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rganic thin-film transistors (OTFTs)

provide a unique platform for

chemical' ™ and biological®® de-
tection, as well as for pressure sensors.”°
Such sensors offer unique tunability, por-
tability, and the ability to directly transduce
an analyte-binding event into an electrical
signal, abating the need for expensive label-
ing and detection equipment.'®'! The in-
creased biocompatibility of OTFTs over their
inorganic counterparts makes them attrac-
tive for biological sensing applications.'?
Additionally, the compatibility of these sen-
sors with large-area fabrication techniques
(e.g., printing) makes them theoretically in-
expensive to produce. OTFT-based sensors
have two particularly important features;
they are well suited to miniaturization
and have low power requirements, making
them amenable to portable sensing appli-
cations. These properties allow for their
potential use as real-time diagnostic tools
in the field.

Traditionally, OTFT sensors have been
used for vapor-phase detection through
the serendipitous sensitivity of the semi-
conductor material to a number of chemical
moieties.” Identification of a particular mol-
ecule occurs through a “fingerprinting ap-
proach,” in which a change in the electronic
output, unique to each chemical compound
tested, is matched to a previously recorded
catalogue of sensor responses.'® These sen-
sors are extremely sensitive; the detection
limit has been demonstrated down to
the part-per-billion level in both the vapor
and liquid phases.'" However, this approach
suffers from a lack of true selectivity, as
it relies upon the semiconductor's inher-
ent sensitivity to many chemical species.
Though some efforts have been made
to tune the sensor's selectivity by chemi-
cally altering the semiconductor'"'*'?
or through the addition of sensory
layers,'®'” the ability to uniquely detect a
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The use of organic transistors as sensing platforms provides a number of distinct advantages over
conventional detection technologies, including their tunability, portability, and ability to directly
transduce binding events without tedious and expensive labeling procedures. However, detection
efforts using organic transistors lack a general method to uniquely specify and detect a target of
interest. While highly sensitive liquid- and vapor-phase sensors have been previously reported,
detection has been restricted either to the serendipitous interaction of the analyte molecules with
the organic semiconductor or to the covalent functionalization of the semiconductor with receptor
groups to enhance specificity. However, the former technique cannot be regularly relied upon for
tailorable sensing while the latter may result in unpredictable decreases in electronic performance.
Thus, a method to provide modular receptor sites on the surface of an organic transistor without
damaging the device will significantly advance the field, especially regarding biological species
detection. In this work, we utilized a block copolymer to template ordered, large-area arrays of gold
nanoparticles, with sub-100 nm center-to-center spacing onto the surface of an organic transistor.
This highly modular platform is designed for orthogonal modification with a number of available
chemical and biological functional groups by taking advantage of the well-studied gold—thiol
linkage. Herein, we demonstrate the functionalization of gold nanoparticles with a mercury-binding
oligonucleotide sequence. Finally, we demonstrate the highly selective and robust detection of
mercury(ll) using this platform in an underwater environment.

KEYWORDS: organic thin-film transistors - block copolymer templating -
nanoparticles - real-time detection - in situ sensors - mercury sensors

tection in the vapor phase as a result of their
high operation voltage and instability under  and accepted March 7, 2012.
aqueous conditions; however, operation in
liquids is equally important for sensing.
As a response to the growing number of
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predetermined analyte is a challenge that
will require the incorporation of more spe-
cific recognition sites.
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aqueous-phase analytes, our group developed water-
stable OTFT sensors® and carbon nanotube transistor
sensors'® capable of detecting a number of small
molecules in solution. These sensors were capable of
low-voltage operation due to the incorporation of an
ultrathin dielectric layer and a water-stable semicon-
ductor. However, while the active layer was inherently
sensitive to several species, the ability to specify an
affinity for a particular molecule has, thus far, been
limited. The use of a traditional fingerprinting ap-
proach to identify the constituents of complex aque-
ous mixtures (e.g., the detection of biological mole-
cules in media or environmental contaminants in
natural water sources) would require the development
of a number of organic semiconductors capable of
stable operation within the media in order to catalogue
the responses to the vast number of species present in
these samples.

