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ARTICLE INFO ABSTRACT

Keywords:

We demonstrate a bionanoelectronic platform for a supported lipid bilayer formed on an MoS, film for bio-

MoS, sensing, biomolecule recognition, and bioelectronic applications. A large-area MoS, film was synthesized on a

Lipid bilayers
Field effect transistors
Gramicidin A

sapphire substrate and treated with O, plasma or Al,O3 deposition to change the surface from hydrophobic to
hydrophilic. Measurements of fluorescence and fluorescence recovery after photobleaching confirmed the
physical properties of the lipid bilayer on the treated surfaces. We fabricated an electronic device using the

treated MoS, film and characterized the influence of the lipid bilayer on its electrical properties. Furthermore,
transmembrane ion channels peptide (gramicidin A) were incorporated into the lipid bilayer and modulations of
the electrical properties of the device under various pH conditions and calcium ion were observed. This sensitive
and stable platform has strong potential for housing artificial channels and transmembrane ion channels for

advanced bioapplications.

1. Introduction

Biological systems are responsible for complicated functions and
diverse interactions such as signal transmission, data transduction,
energy synthesis, and organism reproduction(Albert et al., 2007). Bio-
logical information is delivered across cell membranes by proton
pumps, ion channels, ion gradients, electrical signals, and biomolecules.
Compared with the mechanism of information processing in nature,
that in man-made devices is much less sophisticated, which poses
challenges related to miniaturization, finite reaction rates and other
problems(Noy, 2011).

Nevertheless, researchers have extensively investigated artificial
biological systems using nanomaterials to produce next-generation
devices. One-dimensional (1D) nanomaterials, such as nanowires and
nanotubes, have been reported as transducing materials for the study of
biomolecules and biosystems on the basis of their size compatibility
with biomolecules and their chemical inertness.

Bioapplications of 1D materials have shown that ultrasensitive and
nanoscale devices are comparable to biomolecules(Kim et al., 2016; Yin
et al., 2018). However, 1D materials have limitations with respect to
synthesis, device fabrication, and mass production because their

* Corresponding author.

thickness, purities, defect concentrations, and -chiralities are un-
controllable. Additionally, surface roughness causes noise because of
curvature, which makes using 1D-material-based devices for biosensors
or bioelectronics difficult(Go et al., 2012).

Two-dimensional (2D) materials have shown strong potential as
transducing materials for sensing biomolecules and bioapplications
because of their low noise, good scalability, ultra-sensitivity, and good
compatibility with biomaterials(Sarkar et al., 2014; Zhang et al., 2017;
Kireev and Offenhausser, 2018; Jiang et al., 2019). MoS,, a re-
presentative 2D transition-metal dichalcogenide, has been studied for
its usage in biosensors such as pH sensors, DNA hybridization detection,
and protein sensors with antibodies(Lee et al., 2015; Qiao et al., 2018;
Kaushik et al., 2019). Unlike graphene with the zero bandgap, the
sizable bandgap of MoS, overcomes the key drawbacks of graphene for
electronic devices and MoS,-based field-effect transistor (FET) offers
superior sensitivity in biosensing applications for specific detection of
biomolecules (Sarkar et al., 2014). MoS,, which has no dangling bonds
at the basal surface and is stable in both water and oxygen media, can
be used with a lipid bilayer that can accommodate artificial channels,
proton pumps, and proteins that transmit biological signals in and out
of cells (Dalila R et al., 2019; Zhao and Dai, 2015). Thus, a hybrid
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structure comprising a lipid bilayer and MoS, could provide a new
biomimetic platform for bridging the gap between biology and elec-
tronics..

