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ery low concentrations of hormones

are able to control and regulate the

activity of many cells or organs in
the human body, and hormone imbalance
leads to serious diseases such as osteoporo-
sis, adenoma, cardiovascular, hyperplasia,
and cancer.'® Therefore, over the past
decade, significant efforts have been made
to develop novel techniques for recogniz-
ing hormones.” Several innovative methods
have been established to meet this need,
including immunometric assays such as
enzyme immunoassays (EIA) and enzyme-
linked immunosorbent assays (ELISA)2
fluorescence optochemical sensors,” multi-
analyte immunosensors,’ electrochemical
enzyme immunoassays,'' and sensors
based on surface plasmon resonance.'*'3
Although these techniques provide the
possibility of hormone detection, the devel-
opment of an easy, rapid, and accurate
detector with high sensitivity remains a
challenge.

Recent nanoparticle (NP)-based devices
are significantly advancing fields such as
clinical analysis, security control, and en-
ergy/environmental convergence.'® Electri-
cal and electrochemical technologies using
NPs represent interesting alternatives for
the development of efficient, fast, and low-
cost devices to analyze real samples. The
field-effect transistor (FET)-based biosensor,
in particular, provides efficient stability
and miniaturization.'>'® To fabricate high-
performance FET biosensors, NPs are syn-
thesized with active channels that have
the desired optical, photothermal, and elec-
trical properties.’ 23 From a materials per-
spective, metallic and ceramic NPs have
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ABSTRACT Recognition of diverse hor-
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significant challenge because numerous dis-
eases can be affected by hormonal imbal-

ances. However, the methodologies reported @
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opment of innovative methods is still a major concern in hormone-sensing applications. In this

study, we report an immobilization-based approach to facilitate formation of close-packed

arrays of carboxylated polypyrrole nanoparticles (CPPyNPs) and their integration with human

parathyroid hormone receptor (hPTHR), which is a B-class family of G-protein-coupled

receptors (GPCRs). Our devices enabled use of an electrically controllable liquid-ion-gated

field-effect transistor by using the surrounding phosphate-buffered saline solution (pH 7.4) as

electrolyte solution. Field-induced signals from the peptide hormone sensors were observed

and provided highly sensitive and selective recognition of target molecules at unprecedentedly

low concentrations (ca. 48 fM). This hormone sensor also showed long-term stability and

excellent selectivity in fetal bovine serum. Importantly, the hormone receptor attached on the

surface of CPPyNPs enabled GPCR functional studies; synergistic effects corresponding to

increased hPTH peptide length were monitored. These results demonstrate that close-packed

CPPyNP arrays are a promising approach for high-performance biosensing devices.
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been extensively developed; their struc-
tures and sizes can be precisely control-
led.>*~3> However, progress in NP fabrica-
tion from conducting polymers (CPs) has
been relatively slow because of inherent
structural instabilities at the nanoscale 36~°
Moreover, positioning the NPs in an elec-
trode gap is key to obtaining the electrical
properties required for FET devices based
on direct measurements of changes in
conductivity. Therefore, the major concerns
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when using CP NPs in FETs are the fabrication of highly
uniform, well-ordered, and size-controlled NPs and
their continuous arrays on the electrode substrate.

The biological activity of hPTH, a peptide hormone, is
vital for maintaining calcium homeostasis in mammals
and can be a factor in potentially fatal diseases such
as adenoma, hyperplasia, osteoporosis, and cancer.”’
Human parathyroid hormone receptor (hPTHR), which
belongs to the B-class family of G-protein-coupled
receptors (GPCRs), is involved in the regulation of
calcium concentration in the blood.'”**~% GPCRs
mediate various physiological processes, including
cell signal transduction, sensory signaling, neuronal
transmission, and hormonal signaling.*’ ~*° Despite
the importance of GPCR-functional studies for the
improvement of new pharmaceuticals, the invention
of suitable assay tools has been limited by time-
consuming and complex in vitro treatments.*? There-
fore, the development of facile, rapid and reproducible
techniques remains a challenge.

