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specific antigen detection in human
serum.
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ABSTRACT

Molybdenum disulfide (MoS5) nanolayers are one of the most promising two-dimensional (2D) nanomaterials for
constructing next-generation field-effect transistor (FET) biosensors. In this article, we report an ultrasensitive
FET biosensor that integrates a novel format of 2D MoSy, vertically-aligned MoS; nanolayers (VAMNSs), as the
channel material for label-free detection of the prostate-specific antigen (PSA). The developed VAMNs-based FET
biosensor shows two distinctive advantages. First, the VAMNs can be facilely grown using the conventional
chemical vapor deposition (CVD) method, permitting easy fabrication and potential mass device production.
Second, the unique advantage of the VAMNSs for biosensor development lies in its abundant surface-exposed
active edge sites that possess a high binding affinity with thiol-based linkers, which overcomes the challenge
of molecule functionalization on the conventional planar MoS, nanolayers. The high binding affinity between 11-
mercaptoundecanoic acid and the VAMNs was demonstrated through experimental surface characterization and
theoretical calculations via density functional theory. The FET biosensor allows rapid (within 20 min) and ul-
trasensitive PSA detection in human serum with simple operations (limit of detection: 800 fg mL™1). This FET
biosensor offers excellent features such as ultrahigh sensitivity, ease of fabrication, and short assay time, and
thereby possesses significant potential for early-stage diagnosis of life-threatening diseases.
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1. Introduction

Recently, the graphene-like, two-dimensional molybdenum disulfide
(2D MoS,) nanolayers have attracted significant research attention in
various fields, including micro/nanoelectronics, optoelectronics, pho-
tonics, and chemical catalysis, among others [1-8]. The unique advan-
tage of the MoS; nanolayer is mainly attributed to its atomically thin
structure and layer-dependent material properties such as
indirect-to-direct bandgap transition as the layer number decreases,
thereby making it a promising semiconducting material for a variety of
applications such as photodetectors [9,10], field-effect transistors
(FETs) [1,11], and biosensors [12-19]. Several studies have confirmed
its remarkable performance in promoting surface-enhanced Raman
scattering (SERS) and enhanced photocatalytic (PEC) applications
[20-22]. Using planar intrinsic MoS; for constructing FET devices usu-
ally can result in excellent device performances with good on/off ratio,
which also benefits the FET biosensor development by leading to low
baseline noise and leakage current. However, the FET biosensor is more
complicated than the FET device, and the on/off ratio is important [23].
Like other biosensors [24-26], biofunctionalization also plays an
essential role in determining the sensitivity, reliability, and fabrication
difficulty of FET biosensors. It has been suggested that MoS, nanolayers
possess two distinctive advantages as semiconductor channel materials
for FET biosensors [27,28]. First, compared to 2D graphene-based FET
biosensors, 2D MoS;-based FET biosensors provide superior analytical
performance in terms of sensitivity and limit of detection (LOD) [27].
This advantage can be attributed to the reduced channel current leakage
because of a narrow bandgap (1.3-1.9 eV), thereby permitting enhanced
performance compared to the zero-bandgap graphene FET biosensors
[29-31]. Second, MoSs-based FET biosensors are generally easier to
fabricate at a lower cost than one-dimensional (1D)
nanomaterials-based (e.g, Si nanowires and carbon nanotubes) FET
biosensors [32-35], which have been constructed through wafer-scale
manufacturing but still have difficulties including the high-fabrication
cost, low fabrication yields and integrability issues [27].

