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Open-Bandgap Graphene-Based Field-Effect Transistor Using
Oligo(phenylene-ethynylene) Interfacial Chemistry
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Choong-Min Ryu, Dongeun Yong, Yoo Min Park, and Oh Seok Kwon*

Abstract: Organic interfacial compounds (OICs) are
required as linkers for the highly stable and efficient
immobilization of bioprobes in nanobiosensors using 2D
nanomaterials such as graphene. Herein, we first dem-
onstrated the fabrication of a field-effect transistor
(FET) via a microelectromechanical system process
after covalent functionalization on large-scale graphene
by introducing  oligo(phenylene-ethynylene)amine
(OPE). OPE was compared to various OICs by density
functional theory simulations and was confirmed to have
a higher binding energy with graphene and a lower band
gap than other OICs. OPE can improve the immobiliza-
tion efficiency of a bioprobe by forming a self-assembly
monolayer via anion-based reaction. Using this technol-
ogy, Magainin I-conjugated OGMFET (MOGMFET)
showed a high sensitivity, high selectivity, with a limit of
detection of 10° cfumL . These results indicate that the
OPE OIC can be applied for stable and comfortable

interfacing technology for biosensor fabrication. )
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Introduction

In recent years, nanomaterials have been used for nano-
technology and have been developed with various shapes
and sizes, such as nanoparticles, nanotubes, nanowires,
nanorods, and nanosheets. These materials have been
utilized for the development of the sensor platform due to
their excellent electrical properties."! Among the conducting
nanomaterials, graphene is a two-dimensional (2D) carbon
nanomaterial with a zero band gap, sp>hybridized carbon
atoms, and a carbon network with unprecedented proper-
ties, including extraordinary mechanical stiffness, strength,
and elasticity; outstanding electrical and thermal conductiv-
ity; and many others.’”” Recently, graphene was used for
the development of a biosensor platform, and graphene-
based biosensors were developed for the detection and
monitoring of various markers, such as bacteria, viruses,
organisms, antibodies, antigens, and biomolecules. In this
system, organic interfacial chemicals (OICs) were required
for the immobilization of the bioprobe. Although many
OICs, such as n-interaction molecules, free radical deriva-
tives, carbene, nitrene, and aryne have been developed and
utilized for conjugation onto graphene surfaces, m-interac-
tion-based conjugation materials are mostly used as linker
compounds for the fabrication of biosensor platforms.
However, these OICs have a lower interaction energy than
covalent bond-based OICs. In addition, a field-effect tran-
sistor (FET) of the biosensor platform was fabricated by
using a microelectromechanical systems (MEMS), and many
energies, such as the thermal energy, vacuum energy,
physical energy, and sound energy, were required for the
MEMS process. Therefore, the introduction of OICs onto
the graphene surface progressed after the MEMS process
ended.® " The conjugation efficiency of OIC interfacial
compounds onto graphene and the introduction efficiency of
the bioprobe are limited owing to steric hinderance or the
amount of the activated functional group.’ Therefore,
OICs are required to have self-assembly, highly stable
interactions, and high immobilization efficiency, and the
preparation of covalent bond-based OICs is still challenging
due to the need for molecular design with terminal func-
tional groups and new patterning technologies.™!

In this study, the oligo(phenylene-ethynylene) (OPE)
interfacial compound was designed by functionalization of
the amine group at the terminus. A self-assembly monolayer
(SAM) was formed by anion-based reaction of the OPE
with graphene micropatterned (GM) hybridized carbon
atoms." The synthesized OPE was compared with OICs,
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and the interaction energy and binding stability with GM
were determined by performing density functional theory
(DFT) simulations. Based on the results, OPE was theoret-
ically confirmed to be a more stable state with a high
interaction energy over 700 times, and electron transfer
from OPE to GM was observed by analyzing the electron
density difference map (EDDM).'"! The opening of the
band gap was confirmed to occur by covalent bonding
between GM and OPE based on the calculated orbital
energy gap (OEG).'" Moreover, the NH,-functionalized
OPE compound has the advantage of an easier two-step
synthesis process, with interactions with graphene by anion-
based reaction. OPE-based GM (OGM) side-gate system
electrodes were fabricated using a microelectromechanical
system (MEMS), and the properties of the OPE-conjugated
large-scale graphene and OGM were determined using,
spectroscopy, optical, and electronic analyses. Magainin I-
conjugated OGM (MOGM) was fabricated as a biosensor
for application in bacteria detection, and the properties and
real-time performance were determined to confirm the
performance of monitoring as a MOGM field-effect tran-
sistor (MOGMFET). The MOGMFET exhibited high
sensitivity, with a limit of detection (LOD) of 10° cfumL ™,
and a high selectivity in Gram-negative bacteria. Based on
the results, the OPE OIC was shown to be a suitable
interfacial compound for biosensor fabrication.