Herein, we describe an immobilization-based pro-
cess for carboxylated polypyrrole nanoparticles (CPPyNPs)
and their integration, together with hPTHR, into an
electronically controllable FET platform. Field-induced
sensitivity from the peptide hormone sensor was ob-
served, which enabled highly sensitive and selective
recognition of target molecules at unprecedentedly
low concentrations (ca. 48 fM). Moreover, the FET-type
sensors exhibited long-term stability, excellent selec-
tivity, and synergistic effects depending on the pep-
tide length of hPTH. Importantly, this research can
provide an advanced technical method for basic re-
search on GPCR function and open up opportunities
for various applications in drug discovery/biomedical
diagnostics. To our knowledge, this is the first example
of a liquid-ion-gated FET-type peptide hormone sensor
based on close-packed arrays of hPTHR-conjugated
CP NPs.

RESULTS AND DISCUSSION

Fabrication of Close-Packed Arrays of hPTHR-Conjugated
CPPyNPs. Previously, we demonstrated a liquid-ion-
gated biosensor based on various biomolecule/CP
nanotube hybrids.*’ ~*° The main factors for the fabri-
cation of high-performance FET-type biosensors are
the stability of the nanoscale devices in the sensing
environment (usually liquid-ion solution) and the cova-
lent linkage between transducers and bioreceptors
through surface functionalization.>

A high surface-to-volume ratio in nanoscale FET
sensors is also crucial for sufficient binding capacity
in the receptor/analyte interactions.?®*°~>2 For this
reason, the highly monodisperse, uniform, and size-
tunable CPPyNPs were fabricated by chemical co-
polymerization of pyrrole with pyrrole-3-carboxylic
acid using a dispersion method. Importantly, the
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introduction of carboxyl (—COOH) groups can not only
provide compact CPPyNPs arrays on the substrate but
also enable the attachment of receptors on the CPPyNP
surface. The CPPyNPs were uniformly shaped and
roughly 20, 60, and 100 nm in diameter with con-
ductivities of 8 x 10°,7 x 107", and 2 x 107" Sem 7,
respectively, as calculated from four-probe conduc-
tivity measurements. The Brunauer—Emmett—Teller
(BET) surface areas of the 20, 60, and 100 nm par-
ticles were approximately 144, 104, and 68 m?> g™ ',
respectively.>

Scheme 1 illustrates the close-packed CPPyNP ar-
rays adhered between the electrode gaps. An inter-
digitated microelectrode array (IMA) with a pair of gold
electrode bands was prepared by standard litho-
graphic processes on a glass substrate (Supporting
Information, Figure S1). The IMA substrate was engi-
neered using 3-aminopropyltrimethoxysilane (APS)
to construct the specific functionalized surface. The
CPPyNPs were compactly bound to the IMA substrate
through covalent linkages between amino groups on
the substrate surface and the carboxylic groups of
the CPPyNPs. hPTHR, which contains terminal amine
groups, was then covalently anchored to the CPPyNP
surface by a similar condensation reaction. This im-
mobilization approach offers critical advantages rela-
tive to conventional noncovalent attachment, includ-
ing the formation of efficient electrical pathways in
the surrounding liquid solution and the simplicity of
the specific integration between the transducer and
bioreceptors.

Characterization of Close-Packed Arrays of hPTHR-Conjugated
CPPyNPs. High-level expression of hPTHR from Escher-
ichia coli was demonstrated by Western blot analysis
using anti-GST antibody (Figure S2). Milligram quanti-
ties of hPTHR were found mainly in the insoluble
fraction, and the expression pattern was similar to
other GPCRs described in our previous report.>*>®
The IMA electrode was functionalized with APS to
modify the surface of the substrate. The reactions are
as follows:

hydrolysis : HyN(CH,)3Si(OCH3)3 + 3H,0
— H,N(CH,)3Si(OH)3 + 3CH3;OH

condensation : H;N(CH,);Si(OH);
+30H — glass substrate — H;N(CH,)3Si(0);
— glass substrate

The APS-treated IMA electrode substrate was ob-
served by X-ray photoemission spectroscopy (XPS).
The survey scan spectrum showed the presence of
principal C1s, O1s, Si2p, and N1s core levels, with no
evidence of impurities (Figure 1a). The N1s peak (2.1%)
was observed clearly for the amino-treated substrate
(Figure 1b), while there was no N1s peak for the pristine
IMA substrate.
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Figure 1. (a) XPS spectra of the IMA substrate before and after aminosilane treatment. (b) XPS N1s spectrum of aminosilane-
treated IMA substrate. (c) XPS O1s spectrum of the CPPyNPs and (d) FT-IR spectrum of pristine PPyNPs (black line) and

functionalized PPyNPs (CPPyNPs, red line).