A more practical method of enabling selective sens-
ing in these complex mixtures is the incorporation of
specific recognition sites into a single, stable, organic
semiconductor layer. However, the covalent modifica-
tion of the organic semiconductor can lead to unpre-
dictable decreases in device performance, changes in
thin-film morphology, and loss of stability.'"">2° More-
over, the gram-scale attachment of biological mol-
ecules directly to the semiconductor backbone may
be an expensive endeavor. Therefore, a method to
introduce attachment sites on the surface of an OTFT
without covalently modifying the semiconductor
would provide a significant advantage for the detec-
tion of biological species in aqueous environments.

Recently, the attachment of capture sites for biomol-
ecules was accomplished via the introduction of an
insulating polymer with covalent attachment sites on
top of the active semiconductor.?'?? However, this
approach results in a polymer film between the analyte
and the active semiconductor layer, thus preventing
their direct interaction. We sought to integrate binding
sites in a manner that allows for more direct interaction
between the semiconductor and analyte by depositing
an array of regularly spaced nanoparticles (NPs) onto
the sensor surface. Previously, disordered arrays of NPs
have been incorporated in ion-sensitive field effect
transistors (ISFETs) through layer-by-layer incorpora-
tion into the active layer,”2* in chemiresistors and in
inorganic transistors through the chemical modifica-
tion of the silicon surface to attract NPs,***? as well as
in transistors comprised of nanotube networks®® and
graphene.?” However, the incorporation of highly or-
dered NP arrays onto the surface of an OTFT, theore-
tically allowing for more reproducible and controllable
sensing experiments, has not yet been demonstrated.

An ordered array of individual particles on the
surface is needed for the realization of optimized
detection with NPs, as it will allow for a higher density?®
and more uniform distribution of attachment sites,
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resulting in more reproducible sensors. However,
the nanoscale patterning of NPs is difficult to achieve
without resorting to expensive or tedious pattern-
ing techniques (e.g., lithography, microcontact print-
ing, or direct surface patterning).?>° Block copolymers
have been praised for their ability to form nano-
scale features through self-assembly and offer sub-
10 nm patterning with simple processing procedures
(e.g., spin coating).® For example, poly(styrene-b-
4-vinylpryidine) (PS-b-P4VP) is known to form a hex-
agonally close-packed array of core—shell micelles.*
The pyridine core of the micelle can be loaded with
metal or metal oxide precursors, that, following the
removal of the polymer, result in large-area, highly
ordered patterns of NPs.' The arrays are highly adap-
table, as the precursors can be varied to change the
composition of the NPs. Herein, we use this technique
to deposit gold NPs (AuNPs) in order to provide
modular attachment points on the surface of an OTFT.
Because the AuNPs can be selectively modified
through thiol-based chemistry to avoid the direct
modification of the OTFT surface, our system provides
a means of device sensitization that is orthogonal to
the surface chemistry of the organic semiconductor.
This modularity allows for a wider range of analytes
and semiconductors to be implemented in the sensor
platform than would be possible if the sensing mecha-
nism depended directly on inherent analyte-semicon-
ductor interactions. Additionally, the spacing between
NPs can be tailored by varying the molecular weight of
the block copolymer, adding yet another dimension of
flexibility to this system. For the application in this
work, the AuNP spacing is not thought to be crucial;
however, for future biosensing applications, the ability
to tune the distance between the attachment sites may
be important. For these cases, engineering the NP
center-to-center spacing to match the analyte's mo-
lecular footprint will allow for a higher density of NPs to
be incorporated onto the surface while still preventing
potential aggregation and steric hindrance of the
captured analytes.

As a proof-of-concept demonstration of this plat-
form's selective sensing capability, a DNA-based probe
for mercury (Hg”) was attached to the AuNPs, result-
ing in a highly selective Hg*" sensor. As Hg*" is a
highly toxic and widespread contaminant, whose ac-
cumulation in the environment is extremely haz-
ardous, the Environmental Protection Agency regu-
lates its concentration in drinking water to levels on the
order of 1 nM.3%33 While there exist a number of state-
of-the-art sensors that can detect Hg?" to this level**
based on fluorometric, colorimetric, and electrochemi-
cal techniques, these systems are heavily dependent
upon bulky supporting electronic equipment. This
dependence prevents their use in the field, where
real-time information is critical. Thus, low-power,
highly portable sensors, such as those afforded by
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Figure 1. Fabrication of the sensor platform. A water-stable transistor with an ultrathin PVP-HDA dielectric and DDFTTF
semiconductor is treated with UV ozone to activate the surface. AuNP precursors are introduced by spin coating a polymeric
matrix (PS-b-P4VP) containing HAuCl,. The device is exposed to oxygen plasma to remove the PS-b-P4VP and convert HAuCl,
to Au®, thus forming an ordered array of AuNPs, with 70 nm center-to-center spacing.

