity of the electrolyte, kg
is Boltzmann's constant, T is the temperature, Np is
Avogadro's number, e is the charge of an electron, and
Iis the ionic strength of the solution, defined as

1

Ei cizi® 4)

M-

| =
1

Here, ¢; is the molar concentration of the ion, and z;
is the charge of the ion. As evidenced by Eq 3, ' varies
with the inverse square root of ;in 1x TBB,x ' ~ 0.8 nm,
whereas k' ~ 8 nmin 0.01x TBB, and ' ~ 80 nm in
0.0001 x TBB (Figure 4a). As many biological reactions are
optimized at physiological ionic strengths (~100 mM),
the screening occurring in 1x TBB (~140 mM) is most
representative of that expected in complex biofluids.

To study this effect, we varied the concentration of
the buffer (crgg) over a range between 0.0001 x and 1x
TBB while holding the other operating conditions (dayg
~ 70 nm, pH 5.5) constant. The use of thrombin as a
model system is again a good choice; the interaction
between thrombin and its aptamer is highly robust and
has been reported to occur readily, even at low ionic
strengths.*> We observed the largest response in a low
ionic strength buffer (Figure 2b). The signal decreased
by approximately a factor of 2 when cygg was increased
to 0.01x (Figure 4b), and as a result, the detection limit
increased to 1 nM. The sensitivity varied nonlinearly
(but with a log—log relationship) with ¢ihrompbin at €ach
cree (Supporting Information, Figure S6a).

A further increase of c¢rgg to 1x resulted in a
vanishing signal change in Ips (Figure 4c). At this buffer
concentration, we observed a sharp decrease in Ips and
quick recovery to baseline following each switch in
Cthrombine Which is attributed to the accompanying
change in flow. We note that the response of OFETs
to changes in flow has been observed previously'® and
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does not affect thrombin detection. This inability to
measure detection events in high ionic strength buf-
fers is commonly perceived as a major limitation of
FET-based sensors, as the optimal performance of
many biomolecules and their biochemical reactions
occur at ionic strengths mimicking physiological en-
vironments. In these conditions, ionic screening will
limit the charge detection due to the formation of an
electrostatic double layer.'®2° For this reason, most of
the experiments involving FETs are performed in buffer
that has been greatly diluted or using systems that are
insensitive to ionic strength.'®2%¢7%* Our results can be
visualized in terms of the relationship between the
sensitivity of the device and cygg (Figure 4d) in order to
better understand these limitations. Our findings are in
agreement with those in the literature for inorganic
FETs but demonstrate that, despite vanishing signal in
1x TBB, several solutions exist to permit OFET-based
detection at higher ionic strengths. First, a 10-fold
reduction in buffer concentration or sample desalting
(to 0.1x TBB) could be used to detect meaningful
concentrations of thrombin at measurable sensitivities.
Further, the biomolecules can be brought closer to the
OFET interface by using aptamers in place of anti-
bodies due to their smaller size in order to overcome
screening limitations.'® Currently, we are working to-
ward developing closer interfaces in order to better
understand the screening limitations of our platform.

Effect of AuNP Spacing on Thrombin Detection. The num-
ber of receptor groups present on the surface is likely
to play a critical role in determining the dynamic range
of the sensor. The number of aptameric receptor
groups will be determined both by the total number
of AuNPs present on the surface of the sensor in
addition to the DNA loading per AuNP. A unique
feature of our system is that d,,4 can be easily tuned
by varying the M, of the PS-P2VP used to cast the
AuNPs onto the surface. This method allows for facile
control over the surface density of binding sites, as
opposed to drop casting colloidal AuNPs onto the
surface of the device, which was previously found to
delaminate the electrodes.” Three davg values were
investigated in this study, namely, ~40, ~70, and
~160 nm, which were cast from polymers of M, of
34, 105, and 1376 kDa, respectively. Daynp Was deter-
mined to be 4.8 +£0.6,10.3 +0.9,and 10.1 & 3.6 nm for
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Figure 4. Effect of ionic strength variation on thrombin detection. (a) Relative size of the system components and
visualization of the Debye screening length (« ") at each buffer concentration (ctgg). Drawing is not to scale and does not
attempt to depict exact binding structure of the thrombin—aptamer complex. The average diameter of the AuNPs (Danp) is
~5—10 nm, the DNA aptamer is ~2 nm in its folded configuration,®® and thrombin can be roughly approximated as a sphere
of diameter ~7 nm.®*> Thrombin detection response in (b) 0.01x and (c) 1x TBB. For thrombin response in 0.0001x TBB, see
Figure 2b. Average AuNP spacing (d,,q) and pH were maintained at ~70 nm and 5.5, respectively. The abrupt changes in
source-drain current (Ips) occurring every ~250 s and quick recovery to baseline Ips in (c) result from switching inlet ports and
are an artifact of the corresponding change in flow ' rather than detection events. (d) Device sensitivity vs crgg over the range

of conditions tested (lines represent fit of data).

