Open Access Article. Published on 07 February 2023. Downloaded on 12/9/2025 2:29:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Nanoscale, 2023, 15, 4570

Received 27th November 2022,
Accepted 6th February 2023

DOI: 10.1039/d2nr06630k

Field-effect transistor antigen/antibody-TMDs
sensors for the detection of COVID-19 samplesf

*aP Kotaro Sato,“? Yashiro Motooka, Shinya Toyokuni,®
*a,f

Ruben Canton-Vitoria,
Zheng Liu 2 ¢ and Ryo Kitaura

We fabricated sensors by modifying the surface of MoS, and WS, with COVID-19 antibodies and investi-
gated their characteristics, including stability, reusability, sensitivity, and selectivity. Thiols and disulfanes in
antibodies strongly interact with vacant Mo or W sites of MoS, or WS,, yielding durable devices that are
stable for several days in the air or water. More importantly, detachment of the antibodies is suppressed
even during the aggressive cleaning process of the devices at pH 3, which allows reusing the same device
in several experiments without appreciable loss of sensitivity. Therefore, the nanodevice may be employed
in samples of different patients. Further, we found a limit of detection (LOD) of 1 fg ml™* at room tempera-
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Introduction

COVID-19 has threatened people worldwide, and there is no end
to the news about deaths, infections, and restrictions. The
surface of the COVID-19 virion (the entire virus particle) has a
protein membrane, two sub-units of spike glycoprotein (S1 and
S2), and nucleocapsids. Each virion has approximately 100 spike
glycoproteins,"? which can interact with a vasodilator protein,
the host cell’s angiotensin-converting enzyme 2 (ACE2).
COVID-19 RNA particles initiate replication in the cytoplasm by
interacting with the host cell. Meanwhile, IgG or IgM antibodies
interact with S1-S2 proteins, neutralizing the virion.>* The
vaccine, crucial for the suppression of COVID-19, aims to
produce antibodies against the glycoproteins of the spike.’

In addition to the vaccine, fast detection of COVID-19 has
been essential for all governments to end the pandemic.
Usually, virion concentration ranges from 10* to 10’ fg ml™"
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ture, time responses of 1 second, and selectivity against interferences such as KLH protein or Albumin.

(copies per ml),® and in the case of the most contagious
patients, it reaches 10%-10"" fg mI™".”'° Nasopharyngeal swab
polymerase chain reaction (PCR) and the serological test have
been the most demanded techniques to detect COVID-19.
Commercial PCR tests are 99% reliable and have a limit of
detection (LOD) for RNA SARS-CoV-2 of less than 20 copies per
ml. PCR can detect COVID-19 even 50 days after symptoms
have stopped," making it the most sensitive method. Despite
its sensitivity, PCR is expensive and needs several hours. On
the other hand, the antigen test is cheaper and faster (a few
minutes). However, the LOD is 1 ng ml™" (10° copies per ml),
allowing the detection of COVID-19 only when the viral load is
relatively high.

COVID-19 detection is useless unless asymptomatic or
symptomatically concealed citizens are tested. A minimally
invasive method, such as a nasopharyngeal swab, would motiv-
ate citizens to be tested. Saliva is a biological fluid containing
30% of biomolecules in blood, which can be used to detect
COVID-19 and IgA antibodies.'” Saliva may provide more accu-
rate results than a nasopharyngeal swab in some
situations."*™*® Since commerecial saliva test kits are now avail-
able inexpensively, increasing the sensitivity of these kits is the
key to successfully controlling COVID-19 infection.