OTFTs, may soon become critical components of en-
vironmental regulation in the field.

RESULTS AND DISCUSSION

Building upon our previous work,® we utilized a
water-stable transistor architecture containing an ul-
trathin layer of poly(4-vinylphenol) (PVP) cross-linked
with 4,4’-(hexafluoroisopropylidene)dipthalic anhy-
dride (HDA) as the dielectric and the small molecule
5,5'-bis-(7-dodecyl-9H-fluoren-2-yl)-2,2"-bithiophene
(DDFTTF) as the semiconductor (Figure 1, left). These
materials were selected to facilitate underwater opera-
tion, which is critical for enabling real-time sensing
applications in situ. In its current form, however, this
platform lacks the inherent ability to sense specifically
defined targets, and the traditional methods of directly
modifying the semiconductor to affix binding sites
(e.g., introduction of receptors either through chemical
modification or physical immobilization) can degrade
transistor performance.'’?° Thus, to increase the mod-
ularity of these OTFT sensors for the selective detection
of a wide range of possible analytes, we nanopatterned
the surface of the transistor with an ordered array of
AuNPs (Figure 1, right).

By incorporating a gold salt, hydrogen tetrachloro-
aurate (HAuCl,), within the pyridine block in the PS-b-
P4VP micelles, large-area, ordered arrays of AuNP
precursors were deposited onto a UV ozone-activated
OTFT via a simple spin coating method.?' Removal of
the PS-b-P4VP and conversion of the HAuCl, to metallic
Au® with oxygen plasma resulted in the formation of
highly reproducible, large-area arrays of AuNPs with
70 nm center-to-center spacing. AuNPs were specifi-
cally chosen for this application as their widespread
use has generated a rich library of available thio-
lated capture probes to target nearly any analyte of
interest.>>*® By combining a water-stable transistor
with block copolymer-templated AuNP arrays, we have
developed a highly tailorable platform that affords
facile compatibility with a wide range of target mol-
ecules for selective sensing applications.
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Charge carrier mobility (u) is highly affected by
the morphology of the active layer in the channel;
therefore, obtaining two-dimensional growth of the
semiconductor is critical in optimizing OTFT perfor-
mance.3”~3° We have also found that planar morphol-
ogy plays a critical role in determining the AuNP
distribution on the surface. The previously reported
deposition conditions for DDFTTF® lead to suboptimal
NP dispersion on the sensor surface, as they produced
highly disordered, nonplanar surfaces (Supporting In-
formation, Figures STA and S2). In this work, it was
determined the temperature of the substrate (Tsyp)
during evaporation played the predominant role in
determining semiconductor morphology. High Ty
likely enhances surface diffusion of the evaporated
DDFTTF molecules as they deposit onto the surface,
allowing for the formation of smooth, two-dimensional
surfaces.3® The optimized conditions utilized a PVP-
HDA substrate maintained at 195 °C during the thermal
evaporation of 30 nm of DDFTTF, resulting in highly
planar surfaces over large areas (Figure 2AB; see
Supporting Information text and Figures S1, S3, and
S4 for full range of optimization conditions). These
planar surfaces facilitate the spin coating process,
giving rise to ordered arrays of AuNPs (Figure 2C).
Despite the variation in AuNP size and shape, the
AuNPs are readily functionalizable, resulting in viable
analyte-binding sites. As a control experiment to verify
that the devices could not be more easily functiona-
lized with AuNPs from a colloidal solution, a commer-
cially purchased solution of 5 nm AuNPs was drop cast
onto devices. The concentration of the commercially
purchased solution of AuNPs was approximately
80 nM, while the concentration of the micelles contain-
ing the AuNP precursors was approximately 70 nM.
Visual inspection of the surface revealed that the
colloidal AuNP treatment led to the formation of non-
uniform aggregates (Figure 2D), and rinsing the devices
in deionized water to remove these aggregates re-
sulted in cracking and delamination of the electrodes,
as well as removal of the semiconductor and dielectric
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Figure 2. Sensor morphology during various stages of
device fabrication as measured with AFM operated in the
tapping mode. (A) Height image of large-area, planar
morphology of DDFTTF, achieved using elevated T,
(195 °C) during thermal evaporation. Zoomed in height
images of surface morphology (B) before and (C) after AuUNP
deposition. (D) Optical micrograph of device with colloidal
AuNPs drop cast onto device surface. An AFM image of the
device containing randomly spaced colloidal AuNPs was not
available due to the extremely rough nature of this surface.
The corresponding u« for each stage of device fabrication is
found in Supporting Information, Table 1S.

