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ABSTRACT: We demonstrate arrays of opioid biosensors
based on chemical vapor deposition grown molybdenum
disulfide (MoS2) field effect transistors (FETs) coupled to a
computationally redesigned, water-soluble variant of the μ-
opioid receptor (MOR). By transferring dense films of
monolayer MoS2 crystals onto prefabricated electrode arrays,
we obtain high-quality FETs with clean surfaces that allow for
reproducible protein attachment. The fabrication yield of MoS2
FETs and biosensors exceeds 95%, with an average mobility of
2.0 cm2 V−1 s−1 (36 cm2 V−1 s−1) at room temperature under
ambient (in vacuo). An atomic length nickel-mediated linker
chemistry enables target binding events that occur very close to
the MoS2 surface to maximize sensitivity. The biosensor
response calibration curve for a synthetic opioid peptide
known to bind to the wild-type MOR indicates binding affinity that matches values determined using traditional
techniques and a limit of detection ∼3 nM (1.5 ng/mL). The combination of scalable array fabrication and rapid, precise
binding readout enabled by the MoS2 transistor offers the prospect of a solid-state drug testing platform for rapid readout
of the interactions between novel drugs and their intended protein targets.
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Nanomaterials such as carbon nanotubes and graphene
hold great promise for biosensing applications due to
their environmentally sensitive electronic properties

and all-surface geometries that result in enhanced sensitivity to
target binding events.1 Nanomaterial−protein hybrid devices
have been shown to be sensitive to conformational changes of a
single protein,2 and nanobio hybrid devices have been used to
detect cancer biomarker proteins3 and other small molecule
targets4 at femtomolar concentrations. It has been suggested
that two-dimensional materials that are intrinsic semiconduc-
tors with an energy band gap (e.g., MoS2) may exhibit better
performance than graphene for this application.5,6 However,
reproducible, high-yield fabrication processes are necessary for
this emerging technology.
Approaches have been established to couple proteins to

nanomaterials by linker chemistries that target exposed amino
acid residues. For example, amine sites are common on the
exterior of proteins, which enables chemistries that link carbon
nanotubes or graphene to almost any protein via amide bond
formation.7−9 However, in order to increase device-to-device
reproducibility and lower detection thresholds, linker chem-
istries that provide control over the site of the chemical bond to
the protein can be beneficial. In particular, polyhistidine tags

(histags), which are routinely used to enable purification of
recombinant proteins, have been targeted for this purpose.10−13

Here, we present an approach to fabrication of large arrays of
biosensors based on field effect transistors (FETs) derived from
molybdenum disulfide (MoS2) grown by chemical vapor
deposition (CVD). We introduce a nickel ion mediated surface
functionalization scheme for attachment of recombinant
proteins via a histidine tag directly to the MoS2 surface,
without the need for deposition of an oxide layer on top of the
FET channel.5 The linker chemistry is compact, ensuring that
target binding events occur close to the MoS2 surface. Since
signal transduction in FET biosensors is dominated by
electrostatic interactions,14 this should lead to enhanced
sensitivity, especially in ionic solutions (e.g., bodily fluids)
where the Debye length can be on the scale of a few
nanometers.15−18 The biosensors used here are based on a
computationally redesigned water-soluble variant of the human
μ-opioid receptor (MOR), referred to as wsMOR, which has
structural properties similar to those of the wild-type receptor
and comparable opioid affinities.19,20 The wsMOR−MoS2
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biosensors are used to read out the binding of DAMGO ([D-
Ala2, N-MePhe4, Gly-ol]-enkephalin), a synthetic opioid
peptide with high specificity for the native MOR. The
wsMOR affinity inferred from the biosensor data agrees with
results for the native MOR based on conventional analytical
techniques. The array fabrication method outlined here is
scalable, yielding sensitive devices that provide quick, accurate
readouts of receptor binding. The work opens a path toward
multiplexed arrays of MoS2-based biosensors for many
applications, for example, a drug-testing platform that would
allow for rapid readout of the interactions between novel drugs
and their intended protein target in a solid-state test bed.