Herein, a bioelectronic platform with a supported lipid bilayer (SLB)
and synthesized MoS, is demonstrated for a scalable, reliable, and low-
cost biological toolkit. First, we synthesized MoS, films via chemical
vapor deposition (CVD) and characterized them by atomic force mi-
croscopy (AFM), X-ray photoelectron spectroscopy (XPS), and Raman
spectroscopy. We formed the SLB via a vesicle fusion method on a
hydrophilic MoS, film modified by treatment with O, plasma or Al,O3
deposition. Subsequently, we performed fluorescence measurements
and fluorescence recovery after photobleaching (FRAP) tests to char-
acterize the SLB. MoS,-FETs were fabricated and covered by an SLB that
housed proton channels of a transmembrane peptide (gramicidin A).
The MoS, FETs detected the number of protons in a buffer solution and
changed the electrical properties of the solution under diverse pH
conditions, depending on the presence or absence of the SLB, grami-
cidin A and calcium ion in the solution.

2. Experimental
2.1. Synthesis of MoS,

A 10.5mm x 10.5mm sapphire substrate, molybdenum (VI) oxide
(MoO3), and sulfur (S) powder were prepared for MoS, thin-film
growth. A quartz boat that contained 2 mg of MoOs; powder and sap-
phire was placed in the center of the furnace of a CVD system. Then,
30mg of S powder was placed on the edge of the furnace near the gas
outlet. The furnace was heated to 300 °C with the sample chamber
under argon (Ar) gas flowing at 200 sccm, and these conditions were
maintained for 10 min. The furnace was then heated to 700 °C with Ar
gas flowing at 20 sccm, and these conditions were maintained for
10 min for growth of the MoS; film. Subsequently, the CVD system was
rapidly cooled to room temperature.

2.2. Surface engineering and characterization of the MoS. film

The MoS, surface was treated with O, plasma, which is a physical
treatment, using the inductively coupled plasma (ICP) mode (SNTEK).
The MoS, film was treated with plasma for 5sat a power of 60 W and
an O, gas flow rate of 30 sccm. In a separate experiment, a 30-nm-thick
Al,O3 dielectric layer was deposited onto the MoS, surface via atomic
layer deposition (ALD).

A droplet analyzer (SDL200TEDZD) was used to measure the direct
contact angle, and ~ 1 L of deionized (DI) water was dropped onto the
surfaces. The contact angle measurement was conducted at room tem-
perature and at 5-6% relative humidity.

2.3. Formation of the biomimetic membrane on the MoS; film and
incorporation of gramicidin A

Chloroform solutions of 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissa-
mine rhodamine B sulfonyl) ammonium salt (Rho-PE) were prepared by
Avanti Polar Lipids. DOPC was mixed with Rho-PE at a concentration of
0.01% in a glass vial. The mixture was then dried with N, gas until a
thin film was formed under vacuum for 1h. The dry lipid was rehy-
drated at a concentration of 1 mg/mL in 10 mM phosphate-buffered
saline (PBS). The suspension was treated with the freeze-thaw method
to produce unilamellar vesicles and was extruded in a 200-nm poly-
carbonate filter to obtain uniformly sized vesicles. The surface-treated
MoS, was incubated in the suspension for 30 min at room temperature.
The remaining vesicles in the suspension were removed by washing
with PBS. Gramicidin A (Sigma-Aldrich) was mixed at a molar ratio of
100:1 before solvent evaporation followed by SLB preparation.

Fluorescence microscopy with an oil immersion lens (TE2000-U,
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Nikon) was used to produce the fluorescence images.

The FRAP test was conducted using a multiphoton fluorescence
microscope (Leica TCS SP8 with a water immersion objective lens). The
fluorophores were excited by a 514-nm laser that was controlled with
the PrairieView software. Fluorophores were bleached for 10s, and the
recovery process was imaged every 5s.

2.4. Fabrication and analysis of the lipid bilayer-coated MoS bioelectronic
device

We fabricated water-gated MoS, FET arrays. The FETs were pat-
terned by photolithography and e-beam evaporation. After lift-off, the
substrate was coated with a photoresist to create an open channel
formed by the SLB. We developed a 2-um? area within the MoS,
channel and installed the channel for polydimethylsiloxane (PDMS) as a
reservoir. A reference electrode was used to apply an electric field to the
channel. The electrical performance of the MoS, FETs was measured
with a probe station system (MS TECH 4000, Keithley) at room tem-
perature. The device response in the pH solution as measured at a 0.1-V
source—drain voltage. The buffer exchange in the PDMS reservoir was
limited by the maximum syringe pump flow rate of 500 uL/min.