Results and Discussion

The schematic illustration presents the whole fabrication
process for the MOGMFET system involving covalent
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bonding onto large-scale graphene (Scheme 1). The OPE-
based OIC was first conjugated onto nonpatterned large-
scale graphene on a 4-inch wafer, and then the MEMS
process was performed for fabrication of the side-gated
OGMFET. Magainin I was conjugated with the amine group
of the OPE terminus by amide bonding for the specific
detection of Gram-negative bacteria, and MOGMFETs
were developed. The MOGMFET was exposed to pre-
treated clinical E. coli, and the electrical signal was moni-
tored in real time.

Interfacing compounds were introduced to immobilize
the bioprobe onto the GM surface, and various interfacial
compounds, including diaminonaphthalene (DAN), 1-pyre-
nebutyric acid N-hydroxysuccinimide ester (PANHS), bis(2-
aminoethylene)perylene-3,4,9,10-tetracarboxyldiimide-diac-
id (PDI) and bis(2-aminoethylene)perylene-3,4,9,10-tetra-
carboxyldiimide-diamine (PDA), participated in n stacking
interactions between the aromatic ring backbone and
graphene.”'*1?2 n interactions are a type of noncovalent
interaction; therefore, the interaction energy is lower than
that of covalent bonds. To investigate the interaction energy
and the binding stability, the interacting 3D structures,
electron density and binding energies were calculated via
density functional theory (DFT) simulations (Figure 1). To
investigate the interaction energy between each interfacial
compound and GM, calculations were performed using the
results obtained from DFT simulations. The absolute energy
(AE,,) of the interfacing compounds was —55195.4 eV for
GM, -132482eV for DAN, —34192.7eV for PANHS,
—42659.7eV  for PDA, -518657eV for PDI and
—670.350 eV for OPE (Table S1). Based on these results,
the interaction net energy (AE;,) between GM and each
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Scheme 1. Schematic diagram of the fabrication and monitoring of the MOGMFET system.
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Figure 1. a) 3D structures of HOMO and LUMO and the orbital energy gap (OEG) depending on the DFT simulation results of each interfacial
chemical: DAN, PDA, PDI, PANHS, and OPE. b) Electron density difference map (EDDM) (+0.001 a.u.) results before and after the interaction of

each interfacial compound with GM.

interfacial chemical was calculated via the following equa-
tion [Eq. (1)].

AE, = Ey—[Em + Echen) e8]

where Egy, Egem and E, indicate the absolute energy of
each compound, including GM, and the interaction energy
between graphene and the interfacing compounds. The
calculated AE;, values were —0.0571eV for DAN/GM,
—0.24387 eV for PANHS/GM, —0.1239 eV for PDA/GM,
—0.0708 eV for PDI/GM, and —89.7083 ¢V for OPE/GM.
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For those interfacial compounds, the AE;, of OPE was
found to be higher than 700 times, indicating a stable
interaction state.™ The highest occupied molecular orbital
(HOMO) and lowest wunoccupied molecular orbital
(LUMO) were investigated in the calculations of the OEG
(the independent-particle gap).”?”! The orbital energy gap
was 2.32 eV for DAN/GM, 1.865 eV for PDA/GM, 2.822 eV
for PANHS/GM, 1.816 eV for OEG-based band gap, which
decreased by approximately 80 % compared to the average
OEG of other OICs.! Therefore, gap-opened graphene by
introducing OPE was tuned to be more attractive for FET
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applications due to the increasing performance of electrical
transport.”! EDDM simulations were carried out to deter-
mine the electron dispersion (Figure 1b). The compounds
inducing 7 interactions were observed by the distributed
trend of the electron overall, whereas OPE exhibited a
possible anion-based reaction site at the terminus (active
site; orange circle). Moreover, after interaction with GM,
only OPE showed electron movement to GM due to
possible electron transfer by covalent bonding.*"?!