layers, rendering the devices incapable of undergoing
electronic testing (Supporting Information, Figure S5).

The orthogonal gold—thiol (Au—S) chemistry af-
forded by the AuNPs allows for their modification
independent of the semiconductor. The pre-existing
abundance of thiolated chemicals allows for the in-
corporation of a broad range of molecules onto the
surface of the sensor.>>3® To take advantage of this
chemistry, we exposed the devices to a thiolated DNA
oligomer that binds Hg*" by virtue of a series of
thymine—thymine mismatches (Figure 3A).*°*' Pre-
viously, DNA has been immobilized onto OTFT
surfaces;*> however, as we demonstrate, exposure to
ionic solutions (e.g., buffers) may remove nonspecifi-
cally bound DNA, leading to poor reproducibility. Thus,
covalently binding the DNA to the AuNPs will provide
for a controlled, robust functionalization and lead to
increased sensor reproducibility.

X-ray photoelectron spectroscopy (XPS) of phos-
phorus (Figure 3B) and nitrogen (Figure 3C) groups
on the sensor surface verified the successful functio-
nalization of the AuNPs with DNA (DNA—AuNPs).
Before DNA functionalization, there was no phos-
phorus on the surface (pink trace, Figure 3B). The
marked growth of the phosphorus (P 2p) signal after
chemical modification (black trace, Figure 3B) clearly
demonstrates the presence of DNA on the sur-
face. There were two sources of nitrogen within the
device. First, residual nitrogen that originated from the
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deposition of the AuNPs in a PS-b-P4VP matrix was
present prior to introducing the DNA (pink trace,
Figure 3C). Second, the DNA itself contained nitrogen
groups. The contribution to the nitrogen signal from
the oligonucleotide is identifiable by a +1 eV shift
in the nitrogen (N 1s) binding energy (black trace,
Figure 3C), resulting from the more electropositive
chemical environment of some of the nitrogens found
in DNA compared to the pyridine-containing poly-
mer.**** The heights of the AUNPs were also measured
with atomic force microscopy (AFM) in the dry
state before and after functionalization with DNA
(Supporting Information, Figure S6). The average
height of the AuNPs was found to increase by 1.6 nm
after the DNA modification, providing additional evi-
dence of the successful reaction.

Biological molecules are known to exhibit nonspe-
cific binding to some surfaces. This “biofouling” com-
monly degrades device specificity and performance.*
Thus, a salt rinse was employed to remove noncova-
lently bound oligonucleotides (Supporting Informa-
tion, Figure 57).*° To demonstrate that post-rinsing,
the oligonucleotide was specifically bound to the
AuNPs and not to the semiconductor surface, a device
was fabricated without AuNPs (HAuCl; was not added
to the PS-b-P4VP matrix, red trace, Figure 3B,C) and
exposed to DNA (DNA—PS-b-P4VP). The lack of a
phosphorus signal and absence of a shift in the nitro-
gen trace indicate that nonspecifically bound oligonu-
cleotides are not present after the salt rinse. Thus, the
Au—S chemistry provides a method to covalently
incorporate selective binding sites for an arbitrary
analyte of interest (e.g, Hg®") exclusively onto the
AuNPs, leaving the semiconductor unmodified.