RESULTS AND DISCUSSION

Recently developed methods for CVD growth of monolayer
MoS2

21−23 offer prospects for devices and systems beyond the
exploratory work enabled by mechanical microexfoliation.15,16

Indeed, due to the small size and low areal density of
monolayer flakes achieved through microexfoliation, a reliable
large-area growth process for dense monolayer MoS2 flakes is
essential for scalable fabrication. In a typical CVD process,
sulfur sublimated from a solid source is introduced into the
furnace along with a molybdenum source such as molybdenum
oxide24,25 or ammonia heptamolybdate,26 and triangular
monolayer flakes of MoS2 nucleate and grow directly on the
substrate. Although the mobility of MoS2, typically 1−50 cm2

V−1 s−1,23,27,28 is lower than that of graphene, the presence of a
1.8 eV direct bandgap for monolayer MoS2

29 provides the
devices with on/off ratios as large as 10723,27 and strong
photoluminescence.26,30,31 These properties make MoS2
promising for photonic and optoelectronic applications
including vapor sensors,32,33 solar cells,34,35 optical modu-
lators,36,37 and valleytronics.38

For these experiments, MoS2 samples were grown via CVD
in a 1 in. quartz tube furnace (Figure 1a). Microliter droplets of
saturated ammonia heptamolybdate solution were dried onto
the corners of a 2 cm × 8 cm Si/SiO2 growth substrate that had
previously been coated with a layer of sodium cholate (1%
solution spin coated 4000 rpm for 60 s). Sodium cholate is a
known growth promoter, acting to increase diffusion of the
molybdenum source by increasing the surface adhesive energy
relative to the adatom cohesive energy.26 The growth substrate
was placed in the center of the furnace and heated to 800 °C at
a rate of 70 °C min−1. A 25-mg sulfur pellet was placed on a
piece of silicon and positioned upstream in the furnace at a
distance of 16 cm from the growth substrate, such that its
temperature was approximately 150 °C, sufficient for the pellet
to melt and evaporate slowly. A flow of 500 sccm N2 carried the
sulfur vapor into the furnace during a 30 min growth period.
After growth, the sample was rapidly cooled by cracking open
the furnace and sliding it downstream with respect to the 1 in.
quartz tube.
The growth process leaves the Si/SiO2 surface decorated

with triangular crystals of monolayer MoS2. The sensor array
fabrication process is designed to minimize the need for
lithography and etching steps that can contaminate and degrade
the samples. To that end, we transferred the randomly grown
MoS2 flakes onto prefabricated electrodes by releasing the
samples from the growth substrate with a polymer backing
layer.21 This was accomplished by spin-coating PMMA onto
the sample, which was then placed in a bath of 0.1 M KOH to
slowly etch the SiO2 surface and release the PMMA/MoS2 layer
from the substrate. The floating PMMA/MoS2 layer was then
transferred into successive water baths for cleaning and finally
scooped onto a target substrate that had prefabricated arrays of
metal contacts, defined using photolithography (Figure 1b−d).
The sample was dried, and the PMMA was removed with an

Figure 1. MoS2 growth and devices. (a) Schematic of the CVD growth setup. (b) Photograph of the electrode array chip onto which MoS2 is
transferred. Each of the 10 columns of contact pads leads to a cluster of interdigitated electrodes, one of which is shown in panel c. (c) Optical
micrograph showing interdigitated electrodes corresponding to a set of 10 sensors. The dark purple regions are monolayer MoS2. (d) Higher
magnification optical micrograph showing how multiple triangular, crystalline monolayer MoS2 flakes span the electrodes.
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acetone spray, followed by an acetone bath. The electrode

design used individual source fingers, interdigitated with a

common drain electrode. The effective device area of 10 μm

(channel length) × 2 mm (channel width) ensured that many

MoS2 flakes spanned each electrode pair, leading to a device

yield exceeding 90% and good reproducibility of device

electrical properties (see below). Each die contained 100

devices, arranged as 10 sets of 10 devices, where each set could

Figure 2. Physical characterization of MoS2. (a) Aberration-corrected TEM image shows the honeycomb lattice expected for MoS2. (b) Higher
magnification image shows brightness differences for the Mo and S sites. (c) Ball-and-stick model for monolayer MoS2, consistent with the
TEM data in panels a and b. (d) Raman spectrum of the MoS2 film shows positions and separation of the E2g and A1g Raman peaks consistent
with monolayer MoS2. (e) AFM topographic image reveals a pristine surface, 0.8 nm in height before functionalization. (f) AFM topographic
image after functionalization shows dense coverage with 2−3 nm high features, consistent with coverage of proteins bound with the Ni2+−
histidine linker.

