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ABSTRACT: The emergence of rapidly expanding infectious BB SARS-CoV-2 Antibody, ‘w&g —~
diseases such as coronavirus (COVID-19) demands effective N J47 02 sas Cov-2

| i Monolayer [ === MUA < 2. L Spike Protein
biosensors that can promptly detect and recognize the wse, w
pathogens. Field-effect transistors based on semiconducting % 586 %b
two-dimensional (2D) materials (2D-FETs) have been identi- %t

fied as potential candidates for rapid and label-free sensing Source

Add Various Spike >

applications. This is because any perturbation of such cat¢ concentration \
atomically thin 2D channels can significantly impact their i \* I \
electronic transport properties. Here, we report the use of FET 3 L ]
based on semiconducting transition metal dichalcogenide ‘ el
(TMDC) WSe, as a promising biosensor for the rapid and Nospike | |

sensitive detection of SARS-CoV-2 in vitro. The sensor is Drain Time (s)

created by functionalizing the WSe, monolayers with a

monoclonal antibody against the SARS-CoV-2 spike protein and exhibits a detection limit of down to 25 fg/uL in 0.01X
phosphate-buffered saline (PBS). Comprehensive theoretical and experimental studies, including density functional theory,
atomic force microscopy, Raman and photoluminescence spectroscopies, and electronic transport properties, were performed
to characterize and explain the device performance. The results demonstrate that TMDC-based 2D-FETs can potentially serve

as sensitive and selective biosensors for the rapid detection of infectious diseases.
KEYWORDS: SARS-CoV-2 spike protein, COVID-19, field-effect transistors, biosensors, 2D materials

INTRODUCTION

The world is continuously subject to the threat of highly
contagious infectious diseases, some of which can be fatal or
extremely detrimental to human health and societal
interactions. For instance, in late 2019, coronavirus disease
(COVID-19) produced by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) became a global
public health threat. This virus quickly spread to most
continents owing to the unavailability of appropriate therapy
and diagnostics systems and was therefore categorized as a
pandemic in March 2020." Despite the tremendous progress in
vaccine developments by a few pharmaceutical companies
(e.g., Pfizer and Moderna), curbing the outbreak of the disease
has been hampered by the production and distribution of
drugs and vaccines as well as the emergence of new virus
strains. Therefore, particular attention must still be given to
developing diagnostic tools to quickly detect viruses such as
SARS-CoV-2. Commonly, the real-time reverse transcription-
polymerase chain reaction (RT-PCR) provides the only
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specific diagnostic test for the detection of COVID-19, based
on the unique sequences of the virus RNA.> Several types of
RT-PCR SARS-CoV-2 kits have been produced and approved,
but the test is very time-consuming. Therefore, having
alternative effective, rapid, and low-cost sensors for detecting
viral antigens without sample preparation is crucial.”~>
Field-effect transistors (FET) have been attractive options
for designing rapid, sensitive, and selective biosensors® that
require a small number of test targets”” for clinical diagnosis,
on-site detection, and point-of-care testing.”'® For example,
recently graphene-based FET biosensor has proven to be a
rapid device for identifying SARS-CoV-2 spike protein with a
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Figure 1. Schematic diagram of the fabricated monolayer WSe,-based FET COVID sensor. Monolayer WSe, crystals were used as the sensing
material, interdigitated electrodes were fabricated on the crystals, SARS-CoV-2 antibody was immobilized onto the WSe, crystals via 11-
mercaptoundecanoic acid (MUA), which was activated with n-hydroxysuccinimide (NHS) and carbodiimide hydrochloride (EDC) solution.
The 2D-FET system could then sense the SARS-CoV-2 spike protein based on the corresponding effects on the electrical transport

properties.
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Figure 2. PL spectra (a,c,e) and their corresponding emission wavelength shifts at each condition (b,d,f) of monolayer WSe, crystals
functionalized by immersing into MUA/ethanol solution at room temperature. Columns correspond to the different time intervals of
immersion (from top to bottom: 6, 12, 24 h). Spectrum colors denote the different concentrations (S, 10, 20, 50, and 100 mM). Higher
MUA concentration and time resulted in a larger PL emission blue-shift.