To ensure device stability throughout the fabrica-
tion process, output (drain—source voltage (Vps) =
0.0— —0.6'V, gate-source voltage (Vgs) =0.25——1.0V)
and transfer plots (Vps = —0.6 V, Vgs = 0.60 — —1.0 V)
were obtained under ambient and aqueous conditions
(Supporting Information, Table S1 and Figure S8).
The applied Vps was limited to a magnitude of 0.6 V
in order to prevent ionic conduction through the
water droplet that was placed on top of the device
for operation under aqueous conditions. Despite
exposure to both UV ozone and oxygen plasma,
the sensors remained functional p-type transistors
(Figure 4A, Supporting Information, Figures S9
and $10), with 4 as high as 025 cm? V7' s
(avg Of 0.18 cm? V™' s7), an on/off ratio of 2 x 10°,
and a threshold voltage (V4) of 0.1 V. As these values
are similar to those before AuNP deposition
(Supporting Information, Table S1) as well as those
previously reported,® the incorporation of AuNPs
onto the OTFT's surface does not significantly dimin-
ish device performance. Additionally, the sensor plat-
form was found to remain stable under aqueous
operating conditions (Figure 4B), with u« as high as
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Figure 3. Independent functionalization of AUNPs with an Hg®"-binding DNA sequence. (A) Schematic representation of the
functionalization of AuNPs with a thiolated Hg?"-binding oligonucleotide*® and subsequent Hg> " capture by the DNA. XPS of
the (B) phosphorus (P 2p) and (C) nitrogen (N 1s) regions before (pink trace) and after (black trace) DNA exposure, showing
development of the P 2p peak and augmentation and +1 eV shift of the N 1s peak. Thiolated DNA was also added to a device
without AuNPs (red trace) to demonstrate that only covalently bound DNA was present.

016 cm” V™" 57" (Uayg 0f 0.09 cm? V™! s77), an on/off
ratio of 5 x 10", and a V5 of 0.8 V. It should be noted that
the u reported here for underwater operation was not
corrected for the incorporation of water within the PVP-
HDA dielectric during prolonged exposure to water
(unpublished data). The sensor's ability to function
underwater dramatically increases its impact for the
multitude of sensing applications that require real-time
measurements in situ (e.g., protein, DNA, or metal ion
detection).

Upon introduction of Hg?" to the DNA—AuNP
sensor, the Hg® "-binding aptamer undergoes a con-
formational change® (Figure 3A and Supporting
Information, Figure S11) to form a hairpin structure,
which increases the negative charge density at the
surface. This increased negative charge density sub-
sequently induces positive charges in the semicon-
ductor according to the field effect,***”~*° which
ultimately results in an increase of the drain—source
current (Ips) in the p-type transistor. During the
cumulative addition of Hg?* to the sensor, detection
of Hg?" concentrations on the order of 1 uM
(Figure 4C) were possible. Slight variation in the
absolute value of the sensor response between
devices arose from batch-to-batch variability during
the fabrication process as well as the limitations
associated with using a sessile droplet rather than
a flow cell for aqueous sensing measurements. While
state-of-the-art systems may reach lower detection
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limits,”®>" rapid readout (on the order of minutes),

ease of synthesis, and portability distinguish this
platform for applications in the field. Though it was
beyond the scope of this work, lower detection limits
could potentially be achieved by increasing the
AuNP density to increase the concentration of
Hg?"-binding oligonucleotides present on the
surface.

The sensing mechanism was investigated by re-
generating the sensor with a five-minute rinse in
deionized water in order to remove Hg®>" bound by
the DNA. Regeneration of the device through tradi-
tional methods of DNA denaturation (temperature or
pH variation) was not possible owing to the pre-
existing sensitivity of the semiconductor to these
variables.® The difference of rinsing with deionized
water versus the previously described salt solution
was negligible. Initial exposure of the DNA—AuUNP
sensor to Hg®" resulted in a large increase in the
magnitude of the Ips (Figure 5A, black trace), whereas
devices with bare AuNPs (Figure 5A, dark red trace),
devices without AuNPs (Figure 5A, red trace), and
devices with unmodified DDFTTF (Figure 5A, pink
trace) showed only a weak response to very high
concentrations of Hg?". Since the magnitude of the
response for the DNA-functionalized devices was
consistently larger than those lacking DNA, the de-
vice's sensitivity for Hg> ™ can be primarily attributed
to the incorporation of the Hg®'-binding DNA
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Figure 4. Electrical characterization of the DNA—AuNP
sensor platform. Output (Vgs = 0.25 — —1.0 V) and transfer
(Vbs = —0.6 V, inset) plots of the sensor (A) before and
(B) after exposure to water. (C) Ips versus time response of
the platform to increasing concentrations of Hg*" (Vs =
—0.5V, Vps = —0.6 V), where the baseline current has been
subtracted (Ips,aqj)- Arrows in panel C designate the addition
of Hg®>" at the indicated concentration. The device was
sensitive to Hg”>" concentrations on the order of 1 uM.

