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The integration of 2D material coatings on microcantilevers marks
a transformative advancement in nanomechanical sensing. As
essential components of nanomechanical sensors, microcantilevers
detect minute forces, such as molecular interactions, through fre-
quency shift measurements, enabling ultra-sensitive detection with
atomic-scale mass resolution. This work emphasizes the novelty of
employing 2D-material coatings on microcantilevers, presenting an
integrated approach that combines theoretical modeling, simu-
lation, and experimentation. By utilizing 2D-material-coated micro-
cantilevers, this study demonstrates the precise measurement of
mass, Young's modulus and thickness of 2D material layers. The
enhanced performance of these coated resonators is showcased in
applications such as bacterial and uric acid mass sensing at varying
concentrations, achieving superior frequency detection, responsiv-
ity, and accuracy. This research not only advances nanoscale sensor
design but also underscores the potential of 2D-material coatings
in revolutionizing nanoelectromechanical sensors for materials
characterization and mass spectrometry, paving the way for next-
generation sensing technologies.

Introduction

Microcantilevers play a central role in imaging and sensing in
both atomic force microscopy (AFM) and nanoelectromechani-
cal sensors."”® Thanks to the progress in micro- and nanofabri-
cation technologies, we can now create smaller cantilever-
based nanomechanical resonators. These miniature structures
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are adept at detecting forces, masses, mechanical properties,
and motion associated with molecular interactions and
surface forces at the molecular/atomic levels.” "

For mass measurements, nanomechanical devices have
undergone significant advancements, reaching a stage where
they present a compelling opportunity to revolutionize mass
spectrometry. Nanoelectromechanical system (NEMS) resona-
tors exhibit remarkable sensitivity, or, in other words, respon-
sivity to the added mass of adsorbed particles.'**® This pro-
gress has resulted in significant achievements, including the
detection of the mass of individual proteins,"”
nanoparticles,'®'® and large biomolecules.’>*! Moreover,
there have been demonstrations of near-atomic-scale mass
resolution.>*?*?

However, when the mass and size of the adsorbent signifi-
cantly differ from the mass and geometry of the cantilever,
accurate mass quantification is compromised. This is due to
the microcantilever’s sensitivity and the coupling between
changes in its stiffness and mass. As a result, this could lead
to mismatches in the detected masses potentially exceeding
50%.° Another finding of the research indicates that when
microcantilevers are used in applications with adsorbed layers,
the mechanical properties of these coated cantilevers can
show substantial variations compared to their pristine
counterparts.”'® Previous studies have elucidated that vari-
ations in the spring constant of microcantilevers are attributed
to alterations in stress on one side of the cantilever.”
Nevertheless, in those experiments, the effect of the mass of
the adsorbed layer was negligible due to the cantilever being
considerably larger in mass compared to the adsorbed layer.
While some studies have attempted to address the influence of
the particle mass and spatial distribution on nanoscale
sensors,?* the phenomenon of observed anomalous frequency
shifts requires further investigation.>® Furthermore, despite
significant advancements in using microcantilevers as sensing
tools, their characterization capability remains elusive.

Recent advances in the synthesis and preparation of 2D
materials®***” provide a significant opportunity to utilize them
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in microcantilever-based nanomechanical sensors and energy
harvesters.”® These novel materials can be applied as a coating
to microcantilevers, enhancing their ability to detect with high
responsivity. For example, molybdenum disulfide (MoS,) has
unique physical and mechanical properties, such as high
surface area, flexibility and stiffness,® which can be adjusted
by changing the number of layers or incorporating defects.
This tunability allows for the customization of cantilever
designs with desired mechanical characteristics for specific
sensing applications. The surface of MoS, can be easily func-
tionalized®® and it also possesses tunable higher electron
mobility.”® These properties make it a suitable candidate for
an efficient sensing platform. This integration of 2D materials
with microcantilevers allows for precise control over the canti-
lever’s resonant frequency and significant improvements in
the minimum detectable frequency and sensitivity of mass
spectrometry, enabling applications in high-precision sensing.

In this work, we employ the concept of a digital twin to
develop an integrated theoretical, simulation and experimental
methodology. This method elucidates the effect of coating and
layer adsorption mechanisms on the characteristics of nano-
mechanical resonators, explores the origin of observed anoma-
lous frequency shifts, and quantifies the properties of the
coated layers.

Experimentally, we introduce a technique to uniformly coat
the microcantilever surface with large-scale MoS, through van
der Waals epitaxy. Subsequently, the theoretical model allows
us to measure the mass and quantify Young’s modulus, thick-
ness, and layer count of MoS, directly from the measured fre-
quency and spring constant of the coated microcantilever. We
used two methods to determine the mass, thickness, and
Young’s modulus of the deposited MoS,. In Method 1, Raman
spectroscopy and high resolution transmission electron
microscopy (HRTEM) were employed to determine the number
of MoS, layers. Using the cantilever’s geometry, we calculated
the MoS, mass, which, combined with frequency measure-
ments, allowed us to compute the cantilever’s spring constant.
Applying composite beam theory, we then extracted the
Young’s modulus of the MoS, layer. In Method 2, we measured
the cantilever’s frequency and spring constant before and after
MoS, deposition. Using an updated cantilever mass spec-
trometry model, we calculated the MoS, mass, and from the
mass, frequency shift, and spring constant, we derived its
thickness and Young’s modulus. We then utilize the MoS,-
coated microcantilever to measure the mass of Escherichia coli
(E. coli) bacteria, demonstrating a significant improvement in
its minimum frequency detection, which is approximately 4
times better than that of a pristine cantilever. This results in
higher sensitivity and accuracy in mass spectrometry.
Furthermore, to show the trends in accurately measuring the
mass of adsorbent using the modified MoS, microcantilever
and also the importance of considering the stiffness change in
mass measurements, we used our modified microcantilevers
to measure the mass of adsorbed uric acid with different con-
centrations on the surface of the microcantilevers. Our results
clearly show the higher responsivity and accuracy of our modi-
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fied MoS, microcantilever in detecting the mass of added uric
acid with different concentrations.

This approach is a breakthrough in the characterization of 2D
materials. It could also pave the way for the design and fabrica-
tion of a new generation of microcantilevers that benefit from the
unique properties of 2D materials for use in sensing applications.

Methodology

The schematic of our integrated methodology is given in
Fig. 1. For our presented analysis, the cantilever geometry is
approximated as an ideal rectangular shape with coated MoS,
as a 2D material.