The OPE compound containing a functional amine
group was designed from DFT simulations, and the total
synthesis scheme consisted of a simple step (Figure 2). The
molecule was synthesized through the Sonogashira coupling
reaction with a palladium catalyst and copper(I) catalyst,
and NH,-functionalized OPE was clearly confirmed by 'H
NMR analysis (Figure S1). The 4-(4-(trimethylsilylethynyl)-
phenylethynyl)aniline compound can be easily obtained to
form a trimethylsilyl protected intermediate product, which
reacted with tetrabutylammonium fluoride (TBAF) to
deprotect silyl ether groups under mild basic conditions.
During deprotection of the trimethylsilyl group, the reaction
of the OPE intermediate involved formation of an ethynyl
anion, which is a strong base or strong nucleophile like an
acetylide.” Accordingly, the ethynyl anion is capable of
bonding to the 2D single layer graphene surface because of
its powerful reactivity (Figure S2). The formation of the
OPE layer was investigated by X-ray photoelectron spectro-
scopy (XPS), and the survey scan spectra displayed a set of
core O 1s, N 1s, and C 1s spectra (Figure 3a). The specific C
1s peaks of the C=C sp* (284.7 eV), C—C sp’ (285.6 eV), and
n-r* satellites (291.1 eV) were observed by fitting the C 1s
core level of pristine graphene, and deconvolution of the
broad C 1s components of OPE-introduced graphene
resulted in C=C sp (283.5 eV), C=C sp* (284.0 V), C—C sp’
(284.9 eV), C-NH, (286.1 eV), and n-n* satellites (288.7 eV)
(Figure S3). The newly sp-hybridized carbon peak appeared
at 283.5 eV with a lower intensity.’” The N 1s spectra were
decomposed into two contributions, and the interpretation
of the N 1s peak of the OPE revealed two representative
peaks at 401.8 eV and 399.6 eV assigned to the NH;* and
NH, groups, respectively. (Figure 3b).”"! Evidence for the
OPE-introduced graphene was provided by confirming the
gradual shift toward lower binding energies than pristine
graphene due to the amino functionalization on the
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Figure 2. Synthesis schematic diagram of OPE OIC.
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terminus. Raman spectroscopy was performed to investigate
the successful covalent bonding of OPE onto graphene, and
the spectra indicated the introduction of the linear aromatic
molecule on the graphene surface (Figure 3c). Pristine
single-layer graphene showed a G peak (1584 cm™") and 2D
peak (2638 cm™') due to the E,, vibrational mode of sp*
bonded carbon and a second-order vibration by the scatter-
ing of phonons at the zone boundary, respectively.”>** The
intensity ratio of the 2D peak to the G peak (I,p/I;) showed
ideal monolayer graphene (approximately 1.99). After
covalent bonding by OPE, a change in the spectra was
observed, with the appearance of the D band (1333 cm™)
and decrease in the intensity of the 2D band. The generated
D band indicates the A;, mode breathing vibration of six-
membered sp” carbon rings, and the neighboring sp? bonded
carbons were changed to the sp’ hybridized carbon of
graphene.™ The D band was integrated with the D* band
(1625cm™), and the D+D* band was observed at
2916 cm™'. Although in the spectra of the OPE-functional-
ized graphene, there was no obvious band shift, the full
width at half-maximum (FWHM) increased from 26 cm™' of
pristine graphene to 41 cm™".P¢