3. Results and discussion
3.1. Synthesis of MoS,

Fig. 1A shows a schematic of the MoS, synthesis process in the CVD
system, where MoO3 and S powders were used as precursors. When the
temperature increases to 700 °C, the rich sulfur vapor reduces the MoO;
powder to suboxide MoOs_, which is susceptible to sulfurization (Lee
et al., 2012; Zhang et al., 2015). These compounds spread out over the
substrate gradually to form the MoS, film at atmospheric pressure using
high-purity Ar as the transport gas. Moreover, to synthesize a high-
quality MoS, film, we used a sapphire substrate for epitaxial growth
(Dumcenco et al., 2015). As a result, the synthesized MoS, film on
sapphire shows some color contrast compared with the bare sapphire
substrate, as shown in Fig. 1B. The thickness of the MoS, film was
determined by AFM (Fig. 1C). The height of the edge of the MoS, film
was 19 nm, which corresponds to approximately 25 MoS, layers.

We next used Raman spectroscopy to examine the quality of the
prepared MoS, films. The Raman spectrum of MoS, features two pro-
minent peaks: the Ezlg mode corresponding to S and Mo atoms oscil-
lating in the antiphase parallel to the crystal plane and the A;; mode
corresponding to S atoms oscillating in the antiphase out of the plane
(Li et al., 2012). In Fig. 1D, the peaks for the E;, (383.1 cm ™) and Ay,
(408.1 cm ™ ') modes have a peak distance of Ak =~ 25cm™?!, which
indicates that the grown material is a multilayer film. Raman spectra
collected across the MoS; film confirmed the quality of the film and the
possibility of mass producing the electronic platform.

3.2. Surface modified MoS, analysis

Fig. 2 shows the difference between the wetting properties of the
surfaces of bare and treated MoS, films. Because the head section of the
lipid is hydrophilic, it tends to be unstable on the hydrophobic MoS,
surface. Consequently, modifying the MoS, surface was essential before
creating the hybrid structure. We used O, plasma treatment and Al,O3
deposition for surface modification. To confirm the surface energy, we
measured the static contact angle of water droplets on the MoS, films to
indirectly show the wetting properties of their surface.

As shown in Fig. 2A-C, the surface of the as-prepared films was
modified; the contact angle shifted from 89° to 51-58° after the treat-
ments, which transformed the surface from hydrophobic to hydrophilic.
Furthermore, as the power of the plasma was increased from 0 to 100 W
in 20 W increments, the contact angle of the as-grown MoS, decreased
(SI, Fig. S1). This decrease of the contact angle indicates that, with
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Fig. 1. Synthesis and characterization of the large-area MoS,. (A) Schematic of the chemical vapor deposition approach for MoS, synthesis. (B) Photograph of a
centimeter-scale multilayer MoS, film grown on sapphire. (C) Left: AFM image of the multilayer MoS, film. The scale bar is 1 pum. Right: thickness profile along the
line in the AFM image. (D) Raman spectrum of the multilayer MoS, film on sapphire. The laser excitation wavelength was 405 nm.

increasing plasma power, the free energy that determines the extent of
the interaction between the water and the MoS, film surface increased.
On the basis of the magnitude of the contact angle and the integrity of
the MoS, structure, we selected the film treated at 60 W of plasma
power for further characterization.

To characterize the MoS, quality after the plasma treatment, we
used Raman spectroscopy and XPS to characterize the sample before
and after the treatment under 60 W plasma. The equivalence of the
Raman peaks in positions corresponding to the Ezlg and A4, peaks

(A) Bare MoS, (B) Plasma-treated MoS,

(C)

r

~89° (hydrophobic)

~51° (hydrophilic)

A|203 on MOSz

between bare MoS, (black curve) and O, plasma-treated MoS, (red
curve) indicates that the plasma treatment did not influence the Raman
peaks, as shown in Fig. 2D. Because the as-grown MoS, film was thick
(19nm), the damage to the surface from the O, plasma (60 W, 55s)
occurred only within a few top layers of MoS,.