Nanomaterials are excellent candidates for fabricating
sensors. For example, 0-dimensional materials, such as gold
nanoparticles, can perform colorimetric assays with a lower
detection limit of 180 ng ml™" RNA particles (According to the
molecular mass, around 10" copies per ml)."” Another prom-
ising nanomaterial is two-dimensional (2D) materials. For
example, field-effect transistor (FET) devices with antibodies/
graphene show a sensitivity of 1 fg of S protein per ml (around
10 000 copies per ml)."® 2D semiconductors, such as transition
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metal dichalcogenides (TMDs), are also candidates for high
sensitivity of COVID-19 detection; WSe, has been used as a
FET-based sensor, showing a detection limit of 25 pg ml™" (2.5
x 10® copies per ml)."°

Anchoring antibodies on the surface of 2D materials is
essential in fabricating 2D-materials-based sensors. For
anchoring antibodies, the primary benefit of covalent
functionalization is avoiding organic species (or antibody)
detachment. Covalent functionalization has been widely
studied in graphene,”® whereas the studies in TMDs are still
under development.>'** Focusing on TMDs, the best method
for functionalizing semiconducting MoS, or WS, is undoubt-
edly the addition of organic compounds with sulphur deriva-
tives such as thiol, dithiolanes, or dithiolenes®>'**> because it
prevents disruption of the TMDs basal plane. For example,
thiols covalently interact with Mo or W metals through the S
vacancy on the basal plane of TMDs. We have employed this
strategy on phthalocyanine,® porphyrins,>* polymers,’
quantum dots*®*” pyrenes,*® or perylenes.’® In addition, we
previously proved that pyrene®***! and Ni-phorphyrin®? induces
electron transfer, leading to gating on FET devices to modify
the carrier density of MoS, and WS,. Thus, a simple procedure
should be developed to covalently functionalize TMDs with the
cysteine (or cystine) of antibodies. In any manipulation of the
further FET device, the strong covalent bound between anti-
bodies and TMDs may impede the separation of both species
and must be more beneficial than simple van der Waals
forces.

Currently, all the FET nanodevices that detect COVID-19 are
extremely sensitive. Previous studies that focused on detecting
COVID-19 are based on adding a specific antigen to a single
original solution. In terms of reusability, investigations in
which the device can easily switch from one solution to
another are attractive since they will allow researchers to test
samples from various patients using the same device. In this
work, we study the capabilities of MoS, and WS, sensors co-
valently functionalized with COVID-19 antibodies. The new
sensors are made of semiconducting 2-dimensional materials;
these characteristics are essential for high sensitivity. The
main objective of this contribution was to maximize the stabi-
lity and interactions between TMDs and antibodies. We
employ the chemical properties of the TMDs to have stable
covalent functionalization, which allows for cleaning and
reusing the devices several times. This condition enables pro-
found studies without the risk of antibody detachment on the
device. In addition, the S2 glycoprotein (antigen) on the
surface of TMDs-antibodies acts as a gating, producing a
robust variation of the conductivity in response to the antigen
concentration. The best devices archive a limit of detection of
1 fg ml™" and a time response lower than 1 second. The new
material resists common antigen/antibody excision conditions
and remains stable after several days stored in the air. Equally
importantly, the FET devices show selectivity against interfer-
ences such as Albumin or KLH. Furthermore, we demonstrate
that the device detects different antigen concentrations in
saliva.

This journal is © The Royal Society of Chemistry 2023
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Experimental section

We purchased the polyclonal IgG antibodies from rats
(SARS-CoV-2 (2019-nCoV) spike S2 antibody) and the commer-
cially available SARS-CoV-2 (2019-nCoV) spike S2 ECV-His
recombinant protein (antigen) that are derived from the orig-
inal form COVID-19. The structures of a representative

antibody**** and S2 protein (antigen) are shown in Fig. S1.}

Substrate treatment

Si0,/Si substrates 6 x 2 cm* were washed in piranha solution
for 15 minutes under sonication, followed by 1 minute of soni-
cation in ultrapure H,O and MeOH. After the sonication, sub-
strates were dried using N, blowing, and then the substrates
were heated at 700 °C under an airflow of 400 ml min™" for
30 minutes.

