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ABSTRACT: This study investigates the applicability of six
transition metal dichalcogenides to efficient therapeutic drug
monitoring of ten antiepileptic drugs using laser desorption/
ionization-mass spectrometry. We found that molybdenum
ditelluride and tungsten ditelluride are suitable for the sensitive
quantification of therapeutic drugs. The contribution of
tellurium to the enhanced efficiency of laser desorption
ionization was validated through theoretical calculations
utilizing an integrated model that incorporates transition-
metal dichalcogenides and antiepileptic drugs. The results of
our theoretical calculations suggest that the relatively low
surface electron density for the tellurium-containing transition
metal dichalcogenides induces stronger Coulombic interactions,
which results in enhanced laser desorption and ionization efficiency. To demonstrate applicability, up to 120 patient samples
were analyzed to determine drug concentrations, and the results were compared with those of immunoassay and liquid
chromatography−tandem mass spectrometry. Agreements among these methods were statistically evaluated using the
Passing−Bablok regression and Bland−Altman analysis. Furthermore, our method has been shown to be applicable to the
simultaneous detection and multiplexed quantification of antiepileptic drugs.
KEYWORDS: laser desorption ionization, tungsten ditelluride, molybdenum ditelluride, therapeutic drug monitoring,
density functional theory, proton affinity, electrostatic repulsion

INTRODUCTION
Variations in the composition of chalcogenide elements are
one of the significant factors leading to the versatile tunability
of transition metal dichalcogenides (TMDCs), which critically
influences their electronic and thermodynamic properties.1,2

Specifically, as the chalcogen element changes from S to Te,
the number of orbitals increases along with the variation in the
electronegativity. This not only plays a significant role in the
transition from semiconductive to semimetallic electronic
configuration but also influences thermal properties by
inducing variations in dipole moments and interatomic
interactions.3,4 These alterations in the electronic and
thermodynamic properties consequently lead to distinctive
changes in behaviors such as charge transfer and electro-
catalysis, thereby impacting the applicability of TMDCs in
various fields, including optoelectronics, photocatalytic degra-
dation, electrochemical energy storage, and chemical/bio-
medical applications.5−8

Laser desorption/ionization (LDI)-mass spectrometry (MS)
is another field of application with practical significance, where
the physicochemical properties of TMDCs can play a critical
role. As an analytical tool widely used in pharmaceutical and
biomedical analyses, LDI-MS is an easy-to-use technique that
provides timeliness, high analytical throughput, and high
sensitivity. Since the photocatalytic effect and the photo-
thermal conversion induced by laser irradiation are critical
aspects of the LDI process, the overall analytical performance
can be strongly influenced by the properties of the ionization
assistant reagent, commonly known as the matrix.9−12 In this
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context, TMDCs such as MoS2 and WS2, which are known for
their efficiency in photocatalysis and photothermal conversion,
have been widely investigated in biomolecule analysis,
demonstrating feasibility comparable to that of other
extensively studied materials, such as metal nanoparticles and
carbon-based nanomaterials.

In particular, our previous work has shown that WS2
nanosheet-based LDI-MS is an effective tool for the
therapeutic drug monitoring (TDM) of immunosuppressive
drugs in the blood of organ transplant patients. It has achieved

a sensitivity 20 times higher than that of the commonly used
organic matrix (e.g., α-cyano-4-hydroxycinnamic acid) while
also demonstrating compatibility with liquid chromatography
tandem mass spectrometry (LC−MS/MS), a prevalent
technique for TDM widely adopted in clinical settings. This
demonstrates that TMDCs are promising materials that can
significantly enhance the practicality and applicability of LDI-
MS to satisfy the various analytical needs of clinical
laboratories. Therefore, a comprehensive investigation of the
TMDCs from the perspective of LDI-MS is significant,