Because of these advantages, 2D MoS; has been extensively studied
for developing FET biosensors after its first introduction into the
biosensor community [27]. These devices have been demonstrated for
detecting biomolecules such as proteins and nucleic acids [18,30,
36-39]. Despite the rapid progress of MoS,-based FET biosensors, there
still exists an inherent challenge for the efficient immobilization of
biomolecules (as capture probes) onto the basal plane of 2D MoS,, which
hampers the achievement of high sensitivity and reproducibility of the
biosensor. Existing methods for capture probe immobilization on MoS,
are primarily based on two methods: (i) chemical modification of an
additional dielectric layer (e.g., Al;O3, HfO3) deposited on top of the
MoSy-based FET channel [27,30,40], and (ii) physical adsorption of
biomolecules on the bare surface of MoS; nanolayer [36,41,42]. The
former method needs to deposit an extra layer of dielectric material on
top of the MoS, nanolayer, which also increases the overall thickness of
the channel material by tens of nanometers [30]; this increases the
separation between the charged target molecules (bound on the
dielectric layer) from the MoS; channel surface, which will deteriorate
the device sensitivity due to the ionic screening effect. The addition of
the dielectric layer also increases the complexity of device fabrication
[37]. The latter method heavily relies on the Van der Waals force of the
MoS; for biomolecule immobilization. However, the material’s large
surface with Van der Waals affinity causes the molecules to lie flat on it
rather than forming covalent or strong ionic bonds [28,43]. Thus, this
approach usually yields relatively low stability and reproducibility of
the FET biosensor. In addition, a new approach that utilizes the nickel
ions as a short mediating linker on the basal surface of MoS; nanolayers
to bind the nickel-chelating agents has been demonstrated [41]. This
method overcomes the aforementioned challenges well and represents a
promising route to decorating MoSy nanolayers with capture probe
molecules, though the nickelions can only be limited to several specific
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probe molecules, such as histidine residues and nickel porphyrins.

The most common chemical routes for direct conjugation of probe
molecules on the MoS; basal plane depend on the active sites (defects,
edge sites, and tears) of MoS; that provide high energy for biomolecule
conjugation [44,45]. Among those active sites, the edge sites of MoS,
monolayers are terminated with exposed molybdenum or sulfur atoms
containing dangling bonds and having high d-orbital electron density,
which can act as the robust anchors for thiol-based chemical linkers [45,
46]. However, the surface active sites and edge sites are randomly
formed within the MoS, nanolayer. This randomness leads to high
device-to-device and batch-to-batch variations of the MoS, bio-
functionalization and, thus the biosensor performance. Recently, verti-
cally aligned MoS; nanolayers (VAMNSs), consisting of atomically-thin
MoS;, crystal structures vertically aligned and packed in a thin-film
format, have been successfully synthesized through chemical vapor
deposition (CVD)-based Mo sulfurization [47,48]. This method allows
for the good controllability of the thickness and orientation of the
nanolayers, which are critical for optimizing the biosensor’s sensitivity
and specificity [47]. In this new form of MoS; nanostructures, the edge
sites of the vertical MoS, nanolayers are exposed on the top surface of
the synthesized MoS; thin film, providing dense and uniformly distrib-
uted active sites for biofunctionalization. This unique surface property
of the VAMNSs provides one good solution for addressing the technical
challenge of MoS; biofunctionalization and enhancing the interaction
between the analyte and biosensor surface. This improves the sensitivity
and specificity of biosensors, making the material highly promising as
the semiconductor channel of MoSs-based FET biosensors that can
detect low concentrations of biomolecules in complex samples. Despite
its high surface energy caused by the edge sites, the VAMNSs have been
proven stable under ambient conditions [47]. A previous study has also
demonstrated the enhanced gas molecules absorption on the edge sites
of the VAMNSs [49], showing the great potential of the VAMNs for
biosensor development. The development of ultrasensitive biosensors,
including this technology, has good implications for various applications
such as disease diagnosis, antibiotic determination, and environmental
monitoring [19,23,50-52].

In this article, we report the first FET biosensor that integrates
micropatterned VAMNS as the biosensing FET channel for label-free and
ultrasensitive prostate-specific antigen (PSA) detection. The VAMNSs-
based FET channels are batch-synthesized through CVD-based rapid
sulfurization of pre-patterned Mo thin films. We demonstrate the high
binding affinity of surface edge sites of the VAMNs with thiol-based
chemical linkers (11-MUA), which is validated by various techniques,
including X-ray photoelectron spectroscopy (XPS), atomic force micro-
scopy (AFM), and density-functional theory (DFT) calculations. We also
calibrated the FET biosensor using human serum spiked with purified
PSA, and achieved an LOD of 800 fg mL~! (>10 times lower than that of
a commercial ELISA kit for PSA testing). This VAMNs-based FET
biosensor represents a new advancement in the MoS,-based biosensors
and holds great potential for early-stage disease diagnosis.