AuNPs cast from 34, 105, and 1376 kDa PS-P2VP,
respectively. DNA loading per AuNP is dependent on
the size of the AuNPs. The DNA loading was quantified
through spectrophotometric measurement of the DNA
released from the AuNPs after dissolution in 100 mM
NaCN and was determined to be 2.9 £ 0.5 DNA/AuNP
for the AuNPs cast from the 34 kDa PS-P2VP and 9.2 +
1.8 DNA/AUNP for the AuNPs cast from the 105 kDa PS-
P2VP. Quantification of the DNA loading on the AuNPs
cast from the 1376 kDa PS-P2VP was not possible with
this method due to the high level of salt contamination
and the low quantity of DNA on the surface. However,
since the DNA aptamer was introduced to the surface
at a high molar excess, the same efficiency for the
random deposition of DNA onto the AuNPs at each dayq
can be assumed.®® Figure 5 summarizes our findings
for this section.

Under the same operating conditions (0.0001 x
TBB, pH 5.5), we observed a greater signal for a given
Cthrombin Using devices with d,,q ~ 40 nm (Figure 5a)
when compared to devices with d,,g ~ 70 nm
(Figure 5b) and d,,q ~ 160 nm (Figure 5c). At d,yg ~
160 nm, the detection limit for thrombin was increased
to 10 nM as a result of the lower number of binding
sites available on the surface. Because both Dayne
(which affects the DNA loading per AuNP) and dayq
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(which affects the total number of AuNPs on the
surface) were found to vary with different M, PS-
P2VP, the relationship between sensitivity and d..q
was not a simple inverse squared relationship, as
would otherwise be expected. However, the sensitivity
was found to vary according to a log—log relationship
With Cthrombin at each d,.g (Supporting Information,
Figure S6b). These findings are in agreement with
simulation studies which have indicated that increas-
ing the receptor density on a FET can result in an
increase in sensitivity.3* This important result suggests
that the dynamic range of these sensors can be tuned
by varying the spacing between the AuNPs. At the low
end, the detection limit can be decreased by spacing
the AuNPs very closely together, with the spacing
being limited only by the M,, of the polymers available
to cast the AuNPs. Of the different M,, values investi-
gated in this study, the 34 kDa PS-P2VP was the
smallest block copolymer capable of forming stable
micelles for the given deposition conditions. However,
lower M,, versions of stable PS-P2VP could be synthe-
sized to consist of a different M, ratio between PS and
P2VP blocks. At the high end, by using polymers of
large M, the detection limit can be dramatically
increased to allow for the detection of molecules
whose relevant regime occurs at higher concentrations
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Figure 5. Effect of variation of AUNP spacing on thrombin detection. Sensing response to thrombin using devices with an
average AuNP spacing (d,,) of (a) ~40, (b) ~70, and (c) ~160 nm in 0.0001x TBB, pH 5.5. Insets are SEM images of AuNP-

decorated surfaces. SEM scale bar = 100 nm.
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Figure 6. Effect of pH variation on thrombin detection. Thrombin detection using devices with an average AuNP spacing
(davg) of ~70 nm in 0.0001 x TBB at (a) pH 7.5 and (b) 8.5. Response of device to thrombin at pH 5.5 is shown in Figure 2b. Net
charge of thrombin is approximately ~+8 at pH 5.5, ~+1 at pH 7.5, and ~—3 at pH 8.5.

(e.g., blood glucose). We stress here that the use of
block copolymer templating to produce ordered arrays
of AuNPs provides a convenient mechanism by which
the spacing of the receptor sites on the OFET's surface
can be carefully controlled. Our finding does not only
hold for our OFET system but also can be applied to
general FET-based biodetection schemes; by tuning
the density of the receptor sites in close vicinity to the
channel, we could similarly manipulate the sensitivity.

Effect of pH on Thrombin Detection. The human body
and its constituent biomolecules are highly sensitive to
pH changes. Especially for proteins, an important con-
sequence of pH variation is manipulation of the net
charge of the molecule. In general, at a pH below its pl,
a protein will have a positive net charge, while for a pH
above its pl, it will have a negative net charge. The net
charge of a protein can be approximated by calculating
the number of charged residues present at a particular
pH (Supporting Information, Figure S7 and Table 54).3
In this study, the pH was varied between 5.5 and 8.5
while maintaining the other parameters (0.0001 x TBB,
davg ~ 70 nm) constant in order to understand the effect
of the sign and magnitude of the analyte's charge on
detection. Due to the nature of the binding between
the DNA aptamer and thrombin, we do not expect that
their interaction will significantly alter the pl of thrombin
(7.0-7.6).55%7 At pH 5.5, thrombin is highly positively
charged in solution (Supporting Information, Table S4),
and we observe a decrease in Ips (Figure 2b). By increasing
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the pH to 7.5, which is near the pl of thrombin, the sensing
response is greatly diminished (Figure 6a) as a result of
the decrease in magnitude of net charge associated with
the protein (Supporting Information, Table S4).