Example of chemical vapor deposition (CVD) synthesis of
MoS, (or WS,)

15 mg of MoO; (or WS,) containing 15% of NaCl was de-
posited in the center of an alumina boat (10 x 1.5 ¢cm?) with a
height of 1.1 cm. The boats were put in a quartz tube (3 cm in
diameter). MoO; was gradually heated up to 725 °C (780 °C) in
13 minutes with an Argon flow rate of 113 ml min~". Then,
Sulphur was also heated up to 210 °C for 10 minutes. All CVD
parameters were kept constant during 5-10 additional minutes
before cooling down. The step of cooling down (from 700 to
300 °C) was very slow (several hours) to abolish the partial
metallic phase.*>?°

Covalent functionalization between antibody and MoS,

5 ul of 100 pg ml™" of antibody in water was deposited on a
substrate with pristine MoS,. The substrate was put in a box of
2 x 2 x 1 em? to avoid vaporization of water and kept at 4 °C
for 10 days. After this process, water was removed by drying
the substrate on a hot plate at 40 °C for 10 min. Finally, weakly
attached antibodies (non-covalent) were removed by washing
with pure water in 10 different vials. After the second wash,
grids of ELISA test provide negative value towards Ellman’s
reagent, suggesting an absence of a detachment of antibodies
from the antibody-MoS, device.

Covalent functionalization between cysteine and MoS,

We performed the reaction towards exfoliated and CVD-TMDs
on SiO, substrate with electrodes. MoS, was immersed in 5 ml
of Dimetilacetamide (DMAc) with the maximum amount of
cysteine dissolved. We kept the reaction for four days in N, at
50 °C under a dark environment. Then, it was cleaned with
pure DMAc four times by immersion. Later, non-covalent
species were entirely removed by using carbon sulfide under
Solhex reflux for 12 h. Finally, the device was washed once
more with water. The water used for cleaning was tested by
Ellman’s reagent. A negative value suggests the absence of a
detachment of antibodies from the antibody/MoS, device.

Nanoscale, 2023,15, 4570-4580 | 4571
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Coulombic interactions between antibody cysteine-MoS,
(antigen-cysteine-MoS,)

5 ul of 100 pg ml™" of antibody in water was deposited on a
substrate with pristine CVD MoS,. The substrate was covered
in a box of 2 x 2 x 1 cm® and kept at 4 °C for 1 day. The box
forbids the evaporation of water. After this period, the sub-
strate was immersed several times in water to detach anti-
bodies that were weakly attached to the surface.

Device fabrication

Firstly photoresist (ZEP520A) was spin-coated (1000 rpm 5 s
and 6000 rpm 50 s) onto pristine CVD-MoS, (or WS,) on SiO,
270 nm/Si. And then, we heated it for 2 minutes at 180 °C in
the air and put it in the EBL chamber for the electrode pattern-
ing. AutoCAD2020 and Wecas were employed to design elec-
trode patterns. We used 20 kV acceleration voltage and 5 nA
current to draw the electrode patterns in the EBL. The develop-
ing process was performed by immersing substrates into
o-xylene for 10 seconds. Metal depositions of 10 nm of Cr and
50-80 nm of Au were carried out with a vacuum deposition
chamber working at 10~ Torr. The process was repeated with
10 nm of Bi and 50 nm of gold, ensuring direct contact
between Bi/Au and the channel. Note that Cr provides mechan-
ical resistance to the device, and Bi reduces the Schottky
barrier for low contact resistance. During the deposition, sub-
strates were kept cold at 10 °C using a water cooler system. The
lift-off process has been performed with DMAc at room temp-
erature. The devices were heated at 250 °C under Ar/H, flow of
400/30 ml min~" to increase the conductivity. After covering
the electrodes with ZEP520A, we added the antibodies. After
the covalent functionalization, we covered the whole substrate
surface (but not the area of TMDs) with PPC. In total, we suc-
cessfully performed 14 devices to study the properties of anti-
body-TMDs: 1 device of antibody-WS,, 1 device for MoS, func-
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tionalized with cysteine to study its properties, 6 additional
devices of antibody-MoS, to study the interaction with interfer-
ences, 2 devices for saliva studies, 2 blank experiments and 2
for study the stability of the devices.