limit of detection (LOD) of 1 fg/mL."" Although graphene has
high electron mobility, because of the graphene’s near-zero
bandgap, the off-state current leakage in graphene-based
biosensors might increase, resulting in false signals.'"* Beyond
graphene, semiconducting two-dimensional (2D) transition
metal dichalcogenides (TMDCs) have recently emerged as
promising materials for biosensing'* among other applica-
tions'> > because of their promising optical, electrical, and
mechanical properties.”' ~>® TMDCs have exhibited relatively
larger tunable bandgaps ranging from a few millielectron volts
(meV) to a few electron volts (eV) depending on the 2D

. 127,28
materials,

resulting in a reduced off-state current and better
signal-to-noise ratios. Among the family of TMDCs, tungsten
diselenide (WSe,) with 1.67 eV bandgang’30 has shown the
lowest detection limits and highest linear-regime sensitivities
compared to, for example, molybdenum disulfide (MoS,) for
detecting streptavidin.”' Moreover, monolayer WSe, crystals
possess stronger absorption and higher surface activity than
their multilayers, thereby enhancing the efficiency of the
detection.”” On account of these attractive properties as well as

large surface areas and direct interaction with the molecules,
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Figure 3. AFM images and line profiles of the monolayer WSe, crystals prior to and after MUA functionalization. A pristine monolayer WSe,
image (a) shows a clean and uniform topography with the line profile (c) of about ~0.7 nm corresponding to a single layer crystal. MUA-
functionalized monolayer WSe, image (b) with a line profile of about 2.7 nm indicates full coverage of one vertically standing monolayer
MUA on the WSe, crystal. (e) Schematic of MUA monolayer on top of WSe,. (f) The density of states near the Fermi level of the full system
(black) and the MUA (red) show that MUA states reside outside the band edge suggesting no charge transfer between the pristine TMDC
and the molecule. Fermi level is placed (Eg) at the valence band edge of WSe,.

few-atom-thick TMDC crystals hold great potential in
biosensing applications.”” >

In this study, we established the fabrication of 2D-FET
biosensors using monolayer WSe, crystals for the detection of
SARS-CoV-2 spikes proteins, as sketched in Figure 1.
Monolayer WSe, crystals were functionalized with SARS-
CoV-2 antibody as the base sensing platform employing 11-
mercaptoundecanoic acid (MUA) as a probe linker. The FETs
were fabricated by photolithographically defining interdigitated
contact electrodes (i.e., source and drain) on the monolayer
WSe, crystals combined with ionic liquid gating. We then
tested the fabricated 2D-FET sensor for various SARS-CoV-2
spike protein concentrations down to 2S5 fg/uL. Experimental
and theoretical studies, including density functional theory
(DFT), Raman and photoluminescence (PL) spectroscopies,
atomic force microscopy (AFM), and electronic transport
properties were performed to monitor the optical and electrical
response of the device at various stages of the fabrication and
performance characterization to explain the observed phenom-
ena.

RESULTS AND DISCUSSION

Concentration and Time Effect. A critical step in
developing the FET-based biosensors is to functionalize the
surface of the active materials for improved biomatrix/channel
interface. Recent studies have reported various self-assembled
monolayers (SAMs) of organic disulfides, alkanethiols, and
sulfides, which are strongly adsorbed on different metals and
TMDCs.*® To enhance the interaction between the bio-
molecules and the WSe, crystals in our 2D-FET biosensor, we
functionalized the samples using a two-step process.”” In the
first step, the chemical linker 11-mercaptoundecanoic acid
(MUA) was attached to the surface of the WSe, crystals. The
SH terminated end of the MUA molecule strongly interacts
with the chalcogen atoms and preferably vacancy sites on the
surface of the WSe, crystal and attaches to its surface. The
upper-end carboxyl group of the MUA molecule is then
activated to form n-hydroxysuccinimide ester by exposure of
MUA assembly to n-hydroxysuccinimide (NHS) and carbo-
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diimide hydrochloride (EDC) solution at room temper-
ature.”®” The active ester is susceptible to nucleophilic attack
and will then react with amino groups provided by antibodies,
leading to the formation of an amide bond.”” This technique
has also been reported by other groups’”*’ as an effective
approach for connecting antibodies to various metals and
TMDC materials.

To determine the optimum concentration and time needed
for a successful conjugation, WSe, samples were immersed into
various concentrations of MUA/ethanol (S, 10, 20, 50, and
100 mM) at different reaction times (6, 12, 24, and 30 h) at
room temperature on an orbital shaker. We also evaluated
several NHS/EDC ratios and reaction times to find the
optimum activation conditions. Since the optical and electrical
properties of such atomically thin 2D materials can be
significantly altered depending on the surrounding medium
and surface adsorbents, we monitored and analyzed the
changes in the PL and Raman spectra of the samples at each
step of the process.