sequence. The weak response of the devices lack-
ing DNA to Hg?" may result from doping of the
semiconductor itself, as has been previously ob-
served for the detection of Hg®™ with carbon
nanotubes,®? or through charge transfer between
Hg? ", Au° (either the AUNP or the unpassivated sides
of the electrodes), and the semiconductor.>*>* Sub-
sequent exposure of the devices lacking DNA to Hg* "
resulted in minimal signal (Supporting Information,
Figure S13), suggesting that any interaction between
the semiconductor and Hg?" is irreversible. To test
for the reversibility and reproducibility of the DNA-
AuNP sensor response, the device was re-exposed to
Hg®". The magnitude of the response observed upon
this secondary exposure was lower than that ob-
served for the primary exposure (Figure 5B, black
versus dark red trace), potentially due to the incom-
plete removal of the Hg®" bound to the DNA.
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) 100+nM 1;HM 10+uM 100‘“M
0.0
— 0.1 X
< .
S, -0.2{ Without AuNP
5 Bare AuNP
:’{-0-3' DNA-AuNP
Q J
= 041 yge=-05V

-0.5{ Vps=-06V

100 200 300 400
Time [s]

B 500nM 1uM 5uM 10 uM
) ln J'u lu lu

50 uM
|

Hg?* Exposure:
A 1x
2x
5y 3x

V=05V
GS
0.3 Vye=-06V

100 200 300 400 500 600
Time [s]
C) o
Hg“" Exposure:
0x

1x
2x

Vps=-0.6V

10 05 00 05
Vs V]

Figure 5. Regeneration of the sensor platform. (A) Ipg,agj
versus time response of the sensor during various stages of
fabrication, indicating a slight sensitivity to Hg>" prior to
DNA functionalization of the AuNPs (Vgs = —0.5 V, Vps =
—0.6 V). (B) Ips,aqj Versus time response of a single device
during primary (black trace), secondary (dark red trace),
tertiary (red trace), and quaternary (pink trace) exposures to
Hg?" (Vgs = —0.5V, Vps = —0.6 V). Arrows in panels A and B
designate the addition of Hg>" at the indicated concentra-
tion. (C) Square root plot (Vps = —0.6 V) of the same dry
device prior to (black trace) and after (dark red and red
traces) multiple exposures to Hg?".

However, all subsequent exposures to Hg®" resulted
in remarkably reproducible responses (Figure 5B,
dark red, red, and pink traces) and a positive shift in
V7 (from 0.02 to 0.11 V, Figure 5C) was observed after
Hg*" exposure. Therefore, the primary sensing me-
chanism (Hg?>" binding by the DNA aptamer) is
reversible, resulting in highly reproducible sensor
responses.

To develop a reproducible sensor capable of Hg*"
detection in the field, the response to other potential
contaminants must be minimized. To establish the
sensor's specificity for Hg?", it was interrogated with
a variety of other common environmental contami-
nants, including Na™®, Mg®", K*, Ca®", Co*", Ni*™,
Cu®", Zn?", Pb?", and Cd?*" (Figure 6A). The Hg*'-
binding DNA sequence was previously found to be
highly selective for Hg?" when tested against a

ACRTARN TS
VOL.6 = NO.4 = 3100-3108 = 2012 ‘A@@L%{\)\

WWW.acsnano.org

3105



A) woom im0 00 B)  fieom 1 10,m
4 ) 1 ¥
0.0 0.0
Na*, Mg=",
. 011 K*, ca?*, Co?*, —
< 02] Niz;’ Sy 2%, < o Hg?2* only
= 7] pp2t, cd?* =
5 0.3 : 5 Mixed ions
i T 0.2 (Cd2+ Pb2+ Cu2+ & Hg2+)
8 8 ! ’
~ 04 v =a0sv Hg2* = Ve =-05V
Gs 03] w8
.05] Vps=-08V 031 Vyg=-06V
100 200 300 400 100 200 300 400
Time [s] Time [s]