Evaluation of sensors

All the experiments were carried out at 25 °C under dark con-
ditions. The gate and vias voltages were set to 0 and 0.5V,
respectively. The devices were immersed in 96-ELISA grids (no
ELISA test) with antigens at different concentrations. The solu-
tion inside the grid was mechanically homogenized by immer-
sing and removing the device three times. Before changing to
another ELISA grid with a crescent antigen concentration, the
device was washed with HCl/glycine buffer at pH = 3 by five
consecutive immersions for 10 seconds. Then, the pH was
recovered by five additional immersions in different ELISA
grids with ultrapure water. Check a representative example in
Scheme S1 at ESL.{

Additional information about characterizations, including
AFM, TEM, and Raman, are shown in the supplementary
Experimental section in the ESIL{

Results and discussion

To begin with, Fig. 1a shows the complete fabrication process
of COVID-19 sensors. According to our previous work, the
semiconductor channel (MoS, and WS,) of the device for
detecting COVID-19 was grown with the chemical vapor depo-
sition method.?>"° First, interdigitated electrode patterns were
deposited on the MoS, or WS, channel (10 Cr/Au 60 nm and
Bi 20 nm/Au 60)*° and then non-conductive polymers were put
outside of the channel to insulate the electrodes. Afterward,
we carried out the functionalization of TMDs with antibodies.

ZEPI520A,

@

E~ mm PPC (Insolate all system)

ZEP 520A (Insolate electrodes)

- j| mm SiO, (Substrate)

I Si (Substrate)

= Cupper (Gate electrode)
Au (Drain and Source electrodes)
Cr (Connect Au with Si0,)

I Bismuth

[ Single Layer of 2H-MoS,

. Antigen
| Antibody

‘ Resistance

ELISA GRID

Fig. 1

: BismuthA
IR 21.0g1m,

0.25 mm|

Resistance

(a) Optical pictures showing the fabrication procedure of antibody-MoS, sensors. (i) CVD-MoS, taken with a low magnification, (i) a device

with gold electrodes at 5 and inset; 50 magnifications. (iii) FET MoS, device with Gold and Bismuth electrodes covered with ZEP 520 A insulate
polymer at 50 and inset; 5 magnifications. (iv) Antibody-MoS; device at 5 magnifications. (v) Antibody-MoS, device connected to the Keithley semi-
conductor parameter analyzer. (b) Representative FET Antibody-MoS, device. (c) Model: response mechanism of antibody-MoS, without (left) and

with (right) antigen.
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Due to the low thermal stability of the antibodies, we per-
formed the reaction at 4 °C for 10 days (see Experimental
section). Basically, the thiols in our antibodies (calculate as
3% of cysteines in weight by Ellman’s reagent vs. 1% in
antigens)®*?” react with bare metals at sulphur vacancies of
MoS, and WS,.”'** Maldi-fingerprint before and after the
reaction are identical, showing that antibodies do not degrade
after the reaction (see ESI Fig. S2at). After extensive washing,
all the non-covalent antibodies were removed from the device.
It should be noted that such washing damages non-covalently
functionalized single-layer MoS, because the surface tension
of water breaks the single-layer MoS,. In contrast, antibodies
on MoS, act as a surfactant, stabilizing the device (see ESI
Fig. S2b¥). Indeed, devices incubated with antibodies for 1 or
4 days were destroyed, while the device with 10 days of incu-
bation resisted the water-cleaning process. The final 250 pl of
water used to wash the device revealed neither thiols nor
amines by Ellman’s reagent or Kaiser test. The device, therefore,
is free of non-covalent species and stable in solvents with high
surface tension. Deposition of antibodies on MoS, with
shorter times (overnight) shows a complete detachment of the
antibodies, suggesting that thiols need time to have strong
interactions with the surface of MoS,. It is unknown if earlier
TMD-based devices were covalently or non-covalently functio-
nalized with anibodies,'® but the experiment described in the
bibliography does not fully employ the capabilities of covalent
functionalization. The main advantages of our methodology
include higher reusability, durability, and, importantly, the
ability to switch the device from one solution to another.
Fig. 1b shows a schematic drawing of the device, in which only
antibody-MoS, can directly contact the antigen, insulating
other components such as electrodes. Once the antigens inter-
act with antibodies, the antigen-antibody complexes should
modify the electronic properties of antibodies, which leads to
a change in the electronic density at the surface of MoS,. In
other words, antibodies that bind to antigens operate as a gate
voltage, inducing a change in the carrier density of the device
(see the model in Fig. 1¢).**3%3°