Before the surface modifications, the peak wavelength of PL
spectra of the as-synthesized WSe, crystals were at ~750 nm,
as shown in Figure 2a,c,e (black lines). This is the typical
emission wavelength of the WSe, crystals as also reported by
others.”' ™" After functionalization of the WSe, surface with
MUA molecules, we observed a clear blue-shift trend toward
~715 nm in the PL emission wavelength as a function of MUA
concentration and interaction time. In general, higher MUA
concentrations and longer interaction times resulted in a larger
blue-shift until saturated at ~715 nm, as labeled in Figure
2a,ce. The amount of PL shifts as a function of MUA
concentration for each time interval is plotted in Figure 2b,d,f.

The self-assembled monolayers (SAM) of MUAs on WSe,
crystals may occur by a combination of processes, which
include chemisorption and physisorption. First, the chem-
isorption takes place when the S™ of the MUA bonds to the Se
vacancies in the WSe, crystals over time until all the vacancies
are filled.** Simultaneously, this process heals defect states that
may contribute to the elimination of midgap states. The rest of
the surface is then uniformly coated with MUA molecules that
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are physisorbed via van der Waals (vdW) interactions with
other molecules and the TMDC surface. The possible causes
of the blue-shift are* the enhanced dielectric environment
upon coating,*® the sulfur filling of the Se vacancies and
formation of a quasi WSe,_,S, structure on the surface,”’ and
the removal of the defect levels. The Raman spectra of samples
prepared at different conditions showed similar fingerprints
with no significant variations (see Supporting Information),
indicating the maintained integrity of the crystals during the
process.

The AFM experiments were performed on WSe, samples
before and after the MUA coating process. As presented in
Figure 3a,, the as-synthesized WSe, crystal showed a very
clean surface with a height profile of ~0.7 nm, expected for
monolayer crystals."**” For the AFM of the MUA coated
sample, we chose to measure a coating condition that resulted
in the maximum PL blue-shift (e.g, 100 mM for 24 h). As
shown in Figure 3b,d, a uniform coating of the MUA on the
entire crystal with a height profile of 2.8 nm + 0.3 nm was
observed (see Supporting Information). We modeled the
MUA monolayer on top of the pristine WSe, monolayer using
first-principles within the density functional theory (DFT), as
presented in Figure 3e. Consistent with the AFM experiments
and previous reports on the MUA length (~1.7 nm),””*" this
model yielded a height of 2.56 nm after accounting for the
physical distance (2.25 nm) and vdW radii of H and Se (0.31
nm). We note that for the high-density limit of MUA
molecules, interactions with adjacent molecules favor the
vertical orientation that result in the MUA SAM. In addition,
as shown in Figure 3f, analysis of the density of states (DOS)
near the Fermi level indicates that the orbitals of MUA
molecules reside outside the gap of the TMDC and, hence, no
charge transfer is expected between the two components.

To optimize the activation process, we also examined three
different NHS/EDC volume ratios (15 mM/75 mM, 100
mM/400 mM, and 100 mM/750 mM) and two different
reaction times (3 and 6 h). We noticed that different ratios and
molarities of NHS and EDC (15 mM/75 mM, 100 mM/400
mM, and 100 mM/750 mM) at different time intervals (3 and
6 h) did not show a significant difference in the PL data.
Therefore, we choose the middle parameters of NHS, 100 mM,
and EDC, 400 mM, at 6 h as a final concentration which was
also used by others.”

After the activation process, we immersed the samples into a
SARS-CoV-2 antibody solution, followed by the introduction
of the SARS-CoV-2 spike protein (details are provided in the
following sections) with different concentrations. Measure-
ments of their optical characteristics revealed that the antibody
and spike addition slightly red-shifted (~5S—10 nm) the PL
emission wavelength. Figure 4 shows a large blue-shift in the
normalized PL spectra of the samples after immersion in the
MUA/ethanol solution and minor subsequent red-shifts after
antibody and spike additions. This could find its origins charge
transfer/doping process from the antibody and spike to the
WSe, monolayer but confirmation would require a more
comprehensive study.