The cantilever is singly clamped at one end and free at the
other end. The length of the cantilever is L., width b. and
thickness h. oriented with the x-axis, with flexural displace-
ment along the z-axis. The coated MoS, has the same length
and width as the cantilever, and its thickness is #,.

By neglecting rotary inertia and shear deformation, using
Galerkin discretization®® and equalizing the mean values of
the cantilever flexural work and kinetic energy per oscillation
cycle, the resonance frequencies of the cantilever can be
obtained as (see S1 in the Supplementary Information (SI))

Iy Eleqgi,2dx
Iy (pehe + paha)p,2dx

(1)

Wy =

where ¢,(x) is the nth eigenmode shape of the cantilever to
satisfy the boundary conditions,*® w, is the nth eigenfrequency
of the cantilever, and p. and p, are the densities of the pristine
cantilever and added layer, respectively. El., is described

aS32734

E.h  Eahy’®
Ely = : ;l + Echhe(h — )

+ Eaheha(he + hy — 2h) + Eqghha(h — hg)

(2)

where E. and E, are Young’s moduli of the cantilever and
added layer, respectively, and # is the position of the neutral
axis because of the added top layer thickness:

Echc2 + Ea(ha2 + 2hahc)
h=
2(Eaha + Eche)

(3)

From eqn (1), we can derive expressions for the critical
Young’s modulus or critical density of the added layer that will
increase the resonant frequency (see S1):

Equ > T (43)
and
129 Eleq he
“Pereq ) e 4b
Pa<Fnn, P (4b)

Furthermore, we consider the tip mass effect on our ana-
lysis of the cantilever dynamics.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) The schematic of the MoS, coating approach and methodology for sensing and characterization. In this work, we utilized the van der

Waals epitaxy method to synthesize 2D material layers (e.g. MoS;) and then transferred them over microcantilevers. The thermal noise spectra
before and after deposition were recorded to measure the frequency shift and spring constant of microcantilevers before and after deposition. Here,
we deconvoluted the mass and stiffness using an analytical model to measure the mass, layer thickness, and the number of layers of the added
MoS; layer and its Young's modulus. The coated cantilever was finally used as a sensor to measure the mass of E. coli bacteria and uric acid concen-
tration in PBS buffer. (b) The schematic of the two methods used for characterization of coated MoS,. In the first approach, the layers of coated
MoS, are measured by Raman spectroscopy and/or HRTEM, and then, using cantilever geometry, the mass of MoS; is calculated. Subsequently,
employing the measured mass and frequency of the coated microcantilever, the spring constant is calculated and used to compute the Young's
modulus of MoS,. In the second approach, by measuring the spring constant and mass of the microcantilever before and after deposition, the mass
of MoS; is measured and the measured frequency and spring constant are then used to measure the Young's modulus of MoS,. Created with VESTA,

data via Materials Project (Creative Commons CC BY 4.0 licence).

Considering the tip mass in the Euler-Bernoulli equation,*
the characteristic equation is obtained as

C(x) = x*(1 + cos (x)cosh (x))
mﬁpK“

T oo & poa)bL, (b (K)cos (k) — sin (c)cosh (x))

(5)

where my;, is the tip mass. Then, the frequency of the cantile-
ver is given by

This journal is © The Royal Society of Chemistry 2025

Results and discussion

Initially, to investigate the effect of tip mass on the frequency
response of the cantilever, we assumed that the tip mass is
between 0 and 15% of the cantilever mass and performed
numerical simulations. The results of the first to fourth eigen-
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frequencies are given in Fig. 2. As can be seen, for the case
that the tip mass is less than 10% of the cantilever mass,
which is the case of commercial cantilevers, the tip mass effect
is negligible. As Fig. 2 shows, while increasing the thickness of
deposition (here, MoS,) significantly increases the frequency
of the cantilever, increasing the mass of the tip has a negli-
gible effect (less than 1%) on the frequency response of the
cantilever for all eigenfrequencies, which means that we can
neglect its effect on our analysis of the cantilever dynamics.

Then, our combined model is employed to analyze how the
thickness and properties of coated materials impact the fre-
quency response of a microcantilever. We conducted calcu-
lations to determine the variations in the natural frequency of
the modified cantilever as materials with different Young’s
moduli and densities were deposited on the pristine cantilever.
In this study, we focused on two silicon-based microcantile-
vers, namely SCM-PIC and FMV-A. Although the material pro-
perties of both cantilevers are identical, their geometries
(length, width, and height) differ. The calculations were per-
formed across a range of added material thicknesses, and the
results are illustrated in Fig. 3a and b.

In our observations, we identified a specific density and
Young’s modulus combination where the polarity of the fre-
quency shift is reversed. We designated this particular fre-
quency as the critical frequency and the corresponding density
and Young’s modulus values as critical density and critical
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Young’s modulus, respectively. Additionally, our findings indi-
cate that increasing the thickness of added materials results in
a positive frequency shift. The magnitude of this frequency
shift is more pronounced in the FMV-A cantilever compared to
SCM-PIC, reflecting the higher sensitivity of the FMV-A micro-
cantilever. This responsivity can be attributed to the fact that
the critical frequency, critical density, and critical Young’s
modulus are significantly influenced by the type of pristine
cantilever and its geometry.

In order to visualise these in a better and simpler way, we
have plotted 2D contour plots for 2 different cantilevers,
SCM-PIC and FMV-A, and presented them in Fig. S1 (section
S2).

In the preceding section, our aim was to investigate how
the original cantilever’s geometry influences frequency shifts.
To expand our analysis and explore the influence of material
properties of the pristine cantilever on frequency shifts result-
ing from layer deposition, we utilized a silicon nitride-based
QUEST R 200 cantilever. We then plotted the changes in the
natural frequency of the modified cantilever as materials with
varying Young’s moduli and densities were deposited onto the
pristine cantilever at different thickness levels (Fig. S2). The
observed variation was similar to that of the silicon-based can-
tilevers, but the magnitudes of frequency shifts were higher
compared to the silicon-based ones, indicating the higher
responsivity of the QUEST R 200 cantilever.
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Fig. 2 Study of the effect of tip mass on the eigenfrequencies of a microcantilever with different coating thicknesses. (a) The first eigenfrequency,
(b) second eigenfrequency, (c) third eigenfrequency and (d) fourth eigenfrequency. The thickness of the coating is varied from 10 nm to 1000 nm.
Increasing the thickness of the coating leads to an increase in frequency as the coated material is MoS,, which is stiffer than the cantilever material

(here, silicon).
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Fig. 3 3D plots obtained from the numerical simulation results of frequency shift due to the changes of Young's modulus and density of coated
bulk materials on the microcantilever surface with different coating thicknesses for the SCM-PIC cantilever and the FMV-A cantilever. (a) The
changes in frequency shift for the SCM-PIC cantilevers where the coating thicknesses were 10 nm, 100 nm, 1 pm, and 3 pm, respectively. (b) The
changes in frequency shift for SCM-PIC cantilevers where the coating thicknesses were 10 nm, 100 nm, 1 pm, and 3 pm, respectively.