To investigate the topography, Cs-corrected high-reso-
lution field emission-transmission electron microscopy (Cs-
corrected FE-TEM) analysis was performed before and after
OPE introduction on the graphene. For pristine graphene,
the image exhibited perfect hexagonal patterns and a
uniform hexagonal lattice, and (111) planes were observed
in the selected area electron diffraction (SAED) image
(Figures 3d, inset, and S4a). In particular, the observation of
the (111) plane was significant owing to the covalent
bonding of OPE on graphene.**! After the introduction of
OPE, the topography changed to different symmetrical
patterns, including an aromatic ring in a vertical structure
and an amine group at the terminus (Figure 3e). The
additional diffraction patterns were confirmed to result from
the surroundings of the graphene (111) plane (Figures 3e,
inset, and S4b). Therefore, the covalent bonding between
OPE and graphene was demonstrated by the SAED pattern
image. The formation of uniform OPE SAMs was verified
by the optical change of large surface morphology and
hydrophilicity on the sample surface with the contact angle
measurement (Figure 3f). The graphene surface showed a
significant difference before (§=88.5°) and after (6=60.5°)
surface coating. In particular, those parameters (four points
each) over large areas showed similar hydrophilicity within
the deviation of 5°. The hydrophilicity after OPE introduc-
tion was increased compared with that of pristine graphene
due to the NH, functional group of the terminus OPE.

Fourier transform infrared (FT-IR) spectroscopy was
performed to investigate NH,-functionalized OPE conjuga-
tion on graphene. (Figure 3g). Several peaks attributed to
nitrogen-containing functional groups appeared at 1284,
1616, 1230 to 1020, and 2210 cm™', corresponding to the
N-H stretching vibration, N-H bending vibration, C-N
stretching vibration, and C=C stretching vibration,
respectively.’® However, in the spectra of the pristine
graphene, the most dominant peaks were =CH, asymmetric
and symmetric stretching at 2915 cm™" and 2850 cm™."! The
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Figure 3. Characterization of graphene before and after OPE introduction. a,b) XPS survey and N 1s narrow spectra and c) Raman spectra
depending on the OPE introduction. d,e) TEM and SAED images. f) AFM and contact angle (inset) images of the surface of pristine graphene and
OPE-introduced graphene. g) FT-IR spectra. h) CV curves in 0.1 mM NaClO, solution at a scan rate of 0.1 V/s. i) Nyquist plots of OPE-NH,-GM
and the bare graphene loaded electrode obtained in the range from 0.05 Hz to 100 kHz at a representative potential of 0V in 0.1 mM NaClO,. The
electrical properties j) I-V curves, k) transfer curves, |) carrier mobility through the Hall effect measurements toward each OIC.

stretching and bending vibrations of the C—H bond were
observed at 833 cm™' and 672 cm™!, respectively. The peak
at approximately 1519 cm ™' was attributed to C=C stretching
from pristine graphene.

Cyclic voltammetry (CV) and electrochemical impe-
dance spectroscopy (EIS) were performed to investigate the
electrochemical properties, such as surface variances and
impedance. The oxidation and reduction peaks were
observed in 0.203 V and - 0.256 V due to the surface change
depending on the covalent bonding of OPE OIC on the GM
(Figure 3h). The density of covalent bonding was calculated

Angew. Chem. Int. Ed. 2022, 61, €202209726 (5 of 9)

by integration of the CV curve, and peaks were observed at
3.4876 molnm 2 for oxidation and 3.8289 molnm™? for
reduction. The semicircle was enlarged from pristine GM
(1.369 kQ) to OGM (1.863 k1), which indicates that the
impedance responses (R, in the surface change depend on
OPE introduction (Figure 3i and S5). The current-voltage
(I-V) curves showed the ohmic connection toward GM and
OGM in the range of —2.5 to +2.5 V (Figure 3j). Although
the slope (dZ/dV) decreased from 1.810 to 0.883, which was
the clear phenomenon of the introduction of OPE. The
transfer curve measurements were carried out to investigate

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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the additional electrical properties (Figure 3k). The Dirac
point was negatively shifted from 0.75V (GM) to 0.65V
(OGM) owing to the n-doping effect by electron transfer
based on the DFT simulation and EDDM. The carrier
mobility toward each OIC was obtained by measuring the
Hall effect, and the mobility of OPE/GM was highest at
0.9848, 0.3717, 0.3618, 1.293, and 9.799 dm*Vs ™' for DAN/
GM, PDA/GM, PDI/GM, PANHS/GM, and OGM, respec-
tively (Figure 31). Moreover, the Hall coefficient was higher
at 325 cm®C~! than other OICs, and OGM showed the best
electrical properties among the various OICs (Table S3).
The results of the Hall effect measurements showed the
excellent electrical properties of OGM. In addition, the
hysteresis was measured to comparison the stability in FET
system (PBS, pH 7.0) toward all OICs. OPE showed the
lowest variance as 0.16 V of the shift of Dirac point
(Figure S6). These results were the effect of covalent
bonding and electron transfer.