The carboxylic groups of CPPyNPs were also identi-
fied by XPS. The survey scan spectrum showed the
presence of principal C1s, O1s, and N1s core levels,
with no evidence of impurities (Figure S3). The O1s
peak (34.11%) was observed clearly for CPPyNPs. The
O1s peak was observed clearly for PPy-NDFLG and had
three components centered at 531,532.2,and 533.3 eV,
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corresponding to alcohol, carbonyl, and ether-type
oxygens, respectively (Figure 1c).>” Additionally, Fourier
transform infrared spectroscopy (FT-IT) was used to
confirm the functionlization of the PPyNPs. The FT-IR
spectra of pristine PPyNPs and CPPyNPs indicated that
the carboxylic groups (—COOH) were successfully func-
tionalized on the surface of the CPPyNPs (Figure 1d).
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Figure 2. Typical FE-SEM images of close-packed arrays of the hPTHR-conjugated CPPyNPs on IMA substrate (the yellow
dashed lines indicate boundary lines between gold electrodes). The increasing order (a < b < ¢) was enlarged from micrometer
to nanometer length scales. (d) FT-IR spectra of hPTHR, CPPyNPs, and hPTHR-CPPyNPs. The amide | band is due to carbonyl
stretching vibrations, and the amide Il band is caused primarily by NH bending vibrations. (e) Calibration curve of the loading
of the hPTHR on the CPPyNP surface corresponding to the diameter of the CPPyNPs.

Generally, pristine PPyNPs show a pyrrole ring stretch-
ing band at 1548 cm ™', a conjugated C—N stretching
band at 1473 cm™', =C—H in-plane vibration bands at
1201 and 1183 cm ™', and a =C—H out-of-plane vibra-
tion band at 916 cm™'. However, CPPyNPs have a
distinctive broad —OH band at 3200 cm™' and a sharp
—C=0 at 1700 cm ™' 3° The modified CPPyNPs can be
immobilized on the IMA electrodes and combined with
various biomolecules through chemical bonding.

The fabricated CPPyNPs were immobilized on the
modified IMA substrate to construct close-packed
arrays. Consecutively, hPTHR was attached to the sur-
face of the CPPyNPs. Field-emission scanning electron
microscopy (FE-SEM) was used to characterize the
hPTHR-conjugated CPPyNP (hPTHR-CPPyNP) nano-
biohybrids®® bound to the IMA substrate. Figure 2
displays FE-SEM images of CPPyNPs ca. 100 nm in
diameter after the introduction of the hPTHR. The
arrays of close-packed hybrid NPs were clearly ob-
served between the IMA (Figure 2a,b) and had a
rougher surface because of the attached hPTHR com-
pared with pristine CPPyNPs (Figure 2c and Figure S4).
All 20, 60, and 100 nm diameter CPPyNPs showed
excellent uniformity and high densities over a scale
of micrometers (Figure S4). Chemical characterization
of the hPTHR-CPPyNPs was also carried out using FT-IR
spectroscopy (Figure 2d). For hPTHR, the absorption
peaks at 3200 cm ™" are attributed to stretching vibra-
tions of alkyl, carbonyl, and amines groups. The ab-
sorption peaks in the range of 1700—1200 cm™' are
also ascribed to bending vibrations of amide, methyl,
and methylene groups in hPTHR. The FT-IR spectrum
of CPPyNPs had a broad —OH band at 3200 cm™’,
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broad —NH band at 3300 cm ™', sharp —C=0 band at
1700 cm™ ', and strong —C—N band at 1473 and
1180—1360 cm™ ', while there were no significant
absorption peaks corresponding to the amide | (at
1630 cm™ ") and Il bands (at 1520 cm™") (Figure 55).3°
Interestingly, the amide | and Il bands were created
at the absorption peak of the hPTHR-conjugated
CPPyNPs. These results indicate that hPTHR is success-
fully immobilized on the surface of the CPPyNPs. The
loading of hPTHR on the CPPyNPs' surface was also
calculated using a BCA assay (see supplementary
materials of the Supporting Information). The loading
of CPPyNPs increased with decreasing CPPyNP dia-
meter (Figure 2e): 20 nm (421.04 ug hPTHR/0.5 mg
CPPyNP) > 60 nm (306.09 ug hPTHR/0.5 mg CPPyNP) >
100 nm (97.18 ug hPTHR/0.5 mg CPPyNP). This is
expected to lead to enhanced interaction between
hPTHR and analytes. Moreover, the fluorescent dye
molecules were tracked in the hPTHR using fluores-
cence microscopy. The immunocytochemical method
was introduced with anti-GST antibody and Alexa488-
conjugated anti-mouse antibody. As shown in Figure S6,
the hPTHR-immobilized CPPyNPs exhibited green emis-
sion (bright region) with uniform distribution over their
surfaces. There were no hPTHRs on the substrate itself,
indicating that the hPTHRs were selectively attached to
the oriented CPPyNP surface through direct covalent
bonding.