To summarize our simulations (Fig. 3 and Fig. S1, S2), we
can mention that in our study, we simulated MoS, coating on
three types of cantilevers:

+ SCM-PIC (silicon): length 450 pm, thickness 2.5 pm, and
spring constant ~0.2 N m™"

+ FMV-A (silicon): length 225 pm, thickness 2.5 pm, and
spring constant ~2 N m™"

+ Quest R 200 (silicon nitride): length 200 pm, thickness
900 nm, and spring constant ~0.2 N m™"

Despite SCM-PIC and Quest R200 having comparable
stiffness (~0.2 N m™'), the frequency shift upon MoS, depo-
sition was consistently larger for Quest R200. This can be
attributed to their significantly different effective masses.
SCM-PIC is both longer and thicker than the Quest R200,
which results in a higher effective mass. Since the relative
frequency shift is governed by mass and stiffness changes,
a higher cantilever mass leads to a smaller relative
frequency shift. As a result, for the same MoS, coverage, Quest
R200—with its smaller mass—undergoes a larger fractional
frequency shift than SCM-PIC. Thus, even with similar
stiffness, geometry and material differences lead to substan-
tially different frequency responses.

The second silicon cantilever, FMV-A, further highlights
this contrast. It has a slightly longer length (225 pm) than
Quest R200 (200 pm) but is much stiffer (~2 N m™") and
thicker (2.5 pm). Consequently, FMV-A exhibits the largest
effective mass and lowest compliance changes among the
three. As predicted by resonance theory, its frequency response
to surface loading is minimal.

This is the prime reason for the highest frequency shift in
the case of the QUEST R 200 cantilever. Furthermore, as can
be seen from Fig. 3, S1 and S2 in SI, as we have used 2D
materials with high Young’s moduli, in most cases we observe
positive frequency shifts, which can be related to the domi-
nance of stiffness changes over mass changes in the deposited
microcantilevers and by increasing the thickness of deposited
materials, the positive frequency shift is increased.

This journal is © The Royal Society of Chemistry 2025

In the subsequent step, we validate the analytical equations
for calculating critical values (eqn (4a) and (4b)) by comparing
them with the corresponding numerical simulation results.
For this comparison, we focused on extreme case height scen-
arios, with the coated layer thickness considered at 10 nm and
3 pm, respectively.

The variations of critical density with Young’s modulus and
critical Young’s modulus with density are calculated for the
three cantilevers: (a) FMV-A and (b) QUEST R 200 (depicted in
Fig. 4a-d), and (c) SCM-PIC (Fig. S3a and S3b).

The results reveal a remarkable alignment between numeri-
cal simulations and the analytical equations. Through this ana-
lysis, we observed that, for lower added layer thickness, the
FMV-A cantilever achieved a critical density at a relatively
higher value compared to the QUEST R 200 cantilever for the
same coated Young’s modulus (Fig. 4a). The variation is linear
at lower heights but exhibits significant non-linearity for a
thicker added layer (3 pm). Furthermore, for the thicker height,
the behavior of both cantilevers reversed, with the FMV-A canti-
lever attaining a lower critical density than the QUEST R 200
cantilever at the same Young’s modulus (Fig. 4b).

Concerning the critical Young’s modulus for the low height
of the added layer, similar to the critical density, we observed
a linear relationship. For the same density of the added layer,
the FMV-A cantilever reached the critical Young’s modulus at a
lower value (Fig. 4c). Although the cantilevers exhibited non-
linearity at a height of 3 pm, in this case, the QUEST R 200
cantilever reached the critical Young’s modulus at a lower
value compared to the FMV-A cantilever (Fig. 4d). The vari-
ations for the SCM-PIC cantilever are almost identical to those
of the FMV-A cantilever (Fig. S3a and S3b) since both cantile-
vers share similar material properties.

Our analysis thoroughly explores the complex interaction of
critical Young’s modulus, density, and coating layer thickness,
revealing a nonlinear coupling effect that impacts the direction
of frequency shift in coated microcantilevers. Additionally,
considering the different densities and Young’s moduli of
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Fig. 4 Comparison between the critical density and Young's modulus obtained from numerical simulations and developed analytical equations. (a)
and (b) The critical densities vs. Young's moduli for QUEST R 200 and FMV-A cantilevers for 10 nm and 3 pm added layer thicknesses, respectively.
(c) and (d) the critical Young's moduli vs. densities for QUEST R 200 and FMV-A cantilevers for 10 nm and 3 pm added layer thicknesses, respectively.

silicon and silicon nitride as the materials of FMV-A and
QUEST R 200 microcantilevers, this phenomenon is closely
linked to the inherent stiffness and mass of the pristine micro-
cantilever. Furthermore, our modeling approach and results
can serve as a guideline for elucidating the anomalous fre-
quency shifts observed in microcantilevers coated with various
materials. This section can be summarized as:

The phenomenon of frequency shift polarity reversal arises
from the interplay between two competing effects induced by
the coating: (1) the added mass loading, which tends to
decrease the resonance frequency, and (2) the effective stiffness
enhancement, which tends to increase it. The net result of
coating a cantilever depends on which of these two opposing
contributions dominates.

When a thin film is deposited on the cantilever, the total
mass increases due to the film’s mass per unit area, which
scales linearly with the density and thickness of the film.
Simultaneously, the stiffness of the cantilever is altered, since
the film also contributes to the bending rigidity of the compo-
site structure. The degree of this enhancement depends on the
Young’s modulus and the film’s position relative to the neutral
axis and scales strongly with thickness.