Next, we increased the pH to 8.5. At this pH, the net
charge of thrombin is reversed, so that it becomes
negatively charged in solution (Supporting Informa-
tion, Table S4). Interestingly, by reversing the charge of
the thrombin analyte from net positive to net negative,
we observed an opposite response in our sensor.
Specifically, upon introduction of thrombin to the
device at pH 8.5, we observed an increase in Ips
(Figure 6b). This increase in Ips is indicative of the
accumulation of negative charge density near the
surface of the OFET, which induces positive charges in
the semiconductor according to the field effect.'”4%>
Additionally, as the absolute value of the charge is less at
pH 8.5 than at pH 5.5, the detection limit was increased
to 1 nM. These trends are consistent with those pre-
viously observed in inorganic FET systems in which the
sign of the analytes charge was varied,'®*72¢ as well as
those predicted from simulation.>® The sensitivity was
found to scale nonlinearly with Cyrompin at each pH
(Supporting Information, Figure S6¢); however, the two
were found to vary with a log—log relationship. These
experiments clearly demonstrate that the analyte must
possess a sufficient net charge for successful detection
with an OFET. While it has already been shown that a
vanishing signal near the pl can be exploited to perform
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rapid pl determination in proteins'®?* and in biofunctio-

nalization techniques,®® no one has yet sought to inten-
tionally increase detection sensitivity of an OFET by tuning
a protein's charge by changing the pH. Our findings
indicate that sensitivity of a FET biosensor, which is
correlated with the net charge of the analyte, can be
manipulated by varying the pH of the buffer solution. We
stress that this process adds an important additional
parameter in tuning the sensitivity of FET sensing systems.

CONCLUSION

In this report, we presented a detailed study of
biodetection with OFETs, an important endeavor that
has remained largely uninvestigated despite the pro-
mise of OFETs as diagnostic tools. Specifically, we
demonstrated the selective detection of thrombin to
100 pM in situ using a AuUNP-decorated OFET platform,
and we performed a comprehensive examination to
investigate the limiting factors governing biodetection
with OFETs. To this end, we explored how the ionic
strength and pH of the buffer as well as the density of
the receptor sites affected the detection profile. Inves-
tigation of the effect of the buffer's ionic strength on
detection revealed that, while charge screening prohi-
bits charge-based OFET thrombin detection at high
(>100 nM) ionic strengths, this limitation may be over-
come by a 10-fold reduction in ionic strength to allow
for measurable detection of the target protein. The use

METHODS

Device Fabrication and AuNP Deposition. OFETs were fabricated
as previously described,'®"” with an ultrathin polymer dielectric
layer and a water-stable organic semiconductor. These compo-
nents permit the device's operation under water. DDFTTF, the
semiconductor material, was synthesized and purified accord-
ing to literature procedures.'” The dielectric layer, a cross-linked
polymer (PVP-HDA), was formed according to literature
procedures® and spin-coated at 4500 rpm onto highly doped
(n++), (100) orientation, native oxide Si wafers (Silicon Quest
International). A 70 nm film of DDFTTF was deposited at a rate of
0.2 As~ ' on a heated substrate (195 °C) via thermal evaporation
(Angstrom Engineering). HAuCl,-containing PS-P2VP (34 kDa:
M, (PS) = 23.6 kDa, M,(P2VP) = 10.4 kDa; 105 kDa: M,(PS) =
55 kDa, M,(P2VP) = 50 kDa; 1376 kDa: M,,(PS) = 1300 kDa,
M,(P2VP) = 76 kDa) solutions were prepared and deposited
onto devices as previously reported.'”””® The polymer matrix
was subsequently removed by exposing the device to oxygen
plasma (GalLa Instrumente) for 0.3 min (0.4 mbar of O, 80 W).
Top contacts were deposited via the thermal evaporation of Au
(channel width = 4 mm, channel length = 50 um) through a
shadow mask on a rotating substrate at a rate of 0.4 A s™'. A
50 nm film of SiO, was thermally evaporated exclusively onto
electrodes at arate of 0.4 A s~ to passivate them from potential
electrochemical reactions and DNA functionalization.