Figure 1. (a) Experimental workflow for the quantitative analysis of AEDs in patient serum samples. (b) Summary of the screening results of
TMDCs for the detection of various AEDs. The ion signals obtained by positive mode LDI-MS are normalized to the strongest ion signal for
each drug and represented in a heatmap. Asterisks denote AEDs detected in the form of sodium adduct ions. All other AEDs were detected
in the [M + H]+ form. (c) Overview of the fragmentation reaction of BP salt and the mass spectra of ions desorbed from each TMDC. MoTe2
and WTe2 exhibited enhanced signal intensities for both BP and fragment ions. (d) DE and SY for each TMDC.
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especially considering that it can aid in elucidating the
influence of their physicochemical properties on laser-induced
ionization. However, this kind of systematic study is relatively
scarce, with the notable exception of research on nano-
particles.13 This makes the study of LDI-MS more reliant on
empirical approaches.14

Taking these into account, we have investigated the LDI
efficiencies of six TMDCs for ten commonly prescribed
antiepileptic drugs (AEDs), which are small-molecular-weight
medications that require routine TDM. The TMDCs
investigated in this study include molybdenum disulfide
(MoS2), molybdenum diselenide (MoSe2), molybdenum
ditelluride (MoTe2), tungsten disulfide (WS2), tungsten
diselenide (WSe2), and tungsten ditelluride (WTe2). The
LDI efficiencies of these TMDCs were evaluated according to
the signal intensities of the AEDs and the desorption efficiency
(DE) and survival yield (SY) of the benzylpyridinium (BP)
salt. On the basis of the evaluation results, it was identified that
MoTe2 and WTe2 have a pronounced LDI efficiency,
indicating that they are suitable materials for the sensitive
detection of therapeutic drugs. Subsequently, density func-
tional theory (DFT) calculations were employed to examine
the influence of chalcogenides on LDI efficiency. Specifically,
we present an integrated theoretical calculation model that can
adaptively reflect the experimental environments to better
describe the thermodynamic interactions within the system. In
details, unlike approaches that rely on conventional chemical
properties (e.g., charge density and reaction energy), a
systematic study was conducted by establishing up to 60
integrated systems that incorporate the TMDCs and AED
molecules adsorbed onto their surfaces, which allows for the
calculation of proton affinities.

Finally, to demonstrate the effectiveness of LDI-MS utilizing
MoTe2 and WTe2 in clinical drug monitoring, we analyzed up
to 120 serum samples from patients treated with commonly
prescribed AEDs, namely, carbamazepine (CBZ), lamotrigine

(LTG), and topiramate (TPR), and determined their
concentrations (Figure 1a). The results obtained by LDI-MS
were compared with those of the immunoassay and LC−MS/
MS, and the agreements were evaluated using the Passing−
Bablok regression and Bland−Altman analysis. The applic-
ability of our method to the multiplexed quantification of the
three AEDs was also examined.

RESULTS AND DISCUSSION
Screening of TMDCs for the LDI-MS Analysis of AEDs.

To select the optimal materials for the TDM of AEDs, we
investigated the LDI efficiencies of six extensively studied
TMDCs, namely, MoX2 (X = S, Se, and Te) and WX2.15−17 To
the best of our knowledge, aside from MoS2 and WS2, the LDI
efficiencies of these materials have not been extensively
explored.18−20 For a systematic screening of various AEDs,
representative drugs were selected based on the AED
classification outlined in the work of Rho and White.21

Specifically, the first-generation AEDs include phenytoin
(PNT) and primidone (PMD); the second-generation AEDs
comprise CBZ and CBZ epoxide; and the third-generation
AEDs consist of zonisamide (ZSM), LTG, gabapentin (GBP),
and TPR.