Thus, a coating with high density and low Young’s modulus
will primarily increase the effective mass without contributing

Nanoscale

significantly to stiffness, resulting in a negative frequency shift
(downshift). Conversely, a coating with high Young’s modulus
and relatively low density can increase stiffness more than the
mass, yielding a positive frequency shift (upshift).

The combination of density and Young’s modulus at which
this crossover happens defines the critical values—the critical
density and critical Young’s modulus—for a given cantilever geo-
metry and film thickness. This is why we observe a well-
defined point of polarity reversal that is sensitive to the coat-
ing’s mechanical properties and the cantilever’s dimensions.

Having established the generality of our analytical model
for bulk materials, we extended our investigation to the
domain of 2D materials, which exhibit unique mechanical and
electronic properties. To this end, we parameterized our simu-
lation with the material properties—including Young’s
modulus, density, and interlayer distance—of several promi-
nent 2D materials: tungsten diselenide (WSe,), tungsten di-
sulfide (WS,), titanium disulfide (TiS,), molybdenum disele-
nide (MoSe,), graphene, and hexagonal boron nitride (hBN)
(see their parameters we used in our simulation in the
Materials and methods section). We then systematically calcu-
lated the fundamental eigenfrequency shift (f;) as a function
of the number of deposited layers for two distinct commercial
cantilevers, the SCM-PIC and the FMV-A, to assess both the

This journal is © The Royal Society of Chemistry 2025
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(a) and (b) the frequency shifts of SCM-PIC and FMV-A cantilevers for different 2D materials and different numbers of 2D material layers. (c)

and (d) the frequency shifts of SCM-PIC and FMV-A cantilevers for monolayer 2D materials.

material-dependent response and the cantilever sensitivity.
The results of this comprehensive parametric sweep are pre-
sented in Fig. 5a and b, with a detailed analysis of the fre-
quency shift for each specific 2D material as a function of layer
number further provided in Fig. S4a and S4b in SI.

The simulations revealed a clear contrast in the cantilever
response. For WS,, TiS,, graphene, and hBN, the eigenfrequen-
cies of the modified cantilevers were higher than those of the
pristine ones, indicating a positive frequency shift. In contrast,
the frequencies of cantilevers coated with MoSe, and WSe,
were lower, demonstrating a negative frequency shift. This can
be explained by the dominance of mass changes over stiffness
changes for MoSe, and WSe,-coated microcantilevers, attribu-
ted to their lower Young’s modulus and higher density com-
pared to other materials.

To quantify this effect, we plotted the frequency shift for 20
layers of each material. For the SCM-PIC cantilever, positive fre-
quency shifts of 87 Hz, 102 Hz, 372 Hz, and 322 Hz were observed
for WS,, TiS,, graphene, and hBN, respectively. For MoSe, and
WSe,, negative frequency shifts of 10 Hz and 33 Hz were
obtained. The FMV-A cantilever followed a similar trend but with
a higher frequency shift, confirming its greater sensitivity. For the
FMV-A, a 20-layer deposition of graphene yielded the highest posi-
tive frequency shift of 1.425 kHz, while WSe, produced the

This journal is © The Royal Society of Chemistry 2025

highest negative shift of 127 Hz. Positive shifts of 336 Hz, 390 Hz,
and 1.23 kHz were observed for WS,, TiS,, and hBN, respectively,
and a negative shift of 38 Hz was observed for MoSe,.

The model’s sensitivity extends to the monolayer limit, as
detailed in Fig. 5c and d. For the SCM-PIC, the monolayer fre-
quency shifts were +4.5 Hz (WS,), +5 Hz (TiS,), +16.4 Hz (hBN),
and a maximum of +19 Hz for graphene, while MoSe, and WSe,
produced negative shifts of —0.5 Hz and ~-2 Hz, respectively.
For the more sensitive FMV-A cantilever, the monolayer shifts
were +18 Hz (WS,), +20 Hz (TiS,), +66 Hz (hBN), and a
maximum of +72 Hz for graphene, with MoSe, and WSe,
showing negative shifts of —2 Hz and ~-7 Hz, respectively.
These findings not only validate the predictive power of our
model across diverse material systems but also provide a quanti-
tative guide for selecting or synthesizing 2D materials to achieve
a desired frequency response in coated microcantilevers.

Experimental section

We applied the developed equations to quantify the mass,
thickness, number of layers, and Young’s modulus of 2D
materials. Additionally, we demonstrated our experimental
approach for coating the microcantilever surface with 2D
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materials to precisely control the cantilever’s resonant fre-
quency for sensing applications. In this context, we modified
the SCM-PIC, PPP-NCH and TAP300DLC cantilevers by coating
their surfaces with MoS, using the van der Waals epitaxy
technique (VAWE), followed by a transfer process.”®?*”*° In
our 2D material transfer process, we avoided using harsh
chemicals to etch the substrate. Instead, we used only high-
purity DI water to separate the 2D materials from the sub-
strate (300 nm SiO,/Si). Additionally, the 2D materials were
supported with PS on a TR frame, ensuring that only the 2D
materials/PS film came into contact with the cantilever. To
remove PS, we used high-purity chloroform, which has the
best solubility for PS, in a sealed container for 48 hours. This
ensured no PS residue remained on the cantilevers. Finally,
the cantilevers with the 2D materials were further rinsed with
chloroform.

The as-grown MoS, samples were then characterized using
HRTEM, Raman spectroscopy and X-ray photoelectron spec-
troscopy (XPS). The thickness and number of layers of the as-

Intensity (a.u.)