Figure 4a presents the fabricated electrodes. The side-
gated OGMFET was fabricated by 4-inch wafer-scale
electrodes using the MEMS process. A side-gate was formed
onto the coplanar with source/drain electrodes, and the
channel consisted of the OPE conjugated-GM. To confirm
the bonding of magainin I to the OGMFET terminus, the
current-voltage (/-V) curve was measured to confirm the
conductivity change in the range of —2 V to 2 V (Figure 4b).
The curves appeared linear and were slightly decreased
from 1.38 to 1.2 upon conjugation of magainin I with the
amine group of the OPE terminus. Although the conductiv-
ity (AI/AV) was decreased by functionalization, the curves
followed Ohm’s law and maintained ohmic behavior.?**#!
Figure 4c illustrates the 3D structures and the amino acid
sequence of magainin I for the specific detection of Gram-
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negative bacteria. In particular, the red circles indicate the
specific binding site as cationic groups, such as Lys4, His7,
Lys10, Lys11, and Lys14,

which interact with the negatively charged membrane of
Gram-negative bacteria. Therefore, the sensing mechanism
was based on the charge interaction due to having a net
charge of magainin I being positively charged, and the
membrane of E.coli was formed and killed by AMP
interaction.”*! The schematic illustration displays the
magainin I-conjugated side-gated OGMFET (MOGMFET).
The system consisted of source/drain and coplanar side-gate
electrodes for supplying the voltage (Figure4d). The
chamber was placed on the channel and was immersed using
PBS pH 7.4 as a dielectric. The formation of a field effect by
supplying the gate voltage was supported and promoted
from a dielectric material. The output curves (I4—Vy,) were
obtained by varying the gate voltage, which was observed to
have the p-type property of negatively increasing the current
following a negative increase in the gate voltage range of
0.2 Vto —1V, as shown in Figure 4e. These results indicated
that the charge carrier was based on the hole and exhibited
the p-type characteristic transistor, which was a suitable
platform for biosensor applications. In particular, n-type
transistors cannot be utilized for biosensors due to the
occurrence of damage to biomolecules by radicals.””! The
transfer curves indicated the charge density and the move-
ment of the Dirac point (Figure 4f). The OGMFET
displayed a Dirac point at 0.35 V, while the Dirac point was
negatively shifted to 0.15 V (AV,=—0.2 V) after magainin I
conjugation due to the positive charge of magainin I. These
results indicate that the doping effect depends on the
obvious immobilization via amide bonds onto the OGMFET
of the bioreceptor.*!

b _ c
2 |=—OGMFET H-Gly-lle-Gly-
SMFE Lys-Phe-Leu-
- 1‘_ His-Ser-Ala-
E 0 Lys-Lys-Phe-
£ _1; Gly-Lys-Ala-
1 — diidV =138 Phe-Val-Gly-
-2-: o — 20 | Glu-lle-Met-
-2 -1 0 1 2 Asn-
V(V)

Vs (V)

Figure 4. a) Optical image of the fabricated electrode from OPE-conjugated large-scale graphene. b) I-V curve before and after magainin | was
introduced into the OGMFET. c) 3D structure and sequence of magainin I. d) Schematic illustration of the MOGMFET based on the side-gate
system, which consisted of a source/drain and side-gate. e) Output curves of the MOGMFET depending on various gate voltage ranges of V,=—1
to 0.2 V (V4 =0to —0.5). f) Transfer curve change depending on the magainin | introduction (Vg =—10 mV).
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The illustration scheme displays the sensing mechanism
and the variance in charge density in the GM channel
(Figure 5a). Gram-negative bacteria have a negative charge,
and magainin I has many positive charges.”’ Therefore, the
binding between magainin I and E. coli was mediated by the
charge interaction, and the membrane of E.coli was
immobilized on the magainin I-specific binding site shown in