We performed structural characterization using a trans-
mission electron microscope (TEM) and an atomic force micro-
scope (AFM). Concretely, AFM observations revealed that the
height variation caused by the antibodies typically increases by
about 100 nm. TEM inspection confirmed that CVD-grown
samples have sulphur vacancies that can interact with anti-
bodies. The spectroscopic analysis also provided relevant infor-
mation regarding covalent functionalization. For example,
amines or aliphatic chains of antibodies were observed in
Raman spectra. More importantly, the intensities of 2LA(M) of
MoS, bands decrease after functionalization, which is associ-
ated with covalent functionalization.?*”>>*#733 Further, XPS
suggests reducing the number of sulphur defects, in agreement
with Raman.”®*° Finally, we could not detach the antibodies
from MoS, without breaking the devices. A brief description of
AFM, TEM, and Raman was included in ESI and Fig. S3-S5.}

Next, devices based on MoS, were fully optimized.
Regarding electrodes, Bi/Au increased the conductivity®®*°

This journal is © The Royal Society of Chemistry 2023
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while Cr/Au improved the mechanical resistance. The anneal-
ing process (H,/Ar at 250 °C) results slightly beneficial, increas-
ing the conductivity of the system by 30%. Further, the devices
should not have a voltage drain to source (Vys) larger than 0.6
V in water to avoid any unwanted reaction such as hydrogen
evolution reaction (HER),”” or oxygen reduction reaction
(ORR);* in fact, we observed bubbles and white precipitates
form under large Vg4s. On the other hand, our devices have on/
off ratios of 10° in the air (see Fig. S61) due to the semicon-
ducting character of MoS,. In addition, the threshold voltage
(Vin) tends to be near to 0 Vg in pristine MoS, or antibody-
MoS, FET devices (see Fig. 2a). In opposite, when the antigen
interact with antibody-MoS, the charge distribution of the
antibodies are modified altering the surface of the
MoS,."*?*%%° Such electronic changes strongly modify the
output characteristics and transfer curves of antibody-TMDs
devices (see Fig. S7t1 and the model shown in Fig. 1c).

Antibodies usually interact with antigens strongly, making
the cleaning process very difficult. We found that using HCl/
Glycine buffer at pH = 3 modified the tertiary/quaternary struc-
ture of the antibody, allowing easy separation of the
antigen.*””*> Blank experiment in Fig. S81 suggests that HCI/
Glycine does not damage the antibodies, and the conductivity
is easily recovered (See Fig. S81). Under such conditions, the
antibodies were not detached from the surface of MoS, due to
the covalent character of the hybrid antibody/MoS,, as a con-
siderable advantage compared with the previous studies based
on non-covalent functionalization nanodevices for the detec-
tion of COVID-19. The substantial increase of conductivity
during washing agrees with the adsorption of positive charges
on the antibody and, consequently, in the surface of MoS, (see
Fig. 2b). As seen in Fig. 2b, the conductivity under a pH of 7
recovers the baseline level during the water washings. Such a
procedure can be used typically 15 times before a device gets
partially damaged.