View Article Online
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grown MoS, specimen were measured using HRTEM and are
presented in Fig. 6a. Between 5 and 7 layers of MoS, sheets
were observed, and a layer thickness of ~0.65 nm was
measured, which matches nicely with the values reported in
the literature.®”

Raman spectroscopy is considered to be the fingerprint to
obtain the number of layers of any MoS, sample. From the
difference between the wavenumbers of the vibrational peaks
corresponding to E,,; and A, one can obtain valuable infor-
mation about the number of layers corresponding to MoS,. In
our measurement, we recorded the Raman spectra utilizing a
532 nm laser system and considered different parts of the
added layer on all three cantilevers. The average difference
between the two peaks for the SCM-PIC cantilever is calculated
to be ~24.3 + 0.1 cm ' (Fig. 6b). For the PPP-NCH and
TAP300DLC cantilevers, the values are calculated to be ~24.1 +
0.1 ecm ™' and ~24.0 + 0.1 cm™ ", respectively (Fig. S5a and S5b
in SI). All these wavenumber shifts correspond to 5-7
layers.*®°

(b)
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Fig. 6

(a) HRTEM image of the as-synthesized MoS, sample. (b) Raman spectrum of a few-layer MoS, coating on the SCM-PIC cantilever, highlight-

ing the E;q and A4 vibrational bands. (c) Normalized thermal noise spectra of pristine SCM-PIC (black line) and MoS;_coated SCM-PIC (red line) can-
tilevers highlighting the 1st eigenfrequencies of the cantilevers and (d) the measured values of mass (yellow bars) and Young's modulus (blue bars)
of the deposited few layers of MoS, calculated using method 1 and method 2 for (A) SCM-PIC, (B) PPP-NCH, and (C) TAP300DLC cantilevers.
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X-ray photoelectron spectroscopy (XPS) was carried out to
characterize the compositions of these VAWE-grown MoS,
layers to investigate two core levels, the Mo 3d and the S 2p of
the as-synthesized MoS,, and the results are presented in
Fig. S6A(a) and S6A(b) in SI. As shown in Fig. S6A(a), two MoS,
peaks (dark blue), Mo(wv) 3ds,, and Mo(wv) 3ds,,, were found at
232.8 eV and 229.6 eV, respectively. In the same spectrum, the
S 2s peak (pink) was observed at 226.8 eV, and the peak at
236.3 eV was assigned to Mo(vi) 3d;, (light blue), indicating a
small amount of oxidation, which resulted from the sample
being exposed to the ambient environment. It should be noted
that a Mo(vi) 3ds,, peak overlaps with Mo(wv) 3d;/, at 232.8 eV.
For the MoS, S 2p core level, two peaks (pink) labelled in
Fig. S6A(b) as S 2p,), and S 2p;, corresponding to MoS, were
found at 163.6 eV and 162.4 eV, respectively. In addition, with
a semi-quantitative method to investigate the ratio of
elements, the atomic ratio of S/Mo was found to be close to 2
with a slight S deficiency.

To further verify the extent and uniformity of the MoS,
coating, we conducted field emission scanning electron
microscopy (FESEM) combined with energy-dispersive X-ray
spectroscopy (EDAX) (Fig. S6B in SI). Fig. S6B clearly shows the
presence of molybdenum (Mo) and sulfur (S) across the
surface of the originally Al-coated Si cantilever, confirming the
spatial distribution of the coating.

To further assess the uniformity and thickness of the MoS,
film, Raman spectroscopy was performed at multiple locations
along the coated cantilevers (Fig. S6C in SI). The observed
peak positions and inter-peak separations were consistent
across different regions, indicating a uniform number of MoS,
layers and confirming the reproducibility of the coating. The
number of layers estimated from Raman spectra (5-7 layers) is
in good agreement with our HRTEM analysis, which provides
a direct measure of the MoS, thickness.

After preparing the MoS,-coated microcantilevers, we
measured the frequency response of the coated microcantile-
vers and compared them with their pristine counterparts.
First, we implemented the methodology presented on the
SCM-PIC cantilever, and then we extended that to PPP-NCH
and TAP300DLC cantilevers.

The thermal noise spectra of pristine SCM-PIC and MoS,-
coated SCM-PIC cantilevers are recorded and plotted in
Fig. 6¢. The first eigenmode of the pristine and coated cantile-
vers was found to be 12.32 + 0.05 kHz and 12.44 + 0.02 kHz,
respectively. In this case, we observed that the frequency of the
pristine cantilever is lower than that of the coated cantilever,
which shows the dominance of stiffness changes over mass
changes when MoS, is coated on the microcantilever, which
can be explained by the high Young’s modulus of MoS,.

As mentioned in the Introduction, to calculate the mass,
Young’s modulus and thickness of deposited MoS, on the
microcantilevers, we have used two methods (Fig. 1b).

In the first method, by knowing the number of layers and
the thickness of the coated MoS, from HRTEM and Raman
spectroscopy measurements, we can calculate the mass of the
coated MoS, microcantilevers from the geometrical parameters

This journal is © The Royal Society of Chemistry 2025
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of the cantilever. The obtained mass from the geometrical
parameters of the microcantilever (eqn (S5)) is 114 + 0.5 pg.
Then, we use eqn (1)-(3) to measure the Young’s modulus of
deposited MoS,. The value we obtained is 305 + 30 GPa (we
called this as method 1).

In the second method, based on our approach that con-
siders the variations of both stiffness and mass of the micro-
cantilever due to the coating of the layer on its surface and our
ability to measure the spring constant of the coated microcan-
tilever, we use the following equation to not only measure the
mass of deposited MoS, but also directly measure the number
of layers of the 2D material using the microcantilever via
decoupling the mass and stiffness changes effect from the
measured frequency shift:

m— i <I€N B ]CN+AfN 2> (7)
a2 \fi? (v + My)
where ky is the spring constant of the pristine cantilever and
kn+ap, is the spring constant of the coated MoS, microcantile-
ver. In eqn (7), fi is the resonance frequency of the pristine
cantilever and Afy is the frequency shift between the pristine
and modified cantilevers.

The mass of deposited MoS, is calculated to be 114 + 0.2
pg, which corresponds to 5 to 7 layers of MoS, and is the same
as the value we obtained by knowing the number of layers
from HRTEM and Raman spectroscopy. It not only proves the
accuracy of the presented methodology but also depicts the
capability of microcantilevers to directly measure the number
of layers of 2D materials.

It is worth mentioning that the measured spring constants
of pristine and MoS,-coated microcantilevers are 0.16 + 0.06 N
m~" and 0.17 + 0.05 N m ™", respectively.

By measuring the spring constant of the MoS,-coated
microcantilever, we can use eqn (S4) (SI) as well as eqn (2) and
(3) to measure the Young’s modulus of deposited MoS, (we
called this approach method 2). The obtained value is 315 + 15
GPa, which is similar to the values calculated from method 1
and matches well with the reported values in the
literature.***?