To elucidate the change in chemical composition of the surface of
the MoS, film, XPS analysis was conducted before and after the 60 W
plasma treatment; the results are shown in Fig. 2E. The XPS survey
spectrum of the bare MoS, shows three dominant peaks at 226.9 eV,

Fig. 2. Surface characterization of modified MoS,.
Water contact angles of (A) an as-grown MoS, film,
(B) a plasma-treated MoS film, and (C) an MoS; film
with deposited Al,O3. (D) Raman spectra of the as-
grown and the plasma-treated MoS, films. The laser
excitation wavelength was 405 nm. (E) XPS spectra of
Mo 3d and S 2s binding energies for as-grown (upper)
and plasma-treated MoS, films (lower).
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Fig. 3. Schematic of lipid bilayer formation and fluorescent images of the fluorescein (Rho PE)-labeled lipid bilayer on MoS,. (A) Schematic of the PDMS microfluidic
channel for lipid bilayer formation on a MoS, film. Unilamellar vesicles of the DOPC lipid are fused onto MoS, on the sapphire substrate. (B) No lipid bilayer
formation was observed on an as-grown MoS; film (dark region). (C,D) Lipid bilayer formation was observed on plasma-treated and Al,O3-deposited MoS films (red
region). The scale bar is 20 um. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

229.8 eV, and 232.9 eV, which denote the binding energies of S 2s, Mo
3ds,», and Mo 3d3 5, respectively (Islam et al., 2014; Chow et al., 2015).
However, the O, plasma treatment of the MoS, film generated an ad-
ditional peak at 236.08 eV by forming Mo-O bonds, which indicates the
presence of Mo in its higher oxidation state of Mo®* (Islam et al., 2014;
Chow et al., 2015). As particles with a high energy bombard the MoS,
surface, they create S vacancies because the mass of S is smaller than
that of Mo. Therefore, the defect area can be oxidized in an oxygen-
containing environment. The oxidation process on the surface can be
expressed as 2MoS, + 70, — 2MoO3; + 4SO, (Islam et al., 2014; Chow
et al., 2015). The top few layers of MoS, were oxidized under appro-
priate O, plasma conditions while the underlying layers remained in-
tact, as monitored through measurements of the electrical properties of
the MoS, film. After the plasma treatment, the SLB was successfully
formed on the MoS, surface because MoOj is hydrophilic.

3.3. Fomation of lipid bilayer on MoS; film

Fig. 3A shows a schematic of the lipid bilayer platform on the MoS,
film with the vesicle. The vesicle suspension was prepared with dried
DOPC film and mixed with Rho-PE for fluorescence imaging. The 200-
nm-sized unilamellar vesicles were prepared by the conventional free-
ze-thaw and extrusion method. The PDMS that was patterned with a
microfluidic channel was mounted onto the MoS, film. The syringe
pump injected the lipid suspension slowly, and the film was incubated
for 3h to form the lipid bilayer on the MoS, surface via the vesicle
fusion method (Artyukhin et al., 2005; Chen et al., 2019). The vesicle
was ruptured on the MoS, surface and converted into a planar lipid
bilayer via self-assembly. Fig. 3B-D shows fluorescence images re-
corded after formation of the lipid bilayer. The black region in the
fluorescence image in Fig. 3B is due to the absence of the SLB with the
fluorophore on untreated MoS,; the red regions in Fig. 3C and D in-
dicate the SLB on the MoS, areas subjected to O, plasma treatment and
Al,O3 deposition, respectively.