2. Results and discussion
2.1. Design of the VAMNs-based FET biosensor

Fig. la shows the schematic design of the VAMNs-based FET
biosensor with an enlarged view of the VAMNs channel area, which
consists of one VAMNs-based FET and one polydimethylsiloxane
(PDMS) reservoir for confining the sample solution in the FET channel
area during a test. The FET was batch-fabricated on a three-inch silicon
substrate with an intermediate layer of SiO, (280 nm) for insulating the
biosensors from the silicon substrate. As shown in Fig. S1, a 1 mm x 1
mm pattern of Mo thin film (15 nm) was first deposited onto the SiO»-
coated wafer through Mo sputtering and then lift-off patterning. Then,
the Mo pattern was converted into VAMNSs through CVD-based rapid
sulfurization (see details in the latter part of this section). The 1 mm x 1
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mm size of the VAMNS facilitates the alignment of the source and drain
electrodes to be deposited on top of the VAMNSs. The length (L) and
width (W) of the FET channel are defined by the gap size between the
source and drain electrodes, which are 30 pm and 900 pm, respectively
(W/L ratio: 30). The source/drain electrodes were made of a titanium/
gold bilayer (15/30 nm) that have been commonly used in MoS»-based
FETs for forming Ohmic contacts [1,30]. A key design consideration of
FET biosensors is the electrical insulation of the two electrodes from the
sample solution. Without proper insulation, the direct binding of target
molecules on the electrode surfaces may occur and therefore alter the
work function of the electrode/VAMNSs pair [53]; poor electrode insu-
lation will also cause leaking currents from the electrode to the sample
solution [53].

To eliminate this issue, we insulated the electrodes by atomic layer
deposition (ALD) of a 30 nm Al,Og layer, but left the FET channel area
and the two contact pad areas open to the target solution and external
probes, respectively. In some studies [27,54,55], Al,O3, a high-k mate-
rial, has been proven suitable for passivation and has performed well in
practical applications of biosensors. In the future, we could adopt a
better passivation layer like HfO5 (a high-k dielectric) that can solve ion
transport instability and other problems of biosensor use by passivating
the exposed surface [56-60]. The circular reservoir containing the
sample solution was made from PDMS, which was widely used to
fabricate microfluidic channels in biosensors thanks to its chemical
inertness [30]. The reservoir was designed to be 2 mm in diameter and
15 mm in height, and was fabricated to punch a 2 mm-diameter
through-hole on a 15 mm PDMS cube. The reservoir was placed on the
FET biosensor, and the alignment of the reservoir and the FET channel
area was conducted under a stereo microscope. The seal of the PDMS
reservoir was ensured by the physical adhesion of the PDMS on the
device surface. The reservoir can hold up to 50 pL solution. The
microscopic photograph of the FET channel area of a fabricated device is
shown in Fig. 1b.

For testing the FET, a miniaturized Ag/AgCl reference electrode of 2
mm diameter (ET072-1, eDAQ Inc.) was inserted into the circular
reservoir as the gate electrode for regulating the gate voltage (Fig. 1c),
and it also served as a seal of the reservoir to prevent solution evapo-
ration. Compared to other commonly-used in-liquid gate electrodes,
such as Pt wires, the Ag/AgCl gate electrode can provide stable regu-
lating voltages and is non-polarizable [61]. To perform an assay for PSA
detection, we added 30 pL of PSA sample into the PDMS reservoir for
direct contact with the biofunctionalized VAMNSs channel. The reservoir
was then closed by inserting the Ag/AgCl gate electrode, and the contact
between the sample solution and the gate electrode was confirmed
through visual inspection. The biosensor was then incubated for 30 min

(a) Ag/AgCl reference

Contact
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at room temperature to allow thorough conjugation of the PSA with its
capture probe on the VAMNSs [30]. Finally, the FET current-voltage (I-V)
characteristic was measured by a precision source meter.