Figure 1b summarizes the screening results of the TMDCs
in the form of a heatmap (raw data are shown in Table S1).
Overall, all TMDC materials investigated in this study, which
contain transition metal atoms of Mo and W, were able to
assist in the ionization of up to ten commonly prescribed
AEDs. Notably, among the six TMDC materials, MoTe2 and
WTe2 tend to have an enhanced LDI efficiency, as indicated by
the higher total ion counts. For example, the experimental
results indicated that WTe2 can effectively assist in the
ionization of the earlier generations of AEDs such as PNT,
CBZ, and CBZ epoxide, while MoTe2 is more suitable for
assisting the ionization of the newer-generation AEDs

Figure 2. Electrostatic potential (ESP) and Fukui functions ( f−) mapped on the antiepileptic drugs (AEDs). Values in atomic units.
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including LTG and TPR. In addition, the LDI efficiency tends
to increase from S to Te within the same transition metal
element (i.e., Mo and W). For instance, compared to MoS2
and MoSe2, MoTe2 demonstrated greater efficiency in assisting
the ionization of all AEDs with the exception of vigabatrin
(VGT) and ZSM. A similar trend was observed for WTe2 with
the exception of TPR, suggesting that the presence of tellurium
is one of the significant factors that leads to enhanced LDI
efficiency.

These observations were further examined using BP salt, a
thermometer molecule commonly employed to study the
photoinduced desorption process occurring at the surface
during laser irradiation.22,23 Since BP has an intrinsic cation in
its structure, the desorption process facilitated by factors such
as photothermal conversion can be studied exclusively by
calculating the DE and the SY, where DE = intensity(m/z∼91) +
intensity(m/z∼170) and SY = intensity(m/z∼170)/(intensity(m/z∼91)
+ intensity(m/z∼170)). As shown in Figure 1c,d, MoTe2 and
WTe2 exhibited an enhanced DE by a factor of approximately
∼4 and ∼7, respectively, compared to their disulfide
counterparts (i.e., MoS2 and WS2), while the SY of all
TMDCs was within the range of 64−72%. This result implies
that the extent of desorption upon laser irradiation is one of
the key factors that determines the LDI efficiency of various
TMDC materials. To further elucidate these intriguing
observations, we employed DFT, which is a widely used
method to describe electronic structures.
In-Depth Study of LDI Efficiencies of TMDCs. Ab Initio

Study of the Chemical Reactivity of AEDs. Quantum
mechanical simulations can facilitate the understanding of
various physical properties by modeling the actual situation,
rather than relying on empirical methods.24 Specifically, first-
principles calculations using DFT enable the estimation of
electronic interactions occurring at the atomic scale.25−27 For
example, Fukui functions can be used to identify the
electrophilic and nucleophilic sites as well as to visualize the
electrostatic potential (ESP) of molecular systems by providing
information on charge distribution.28 In addition, the
activation energies for chemical reactions such as protonation
can be estimated, which can provide valuable chemical
information to the studies of mass spectrometry.29,30

In this context, we adopted DFT calculations to identify the
governing physicochemical parameters related to the ionization
process. Figure 2 represents the results of the calculations for
the ESP and Fukui functions ( f−) of the AEDs used in this
study. For ESPs, all AEDs were within atomic unit values
ranging from 0.3 to 0.5, a range common for molecules with
atoms of high electronegativity (e.g., oxygen and nitrogen) or
alternating sp2-hybridized carbon bonds with high local charge
density (e.g., aromatic rings). Notably, TPR and felbamate
(FBM) had electron densities localized to the oxygen-bearing
bonds, which can be attributed to the high electronegativity of
the O atoms present in the ether groups. However, the atomic
unit values of these drugs were also within the 0.3−0.5 range,
similar to those of other AEDs with more evenly distributed
charge density. This indicated that no AED is preferentially
more accessible to positive charges such as proton or alkali

metal cations, which are adduct ions commonly observed in
mass spectra (e.g., [M + Na]+ and [M + K]+). Therefore, this
result suggests that while ESP can partially estimate a more
reactive site of a molecule, it alone cannot fully explain the
reactivity of AEDs.

For a more straightforward representation of the reactivity of
various AEDs, f− was calculated using the finite-difference
approximation, as defined by the following equation.