Current—voltage (I-V) curves were measured to
evaluate the electrical properties of the substrate-
bound CPPyNP array. Figure 3a shows the /-V char-
acteristics of the CPPyNP configuration before and
after the introduction of hPTHR. The /—V curves were
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Figure 3. Comparison of current—voltage (/-V) curves of
CPPyNPs 20, 60, and 100 nm bound on the IMA before and
after hPTHR introduction between (a) immobilization and
(b) adsorption systems (V45 scan rate = 10 mV s7"). (c) SEM
image of hPTHR-CPPyNPs adsorbed on the IMA after the
several washing processes.

linear over a voltage range from —0.1 to +0.1 V,
demonstrating the ohmic behavior of the nanomater-
ials on the electrode substrate. The di/dV values of the
arrays increased with decreasing diameter of the
CPPyNPs. Although the dI/dV value after the attach-
ment of hPTHR decreased due to increasing resistance,
the linearity of the /—V curves was maintained and the
dl/dV values were consistent with those of the pristine
CPPyNPs. Importantly, and in comparison with physi-
cally adsorbed systems, the electrical properties of the
nanobiohybrid NPs were well-controlled by the immo-
bilization process (Figure 3b). The dI/dV value of
the 20 nm NPs chemically attached on the IMA was
10 times higher than that for adsorbed NPs. This is
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Figure 4. (a) Schematic diagram of liquid-ion-gated FET
using close-packed hPTHR-CPPyNP arrays. (b) Output
curves of hPTHR-conjugated CPPyNPs 20 nm FET (V; was
from +20 to —100 mV in a step of —10 mV and V4, scan rate
was —5mV s ).

caused by the increase in the number of CPPyNPs
detached from the IMA substrate during the repeated
washing steps that are part of the process anchoring
hPTHR to the surface of the CPPyNPs (Figure 3c). On
the basis of these results, compact substrate-bound NP
devices can maintain the reliable electrical contact and
provide efficient conductive pathways for fabricating
high-performance hormone sensors.