Fig. 2c shows a continuous decrease of the conductivity at
increasing concentrations of antigen measured with a 96-grids
ELISA plate (do not confuse with ELISA test). To improve visu-
alization, we normalize the baseline (Q Water) to 100 A and
remove the response variations caused by the cleaning pro-
cedure. Similarly, Fig. 2d shows a continuous variation of the
response (Cq) under increasing antigen concentrations (C.).
The detection limit was 4.8 pg ml™', and the response
decreased to 6.2 ng. Based on the molecular weight of 1- the
antigen, 2- the virion (each virion has a mass of ~1 fg)**® and
3- the average of S2 glycoprotein in a virion, ( ~100 units)"> we
barely estimated that the LOD 4.8 pg ml™" would correspond
to ~48 M of copies per ml. The devices of pristine MoS, (blank
experiments) showed a maximum sensitivity of 16 000 ng m1™*
for S, glycoprotein. Moreover, the attachment of antibodies
increases the sensitivity in 32 000-fold. In addition, pristine
MoS, devices (blank experiments) enhance the conductivity of
the device, in sharp contrast with antibody-MoS, devices, prob-
ably because the antigen acts merely as electrolyte in blank
experiment (see Fig. S.8t). Fig. 2e shows the Langmuir plot of
antibody-MoS, device resulting in a perfect linear fitting. This

Nanoscale, 2023,15, 4570-4580 | 4573
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Fig. 2

(a) Transfer curve of (black) MoS;, and (red) Antibody-MoS, Response of FET Antibody-MoS, device at (b) constant and (c and d) increasing

antigen concentration. (e) Evaluation of concentration and response following logarithmic scale of Langmuir equation (f) Time response of a FET
Antibody-MoS,; interacting with the antigen. (g) First addition and (h) additional additions of antigen to FET Antibody-WS, device in water. (i)
Response of FET device based on Coulomb interactions of Antibody and MoS, in water, at increasing concentrations of antigen. All the experiments

were carried out at 0.5Vp_s.

indicates that antibodies on the surface of the device work as
strong binding sites for S2 glycoproteins. The plot [(C./Cq = 1/
(Q X gmax X Ki) + Ce/(Q % gmax)] is usually employed to get more
specific information about the antigen-antibody complex.””
Herein, K;, is the constant related to the affinity of the binding
sites (obtaining a value of: 0.002 ml pg™"), Gmax is the
maximum absorption capacity and Q is the constant that con-
nects the variation of current with Langmuir equation.
Although the final two factors cannot be calculated indepen-
dently, Q X gmayx Offers a value of 446 000 nA mg g~ " and may

4574 | Nanoscale, 2023, 15, 4570-4580

be used to compare to other analytes such as interferences
(see below). Since Langmuir plot has R* = 0.999, the model
perfectly matches with our results, indicating that antibodies
are not detached during the measurement. Therefore,
additional interpretation with Freundlich or Temkin models
are unnecessary. Beyond the sensitivity, a fast response is
strongly demanded in biosensing. Fig. 2f shows a time-
response of the sensor, which can be fitted by a mono-expo-
nential function with a time-response of 0.8 + 0.3 s. The recov-
ery time, on the other hand, was 2 + 0.5 s. These values are

This journal is © The Royal Society of Chemistry 2023
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comparable to other FET devices, typically ranging between 5 s
~ 1 min (ref. 48) (see Table 1).

In contrast with antibody-MoS,, devices based in antibody-
WS, increases conductivity. The best LOD for antibody-WS,
devices was 1 fg ml™', estimated in around 10.000 copies of
virion per ml (see Fig. 2g and h). Such detection limit is low
enough to be used in infected patients wherein the average of
virions copies per ml is 10*-10” (~10°-10° S2 glycoproteins).
However, the stability of WS, devices was worse than MoS,.
For instance, the response decreases after 7 and 343 fg
additions, suggesting that some single layers of WS, degrade
during the cleaning process, invalidating accurate experiments
such as Langmuir plots at the full range of the experiment.
The low stability of WS, can be associated with a wide range of
factors. WS, crystals probably grow faster than MoS, crystals
during CVD synthesis, resulting in more defective material
with worse mechanical properties. However, the logarithm of
the Langmuir plot displays R> of 0.999 for a range of 343 to
118000 fg ml™, where some layers of WS, are still stable.
Moreover, the device allows to calculate the K, and Q X gmayx of
the Langmuir plots with relative precision, obtaining values of
1.77 ml pg" and 2200 nA pg g, respectively. The value of Q x
gmax does not provide relevant information when antibody-
MoS, and antibody-WS, are compared, since Q depends on
each device, but a higher value of K;, in WS, device agrees with
and improvement of the LOD.