=f r
N

r r( )
1

( ( ) ( ))N N (1)

As illustrated in Figure 2, f− generally exhibited a trend similar
to that of the ESP map, showing relatively high reactivity for
atoms with high electronegativity such as oxygen and nitrogen.
Upon detailed inspection, however, it was observed that several
AEDs exhibit pronounced reactivity when considering the
absolute values of f− for each drug. According to eq 1, f− is a
function of changes in charge densities induced by the loss of
an electron. Therefore, a higher absolute value for f− indicates
that the changes in charge densities have been induced to a
greater extent, which can be translated into a higher chemical
reactivity.31 Hence, by reflecting the absolute value of f−, the
reactivities of each AED can be estimated in the order ZSM >
PNT ∼ PMD ∼ CBZ ∼ CBZE ∼ FBM > PMD > VGT ∼ LTG
> GBP ∼ TPR. A similar trend was observed with f+,
suggesting that the AEDs identified as chemically reactive
based on the absolute values of f are also prone to nucleophilic
attack, as shown in Figure S1 (Supporting Information).

To further analyze the chemical reactivities of the AEDs, we
calculated the activation energies for the protonation reaction
as this is one of the most widely adopted DFT-based
approaches for studying the ionization process in mass
spectrometry.29,32 The activation energies for protonation
can describe the ionization process more comprehensively as
the atomic interactions between drugs and a proton are taken
into account, whereas ESP, f−, and f+ are more suitable for the
identification of the intrinsic reactivity of a molecule. Since
desorption is one of the key features of the LDI process, the
H2O molecule (i.e., proton source) was positioned approx-
imately ∼12 Å away from the AED to ensure that interactions
between the OH− molecule and the protonated AED are
negligible (Figure S2, Supporting Information). The calculated
reaction and activation energies for protonation are summar-
ized in Table 1. Generally, the reaction energies of the AEDs
showed a trend similar to their intrinsic reactivity as estimated
by f−, with ZSM exhibiting the lowest reaction energy and TPR
exhibiting the highest reaction energy.

However, the activation energies showed a different trend.
Specifically, our calculations showed that the activation
energies are significantly higher than the reaction energies by
ranging from 6.76 to 7.24 eV. This indicates that protonation
of AED is hardly a spontaneous reaction, where the activation
energy and the external energy to overcome the barrier play a
critical role. Furthermore, the correlation between the
tendencies of the activation and reaction energies appears to
be weak. For example, ZSM had to overcome the highest
activation barrier to be protonated, although it had the lowest

Table 1. Reaction and Activation Energy of Non-Assisted Protonation of AEDs

energy (eV) PNT PMD CBZ CBZE VGT ZSM LTG FBM GBP TPR

reaction energy 4.99 4.54 4.08 4.25 4.88 3.81 4.72 5.13 4.98 5.18
activation energy 6.88 6.89 6.76 6.85 6.90 7.24 6.84 6.90 6.84 7.02
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reaction energy. Cumulatively, these results suggest that the
variance in LDI efficiency cannot be fully explained by intrinsic
molecular properties alone, such as charge density or reaction
energy.
Physicochemical Parameters for Determination of the

LDI Efficiency of TMDC-AEDs. One of the practical methods to
estimate the ionization efficiency of a molecule is to determine
the proton affinity (PA).33,34 As a chemical parameter
correlative to ionization efficiency, many studies have reported
that analytes with a high PA tend to be more efficiently
ionized, resulting in higher mass spectrometry signals.35−37 As
demonstrated in the work of Grechnikov et al., PA can be
thermodynamically derived from the change in enthalpy for a
protonation reaction, as shown in eq 2.33 This approach allows
for a more comprehensive estimation of ionization efficiency as
it considers the change in internal energy of a system during
protonation rather than solely relying on the intrinsic
properties of a molecule.