To show the generality and repeatability of our measure-
ment, we then used the other two MoS,-coated cantilevers
(PPP-NCH and TAP300DLC) and measured the mass and
Young’s modulus of the added MoS, layer. The mass of the
added MoS, layer for the PPP-NCH cantilever was found to be
65 + 40 pg (method 1) and 72 + 30 pg (method 2). Similarly,
the mass obtained from the TAP300DLC cantilever was calcu-
lated to be 67 + 35 pg (method 1) and 75 + 20 pg (method 2).
The Young’s modulus of the added MoS, layer for the
PPP-NCH cantilever was found to be 287 + 60 GPa (method 1)
and 309 + 50 GPa (method 2). Accordingly, the Young’s
modulus obtained from the added MoS, layer for the
TAP300DLC cantilever was calculated to be 307 + 5 (method 1)
and 310 + 50 GPa (method 2).

The mass of deposited MoS, obtained from measuring the
number of layers from HRTEM, Raman spectroscopy (method
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1) and eqn (7) (method 2) is given in Fig. 6d (yellow bars).
Also, the obtained Young’s moduli of the MoS, coating from
eqn (1)—(3) by knowing the number of layers from HRTEM and
Raman spectroscopy (method 1) and also from eqn (7) and
eqn (S4) (method 2) are given in Fig. 6d (blue bars).

To quantify the mass, number of layers and Young’s
modulus of deposited MoS, layers, the geometrical parameters
of cantilevers would be involved. Due to the variations of the
actual length, width and height of microcantilevers from their
nominal values provided by manufacturers, we have performed
integrated simulation-experimental analysis to probe the
effects of their variations on the measured frequency response
and frequency shift of both pristine and modified cantilevers.
For this analysis, we utilized the three different cantilevers: (a)
SCM-PIC, (b) FMV-A, and (c) PPP-NCH, with their nominal
values provided in the Materials and Methods section. In the
subsequent step, we measured their actual dimensions using
Scanning Electron Microscopy (SEM) and consequently deter-
mined their resonance frequency via thermal noise spectra
analysis (see Fig. S7). It is worth mentioning that the spring
constants were calibrated from the thermal noise spectra as
well, using Sader’s method.*?

In our simulation, we assessed the impact of dimensional
variations on the cantilevers, considering a maximum length
change of 10% of their nominal length, a maximum width
change of 33% of their nominal width, and a maximum thick-
ness change of 25% of their nominal thickness. These variations
are significantly higher than the actual measured changes.** We
then analyzed the frequency changes resulting from these
dimensional variations for both the pristine and the modified
cantilevers. The resonance frequencies at nominal values, as
well as the shifts due to dimension variations, are depicted in
Fig. S7. The figure clearly illustrates that while the frequencies of
both pristine and modified cantilevers are influenced by dimen-
sional variations, the frequency shift caused by the added MoS,
layer remains relatively constant across all variations.

Furthermore, in our quantification of the mass, number of
layers, and Young’s modulus of the MoS, layer coating, pre-
sented in Fig. 6d, we included error bars to account for uncer-
tainties in the cantilever geometry used in the quantification.

It is noteworthy that for all our thermal noise measure-
ments and simulations, we specifically opted for the nominal
values of cantilevers rather than their actual values. As men-
tioned, in our analysis, we explored the deviations of cantilever
dimensions from their nominal values and tracked their reso-
nance frequencies accordingly. Furthermore, Fig. S7d (SI) pro-
vides a comprehensive plot depicting the percentage changes
in frequency corresponding to percentage changes in height,
specifically for the PPP-NCH cantilever. We used a similar
approach in determining the frequency shifts as a function of
the deviation of other dimensions for all the cantilevers.

To complement our simulation findings, we conducted
experimental measurements of several cantilevers using scan-
ning electron microscopy (SEM). These measurements revealed
that the actual dimensions of all examined cantilevers fell
within the range of deviations considered in our simulation

Nanoscale
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methodology. Highlighting the real dimensions of the
PPP-NCH cantilever, Fig. S7e and S7f (SI) present a representa-
tive SEM image. The measured length and width of this canti-
lever were found to be 132.5 pm and 40.2 pm, respectively,
while the thickness was found to be 3.8 pm.

Furthermore, it is worth mentioning that in our error ana-
lysis, we considered a range of measured layers of MoS, by
HRTEM and Raman spectroscopy, variations in the measured
frequency and spring constant before and after deposition
using thermal spectra, as well as the error range in the cantile-
ver parameters as discussed above. For this reason, we provide
the average and max/min values for measured mass and
Young’s modulus.

Next, to show and compare the performance of our pro-
posed MoS,-coated microcantilevers in sensing applications,
we have used our modified microcantilevers to measure the
mass of antibiotic-resistant (ABR) E. coli bacteria as well as
different concentrations of uric acid.

It should be noted that in our sensing experiments, we
follow our previous work,” in which the cantilever was not
fully immersed in liquid during these experiments. Instead, a
thin droplet of PBS buffer was carefully placed atop the cantile-
ver surface, resulting in a thin liquid film on the surface of the
cantilever rather than full submersion. Because of this, the
added mass and hydrodynamic loading from the bulk liquid
are minimal compared to full immersion scenarios.

For the measurement of the mass of ABR E. coli, we grew a
culture of ABR E. coli and resuspended the bacteria in a phos-
phate-buffered saline (PBS) buffer solution. To determine the
mass of E. coli, we first considered the effect of the PBS layer. In
our experimental setup, we deposited 5 pl of PBS on both cantile-
vers. In the next step, we deposited 5 pl of the bacteria suspended
in PBS over the pristine and modified cantilever and for all the
cases, we monitored the 1st eigenfrequencies obtained from the
thermal noise spectra (Fig. 7a and b). The concentration of E. coli
was determined via a plate count method with an average of 5416
+ 861 colony-forming units (CFU), and the reported mass of an
E. coli cell is 1048 + 98 fg (~1 pg);®® therefore, the mass of the
sample is estimated to be ~5.416 + 0.861 ng.

In this part of our measurement, first, we use the pristine
and modified SCM-PIC cantilevers as potential mass sensors
to quantify the mass of E. coli effectively and accurately.

In the case of the pristine cantilever, we observed a 3 Hz
negative frequency shift when PBS was deposited on the top of
the cantilever. For the same amount of PBS, the MoS,-coated
cantilever exhibited a higher negative frequency shift of ~7 Hz.
This confirms that the responsivity of the MoS,-coated cantile-
ver is higher than that of the pristine cantilever, which can
provide a more trustworthy frequency shift for the added PBS
layer.