Figure 6. Selectivity and interference testing of the sensor platform. (A) Ips,.qgj versus time response of the sensor upon
interrogation with a variety of individual metal ions (Vgs = —0.5 V, Vps = —0.6 V). (B) Ips,agj versus time response of the sensor
upon interrogation with a mixture of metal ions (Cd®>", Pb? ", Cu*", and Hg®", each at the indicated concentration, Vs = —0.5V,
Vps = —0.6 V). Arrows in panels A and B designate the addition of Hg®" at the indicated concentration.

subset of these ions.*° The addition of many of these
ions resulted in a slight decrease in the magnitude
of Ips. This response may have resulted from the
increased ionic conductivity within the water drop-
let, prompting current flow through the water rather
than through the channel. Additionally, both DNA-
functionalized and nonfunctionalized devices de-
monstrated a slight affinity for Cu®", which was
attributed to the interaction of Cu®" with a small
quantity of oxidized surface states unintentionally
formed during device fabrication.>**> These surface
states may have resulted from the oxidation of
residual PS-b-P4VP>* to carboxylic acid species. How-
ever, we discovered that this interaction is largely
irreversible, and that pre-exposing the device to a
dilute solution of all of the ions except Hg*" during
the fabrication process quenched the Cu?" sensitiv-
ity. Finally, the sensor's ability to detect Hg®" in
complex solutions was investigated. When interro-
gated with a complex sample containing multi-
ple ionic species (Cd*", Pb?", Cu?", and Hg*"), the
sensor was able to detect Hg? " without interference
(Figure 6B). Ultimately, the high selectivity of the
sensing platform for Hg>" demonstrates the ability
to engineer specificity for a chosen target, while the

METHODS

DDFTTF Synthesis. The organic semiconductor, DDFTTF, was
synthesized according to literature procedures,®” except that
a microwave reactor (CEM Discover-S) was used in the final
coupling step. Briefly, 2-bromo-9-dodecyl-fluorene (4.912 mmol),
bis-2—2'-(trimethylstannyl)bithiophene (234 mol), Pd(PPhs),
(4 mol %), and 20 mL of argon-purged toluene were mixed in a
microwave tube. The mixture was exposed to microwave radia-
tion with stirring (high power of 300 W) for 25 min while the
temperature was varied between 125 and 165 °C. Upon comple-
tion of the reaction, the solution was vacuum filtered, and the
solid fraction was rinsed with 50—75 mL of toluene and 150 mL of
methanol to give crude DDFTTF (1.65 g, 85% yield). Prior to use,
the crude product was purified three times by gradient vacuum
sublimation at 1 x 107 Torr.
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platform's ability to operate without interference in
complex solutions demonstrates its viability for
specific detection in highly complex media.

CONCLUSIONS

By combining a water-stable OTFT with block co-
polymer-templated AuNPs, we developed a modular
sensing platform exhibiting specific recognition sites
that are available for modification through orthogonal
surface chemistry techniques. We subsequently func-
tionalized the AuNPs to produce a specific binding site
for an analyte of our choosing (in this application,
Hg®"). We demonstrated the sensor's ability to selec-
tively detect our chosen target in situ, as well as its
ability to produce a clear detection profile when
operating in a solution of interferant ions. This platform
is highly versatile due to the immense library of
chemicals available for AuNP functionalization as well
as tunable AuNP spacing. Moreover, the use of
metal—oxide nanoparticles can, in the future, expand
the library of orthogonal chemistry beyond the Au—S
linkage. Though a full study is beyond the scope of this
work, it is anticipated that the spacing of the AuNPs is
particularly important for sensing applications involv-
ing biomolecules,”® where aqueous real-time sensing
in situ is needed.