We also fabricated another type of device through the fol-
lowing couple of steps: 1- we perform the covalent functionali-
zation on the surface of MoS, with cysteine. 2- we add anti-
bodies (see Experimental section). In this sensor (antigen-
cysteine-MoS,), the antibodies interact with cysteine through
Coulomb interaction. Concretely, the carboxylate and
ammonium charges of cysteine interacts with the charged
amino-acids on antibodies (Glutamic acid, Glycine, Leucine or
Serine).>”*? In this case, since the charges of antibodies are
closer to the surface of MoS, than in cobalent functionali-
zation, we can expect a substantial response against antigen.
We remind to the lector that the effect of the charges will
decrease with the square of the distance, moreover small dis-
tance differences between the charges of antibodies and TMDs
in covalent or non-covalent functionalization devices can
produce important changes in the conductivity. Due to the
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weak non-covalent functionalization between cysteine and
antibodies, the device was broken after two tests, in the
absence of HCl/Glycine or water washing (Fig. 2f). This lack of
stability is a proof that the covalent functionalization is
effective and necessary to abolish detaching of antibodies in
order to reuse devices of TMDs. We try to apply a Langmuir
equation between 1-350 fg, obtaining an R*> = 0.992 which is
worse than covalent functionalization but acceptable.
Furthermore, the small number of values precludes totally
trustworthy values. However, we would like to mention that K;,
and Q X gmax are 12 800 ml pg™* and 5060 nA pg g™, respect-
ively. The huge value of Ky may indicate a close communi-
cation between MoS, and antibodies. The main advantage of
the coulombic interaction methodology is that the detection
limit was 7 fg ml™* (70 000 copies), 10° better than those of
devices fabricated through direct covalent functionalization
(see Fig. 2i). In any case, the detection limits that we achieved
with any device are much impressive than the best results with
the same antibodies reported in other studies, 10 ng ml~"(ref.
50) and comparable with other nanomaterials. Please see
Table 1 to easily compare the LOD and lifetime of our devices
with some representative examples of the bibliography.

The durability and selectivity of antibody-MoS, were also
investigated. We employed MoS,-based devices because of
their robustness and high durability. For example, MoS,-based
devices can continuously work for a couple of days in water or
more than a week in the air. For example, after 15 days, the
response of the device against S2 glycoprotein-antigen barely
decreased by 1.5% (see Fig. S9T). Devices based on pristine
MoS, can interact with electrolytes such as NaCl, modifying the
conductivity.’" In fact, pristine MoS, devices start to respond to
NaCl at concentrations of 0.23 pg ml™" in pristine MoS,. On the
other hand, the addition of antibodies reduces the sensitivity
until 2 mg ml™" (see Fig. S101). The same device has a
maximum response for S2 glycoprotein of 16 000 ng ml™* and
4.8 pg ml™" previous and after functionalization (Fig. 2c vs. S81).
Furthermore, the addition of antibodies improves sensitivity to
COVID-19 antigens and lowers the sensitivity to other interfer-
ences. This phenomenon is easy to rationalize. The antibody
insulates the surface of MoS,, and only those species that
strongly interact with antibodies will magnify the response of
the device. Fig. 3a and b show that the devices of antibody-MoS,

Table 1 Comparison of FET antibody-TMDs devices with other representative COVID-19 sensors

Material/device LOD Lifetime Ref.