To use nanobiohybrid NPs as the signal transducing
component of a biosensor, we fabricated liquid-ion-
gated FETs surrounded with phosphate-buffered sal-
ine (PBS, pH 7.4) as the electrolyte. Liquid-ion gating
has the advantage of making intimate contact with the
nanobiohybrid NPs via a remote gate electrode in the
surrounding electrolyte solution.*® This strategy can be
used for signal amplification to enhance the sensing
performance of resistive sensors.>® Figure 4a outlines
the experimental setup used to estimate the device
performance of the hPTHR-CPPyNP sensor geometry.
Two interdigitated gold microelectrode bands were
employed as source (S) and drain (D) electrodes.
Additionally, a reference electrode was immersed in
the electrolyte, and the gate potential (V,;) was applied
between the reference electrode and the drain elec-
trode through the liquid-ion solution. More than
100 devices were assessed under ambient conditions.
Figure 4b demonstrates the output curves of the FET
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Figure 5. (a) Real-time responses with normalized current changes (Al/ly = (I — Ip)/lo, where Iy is the initial current and / is the
instantaneous current) and (b) calibration curves of hPTHR-CPPyNP hormone sensors toward various hPTH concentrations (S
indicates the normalized current change). (c) Real-time responses of the pristine CPPyNP (20 nm) sensor without hPTHR
measured at Vg, = 10 mV. Normalized Isp changes upon addition of target (hPTH) and nontarget (GLP-1, glucagon, and
secretin) analytes. (d) Selective responses of the hormone sensor using hPTHR-CPPYNP 20 nm toward nontarget (GLP-1,

glucagon, and secretin) and target analytes.

sensor, which operated at room temperature. The
drain-to-source current (lys) increased negatively with
negatively increasing gate V,, indicating p-type (hole-
transporting) behavior caused by an increase in the
oxidation level of the polymer chains. Accordingly,
the binding of hormone biomolecules to the hPTHR-
CPPyNPs immobilized between the source and drain
electrodes was observed by monitoring changes in the
current output through the FET devices.

To investigate the sensing characteristics of the
liquid-ion-gated nanobiohybrid NP array FET, 45 was
monitored at Vg4, = 10 mV (Vg = 5 mV, a low operating
voltage) upon the addition of various concentrations of
hPTH. The principle function of hPTHR is to bind with
specific hPTHs, inducing a deformation of hPTHR. This
deformation can affect the charge carrier density on
the surface of the CPPyNP channels. Figure 5a displays
the real-time responses of hPTHR-CPPyNP arrays using
NPs with diameters of 20, 60, and 100 nm. The nano-
biohybrid sensors showed a concentration-dependent
increase in Iy upon exposure to the target molecules
(hPTHs). The current increase is likely caused by the
accumulation of charge carriers (holes) elicited by the
hPTH/hPTHR binding event. The specific binding of
hPTH promotes a structural rearrangement in hPTHR
so that the positive charges in the hPTHR can be
efficiently screened. Therefore, the hPTH/hPTHR inter-
action induces negative point charges in the liquid-ion
gate dielectric near the CPPyNPs' surface, which lead
to the accumulation of positive charge carriers in the
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CPPyNPs channel.*” 494735 This is explained by a
p-type doping effect acting indirectly on the liquid-
ion gate dielectric. In all measurements, the FET sen-
sors had rapid response times of less than 1 s and
showed linear responses to current changes. Signal
intensities of the nanoscale FETs increased with de-
creasing NP diameter, consistent with the trend in
increasing surface area (Figure 5b). Intriguingly, no
signals toward various analytes were observed from
the sensors based on the pristine CPPyNP arrays
(Figure 5c), while the minimum detection level (MDL)
of the FET sensor using nanobiohybrid 20 nm NPs
was ca. 48 fM (signal-to-noise ratio = 12.5). This level of
sensitivity is approximately 3—6 orders of magnitude
better than that of various conventional hormone
sensors.' 2~ Figure 5d shows the selective response
of an FET sensor (20 nm CPPyNPs) toward particular
hPTHs. No significant changes in Iys were observed
upon the addition of nontarget hormones such as
GLP-1, glucagon, and secretin. These results demon-
strate the excellent selectivity of the hormone sensor.