2.2. Growth and characterization of the VAMNs

For MoS; synthesis, mechanical exfoliation has been widely used to
produce high-quality MoS; mono- or few-layers for transfer onto
another substrate for FET fabrication. However, this method is less
feasible for device mass production because of its low yield and inca-
pability of patterning an array of MoS; nanolayers on a substrate [28]. In
contrast, CVD-based approaches are more promising for large-scale
growth and patterning of MoS, [62,63]; in particular, CVD-based sul-
furization of a Mo seed thin film (using sulfur vapor) has been used to
grow stable VAMNSs on a large scale [47]. The mechanism of the sulfu-
rization method is based on the diffusion of sulfur vapor into the Mo seed
film, which converts Mo into sulfide. The mass transport of the sulfur
vapor through van der Waals gaps between the vertically formed MoS,
nanolayers is much faster than that laterally across the MoS; nanolayers
[47]. As a result, the formed MoS; nanolayers tend to be perpendicular
to the substrate (Fig. 2a), exposing the van der Waals gaps maximally
and providing rich edge sites for thiol-based linkers for faster reaction.
These linkers have a higher binding affinity to immobilize probes than
conventional sensing materials. The VAMNs growth and subsequent FET
fabrication processes are compatible with standard microfabrication
techniques, which are briefly described here (see details in the Supple-
mentary Information). We first deposited a 15 nm Mo layer onto a
SiOq-coated silicon wafer, during which a lift-off process was used to
pattern the Mo layer into 1 mm x 1 mm squares (for forming VAMN
thin-film patterns). We then placed the wafer into a CVD furnace tube
and loaded elemental sulfur powder at the upstream of the wafer. By
setting a temperature gradient in the tube, we conducted the sulfuriza-
tion process under a continuous flow of argon gas for 30 min to convert
the Mo layer into VAMNS.

To examine the synthesized VAMNSs, we first confirmed the chemical
bond states of the VMANSs using XPS. There are two peaks at 229.1 eV
and 232.3 eV observed in the Mo 3s spectrum (Fig. 2b), which can be
attributed to the doublet of Mo 3ds,2 and Mo 3ds,», respectively. The S
2p spectrum is shown in Fig. 2c, and the two peaks at binding energy
levels of 161.9 eV and 163.1 eV can be assigned to the spin-orbit S 2p3 /2
and S 2p; /o, respectively. The observed XPS spectra of the VAMNS are in
good agreement with previously reported data [63], demonstrating the
successful growth of the VAMNs. Transmission electron microscopy
(TEM) imaging was then utilized to visualize the VAMNs directly.
Further structural characterization of the VAMNSs provides additional

Ag/AgCl

Fig. 1. Device design and testing setup. (a) Schematic diagram of the VAMNs-based FET biosensor design with an enlarged view of the VAMNs channel area. (b)
Photograph of the synthesized VAMNs with two gold electrodes patterned on top. The length and width of the FET channel area are 30 pm and 900 pm, respectively.

(c) Schematic diagram of the device testing setup.
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insights. Fig. 2d directly visualizes VAMNSs using transmission electron
microscopy (TEM) imaging. This TEM image of a typical MoS; film
shows the individual atomic planes arranged in a specific order forming
each layer. Furthermore, Fig. 2d clearly reveals the large area of
stripe-like nano-grain structures, indicating the densely packed edges of
the synthesized VAMNSs exposed on the material surface [47]. The se-
lective area electron diffraction (SEAD) patterns show the poly-
crystalline diffraction spots suggesting the synthesized thin-film VAMNs
are polycrystalline, which is also consistent with the previous study
[471.

The energy dispersiveX-Ray (EDX) spectrum of TEM (Fig. 2e) also
clearly shows Mo, S, Cu, and carbon peaks, suggesting the correct
chemical compositions. Note that the Cu and carbon peaks came from
the supporting TEM grid. We also performed Raman spectroscopy to
investigate the orientation (planar or vertically aligned) of the VAMNSs.
The Raman spectrum shows peaks at 383 cm™! and 408 cm™! (Fig. 2f),
which correspond to the in-plane (Eég) and out-of-plane (A;¢) vibration
modes of the MoS; bonding, respectively [47]. It can be observed that
the out-of-plane vibration mode of the Mo-S bond is predominately
excited due to the dominantly exposed edge sites, yielding a higher in-
tensity of the A;¢ peak over the Eég peak (Fig. 2f). This result agrees well
with previously reported Raman spectra of the VAMNSs [47], and pro-
vides clear evidence of the successful growth of the VAMNS . The stability
of biomolecule immobilization is crucial for the stability and repro-
ducibility of FET biosensors [64]. MoS; immobilizes biomolecules via
2D molecular layers connected by van der Waals forces in the crystal
structure [47], rather than forming covalent or strong ionic bonds [28,
43]. In contrast to methods that heavily rely on van der Waals forces, our
VAMNs were successfully grown and validated through above experi-
ments, presenting a nearly ideal edge-terminated structure (large striped
nanograin structure) that is stable in the environment.