Fabrication and Characterization of 2D-FET Biosen-
sor. The 2D-FET biosensor in this experiment was designed
based on interdigitated contact electrodes placed on the WSe,
crystals to increase the detection area, as depicted in Figure 1.
The optical image of an interdigitated 2D-FET sensor
fabricated in this work is shown in Figure Sa. In general, the
size of the synthesized WSe, crystals was in the range of 20—40

—— pristine WSe,
—— with MUA
—— with NHS/EDC
—— with antibody
—— with spike

Intensity (a.u.)

fl 1 Il

650 700 750 800 850
Wavelength (nm)

Figure 4. Normalized PL spectra of the pristine WSe, (black curve)
and after MUA attachment (red curve), NHS/EDC (blue curve),
antibody attachment (green curve), and spike addition (pink
curve).

um, and triangular crystals were randomly dispersed on the
surface. The interdigitated source and drain electrodes were
photolithographically patterned onto regions of the 2 X 1 cm*
Si/Si0, substrates where the most WSe, crystals were located.
Therefore, the effective sensing areas were different for each
sample based on the number of WSe, monolayers connected
between the interdigitated source and drain contacts.

Electrical transport characteristics in the fabricated devices
were monitored as a function of SARS-CoV-2 spike protein
concentration. In this step, we first measured the electrical
properties of devices with pristine WSe, monolayers prior to
the addition of test solutions and molecules. The devices were
gated using ionic liquid (0.01X PBS in deionized water) that
enabled the addition of the SARS-CoV-2 spike protein directly
into this solution for the exposure and detection process.
Figure Sb shows the Ipg—Vpg curves of the 2D-FET for the
gate-to-source voltage (V) ranging from —1 to 0 V in steps of
0.1 V. As Vg negatively increased, Ipg amplitude increased,
corresponding to an expected p-type semiconductor behavior
of WSe, crystals.>~>° Positive Vg values were not used since
they caused the device to turn off. From this experiment, we
choose a gate voltage of —0.5 V for subsequent measurements
since it effectively turned on the device and was below the
breakdown voltage of the PBS/water ionic solution for the
tested configuration.

After measuring the electrical properties of the pristine WSe,
sample, the crystals were functionalized by MUA and the Ipg—
Vps behavior was remeasured. Finally, the SARS-CoV-2
antibody and spikes were added, and the I—Vpg behavior
was measured again. Figure 5S¢ shows the Ip,—Vpg curves of the
device before and after the MUA functionalization of the WSe,
channel and after the attachment of the antibody and spike
protein. We also measured the Ig—V(g transfer curves of the
WSe,-based FET after each modification process, as shown in
Figure S5d. Following the MUA functionalization, the
amplitude and slope of the Ipg curve significantly decreased,
suggesting a reduction of the number of mobile charges in the
device channel. After the addition of the SARS-CoV-2
antibody and spikes, the device’s current amplitude and its
slope slightly increased again.
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Figure 5. Electrical characterization of pristine WSe,, MUA-modified, and SARS-CoV-2 antibody and spike protein immobilized on WSe,
crystals. Optical images of the WSe, COVID-19 2D-FET sensor (stitched images) and a close-up view showing the triangular 2D WSe,
crystals in between the interdigitated electrodes (a). Ing—Vp curves of a pristine WSe, FET with various gating voltages (V) from —1 to 0
Vin 0.1 V steps (b). Ing—Vpg curves (c) of the WSe,-based device at each functionalization process, including pristine (black curve), with
MUA (red curve), and with antibody and spike (blue curve). Corresponding Is—Vg curves (d) of the sensor with Vg = 1 V.
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Figure 6. Schematic of MUA adsorbed on a selenium vacancy site (V) in the WSe, monolayer (a). Band structure and corresponding DOS
of WSe, crystal with single Vg, (b) and with adsorbed MUA molecule (c). To facilitate comparison, energies are referred to the valence band
edge (Ey). The red symbols in (c) denote the contributions from localized atomic orbitals in the MUA molecule. The defect level located at
~1.3 eV above the valence band edge is removed upon functionalization.

Our DFT calculations shed light on a possible mechanism
leading to decreased conductivity upon MUA functionaliza-
tion. Namely, the Se vacancies that result in p-type behavior of
WSe,”**® may serve as a docking site for MUA molecules
(Figure 6a). In this scenario, the Se vacancy (V) and nearby
dangling bonds become compensated by the S atom and H
atom from MUA and remove the midgap states, as shown in

11465

Figure 6b,c. As a result of the MUA chemisorption, the p-type
behavior of the device due to the vacancy filling becomes
weaker.”' The slight increase after the addition of the SARS-
CoV-2 antibody and spikes is possibly due to charge transfer
processes.