A FRAP test was conducted to verify the fluidity and mobility of the
lipid molecules. FRAP is a widely used approach to measure the lateral
mobility of lipid membranes formed on a substrate. Kang et al. pub-
lished a brief equation for calculating the diffusion coefficient from

FRAP data (Kang et al., 2012, 2015). They calculated the diffusion
coefficient at one-half of the recovery time and the effective radius (r.)
in a circular region of interest. The effective radius was obtained from
the nominalized post-bleach profile using the half-width at a total
height (K) of 0.86 (SI, Fig. S2). The effective radius was slightly larger
than the nominal radius because the fluorophore-tagged lipid diffused
during bleaching. The equation for the diffusion coefficient (Dpjasma) is

2 2
r, + 1,

D, =
plasma
11/2

where T; /, is the half-time to recovery, r. is the effective radius, and r,,
is the nominal radius (Kang et al., 2012). Fig. 4A and C shows images of
the fluorescence during the recovery process. The fluorescence intensity
of the lipid bilayer recovered by 50-80% in 240 s compared with the
pre-bleaching intensity (Fig. 4B and D). The fluorescence intensities at
two independent bleaching spots are shown in the insets of Fig. 4B and
D; the fluorescence intensity of both films recovered after 7-13 min.
The lipid bilayers showed high mobility; the in-plane lipid molecule
diffusion coefficient in the plasma-treated sample (Dpjasma) measured by
FRAP was 1.53 um?/s within 10% error according to the equation. The
diffusion coefficient (Daj203) of the lipid bilayer on Al,O3 was
3.75um?/s. These results indicate that lipid molecules exhibit good
continuity and fluidity on MoS,, creating a biomimetic environment.

3.4. Bioelectronic platform analysis

To integrate the bioelectronics platform, we fabricated MoS, FET
arrays on sapphire substrates by photolithography and e-beam metal
evaporation with 5-nm-thick Cr and 50-nm-thick Au electrodes. To
operate the device in the water phase, the source and drain electrodes
were encapsulated with 30-nm-thick Al,O3 to prevent a short circuit
due to the electric bias, as shown in the insets of Fig. 5A and B, re-
spectively (Mao et al., 2017). The open channel of the passivated device
was then treated with O, plasma to alter the surface energy. A PDMS
reservoir was constructed to contain the buffer solution, which pre-
vented the SLB from aggregating. The SLB was formed on the surfaces
of both the plasma-treated and Al,Os-encapsulated MoS, films. An Ag/
AgCl reference electrode was installed in the buffer solution as a top-
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Fig. 4. FRAP tests for DOPC SLB with Rho-PE formed on modified MoS,. (A,C) Representative pre- and post-bleaching and recovery fluorescence images of the
plasma-treated and Al,Os-deposited MoS, films. The circular dashed line represents the user-defined bleaching spot with a 25-um radius. The scale bar is 50 um. (B,D)
Plot of fluorescence intensity vs. time within the nominal bleaching region of interest. Inset: same data and fit for the full 30-min measurement.

gate voltage supplier.

The transfer curves of both devices showed n-type transistor beha-
vior under two conditions—without the SLB and with the SLB—as
shown in Fig. 5A and B. The drain current of both devices decreased
after SLB deposition when the water top-gate voltage was increased
because of charge trapping and screening of the electric field by the
SLB. In previous studies, a lipid-bilayer-coated nanowire and nanotube
p-type transistor showed a comparable current decrease because of the
influence of the SLB (Misra et al., 2009; Tunuguntla et al., 2015; Chen
et al., 2019). Moreover, the Dirac point of a graphene transistor after
SLB deposition was positively shifted following a lower current in the
electron regime of the transfer curve than that of the bare graphene
device (Ang et al., 2010).

The MoS, FET with deposited Al,O5 exhibited better sensitivity and
stability than the bare plasma-treated FET with an open channel under
pH 4, 7, and 10 solutions, as shown in SI, Fig. S3. The accumulation of

(A) Plasma-treated MoS, FET
250
200 |
<
£
= 150
g
5
O 100}
£
s sl — wiolipid
— W lipid
0 PR
0.4 0.2 0.0 0.2 0.4 0.6
Gate Voltage (V)

protons on the top surfaces of both device channels by the positive
electric field changed the surface charge and enhanced the electrical
performance (Sarkar et al., 2014). Hence, the dielectric material im-
proved not only pH sensing via protonation between protons and the
functional groups (OH + H* = OHj) but also the stability by func-
tioning as a passivation layer (Sarkar et al., 2014).