2.3. Biofunctionalization of the VAMNs channel

Thiol chemistry is one of the most prevailing chemical routes to
chemical modification of the MoS, surface because the active sites
(defects, edge sites, and tears) of the MoS; basal plane possess high thiol-
molecular affinities and thus can facilitate the absorption of thiol li-
gands. The edge sites mainly serve as chemical conjugation anchors, as
demonstrated in previous studies [44,45]. Therefore, we used thiol
chemistry to conjugate a commonly-used thiol-based linker, 11-mercap-
toundecanoic acid (11-MUA), and the abundant surface exposed edge
sites of the VAMN:Ss significantly improved the quantity and the unifor-
mity of the 11-MUA linkers conjugated on the top surface of VAMN,

320 340 360 380 400420 440
Wavelength number (cm™)

which enabled the excellent analytical performance of the VAMNSs-based
FET biosensor. Then the aqueous solutions of N-(3-Dimethylaminopro-
pyD-N'-ethyl carbodiimide hydrochloride (EDC) and N-Hydrox-
ysuccinimide (NHS) were used to activate the carboxyl groups of the
sensing probe. Finally, the probe protein molecule was added to bio-
functionalize the VAMNS surface (Fig. 3).

We first optimized the experimental condition of 11-MUA conjuga-
tion with VAMNs. Two major experimental parameters are the con-
centration of 11-MUA in ethanolic solution and the incubation time. The
previously adopted concentrations of 11-MUA are usually in the range of
0.1 mM to 0.1 M, which has been confirmed to have no observable in-
fluence on the conjugation result [45,65]. Thus, we set the 11-MUA
concentration to 0.1 M. We then optimized the incubation time by
characterizing the conjugation uniformity using AFM imaging. Using
AFM to characterize a self-assembled monolayer (SAM, ~2 nm) of
11-MUA is technically challenging. However, according to the previous
study, the multilayer of 11-MUA (6-12 nm) will be formed above the
11-MUA SAM and can be used as an AFM-readable sign for 11-MUA SAM
formation (the multilayer 11-MUA will be desorbed under ambient
environment and leave 11-MUA SAM on the substrate) [65]. Therefore,
the AFM is suitable for our purpose of surface characterization.

Fig. 4a—c shows the AFM images of the VAMNs before 11-MUA
conjugation and after 12-h and 24-h incubation in the 11-MUA solu-
tion, respectively. For comparison, planar MoS; nanolayers were also
conjugated with 11-MUA, and AFM images of the planar MoS; surfaces
with the same conjugation conditions (i.e., before conjugation and after
12-h and 24-h conjugation) are shown in Fig. 4d—f, respectively. To well
compare the images under different conditions, the scale bar was
adjusted to the same range and color rendering. As shown in Fig. 4a and
d, both the VAMNs and planar MoS; have uniform surface morphologies
before conjugation. After 12-h incubation in the 11-MUA solution,
islands of 11-MUA multiplayer with a height of ~6 nm were formed on
the VAMNS surface (Fig. 4e). However, only ~30% of the scanning area
(10 pm x 10 pm) was covered by the 11-MUA multilayers. After
increasing the incubation time to 24 h, the coverage of 11-MUA on the
VAMNSs was significantly improved to ~90% (Fig. 4f). Therefore, 24-h
incubation was used for chemical modification of the VAMN channel
of the FET biosensor. In contrast, the planar MoS; only has small islands
of 11-MUA after 24-h incubation, indicating that the lack of densely
packed active sites on the planar MoS, surface limits the chemical
conjugation of the 11-MUA. The degree of molecular functionalization
depends strongly on the immobilization efficiency of the probes [66].
After the same incubation time (12 h and 24 h), as determined by the
scale of 11-MUA islands shown in AFM images, VAMNs with high
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Fig. 3. Schematic diagram of the surface chemistry for biofunctionalization of the top surface of the VAMNSs thin film. The probe protein molecule in the final step is
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12 hourj(¢)