Real-Time Detection of SARS-CoV-2 Antigen Spike
Protein. After understanding the transport characteristics at
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Figure 7. Real-time detection of SARS-CoV-2 antigen spike protein. (a) Real-time response of WSe, COVID-19 2D-FET for various SARS-
CoV-2 antigen spike protein with (red curve) and without antibody (blue curve) using Vpg = 1 V, Vg = —0.5 V. (b) Comparing
corresponding response plot for ionic liquid (0.01X PBS) with and without SARS-CoV-2 spike protein. (c) Selective response of COVID-19
FET sensor toward target BSA and SARS-CoV-2 antigen protein.

various stages of the process, we investigated the real-time and sensitive detection of SARS-CoV-2 in vitro. The ability to
response of the devices with different concentrations of spike easily functionalize the surface of these atomically thin
protein (Figure 7) to evaluate our COVID-19 2D-FET sensor monolayers with MUA allows for the production of selective
performance. First, spike protein with different concentrations biosensor devices targeting different infectious diseases. Using
was prepared, and the final concentrations on the device were experimental and theoretical studies, we showed that the MUA
calculated after adding each drop for measurement (e.g., 25 fg/ molecules vertically self-assemble on the surface of the WSe,
uL, 200 fg/ulL, 1.66 pg/uL, 14.3 pg/uL, 125 pg/uL, 1.11 ng/ crystals. The MUA functionalized samples were further
uL, and 10 ng/puL) (see Supporting Information). The device’s characterized by monitoring the optical and electrical proper-
real-time output as a function of spike concentration was then ties. The adsorption of the MUA molecules onto the WSe,
measured by dropping 8 uL of the solution onto the device, as crystals resulted in a clear blue-shift in PL spectra from ~740
shown in Figure 7a,b. Clear stepwise changes were observed to ~720 nm. Results were rationalized using DFT calculations
(red line in Figure 7a) for the device functionalized with the in terms of MUA chemisorption and physisorption processes
SARS-CoV-2 antibody, indicating an effective interaction of on the surface of these TMDCs. The 2D FET sensors in this
SARS-CoV-2 spikes protein with the antibodies. The device work were created by fabricating interdigitated electrodes on
without the antibody showed only a slight change after monolayer WSe, crystals followed by functionalizing the MUA
introducing various spike concentrations (blue line in Figure on the WSe, monolayers with a monoclonal antibody against
7a) that was well-below the response of the device with the the SARS-CoV-2 spike protein. We demonstrated the
antibody. This evidence indicated that the SARS-CoV-2 detection down to 25 fg/uL in 0.01X PBS that may be further
antibody plays an important role in the efficient interaction improved upon device optimization. Because of the current
and detection of the SARS-CoV-2 spike protein. To ensure manufacturing challenges in fabricating uniform devices with
that the response of the device is due to the spike detection consistent performance, the current magnitudes were different
and not the ionic volume increase, we tested the device by from device to device. The device’s selectivity using BSA
adding a sequence of ionic 0.01X PBS drops (8 uL each) with protein as the test molecule showed negligible response to BSA
and without the spike protein, as shown in Figure 7b. The compared to the SARS-CoV-2 spike antigen protein.
device response to each spike protein concentration is Theoretical and experimental studies, including DFT, AFM,
normalized with respect to its response to the first ionic Raman, and PL spectroscopies, and electronic transport
drop without the spike protein. Although for low spike properties, were performed to characterize and explain the
concentrations, the difference in the signals was minimal, as the device performance. This work demonstrated the potential
concentration increased a stark contrast in the device response application of emerging TMDC-based 2D-FETs as sensitive
emerged, evincing the potential of these WSe,-based FET and selective biosensors for the rapid detection of infectious
devices as biosensors. In addition, we tested the selectivity of diseases.

the biosensor with 10 ng/uL bovine serum albumin (BSA)

proteins and 10 ng/ﬂL SARS-CoV-2 Spike antigen Protein on MATERIALS AND METHODS

the same device. As shown in Figure 7c, the WSe,-based o . .