Generally, hormones coexist with various biomole-
culesin a living body. It is important that the biosensor
is capable of detecting specific analytes. Therefore,
clinically relevant samples with fetal bovine serum
(FBS) were prepared to test the selectivity. Excellent
selectivity was observed for FET-type hormone sensors
based on nanobiohybrid 20 nm NPs arrays (Figure 6a).
There were no significant signals when the bare sol-
vent (FBS) and electrolyte (PBS) were inserted into the
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Figure 6. (a) Selective responses of nanobiohybrid NP
arrays toward hPTH in FBS. Comparison with the long-term
stabilities of the hormone sensor between (b) immobiliza-
tion process and (c) adsorption method on the FET geome-
try over 2 weeks (S indicates normalized current changes;
S = Allly).

hormone sensors, while the current change from hPTH
was clearly confirmed (signal-to-noise = 3.6). Although,
the MDL of the relevant hormone sensor was 480 fM in
hPTH, this finding suggests that further optimization
could provide immobilized NP arrays for practical
diagnostic applications. In addition, the hormone sen-
sor exhibited outstanding storage stability. Figure 6b
shows the long-term stability of the hormone sensor
toward 48 fM hPTH. The response values gradually
decreased, leading to a decrease of ca. 8—9% in
sensitivity over 2 weeks (Figure S7). Compared to the
sensor systems constructed through physical adsorp-
tion, the storability of the current immobilization assay
is outstanding (Figure 6¢). It is evident that the lifetime
of the hormone sensor in this covalent bonding system
can be maintained for a long period under controlled
environmental conditions.

The hPTHR/hPTH cross-linking coordinates were
investigated using photoactivated amino acid side
chains incorporated into hPTH analogues. To mimic
the function of GPCR through the hPTHR-functiona-
lized hormone sensor, the deleted peptide forms of
hPTH having different numbers of critical cross-linking

KWON ET AL.
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Figure 7. (a) Amino acid sequences of hPTH fragments
which have a different number of critical cross-linking
coordinates (red closed circles) and (b) real-time responses
of the hPTHR-CPPyNP sensors upon stimulations with hPTH
fragments.

coordinates were synthesized (Figure 7a). Figure 7b
displays normalized /g5 values that were monitored
after the addition of each deletion form at various
concentrations. The hPTH (1—34), an original hPTH
form, had the highest sensitivity level (48 fM); the MDLs
of hPTH (1—-20) and hPTH (1—13) were 480 fM and
48 pM, respectively. Interestingly, the FET sensor did
not respond to hPTH forms (2—10) that were excluded
from the cross-linking coordinates. Therefore, peptides
that have more cross-linking coordinates can elicit
more sensitive responses from the nanobiohybrid
sensor. These results demonstrate that CPPyNP-based
FET-type hormone sensors are able to recognize each
deletion form of target peptides and efficiently mimic
the actual function of GPCR.

CONCLUSION

In summary, we successfully fabricated FET-type
hormone sensors using an array of close-packed
nanobiohybrid NPs as the signal transducer. The im-
mobilization strategy on modified IMA substrates
provided highly stable and reliable electrical properties
through compact close-packed arrays of uniform,
size-controlled NPs. Field-effect devices composed
of nanobiohybrid NP arrays were characterized as
strong p-type and were able to efficiently monitor
the binding events between hPTH and hPTHR. The
compact NP FETs also demonstrated the feasibility of
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high-performance sensing properties at femtomolar
concentrations (ca. 48 fM). Moreover, the hormone
sensors showed long-term stability and excellent
selectivity in FBS. Furthermore, the nanobiohybrid
NP arrays were able to recognize deletion forms
of target peptide hormones, several of the GPCR

MATERIALS AND METHODS

Materials. Pyrrole (98%), pyrrole-3-carboxylic acid (P3CA),
and FeClz (97%) were purchased from Aldrich Chemical Co.
and used without further purification. Polyvinyl alcohol (PVA)
(M., =9000, 13 000, and 31 000) was also obtained from Aldrich.