20 nm
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Fig. 4. AFM characterization of 11-MUA conjugation on VAMNs and planar MoS,. (a-c) AFM images of the VAMNs before conjugation and after 12-h and 24-h
conjugation, respectively. (d-f) AFM images of planar MoS, surfaces with the same conjugation conditions, i.e., before conjugation and after 12-h and 24-h

conjugation, respectively.

binding affinity to thiol-based linkers have higher immobilization effi-
ciency than planar MoS,. Lastly, the PSA antibodies were conjugated
with the 11-MUA to serve as the anti-PSA capture probe on the FET
channel, through a 60-min incubation in 10 pg mL ™! anti-PSA solution.

To verify the surface conjugation of 11-MUA and VAMNs, XPS
analysis was performed. The C 1s and S 2p core level spectra for pristine
and 11-MUA-conjugated VAMNs were fitted according to methods used
in previous studies [45]. As shown in Fig. 5a, the pristine VAMNSs con-
tained only one C 1s peak at 284.8 eV (arising from the environment
containment). Only two representative S 2p doublet peaks of VAMNs
were observed at binding energy levels of 161.7 eV and 163.2 eV
(Fig. 5b). In the 11-MUA-conjugated VAMNS, there are two additional
peaks revealed at 289.4 eV (-COOH) and 287.4 eV (C-S) (Fig. 5¢). As
shown in Fig. 5d, the second component in the S 2p core level at higher
binding energies (165.7 eV and 164.5 eV) was observed unequivocally,
which corresponds to the C-S binding peaks resulting from the conju-
gation of 11-MUA and VAMNSs. The XPS spectra confirm the successful
11-MUA conjugation on the VAMNS, and were in good agreement with
the previously reported ex-MoS; conjugation with MUA [45].

To investigate the 11-MUA adsorption behaviors on MoSy nanolayers
with different alignments, DFT calculations were conducted to compute
the adsorption energy of 11-MUA under each alignment configuration.

Because the Mo edge atoms prefer to be coordinately saturated by
adsorption of additional S atoms under certain conditions [67,68], the
DFT calculations were extended to two different coverages of S (50%
and 100%) on the Mo edge, along with the basal plane, Mo edge, and S
edge. The configurations for Mo edge terminations with 50% and 100%
S-coverages followed the ones presented by Seivane et al. [69]. The
aforementioned five systems were expanded into supercells to reduce
the interactions between the periodic images of the 11-MUA molecules,
as illustrated in Fig. 6.

The slab model was used with different MoS; layers (one horizontally
aligned layer in the basal plane and three vertically aligned layers in
edge terminations) in all the calculations, which were sufficiently large
to obtain convergence of the 11-MUA adsorption energy values. The
snapshots of optimized 11-MUA adsorption configurations near
different MoS; terminations are shown in Fig. 6. In the configurations of
the basal plane (Fig. 6a), S edge (Fig. 6b), Mo edge (Fig. 6¢), 50% S-
coverage Mo edge (Fig. 6d), and 100% S-coverage Mo edge (Fig. 6e), the
computed adsorption energy values are 0.80 eV, —2.15 eV, 0.69 eV,
—0.64 eV and —2.36 eV, respectively. The C-S bond length (1.84 10\) of
11-MUA adsorbed on the edge terminations is shorter than that (1.88 [o\)
of the basal plane, indicating that the 11-MUA molecule binds more
strongly to the edge terminations compared to the basal plane
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Fig. 5. XPS spectra before and after 11-MUA conjugation. (a)(c) C 1s XPS
spectra of (a) pristine VAMNs and (c¢) 11-MUA conjugated VAMNSs. (b)(d) S 2p
XPS spectra of (b) pristine VAMNs and (d) 11-MUA conjugated VAMNSs.

configuration. This is consistent with our experimental data showing
superior molecule adsorption properties of the VAMN edge sites. It is
difficult to experimentally identify the precise atomic compositions
along with the edge layers; thus, the DFT calculations for different
configurations of the edge layers all lead to stronger 11-MUA binding,
which is sufficient to confirm the agreement between the computational
and experimental results.