Figure 3. Electrical characteristics of MoS2 devices. (a) Typical I−Vg characteristic, showing on/off ratios as large as 106 and device hysteresis,
ascribed to surface charge injection. (b) I−Vg characteristics for 70 devices in an array measured under ambient conditions. (c) Curves from
panel b normalized to the on-state current. The collapse of the data suggests that device variation is due primarily to variation in the number
of MoS2 flakes contacted. (d) Histogram of turn-on voltages for a set of 70 devices.
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be addressed independently for chemical functionalization and
testing of analyte responses (Figure 1c).
The material was characterized after transfer by aberration

corrected TEM (ACTEM), atomic force microscopy (AFM),
and Raman spectroscopy. ACTEM showed the expected
hexagonal lattice, with different brightness levels for the
molybdenum and sulfur sites reflecting their different atomic
numbers (Figure 2a,b). AFM (Figure 2e) revealed that the film
was clean and uniform with thickness ∼0.8 nm, consistent with
monolayer MoS2.

39 Raman spectroscopy showed the expected
E2g and A1g MoS2 intraband vibrational modes, separated by 19
cm−1 (Figure 2d),39,40 as expected for monolayer MoS2.

33,34

Together, these experiments confirm that the MoS2 samples are
highly crystalline with very high monolayer content.
Current-back gate voltage (I−Vg) measurements conducted

under ambient conditions showed the expected n-type behavior
of MoS2, with hysteresis ascribed to adsorbed water41 and
substrate charge traps.42 Figure 3a shows the I−Vg of a device
composed of ∼15 individual MoS2 crystalline flakes. By
summing the active area of the individual crystals that span
the electrodes to derive the effective length and width of the
channel, we estimate the field effect mobility to be 1.9 cm2/V-s.
Measurements in vacuo, however, showed greatly increased
conductivity and inferred field effect mobility. Across a set of 18
devices measured under ambient and then again at a pressure of
10−6 Torr, the average mobility increased from 1.2 cm2/V-s to
36 cm2/V-s, while the on-state current increased by a factor of
approximately 50 (data not shown). This enhancement is
ascribed to removal of atmospheric adsorbates that suppress
conduction through the MoS2 and/or limit the mechanical
contact between the MoS2 and the underlying electrodes.
Figure 3b shows I−Vg curves for 70 devices on a single chip,
measured under ambient. The yield is over 95% (68/70
functioning devices), and device properties are highly
reproducible once the curves are normalized by their respective
on-state currents (Figure 3c). Based on this observation,
differences in on-state currents across devices are assumed to
reflect primarily variation in the number of MoS2 flakes

spanning the electrodes. A histogram of threshold voltages
shows a tight distribution, with ∼75% of the devices having a
turn-on voltage in the range −16 to −10 V.
Previous studies43,44 of MoS2-based biosensors have utilized

a top dielectric layer as the binding surface for protein
functionalization. Disadvantages of this approach include
fabrication complexity and the fact that the target-binding
event is necessarily remote from the transistor channel, which is
expected to reduce the sensitivity of the device. Here, we
instead relied upon direct binding of the protein to the MoS2
using nickel ions that bind to the histidine tag of the
recombinant protein as a well-defined anchoring site. A similar
surface functionalization approach was previously used to attach
ligands to MoS2 nanoparticles in order to alter their solubility.