Fabrication of Size-Controlled CPPyNPs. First, PVA was dissolved in
distilled water over 5 h. The concentrations of the obtained
aqueous PVA solutions were 1.25 (PVA M,, = 9000), 4.5 (PVA
M,, = 13000), and 7 (PVA M,, = 31000) wt % relative to the
amount of water. Aqueous FeCls solution was then added. The
molar ratios of aqueous FeCl; to pyrrole/P3CA were 2.5, 4.6, and
6.2 for fabricating the 20, 60, and 100 nm diameter CPPyNPs,
respectively. All reactions were carried out at 28 °C. The PVA/
FeCl; solutions were magnetically stirred for 3 h to equilibrate.
P3CA was dissolved in pyrrole at a P3CA/pyrrole (0.5 mmol/
15 mmol) molar ratio of 1/30. The pyrrole/P3CA solution (0.1 mL)
was added dropwise into the PVA/FeCls solution, and the
chemical oxidation polymerization was allowed to proceed for
6 h. The resulting products were separated from dispersion
solution by centrifugation (10 000 rpm, 40 min) and thoroughly
washed several times with hot water to remove impurities. The
remaining CPPyNP precipitates were dried in a vacuum oven at
room temperature.®®

Expression of hPTHR and Solubilization. hPTHR was used in this
study as a model hormone receptor. It was overexpressed
insolubly as GST-tag fused protein from Escherichia coli
(E. coli). The hPTHR gene was amplified by PCR from a cDNA
and inserted into the pENTR (Invitrogen) cloning vector using
Clonase. After sequence confirmation, the hPTHR gene was
transferred to pDEST15 expression vector using the GATEWAY
system (Invitrogen) and checked for the presence and sequence
of hPTHR by sequencing. The E. coli BL21 strain was transformed
with pDEST15/GST-tag/hPTHR and then cultured in LB-ampicil-
lin (50 ug mL~") medium. After induction of hPTHR with 0.5 mM
IPTG, the cells were incubated at 25 °C for 4 h. Cultured cells
were harvested by centrifugation at 12000g for 20 min and
were resuspended in PBS. The resuspended cells were lysed by
sonication for 5 min, and insoluble fractions that included
membrane fraction and cell debris were collected by centrifu-
gation at 15000g for 30 min. The insoluble fraction containing
hPTHR was incubated with 5 vol % of Triton X-100 at room
temperature during 1 h for solubilization of impurity proteins
other than hPTHR, and then hPTHR was collected by centrifuga-
tion at 7000g for 30 min. The concentration of the collected
hPTHR protein was determined by BCA assay.

Fabrication of Hormone Sensor. The liquid-ion-gated FET-type
sensor platform composed of close-packed CPPyNP arrays
conjugated with hormone receptors was fabricated in several
stages. In the first stage, the microelectrode array interdigitated
with a pair of gold electrode bands was treated with 1 wt %
aqueous 3-aminopropyltrimethoxysilane (APS) solution for 6 h.
A mixture of 1 wt % aqueous CPPyNPs (10 uL) and 1 wt %
aqueous 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpho-
linium chloride (DMT-MM) solution (10 uL) was added over 12 h.
The resulting CPPyNP-immobilized substrate was rinsed with
distilled water. The coupling reaction was then carried out
by exposing the modified substrate to a mixed solution of
hPTHR and 1 wt % aqueous DMT-MM (10 uL) over 12 h to
attach the hPTHR on the surface of the CPPyNPs. The substrate
was then rinsed with distilled water and dried in a stream of
nitrogen gas.

KWON ET AL.

family, and identify peptide—receptor interactions
using deletion mutants of peptide hormones. There-
fore, the programmed FET-type hormone sensors
could assist drug discovery and lead to rapid and
accurate hormone analyses for disease diagnosis and
management.

Instrumentation. All electrical measurements were con-
ducted with a Keithley 2612A SourceMeter and probe station
(MS TECH, Model 4000) and a Wonatech WBCS 3000 potentio-
stat. A chamber (300 uL volume) was designed and used for
solution-based measurements. The CPPyNPs were compressed
into a pellet with a thickness of 1072 cm. The fluorescence
microscope (Olympus, model IX2-RFA) was used for immuno-
detection of hPTHR on the CPPyNP surface. The excitation and
emission wavelengths were 488 and 532 um, respectively.
Images were captured and processed with AnalySIS TS Auto
software. A Bomem MB 100 Fourier transform infrared (FT-IR)
spectrometer was used to confirm the presence of the carboxyl
group (—COOH) of the CPPyNPs. Current changes were normal-
ized as Al/ly = (I — Io)/lo, where Iy is the initial current and / is the
instantaneous current.
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