COVID-19 FET sensor exhibited a negligible response to BSA Fabrication of WSez—Ba§ed Ser?smg Devices. Monolayer 2D
proteins compared to its selective response to the SARS-CoV-2 WSe, crystals were _Synthemegg asng a laser—asm.s ted synthemf
spike antigen protein. Although this WSe,-based FET technique developed in our lab.”® Silicon samples with 250 nm o

- . . the thermal oxide layer were used as the substrates. The WSe,
biosensor has been successful in detecting the SARS-CoV-2 powders on the graphite boat (1.2 X 0.7 X 0.7 cm®) were placed

spike antigen proteins, it might also be a good platform f;or inside the 1 in. furnace tube. A continuous-wave CO, laser with a 10.6
detecting other SARS-CoV-2 biomarkers such as C}’tokines;7 um wavelength was used to evaporate the WSe, powders and grow
monolayer WSe, crystals on the Si/SiO, substrate placed on top of

CONCLUSION the graphite boat.
The devices with interdigitated electrodes on top of the WSe,
In summary, we have introduced the potential application of crystals were fabricated employing conventional photolithography.
2D TMDC-based FETSs as a promising biosensor for the rapid Then, titanium electrodes were sputtered onto the patterns, followed
11466 https://doi.org/10.1021/acsnano.1c01188
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by a lift-off technique. The interdigitated device dimensions were
about 2 X 1 mm? (L X W). MUA, carbodiimide hydrochloride
(EDC), and N-hydroxysuccinimide (NHS) were purchased from
Sigma-Aldrich INC. SARS-CoV-2 spike protein and SARS-CoV-2
spike antibody were purchased from Sino Biological, Inc.,, U.S.
(40150-R007). Bovine serum albumin (10 ng/uL) (BSA) was
prepared in 0.01X PBS.

Immobilization of SARS-CoV-2 Antibody on the WSe,
Surface. The fabricated WSe,-based 2D-FET devices were immersed
into pure ethanol with different concentrations 11-MUA for different
intervals at room temperature on an orbital shaker. Devices were then
taken out and rinsed with DI water and gently dried with nitrogen gas.
The WSe, surface modified by 11-MUA were dipped into NHS and
EDC with various ratios (15 mM/75 mM, 50 mM/200 mM, 100
mM/400 mM, and 100 mM/750 mM) and time (3 and 6 h) to
activated MUA. The activated MUA surface was gently washed with
ultrapure water and dried with nitrogen gas. Finally, the 3.3 ng/uL
SARS-CoV-2 antibodies in 0.01X PBS (10 mM, pH 7.4) solution was
added and incubated overnight. After overnight incubation, the
surface was washed and ready for sensing of the target SARS-CoV-2
spike protein. SARS-CoV-2 spike protein with various concentrations
(25 fg/uL, 200 fg/uL, 1.66 pg/uL, 14.3 pg/uL, 125 pg/uL, 1.11 ng/
uL, and 10 ng/uL) in 0.01X PBS was applied to the biosensor surface
by using a micropipette at the time of measurements.

Optical and Morphological Measurements. Pristine and MUA
functionalized WSe, crystals were characterized by Raman spectros-
copy, photoluminescence spectroscopy (PL), and atomic force
microscopy (AFM). The measurements were performed in a confocal
microconfiguration using a S0X microscope objective lens (NA =
0.75). We employed a Horiba HR spectrometer with a 1200 grooves/
mm grating and a laser excitation wavelength of 532 nm. The AFM
imaging was carried out using a HR-AFM Workshop system with 0.3
Hz scan rate and 512 resolution. The instrument was operated in the
noncontact mode. The Gwyddion software was used for AFM data
processing and analysis.

Sensing Measurement. The electrical performance was
evaluated by a HP 41S6A precision semiconductor analyzer and
probe station. Also, Signatone probe tips model SE-BC (beryllium
copper) were used for applying bias to the electrolyte. The detected
electrical response signal was normalized as [AI/I)] = (I — Iy)/I,,
where I is the detected real-time current and I, is the initial current.

DFT Calculations. Atomistic properties of the MUA-function-
alized WSe, were calculated using first-principles calculations within
the DFT. The supercells for the pristine monolayer WSe, crystal with
and without MUA functionalization were created, and the atomic
positions were fully relaxed until the forces become smaller than 0.005
€V/A using T-point calculations. We employed the Perdew—Burke—
Ernzerhof parametrization of the exchange-correlation functional and
included the van der Waals dispersive forces,”~°* as implemented in
the quantum espresso software suite.”> The core electrons are
described by performing the projector augmented wave pseudopo-
tentials®* using energy cutoffs of 50 and 500 Ry for the wave function
and density, respectively.
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