45

The protein functionalization process begins by incubating the
MoS2 FET array in 5 mM NiCl2 solution so that Ni2+ ions form
coordinate covalent bonds with a trio of sulfur atoms in the top
layer of the MoS2. These ions are then available to bind to
nickel-chelating agents, such as histidine residues,12,13 nitrilotri-
acetic acid,12 ethylenediamines,46 or nickel porphyrins.47 The
resulting MoS2−protein hybrid structure is shown schematically
in Figure 4b,c. The histidine tag has been used as an anchor site
in other biosensor systems, including those based on carbon
nanotube12 and graphene13 FETs. These previous functional-
ization schemes relied upon nitrilotriacetic acid to bind Ni ions,
resulting in a ∼2 nm thick linker layer.13 The MoS2
functionalization scheme presented here is a simple, one-step
surface chemistry that results in an extremely short linker. This
is expected to ensure strong electrostatic coupling of target
binding events to the MoS2 channel and should render the
devices robust against screening that occurs for measurements
in ionic liquids.
Experiments were based upon a computationally redesigned,

water-soluble variant of the human μ-opioid receptor
(MOR),19,20 referred to as wsMOR. The redesigned variant
of the MOR used in this experiment was expressed in E. coli
and purified using standard techniques,19 without the need for a
membrane or membrane surrogate such as a nanodisk.12,48

Figure 4. MoS2 structure and functionalization schematic. Sulfur atoms are shown in yellow, molybdenum in green. The nickel ion used as a
protein linker is shown in red. The MOR protein is made of seven connected α-helices and C-terminus and N-terminus tails that contribute to
the protein function. The histidine tag region is shown in white.
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Physiologically, the native MOR is involved in pain and reward
recognition pathways, and it has high affinity for endogenous
and exogenous opioids such as heroin, morphine, β-endorphin,
enkephalin, and β-funaltrexamine. The wsMOR has been
previously used in a graphene biosensor construct where its
affinity for the drug target naltrexone was confirmed.4 For this
work we used a different target [D-Ala2, N-MePhe4, Gly-ol]-
enkephaline (Sigma-Aldrich), DAMGO, the synthetic opioid
peptide analogue to enkephalin. Natural enkephalins are
endogenous opioid pentapeptides involved in pain perception,
cognitive functions, affective behaviors, and locomotion.49

Experiments were based on solutions of DAMGO diluted in
deionized water to concentrations in the picomolar to
micromolar range.
AFM was used to examine the surface morphology of the

same MoS2 flake before and after protein attachment. Before
functionalization, the surface of the flake was uniform and
nearly featureless (Figure 2e). After chemical treatment based
on a 10 μM solution of wsMOR, AFM revealed a nearly
uniform layer of 2−3 nm high features (density ∼330/μm2),
consistent with the size of the 46 kDa wsMOR (Figure 2f). The
SiO2 surface remained very smooth, indicating that wsMOR
does not adsorb nonspecifically on the surface but instead is
preferentially bound to Ni ions on the MoS2.
After wsMOR attachment, the device on-state conductance

typically dropped by ∼70% (Figure 5a), attributed to depletion
of electron carriers due to the binding chemistry and increased
carrier scattering due to the presence of the Ni2+ ions and
bound wsMOR. The devices were then exposed to the target
DAMGO in deionized (DI) water. On the basis of the trends in
the data (Figure 5a), the sensor response is reported as the
percent increase in on-state current (upper branch of the I−Vg
characteristic) at Vg = 0 V, measured before and after the
introduction of the target DAMGO. The response-vs-
concentration curve shows a sigmoidal shape that is well fit
by a model based on the Langmuir−Hill equation for ligand−
receptor binding at equilibrium

Δ =
+

+I
I

A
C

K C
Z

n

n n
0 a

where C is the DAMGO concentration, A is the response when
all binding sites are occupied, Ka is the concentration that yields
half the maximum response, Z is an offset response to pure
water, and n is the Hill coefficient, describing cooperativity and

other effects. For this data set, A = 117 ± 17%, Ka = 87 ± 39
nM, and n = 0.87 ± 0.23, and Z = −23 ± 4%. A Hill coefficient
near n = 1 suggests noncooperative binding for this system.
From standard measurements performed by others,50 DAMGO
is known to bind to the wild-type MOR with an affinity in the
range of tens of nanomoles, consistent with the value found
through the fitting procedure. The close agreement between
our results and affinity measurements from more traditional
techniques demonstrates that the affinity of the reengineered
membrane protein for this target is comparable to that of the
wild type and that this chemical recognition functionality is
retained after surface immobilization, enabling sensitive, rapid
readout of the target concentration with this device construct.
We performed a negative control experiment to test whether
DAMGO is exclusively reacting with the wsMOR. In the
control experiment the wsMOR functionalization step was
omitted, and MoS2 FET devices were tested against DAMGO
solutions at various concentrations as described in the
Methods. The measured responses were identical for all
DAMGO concentrations tested and statistically indistinguish-
able from biosensor responses to pure DI water (Figure 5b).
This negative control experiment demonstrates that specific
binding of DAMGO to the wsMOR is essential for the
observed sensor responses.