From Fig. 7a and b and Fig. S8(a—d) (SI), we observed a sub-
stantial frequency shift from the natural frequency of PBS
layer-modified cantilevers. Frequency shifts of 75 Hz and 116
Hz (equivalent to 0.7% and 1% relative frequency shifts) were
obtained from the pristine and MoS,-coated SCM-PIC cantile-
vers, respectively.

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (a) Thermal noise spectra for the pristine SCM-PIC cantilever in air, with PBS buffer, and with E. coli bacteria in PBS. The first eigenfrequency

of the pristine cantilever in the air was found to be 11.413 kHz. (b) Thermal noise spectra for the MoS,-coated SCM-PIC cantilever in air, with PBS

buffer, and with E. coli bacteria in PBS. The first eigenfrequency of the
buffer = green, and E. coli bacteria in PBS = blue). (c) Bacterial colony in

pristine cantilever in the air was found to be 12.444 kHz (air = black, PBS
the agar plate. (d) The calculated mass of the E. coli bacteria from the CFU

count and the frequency shift for pristine and MoS,-coated cantilevers ((A) SCM-PIC (orange), (B) PPP-NCH (green) and (C) TAP300DLC (purple)).

We then used eqn (7) to determine the mass of the bacteria
for both the cantilevers and compared the as-obtained mass
from the CFU counts. The masses obtained by the CFU
measurement and from the frequency shift data for both the
cantilevers are very close to each other, while the modified
microcantilever shows superior precision (Fig. 7d). Our results
demonstrated that the mass of the added bacteria can be
measured effectively and accurately, indicating that the pro-
posed 2D material-coated microcantilever functions as a
highly responsive mass sensor.

Similar analyses were carried out using the PPP-NCH and
the TAP300DLC cantilever (pristine and coated). The thermal
noise spectra of all four cantilevers (two pristine and two modi-
fied) are presented in Fig. S8(a—d). In this case, the mass of the
E. coli bacteria obtained from the plate counts was calculated
to be ~15.016 + 3.0 ng. The resonance frequencies of the canti-
levers were found to be 310.1 kHz (PPP-NCH), 313.67 kHz
(MoS,-coated PPP-NCH), 295.32 kHz (TAP300DLC) and 297.48
kHz (MoS,-coated TAP3000DLC). Here also, we observed nega-
tive frequency shifts of 80 Hz (PPP-NCH), 176 Hz (MoS,-coated

This journal is © The Royal Society of Chemistry 2025

PPP-NCH), 76 Hz (TAP300DLC) and 168 Hz (MoS,-coated
TAP3000DLC) when PBS was deposited on the top of the
cantilevers.

On the other hand, frequency shifts of 9.1 kHz and 13.8
kHz (3% and 4.4% relative frequency shifts) were measured,
respectively, for pristine and MoS,-coated PPP-NCH cantile-
vers. Similarly, frequency shifts of 8.7 kHz and 11.68 kHz
(2.94% and 3.92% relative frequency shifts) were measured
respectively for pristine and MoS,-coated TAP300DLC cantile-
vers. The significant changes in frequency shifts for these two
types of cantilevers can be explained by their significantly
higher frequencies and shorter length.

For these cantilevers as well, we observed that the respon-
sivity of the modified cantilevers is greater than that of the
pristine cantilever. Moreover, the obtained negative frequency
shifts highlight the dominance of mass changes over stiffness
changes in the microcantilever when PBS is added to its surface.

Uric acid plays multifaceted roles as a crucial biomarker,
neurotransmitter, and antioxidant, necessitating its precise
detection in bodily fluids. In the concluding phase of this
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uric acid.

investigation, our aim was to detect different concentrations of
uric acid dissolved in PBS solution, ranging from 2 pM to
15 pM. We used both the pristine and MoS,-coated cantilevers
(PPP-NCH and TAP300DLC) and measured the resonance fre-
quencies and the corresponding spring constant. Then, we
employed two distinct mathematical methodologies (eqn (7)
and (8)) to ascertain the mass of uric acid molecules.

It is worth mentioning that eqn (8) is a conventional

equation mostly used to measure the mass by a cantilever.*>*

m =t (i - ;> (®)
A \fn? - (fv — Af)

The variation between the measured and the expected mass
(calculated based on concentration) is delineated in Fig. 8.
Once again, our mathematical model provided a more precise
estimation of mass, while the model derived from the litera-
ture failed to accurately gauge the mass of uric acid molecules,
resulting in an underestimated mass value. Here, we also
found that the modified cantilever is capable of measuring the
mass of uric acid molecules more accurately than the pristine

Nanoscale

cantilever, and we also observed that the MoS,-coated
PPP-NCH cantilever is capable of measuring the mass of uric
acid more precisely and accurately than the MoS,-coated
TAP300DLC cantilever.

Conclusion

In summary, we have employed a theoretical and simulative
model to analyze the effect of the coating layer on the fre-
quency response of cantilevers. Subsequently, we presented a
deposition methodology to coat the cantilever surface with 2D
materials via the van der Waals Epitaxy (VAWE) approach. We
demonstrate the capability of our developed methodology to
measure the mass, thickness, number of layers and Young’s
modulus of 2D materials. Furthermore, following the digital
twin concept, our proposed approach can precisely control the
characteristics of 2D material-coated microcantilevers and
benefit from the exotic properties of 2D materials for sensing
applications requiring highly sensitive detection characteristics.
We demonstrate that the developed MoS,-coated cantilever has

This journal is © The Royal Society of Chemistry 2025
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higher responsivity than its pristine counterpart, which offers
higher accuracy in mass spectrometry measurements.

Materials and methods
AFM probe

We employ the Asylum Research Oxford Jupiter AFM system to
assess the natural frequencies and the spring constants of all
the cantilevers under ambient conditions. The specific cantile-
vers utilized for our experimental measurement are (a)
SCM-PIC (Nanoworld, Switzerland) with nominal dimensions:
length: 450 pm, width: 50 um, and thickness: 2.5 pm, (b)
PPP-NCH (Nanosensors Switzerland) with nominal dimen-
sions: length: 125 pm, width: 30 pm and thickness: 4 um and
(c) TAP300DLC (Budget Sensor, Bulgaria) with nominal dimen-
sions: length: 125 pm, width: 30 pm and thickness: 4 pm.