Hence, the hybrid structure of SLB on Al,O3-encapsulated MoS, in
Fig. 6A was utilized as a bioelectronic platform to detect selective ions
through insertion of the transmembrane peptide channel like a cell
membrane. The Al,0s-encapsulated MoS, FETs without the SLB (black
line) showed the same trend of pH sensing as that previously observed®,
whereas the device with SLB (red line) exhibited a constant current
because of screening of the interaction between the proton and the
device surface, as shown in Fig. 6B and C. The SLB on the device was
subsequently incorporated with the transmembrane channel, grami-
cidin A, which transports protons. Gramicidin A serves as a passageway

(B) Al,05 on MoS, FET
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Fig. 5. Effect of lipid bilayers on device characteristics. Transfer characteristics of an uncoated MoS, device (blue lines) and lipid-bilayer-coated MoS, devices (red
lines) after (A) plasma treatment of and (B) Al,O3 deposition onto the MoS, FET devices. The insets show optical microscope images of the device chip (A) passivated
with a photoresist and (B) after deposition of Al,O3 onto the MoS, film. The scale bars are 20 um. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)
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Fig. 6. Schematic of the device and pH response of the device with the lipid bilayer and gramicidin A. (A) Schematic of the MoS, FET device after Al,O3 deposition
for bioelectronics. (B) Schematic of the device measurement environment in a pH buffer solution. (C) Real-time measurement of the uncoated device (black line) and
lipid-coated device (red line) in pH 6, 7, and 8 solutions. (D) Real-time measurement of the bare device (black line), the device after incorporation of gramicidin A
(blue line), and the device with the passage of the protein blocked by calcium ions (purple line) in the pH buffer solution. (For interpretation of the references to color

in this figure legend, the reader is referred to the Web version of this article.)

for small monovalent cations to passively transport within the biolo-
gical system, as shown in Fig. 6B (blue line). Thus, the MoS, device was
affected by protons transported through the ion channel in the SLB,
which caused a slight current increase in the device with a lower-pH
solution, as observed in Fig. 6D (blue line). The device was fully cov-
ered with the SLB. Thus, the drain-source current was low: approxi-
mately 10-20% of that of the bare device. The ion channels of grami-
cidin A were blocked by calcium ions (Ca?h) binding at the entrance of
the transmembrane peptide pores, as shown in Fig. 6B (purple line).
The addition of 1 mM of Ca®* ions to the PDMS reservoir caused the
current to change such that the purple line was constant irrespective of
pH (Fig. 6D, purple line). The platform detected the pH change in real
time, and the detection could be controlled by the proton channel and
Ca?™ ion. In the measurements, bionanoelectronic devices could detect
proton signals and selectively convert them to electronic signals via
passive transport of gramicidin A.

4. Conclusion

In summary, we developed the large-scale synthesis of two-dimen-
sional MoS, via CVD process and the fabrication of a stable liquid-gated
MoS, field effect transistor. Although the electronic properties and
stability of the 2D transition-metal dichalcogenides superior in air
ambient is questionable in wet environment, our experiment results
show that for lipid bilayer coating incorporating biomolecules, the
hydrophobic nature of MoS, surface can be tuned by atomic layer de-
position of Al,O3 or plasma treatment, and it makes MoS, transistor a

suitable candidate for nanoelectronic device architecture operating in
an electrolyte environment. We demonstrated for the first time not only
the formation of supported lipid bilayer on the semiconducting MoS,,
but also a proof-of-concept of a 2D bionanoelectronic device based on
lipid/MoS, hybrid to monitor ion channel activity. Although lipid bi-
layer-MoS, device integrated with gramicidin A ion channel was used
for our proof-of-concept study of a bionanoelectronics enabling signal
transduction between biology and electronics, other 2D nanomaterials
and various membrane proteins with sophisticated functionalities can
be utilized for this platform. We believe that our proposed lipid bilayer-
coated MoS, hybrid opens up potential utility of 2D nanomaterials for
bioelectronic platform, but also would pave the way for bioelectronics,
biosensors and cell monitoring applications.
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