FET covalent antibody-MoS, 4.8 pgmL~" 1s This work
FET non-covalent antibody-MoS, 7 fg mL™! 1s This work
FET covalent antibody-WS, 1 fg mL™" 2s This work
Colorimetric based sensor with gold nanoparticles 180 ng mL™" 10 min 17

FET non-covalent antibody-graphene 1 fg mL™ Several seconds 18

FET antibody-WSe, 25 pgmL ™" 2 min 19

FET non-covalent antibody-single wallet carbon nanotube 4.2 fg mL™" Few seconds 48
Antibodies used in this study employed in ELISA test 50 ng mL™" No data 50

FET antibody Pt-graphene oxide 1 fg mL™ Few seconds 52
Colorimetric sensor, antibody-gold nanoparticles 62.5 ng mL~" 1800 s 53 and 54
Resistive sensor of Cys-gold nanoparticles with graphite 229 fg mL™" 6.5 min 55

This journal is © The Royal Society of Chemistry 2023
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Fig. 3

(a) Response and (b) limit of detection of Albumin and KLH- (c) Logarithmic scale of Langmuir equation for Albumin (red) and KLH (black).

(d) Response of FET Antibody-MoS, device at increasing antigen concentration in saliva.

barely interact with Keyhole limpet hemocyanin (KLH) protein;
the maximum response was 2.0 + 0.3% at concentrations higher
than 2 ng (Fig. Silat). Fig. 3a and b also show that devices
detect Albumin with a concentration of 0.5 ng (Fig. S11bt). The
negative charges of Albumin are probably the main reason for
the response at low concentrations since the conductivity of
n-type MoS, should decrease in the presence of negative
charges. Such sensitivity to Albumin could interfere with
COVID-19 detections. However, the maximum response of
Albumin quickly saturates with a 5.0 + 2.0% variation in the
conductivity, whereas a variation of 80 + 2.0% was observed in
the COVID-19 antigen. Fig. 3c shows that Albumin and KLH
also follow the Langmuir equation ranging from 0.075 to 595 pg
ml™ and 0.29 to 416 ng ml™", respectively. Finally, the K; of
Albumin and KLH are 23600 and 3000000 smaller than

4576 | Nanoscale, 2023, 15, 4570-4580

S2 glycoprotein protein. Therefore, we find a strategy to differen-
tiate COVID-19 antigen and potential interferences.

Finally, we tested the effect of saliva (30%) with different
antigen concentrations and cleaning the device with HCIl/Glycine.
Under these conditions, we quickly detected the antigen with a
concentration of 128 pg ml™* (1300 M copies) (see Fig. 3d and
Fig. S127). It should be noted that this result is 5-fold better than
those studies with the same antibodies/antigen performed by
other techniques, such as traditional ELISA assays (ref. 50).

Conclusions

In this work, we have fabricated antibody-TMD devices to
detect COVID-19 based on thiol functionalization. The princi-

This journal is © The Royal Society of Chemistry 2023
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pal advantage of this study is that antibody-MoS, devices allow
the measurement of various samples using the same device.
Anitibody-MoS, devices were stable after several immersion/
extraction processes in different antigen, acidic media, or
saliva solutions. We found that antibody-MoS, has a detection
limit of 4.8 pg ml™". Antigen-WS, devices increase the limit of
detection to 7 fg ml™. Next, MoS, devices functionalized with
cysteine and followed by the addition of antibodies show a sig-
nificant increase in sensitivity, increasing from 4.8 pg ml™" to
1 fg mI™" since the most charged areas of the antibodies are
close to the surface of TMDs. However, detachment of anti-
bodies during cleaning only allows a couple of uses in both
antigen-WS, and antigen-cysteine-MoS,, resulting in less inter-
est than antigen-MoS,. All the devices exhibit a response time
of a few seconds and can work even with saliva. The next stage
will have to find a strategy that allows connecting the most
charged parts of the antibodies directly on the surface of
TMDs towards covalent functionalization. This strategy prom-
ises to enhance the response and improve the limit of detec-
tion while it can be reusable several times. This study has
revealed the excellent properties and limitations of TMDs in
bionanotechnology.
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