2.4. PSA detection with the VAMNs-based FET biosensor

The sensing performance of FET devices depends on their output and
transfer characteristics, which are fundamental factors of an FET. We
characterized the electrical properties of the VAMNSs-based FET at each
step of channel biofunctionalization (11-MUA conjugation and anti-PSA
binding). We adopted a similar method by Chen et al. [19] with char-
acteristic curves to prove that anti-PSA was successfully attached to the
FET biosensor. As shown in Fig. 7a, the conductance of the FET channel
decreased from its intrinsic value of 0.713 mS to 0.637 mS (—10.6%)
after 11-MUA conjugation, and then from 0.637 mS to 0.451 mS
(—29.2%), after and anti-PSA binding. Here, adding 11-MUA decreases
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the conductance of the FET channel because 11-MUA attaches to the FET
surface, changing its carrier density and thus increasing its resistance.
Furthermore, after anti-PSA was attached to the FET biosensor suc-
cessfully, it was found that the slope of the output and transfer curves
within the working region decreased, which is consistent with previous
studies [19,55]. That is because the attachment of a positively charged
molecule (anti-PAS) to the FET biosensor corresponds to a positive po-
tential gating, leading to a decrease in the charge carrier density and,
thus, a decrease in the conductivity of the FET channel [70,71].

We then performed solution-gate transistor measurement in 0.005x
phosphate-buffered saline (PBS) to characterize the transport properties
of the device after each step of channel biofunctionalization. It can be
observed from Fig. 7b that when Vg changed from —0.4 V to 0.4 V and
the V45 remained at 0.1 V (detailed measurement setup is described in
the Supplementary Information), Igs changed from 106 nA to 96 nA,
showing a p-type device characteristic. We also monitored the gate
current leakage (labeled in Fig. 7c) occurring simultaneously during
gate voltage sweeping. It shows that the gate current leakage is below
250 pA (Fig. 7d), which is hundreds of times lower than the signal
current (in the range of tens of nanoamps). The observed p-type VAMNs
are also consistent with the previous study of VAMNSs [35]. After the
11-MUA and anti-PSA conjugation, the device shows obvious carrier
mobility degradation as the slopes of the FET transport curves become
much smaller and the on/off ratio of the devices decreased from 1.10 to
1.02. The biosensing mechanism in the FET (or FET-like) devices could
be complicated that cannot be explained solely by the field-effect prin-
ciples, where good on/off ratio is favorable [70,72]. In our VAMN bio-
sensors, the carrier mobility degradation (on/off ratio decrease) and the
decrease of the FET-channel conductance can be explained by two
possible mechanisms [71]. First, due to the lack of a thick dielectric layer
on the top of the VAMNS, the charged 11-MUA and PSA antibody may
directly induce the disordered potential in the VAMNs and thereby
degrade the channel mobility and conductance, like the mechanism
reported in vertically-aligned graphene biosensors [37,70,71]. Second,
the conjugation of 11-MUA and PSA antibodies may cause local geo-
metric deformation and increase the number of scattering centers across
the VAMN:S, thereby decreasing the FET channel conductance [71].

We then calibrated the analytical performance of the VAMNs-based
FET biosensor using human serum spiked with PSA antigen at
different concentrations. Prostate cancer (PCa) has been reported to
account for ~10% of all deaths from cancer [73], and PSA is one of the
most common serum biomarkers currently available for PCa diagnosis.
The ultrasensitive detection of a small trace of PSA in human serum
allows physicians to detect prostate tumors at an early stage, thereby

Fig. 6. Snapshots of conjugated 11-MUA configura-
tions on the (a) basal plane, (b) S edge, (c) Mo edge,
(d) 50% S-coverage Mo edge, and (e) 100% S-
coverage Mo edge. The vacuum region extends along
the z-direction for the basal plane case and along the
y-direction for the edge cases. In the rest of the di-
rections, the MoS, atoms are fully periodic with two
layers of Mo atoms separated by 6.32 A (determined
from DFT relaxation) along the z-direction (three
layers of MoS, are shown in the illustrations for
visualization purposes). The bond length of C-S and
the binding energy values of 11-MUA molecules are
shown in this Figure. Purple, yellow, red, brown, and
white spheres represent molybdenum, sulfur, oxygen,
carbon, and hydrogen, respectively. (For interpreta-
tion of the references to color in this figure legend,
the reader is referred to the Web version of this
article.)