=0
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j 3
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3 o
Hole carrier
C
61— e 10% cfu/mL 8] — c-MoGMFET
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Figure 5. a) lllustration of the interaction mechanism between magai-
nin | and E. coli. b) Real-time responses to various concentrations of
E. coli in the C-MOGMFET, N-MOGMFET, and OGMFET. c) Calibration
curves of the C-MOGMFET, N-MOGMFET, and OGMFET. d) Specificity
of the C-MOGMFET and OGMFET toward nontarget bacteria (Gram-
positive bacteria; S. aureus and E. faecium) and target bacteria (Gram-
negative bacteria; E. coli).
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Figure 4c."** In addition, the charge carrier (hole) was
collected in the channel of the MOGMFET after interaction
with E. coli due to its negative charge. Therefore, the
current was positively increased depending on the inter-
action amount of E. coli. To confirm the detection perform-
ance of the MOGMFET, the side-gated FET system was
developed by MEMS technology, which carried out real-
time measurements of E. coli exposure depending on the
concentration (Figure 5b). An increased current level of the
MOGMFET was observed with increasing concentration,
which shows the different current change ratios. The
normalized current variance was established by the follow-
ing equation [Eq. (2)]:

Al/ly = (I-1y)/1, 2)

where [ and ], indicate the immediately current change after
the exposure of target bacteria and the stable current level
before exposure. To measure the reactivity, buffer injection
was performed as a control experiment, which showed no
significant signal, and then the cultured live E.coli was
injected into the MOGMFET. The MOGMFET was
exposed to various concentrations from 10° to 10* cfumL™,
and the variance in the current level was observed at
10°cfumL™ and showed a dynamic range from 10° to
10° cfumL™'. The LODs were 10° cfumL™, and the detec-
tion time was observed to be ca. 10 s (Figure S7).

Moreover, the activity depending on the direction of
magainin I was compared with the N-terminus-based
MOGMFET, which presented lower sensitivity than the C-
terminus MOGMFET. The positively charged amino acids
of Magainin 1 as o-helical antimicrobial peptides are
interacted via electrostatic attraction with the negatively
charged phospholipids of the membrane of E. coli. However,
the decreased sensitivity exhibited the interference influence
by the residues of the including amine of the N-terminus
surroundings.****) The OGMFET showed no significant
electrical signal after exposure to E.coli. Based on the
results, the concentration curves were obtained by normaliz-
ing the sensitivity from Figure 5b (Figure 5c¢). The K values
were calculated based on the Langmuir isotherm equation

[Eq. (3)]:*
N=C/(1/K+C) 3)

The binding affinities were 5.256x 107 mLcfu™ and
2.503x 10 mLcfu™ for the C-MOGMFET and N-MOGM-
FET, and the C-MOGMFET was confirmed to have a 2-fold
higher binding affinity than the N-MOGMFET. To inves-
tigate the specific detection, S. aureus and E. faecium were
exposed to the OGMFET and MOGMFET (Figure 5d). The
OGMFETs showed no response toward any bacteria, and
the MOGMFETs exhibited no response toward Gram-
positive bacteria at 10’ cfumL™". E. coli at 10° cfumL™" was
detected by the C-MOGMFET, and this platform showed
excellent selectivity toward interference from different
bacteria. In addition, the performance of the repeatability
and the reproducibility were evaluated toward C-MOGM-
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FET using each bacterium over 5times. The results
exhibited high-selectivity, high-repeatability (Figure S8).

Conclusion

In summary, we synthesized a novel interface, OPE,
including a functional group for covalent bonding on
graphene, and successfully performed biosensor applica-
tions. The perfect covalent bonding between OPE and
graphene was confirmed using surface and electrical analy-
sis; in particular, the SAMs of OPE on graphene were
clearly observed by TEM. In addition, the higher stable
binding energy of OPE than other OICs was investigated
using DFT simulation. Based on the results, the MEMS
process was directly carried out for the fabrication of the
OGM electrode, and magainin I as a bioprobe was clearly
conjugated using an amide bond with an amine group of
OPE. The clinical samples were exposed to MOGMFET,
and these performances showed high sensitivity of
10° cfumL " LOD toward the target clinical sample and high
selectivity toward other clinical nontarget samples. There-
fore, OPE compounds can be provided for the comfortable
modification of graphene for biosensor applications.
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