Deposition of MoS, on cantilevers

The MoS, 2D layers were fabricated on a Si wafer with a
300 nm SiO, layer (300 nm SiO,/Si) or a c-plane sapphire sub-
strate by van der Waals Epitaxy (VAWE).>®*”*%*” The VdWE-
grown few-layer MoS, on the 300 nm SiO,/Si substrate was
spin-coated with 7% polystyrene (PS, Sigma-Aldrich) in toluene
at a speed of 1000 rpm for 50 s, and then baked on a hot plate
at 90 °C for 15 min. The coated sample was subsequently
attached to a supporting frame made with thermal release (TR)
tape (from Nitto). Then, the TR frame/PS/MoS,/300 nm SiO,/Si
was immersed in DI water to allow water to penetrate through
the van der Waals gap between MoS, and the 300 nm SiO,/Si
substrate. After that, the TR frame/PS/MoS, floated on the DI
water and was then further rinsed with DI water. The TR frame/
PS/MosS, was ready for transfer on cantilevers, and then the TR
frame was released by baking at 110 °C for 30 min. Finally, the
PS layer was removed by immersing it in chloroform.

Characterization

The High-Resolution Transmission Electron Microscope
(HRTEM) images were obtained using a JEOL 3010 trans-
mission electron microscope. The Raman spectra were
acquired employing a Renishaw inVia Raman spectrometer,
utilizing a 532 nm laser, with an exposure time of 30 seconds
and a laser power of 25 mW. X-ray photoelectron spectroscopy
(XPS) was carried out by using a Thermo Scientific Theta
Probe XPS System. The thermal noise data obtained from both
cantilevers were employed for the determination of the individ-
ual eigenmodes of the cantilevers. The scanning electron
microscope images of the PPP-NCH cantilever were captured
using a Hitachi SU5000 field-emission scanning electron
microscope (FESEM).

Bacterial growth

Isolation and identification of antibiotic-resistant (ARB)
E. coli. E. coli was isolated from effluent samples collected at
Carrickfergus Wastewater Treatment Works, Belfast, UK. The
effluent was plated on selective Chromocult coliform agar,
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using membrane filtration following ISO 9308-1. The antibiotic
resistance (ABR) of E. coli was tested against Trimethoprim
(TMP), Sulfamethoxazole (SMX), Ofloxacin (OFX), Ampicillin
(AMP), Tetracycline (TET) and Ciprofloxacin (CIP) to the
minimum inhibitory concentration stated by the European
Committee on Antimicrobial Susceptibility Testing (EUCAST)
and Clinical Laboratory Standards Institute (CLSI). The stan-
dard protocol for freezing bacteria using glycerol (15%) and
cryobeads was employed to maintain viable ARB E. coli stock
in sterile tubes for further tests.

Microbial culture and analysis. A stock plate of ABR E. coli
was prepared using the frozen strains of ABR E. coli. The
sample was taken from a freezer, and a fresh culture was pre-
pared using tryptic soy broth (TSB) inoculated with 2 single
cryobeads and incubated at 37 °C for 21 h under constant agi-
tation at 120 rpm in an orbital rotary shaker. An inoculation
loop was then used to streak E. coli from the TBS broth onto
Chromocult coliform agar, which was stored at 4 °C in a
fridge. A new stock was prepared each month to maintain
similar experimental conditions for bacterial testing.

Culture and suspension of E. coli in PBS. E. coli was grown
in TSB inoculated with 2 colonies from a stock plate using an
inoculated loop and incubated at 37 °C for ~21 h under con-
stant agitation at 120 rpm in an orbital rotary shaker overnight
so that the bacteria were in the stationary growth phase. The
bacterial broth was then centrifuged at 4000 rpm for 1 min to
form a pellet. After the supernatant was removed, the pellet
was resuspended in 10 ml of phosphate-buffered saline (PBS).
The original sample (~10° CFU ml™") was then diluted via
serial 10-fold dilutions (twice) with PBS to a concentration of
~10° CFU ml™".

Enumeration of microorganisms. Serial dilutions (10-fold)
were performed using PBS. For each dilution, six drops of
10 pL were plated on tryptic soy agar (TSA) and incubated at
37 °C for >18 h. Then, the plate dilution with a suitable number
of countable colonies was enumerated, and the average and
associated deviation were calculated for a 5 pul sample.

Uric acid solution. Uric acid and PBS tablets of analytical
reagent (AR) grade were purchased from Sigma-Aldrich (UK)
and were utilized without further purification. A 0.1 M PBS
solution was prepared by dissolving the PBS tablets in ultra-
pure deionized (DI) water obtained from the Millipore Milli-Q
system, with an electrical resistivity of 18 MQ. A stock solution
of 50 pM uric acid was prepared and subsequently diluted
using the PBS buffer to attain the desired concentration.

Simulations. In our simulation using MATLAB software, we
have considered that the different layers of the 2D materials
are deposited on our pristine cantilever. For the sake of our
calculation, in this present study, we have utilized three
different commercial cantilevers: (a) SCM-PIC, (b) FMV-A and
(c) QUEST R 200. The dimensions of the cantilevers are (a)
SCM-PIC: length 450 um, width 50 pm and thickness 2.5 pm
and (b) FMV-A: length 225 pum, width 30 pm and thickness
2.5 pm and (c) QUEST R 200: length 200 pm, width 30 um and
thickness 0.9 pm. The spring constants of both cantilevers are
0.2Nm " 1.75 Nm™" and 0.2 N m™*, respectively.
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Table 1 Tabulated physical properties of MoSe,, WS,, WSe,, TiS,, hBN,
and graphene. The table lists the interlayer spacing, density, and in-plane
Young’'s modulus, with data sourced from the indicated (ref. 48—-58)

Interlayer spacing Density
(nm) (ref. 48, 49 (kg m™?) Young’s modulus
Sample and 50) (ref. 51-53) (GPa) (ref. 54-58)
MoSe, 0.646 6900 154
WS, 0.618 7500 302
WSe, 0.651 8660 167
TiS, 0.569 3220 228
hBN 0.335 2100 866
Graphene 0.335 2267 1000

In the simulation work, we have considered 6 different 2D
materials, which are (1) molybdenum diselenide (MoSe,), (2)
tungsten disulfide (WS,), (3) tungsten diselenide (WSe,), (4)
titanium disulfide (TiS,), (5) graphene, and (6) hexagonal
boron nitride (hBN).

The interlayer spacing, density and Young’s modulus of all
the above-mentioned 2D materials are tabulated in Table 1.
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