100% S-coverage Mo edge (-2.36 eV)
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(a) (b) Fig. 7. Electrical characterization of the VAMNs-
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enabling more timely treatment and decreasing the PCa death rate. As
mentioned, 10 pg mL~! PSA antibody solution was used to immobilize
the probe molecules on the VAMNs FET channel. The commercial
human serum (PSA-free), spiked with purified PSA antigen at different
concentrations, was tested using the FET biosensor. Considering the
high ionic strength of the human serum with a Debye length of around
~0.7 nm, the serum sample must be diluted with low ionic strength
solutions to reduce the ionic screening effect [74,75]. 0.005x PBS at pH
of 6 was used to dilute the serum sample 100 times, as its Debye length
(~10.7 nm) is sufficiently long to cover the full length of the 11-MUA
linker and the PSA antibody-antigen pair [76]. A PSA assay, including
sample addition, incubation, and signal readout, typically takes less than
20 min with a fully prepared FET biosensor.

Representative drain-gate I-V curves obtained from the PSA cali-
bration experiments are shown in Fig. 8a. It can be observed that the
source-to-drain current decreases with the increase of the PSA concen-
tration, which is also consistent with our theoretical prediction. As
discussed, the binding of PSA antigen to the FET channel could lead to
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local geometric deformation and increase the number of scattering
centers; this effect reduces the channel conductivity, as reported in a
previous study [70]. Another mechanism of the FET-based biosensing
could be based on the p-type characteristic of the VAMNSs-based FET.
With a mildly acidic isoelectric point (pI) of ~6.9, the PSA antigen will
be positively charged at pH = 6. Therefore, the attachment of the
positively charged PSA antigen to the VAMNSs channel causes a positive
potential gating effect that reduces the hole density, therefore, the
electrical conductivity of the VAMNSs. The calibration data of the FET
biosensor are shown in Fig. 8b, which were fitted in an S curve based on
the Hill equation. The LOD was determined to be 800 fg mL ™!, at least 10
times lower than that of a commercial ELISA kit for PSA testing
(ab264615 Human PSA ELISA Kit, Abcam, whose sensitivity data is 8 pg
mL’l) [77]1. This analytical performance of our VAMNs-based FET
biosensor shows significant potential for early-stage clinical testing of
PCa.
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Fig. 8. Detection of PSA antigen in human serum. (a) Representative transport curves in response to human serum samples spiked with PSA antigen at increased
concentrations. (b) Calibration data of the VAMNs-based FET biosensor for quantification of PSA antigen spiked in human serum samples, with data fitted into an S

curve (N = 8).
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3. Conclusion

We reported the first FET biosensor integrating semiconductive
VAMNSs as the FET channel for label-free and ultrasensitive immunoas-
says. The rapid sulfurization process for VAMNSs growth allows the facile
patterning of the FET channels, which is compatible with conventional
microfabrication processes and enables wafer-scale batch fabrication of
the FET biosensor. Through experimental characterization and theo-
retical calculations, the abundant edge sites of the thin-film surface of
VAMNSs have been proven to be active sites for thiol-based linker
conjugation and capture probe functionalization. Using PCa as a real
disease model, we calibrated the FET biosensors using PSA-spiked serum
samples and achieved an ultralow LOD of 800 fg mL ™! (>10 times lower
than that of a commercial ELISA kit). The VAMNSs-based FET biosensor
represents a new advance in the field of MoS,-based biosensors and
holds great potential in early-stage disease diagnostics.
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Appendix A. Supplementary data

Further details on VAMNSs sensor fabrication, CVD growth of verti-
cally aligned MoS; nanolayers and snapshots of most stable configura-
tions for the basal plane, S edge, Mo edge, 50% S-coverage Mo edge, and
100% S-coverage Mo edge with a single sulfur vacancy on the surface.
And the details of experimental methods are also provided.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.aca.2023.341036.
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