= ° + ° °+ +H H HPA A H AH (2)

Therefore, we postulated that an in-depth investigation of
the role of TMDCs could be achieved by considering the

presence of the TMDC layer when estimating the enthalpy
(i.e., PA). To this end, we have formulated a model in which
the AED and TMDC layers are incorporated within a single
system (Figure 3a). Using this integrated system, the PAs of
each AED in relation to different types of TMDCs were
determined by theoretical calculations. Figure 3b represents
the estimated ionization efficiencies of AEDs in the form of a
heatmap. Interestingly, all AEDs with WTe2 had the highest
ionization efficiencies except TPR, suggesting that WTe2 is the
most suitable ionization assistant reagent for the analysis of
AEDs. The AEDs with MoTe2 generally exhibited a higher
ionization efficiency among the MoX2 TMDCs with the
exception of TPR, while several drugs such as VGT and FBM
showed efficiencies comparable to those with WTe2. This
result suggests that WTe2 and MoTe2 can enhance the
ionization sensitivity of AEDs, corroborating the experimental
results shown in Figure 1b.

As one of the critical factors determining LDI efficiency,
which is associated with enhanced intensity of the MS signal,
thermal-driven desorption has gained significant atten-
tion.38−42 In detail, ionization assistant reagents with low
thermal conductivity can induce local heat confinement upon

Figure 3. Analysis of laser desorption and ionization (LDI) efficiencies. (a) Ball-and-stick model of the integrated transition metal
dichalcogenide-antiepileptic drug (TMDC-AED) system. The efficiency of the LDI process was determined by calculating the difference in
enthalpy between the two states of the system: the protonated state, denoted as [M + H]+, and the neutral state, represented as [M]. (b) The
heatmap shows the calculation results of 60 TMDC-AED systems. Consistent with the previous experimental results, the tellurium-
containing TMDCs have the highest LDI efficiency. (c−h) Representative ESP map of the 60 TMDC-AED systems, showing that the
tellurium-containing TMDCs have a relatively low surface charge density.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c02429
ACS Nano 2024, 18, 17681−17693

17685

https://pubs.acs.org/doi/10.1021/acsnano.4c02429?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c02429?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c02429?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c02429?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c02429?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


laser irradiation more efficiently, leading to a higher ion-
desorption efficiency.13,14,43,44 Recently, Cheng and Ng
showed that the desorption process can also be highly
influenced by the extent of hole generation.45,46 Specifically,
desorption can be facilitated by electrostatic repulsion between
positively charged analytes and holes generated on the
substrate surface upon laser irradiation (i.e., charge-driven
desorption).45

As can be seen from the results of the optical spectroscopic
analyses in Figure S3 (Supporting Information), a blue shift of
1.4 cm−1 in the A1′ Raman mode was observed on the surface
of MoS2 deposited with AED. The photoluminescence (PL)
and time-resolved PL spectra also indicated that a blue shift is
present with an increase in PL and lifetime. These results
cumulatively indicate that the TMDC surface is p-doped to
generate holes with partial positive charges. This suggests that
the difference in hole generation efficiency can be one of the
significant factors contributing to the differences in LDI
efficiencies for various TMDCs (Figures 1b and 3b).

To better understand this behavior, the ESP maps for the
protonated systems, which include the TMDC and the
protonated structure of the AED, were calculated (Figure
3c−h). Interestingly, the surfaces of MoTe2 and WTe2 tend to
be more electron-deficient (i.e., more positively charged)
compared with other TMDCs with disulfide and diselenide,
suggesting that AED ions may undergo stronger Coulomb
repulsion, leading to more efficient desorption. For further
investigation, the distance between the protonated AED and
the TMDC was calculated as a measure of the extent of the
repulsive interaction (Figure S4, Supporting Information).
Among the 10 AEDs, MoTe2 exhibited the maximum
interaction distance, with seven drugs within the MoX2
TMDC group. Similarly, WTe2 showed the maximum, with
eight drugs among the WX2 TMDCs. This indicates that
MoTe2 and WTe2 are more favorable for facilitating the
desorption of the ionized analytes.