AuNP Functionalization. Pre-existing AuNP arrays were cleaned
with a 0.1 min re-exposure to oxygen plasma. A thiolated 15-
mer DNA oligonucleotide sequence that was previously re-
ported to bind thrombin (5'-(CH,)e-S-S-(CH,)6-TAA GTT CAT CTC
CCC GGTTGG TGT GGT TGG T-3')>>3® was custom synthesized
by Integrated DNA Technologies. Basepairs shown in bold
indicate those responsible for imparting selectivity for throm-
bin. The aptamer was heated to 95 °C for 3 min and slowly
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of DNA aptamers instead of antibodies decreased the
size of the binding receptors, which also helped negate
the effects of charge screening. By varying the M,, of
the PS-P2VP from which the AuNPs were cast, we
altered both the spacing and size of the AuNPs,
permitting us to study the effect of receptor site
spacing on the OFET's detection capability. Our inves-
tigation revealed that tuning the number of available
receptor groups on the surface allows for control over
the dynamic range of our sensor. This finding is
important as it highlights the flexibility of a single
sensor platform to be used for the detection of a variety
of compounds with different relevant concentration
ranges simply by tuning the number of receptor
groups present. As a last step, we manipulated the
analyte's charge by varying the pH of the buffer to
better understand its effect on thrombin detection. We
demonstrated that both the sign and magnitude of
charge drastically affect the detection profile and
detection limit of the sensor. In general, increasing
the overall net charge of the protein analyte resulted in
increased sensitivity, which could be controlled by
adjusting the pH of the buffer. Overall, this work
provides a comprehensive study of the factors affect-
ing protein biodetection with OFETs. These findings
provide a method by which the sensitivity of a biosen-
sor can be tuned to better match that required for a
particular biodetection application.

cooled to room temperature to obtain the proper conforma-
tion.*>”! 8 uL of a 100 uM DNA solution in 0.0001x TBB, pH 5.5
was then spotted onto the devices, followed by incubation at
room temperature for 60 min in a desiccator under slight
vacuum. The optimal conditions for the BSA blocking step were
determined to be incubation in a 0.1% solution of BSA in
1x phosphate buffered saline (PBS, 1x PBS = 137 mM Nadl,
2.7 mM KCl, 10 mM Na,HPOQ4, 2 mM KH,PO,, pH 7.4) for 60 min
(Supporting Information, Figure S3). Following DNA incubation
and BSA blocking, the devices were rinsed in deionized water
and placed under vacuum to dry.

Device Characterization. The elemental composition of the
surfaces was measured with XPS (PHI 5000 Versaprobe, Al Kau
source). High-resolution spectra were collected at a pass energy
of 117.4 eV, an angle of 45°, and a step size of 0.1 eV. All XPS
spectra were referenced to a C 1s binding energy of 284.8 eV.
The surfaces on which XPS measurements were performed con-
tained an additional layer of spin-coated AuNPs to increase the
AUNP density.'”7° Interparticle spacing was characterized using a
MultiMode AFM (Veeco) operated in the tapping mode, while
Daunp Was characterized using an XHR SEM (FEI Magellan).”> DNA
loading was quantified through spectrophotometric measure-
ment (NanoDrop 1000) of the DNA released from the AuNPs after
treatment with a 100 mM NaCN solution.”>”* Electrical measure-
ments were carried out under ambient conditions using source-
meters (Keithley 2635 for drain/source voltage and Keithley 2400
for gate voltage).

Flow Cell Setup and Liquid Delivery. For electrical testing under
aqueous conditions, a PDMS flow cell with an internal volume of
66 uL was mounted on top of the device. PEEK tubing with
0.0625 in. internal diameter connected the flow cell to an HPLC
pump (Lab Alliance Series Ill). TBB solutions were freshly pre-
pared immediately prior to measurement at concentrations of
0.0001,0.01,and 1x.The pH of each solution was adjusted using
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10 mM KOH to pH ~5.5, ~7.5, or ~8.5, as verified with pH paper
and a pH meter. These solutions were delivered to the pump via a
10-port valve (VICI Cheminert Line). Prior to in situ testing, each
device was allowed to thoroughly equilibrate to aqueous condi-
tions for 1 h. A low operating voltage (Vps = —0.6 V, Vgs = —0.4 V)
was used in order to prevent ionic conduction through the liquid
(Supporting Information, Figures S4 and S5). Human o-thrombin
was purchased in a 50% glycerol/water solution (Haematologic
Technologies, Inc.). Solutions of o-thrombin, elastase (Promega Co.),
and o-chymotrypsin (MP Biomedicals) were generated through
serial dilution in freshly made TBB buffer to final concentrations of
100 pM, 1 nM, 10 nM, and 100 nM. The pH of each solution was
subsequently adjusted using 10 mM KOH to pH ~5.5, ~7.5, or ~8.5,
as verified with both pH paper and a pH meter. Two milliliters each
of these testing solutions was delivered to the OFET at a flow rate of
1.0 mL min~". Between additions, the flow rate was reduced to
0.1 mL min~" and the response was allowed to equilibrate.
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