Device Fabrication and AuNP Incorporation. A cross-linked poly-
mer dielectric (PVP-HDA) was formed according to literature
procedures® and a film was deposited onto highly doped
(n ++), (100) orientation, native oxide Si wafers (Silicon Quest
International) by spin coating (Headway Research) at 4000 rpm.
A 30 nm DDFTTF film was deposited using thermal evapora-
tion (Angstrom Engineering) utilizing an evaporation rate of
0.2As 'anda T, of 195 °C to ensure two-dimensional device
morphology. Metal salt-containing PS-b-P4VP (M,, PS = 55 kDa,
M, P4VP = 50 kDa) solutions were prepared according to
literature conditions,’’ except that HAuCl, (Premion) was sub-
stituted for AICI5. Films of HAuCl,-containing polymeric micelles
were deposited by spin coating the solutions at 5000 rpm for 40
s onto a device that had previously been activated with UV
ozone (Jetlight) for 4.0 min. Activation of the device with UV
ozone ensured the formation of a continuous film of the
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copolymer on the semiconductor surface. Previously this acti-
vation with UV ozone was utilized to achieve the deposition of
polymer electrodes on the surface of the semiconductor with-
out the degradation of device performance.®® The polymer
matrix was subsequently removed by exposing the device to
oxygen plasma (Gala Instrumente) for 0.4 min (0.4 mbar of O,,
80 W). Careful monitoring of the exposure time to both UV
ozone and oxygen plasma was critical, as overexposure of the
organic semiconductor to these harsh conditions destroyed
transistor performance. Transistors were fabricated in the top-
contact geometry, with source and drain electrodes (Au) eva-
porated through a shadow mask on a rotating substrate at arate
of 2 As™". Electrode dimensions were defined to have a channel
width of 4 mm and length of 50 um. A protective layer of SiO,
was thermally evaporated exclusively over the electrodes at a
rate of 0.4 A s~ to minimize potential electrochemical reac-
tions, as well as DNA binding that could occur at the electrodes.

AuNP Functionalization. Devices with AuNP arrays were re-
exposed to oxygen plasma for 0.1 min to clean the AuNP
surfaces. A 33-base pair thiolated oligonucleotide previously
reported to bind Hg®" (5'-SH-TCA TGT TTG TTT GTT GGC CCC
CCT TCT TTC TTA-3')*° was custom synthesized by Integrated
DNA Technologies. A 15 uL aliquot of a 100 «M DNA solution in
1x PBS was spotted onto the devices on top of the area
protected by SiO,, and the devices were incubated at room
temperature for 90 min in a desiccator under slight vacuum.
Following DNA incubation, the devices were briefly rinsed with
deionized water and incubated in a salt solution (10 mM Tris-
HCl, 0.5 mM ETDA, 1 M NadCl, pH 7.5) for 15 min. Subsequently
the devices were exposed to a dilute (250 nM) solution of
each of the metal ions tested, excluding Hg>". Finally, devices
were rinsed with deionized water, re-equilibrated through a
30-min incubation in deionized water, and placed under
vacuum to dry.

Device Characterization. The device morphology was charac-
terized using a MultiMode AFM (Veeco) operated in the tapping
mode. XPS (PHI 5000 Versaprobe, Al Ko source) was used to
measure the elemental composition of the device surface. High-
resolution spectra were collected at an angle of 45°, a pass
energy of 117.4 eV, and a step size of 0.1 eV. All XPS spectra were
referenced to a C 1s binding energy of 284.8 eV. OTFTs used for
the XPS study were formed by spin coating an additional film of
HAuCl,-containing PS-b-P4VP onto a previously formed AuNP
array to increase the AuNP density.! These were again exposed
to oxygen plasma, and then incubated in the DNA solution as
described above. Electrical measurements were carried out
under ambient conditions using a two-sourcemeter (Keithley
2635 (Drain/Source) and Keithley 2400 (Gate)). For electrical
testing under aqueous conditions, a 9 uL droplet of deionized
water was placed on top of the device, and the device was
allowed to equilibrate prior to testing. A low operating voltage
(Vps = —0.6 V, Vgs = —0.5 V) was used in order to prevent ionic
conduction through the water droplet. For Hg>* testing, a 1 uL
droplet of 10x concentrated Hg”™ solution was slowly added to
a 9 uL droplet of deionized water in order to dilute the Hg*" to
the nominal concentration indicated. To conserve the volume
of the liquid droplet, a 1 uL droplet was removed after the signal
had fully developed (~85 s), in order to prepare the system for
the subsequent addition of concentrated Hg™.
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