CONCLUSIONS

In summary, we have demonstrated wafer-scale, high-yield
fabrication of monolayer MoS2-based biosensors based upon
CVD growth and direct protein functionalization of the MoS2
surface. The chemical recognition functionality of the computa-
tionally redesigned receptor protein is retained when it is
immobilized and read out electronically, and the inferred
binding affinity is comparable to that found using other
measurement techniques. The combination of this reprodu-
cible, high-yield fabrication method and versatile linker
chemistry should be suitable for the construction of multiplexed
biosensor arrays appropriate for simultaneous detection of
multiple targets in complex fluids. With further understanding
of the relationship between conformational changes induced by
target binding and sensor output signals, this approach might
also enable construction of a solid-state device useful for
understanding the interactions between other molecular targets
and novel engineered receptor variants.

Figure 5. Electrical signatures of protein-target binding. (a) Current−gate voltage characteristics of an as-fabricated FET, the FET biosensor
after wsMOR functionalization, and the biosensor after exposure to the target DAMGO. The biosensor conductivity increases upon exposure
to DAMGO, which is taken as the sensor response. (b) Response versus concentration characteristic for the biosensor (red markers) and
negative control experiment where the wsMOR functionalization step was omitted (blue markers). The biosensor calibration curve is well
described by a model based upon the Langmuir−Hill isotherm (red curve). The error bars represent the standard deviation of the mean.
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EXPERIMENTAL METHODS
Raman Spectroscopy. Raman spectroscopy was conducted on

MoS2 monolayer films directly after growth. Raman spectra were
acquired using an ND−MDT system under ambient conditions with
and excitation wavelength of 532 nm. The laser power was set to 2
mW to avoid sample heating and/or degradation of the MoS2. All the
spectra were consistent with monolayer MoS2, with minimal bilayer
content (<5%).
Fabrication of Field-Effect Transistor Arrays. Fabrication of

FET arrays is based upon traditional photolithography methods. A
highly p-doped Si/SiO2 wafer with 300 nm of oxide is first baked at
200C for 1 h to remove residual H2O on the surface. A layer of
polymethylglutarimide (PMGI) is spin coated at 4000 rpm for 45 s
and then baked at 210 °C for 5 min. Then a layer of photoresist
(Shipley Microposit S1813) is spin coated at 5000 rpm for 45 s and
baked at 100 °C for 2 min. Photoexposure is performed according to
manufacturer instructions using a mask with 12 chip dies, each
containing 100 devices. Devices are arranged in 10 sets of 10 devices,
and the device area is 10 μm (channel length) × 2 mm (channel
width). The sample is then developed for 45 s in Microposit developer
MF 319, and a contact metalization of 5 nm Cr and 40 nm Au is
deposited by thermal evaporation. The wafer is then immersed in an
acetone bath for 12 h, followed by a 2-propanol bath for 1 h. The
wafer is then blown dry with compressed N2. A large-area MoS2
monolayer film is then transferred onto the contact electrode array as
explained in the main text.
Protein Functionalization. The protein functionalization process

begins by pipetting a 5 mM NiCl2 solution onto the surface of the
chip, which is allowed to incubate in a humid atmosphere for 1 h. The
sample is then immersed in a DI water bath for 5 min, transferred into
a second DI water bath for 20 min, and then blown dry using
compressed N2. A 10 μM solution of wsMOR is pipetted onto the
array and incubated in a humid atmosphere for 1 h. The array is then
immersed in DI water bath for 5 min and blown dry. For testing of
sensor responses, solutions of DAMGO in DI water at various
concentrations are pipetted on the sets of 10 sensor devices that make
up the array and allowed to incubate in a humid atmosphere for 30
min. This is followed by a 2 min DI water bath blow drying with N2.
Each set of 10 devices is exposed to a different concentration of
DAMGO, so a single array may be used to test sensor responses to as
many as 10 different DAMGO concentrations in a single experiment.
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