These observations coincide with the experimental results in
Figure 1c,d, which show that MoTe2 and WTe2 had the
highest signal intensities and DE values for the BP salt.
Considering that the intrinsic positive charge in the structure
of BP makes its ionization efficiency relatively less crucial, the
enhanced signal intensity and DE of BP provided by MoTe2
and WTe2 should be attributed to the facilitation of charge-
driven desorption. In addition, WTe2 has the lowest thermal
conductivity among MoX2 and WX2 TMDCs, while MoTe2
has the lowest thermal conductivity among MoX2 TMDCs
according to the literature.47,48 Consequently, these properties
further enhance the favorability of the thermally driven
desorption process.

Furthermore, the generation of holes can lead to the transfer
of excited electrons to surface adsorbents (e.g., residual H2O,
O2, and AED molecules) or to their thermal dissipation.9−11

These can lead to LDI-favorable processes other than
Coulomb repulsion such as the generation of reactive hydroxyl
radicals and local heat confinement. Therefore, we attribute the
enhanced LDI efficiency of MoTe2 and WTe2 to the synergistic
contribution of their electronic and thermal properties, which
facilitates both thermal and charge-driven desorption (Scheme
1).
Application of MoTe2/WTe2 Mixture-Assisted LDI-MS

in Therapeutic Drug Monitoring. Quantitative Analysis of
AEDs. The applicability of MoTe2 and WTe2 to TDM was
further examined by analyzing the AEDs in blank human

serum. Based on the experimental results in Figure 1, a mixture
of MoTe2 and WTe2 was used to facilitate the quantification of
CBZ, LTG, and TPR. To compensate for variations in
extraction efficiency and improve analytical precision, stable
isotope-labeled internal standards were introduced, a technique
commonly used in quantitative LC−MS/MS analysis (Figure
S5, Supporting Information). Since the internal standards
labeled with isotopes share similar physicochemical properties
with the original target drugs, they can be extracted and
ionized to a similar extent, while they can be distinguished in
MS spectra by the difference in m/z values. For these reasons,
the peak intensities of the internal standards were used to
normalize the MS signals obtained from the AEDs.

To verify the applicability of the MoTe2/WTe2 mixture,
blank human serum was spiked with AEDs and their
corresponding internal standards (1 μL, 10 μg/mL concen-
tration) mixture and was extracted via solid-phase extraction.
Subsequently, the human serum AED extracts were pipetted
on the surface of the predeposited MoTe2/WTe2 mixture and
analyzed via LDI-MS after immediate drying under ambient
conditions. The mass spectra of CBZ, LTG, and TPR showed
that the MoTe2/WTe2 mixture assisted the simultaneous LDI
of both AED and internal standards (Figure 4a−c). For the
CBZ extract, the peaks of CBZ and CBZ-13C6 were detected at
the m/z of 259 and 265 corresponding to their [M + Na]+

forms, respectively. For the LTG and TPR extracts, the AED
peaks were detected at the m/z of 278 and 362, while their
internal standard peaks were detected at the m/z of 282 and
374, respectively. These results demonstrate that the MoTe2/
WTe2 mixture effectively assists the LDI process of AEDs
extracted from human sera while minimizing background
interference in the low m/z region (Figure S6, Supporting
Information), which is an essential factor for the analysis of
low-molecular-weight biomolecules or pharmaceutical drugs.

For quantification, each human serum AED extract within
the clinically significant concentration range (1−100 μg/mL)
was measured three times. The intensities of the AED peaks
were normalized by those of the corresponding internal
standards to obtain the peak area ratio. The calibration curves

Scheme 1. Schematic Representation of the Laser
Desorption Ionization Process Assisted by Transition Metal
Dichalcogenidesa

aElectron−hole pairs generated by absorbing laser energy synergisti-
cally contribute to the ionization of AEDs. Local heat confinement
and electrostatic repulsion between the holes and the positively
charged AEDs facilitate the thermal- and charge-driven desorption
processes, respectively.
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were constructed based on the peak area ratios of the six-level
calibrators, and their linearities were determined by calculating
the coefficient of determination (R2) (Figure 4d−f). All three
AEDs tested in this study, namely, CBZ, LTG, and TPR,
demonstrated a linear correlation with R2 values greater than
0.99 within the therapeutic concentration range, specifically
0.9958 for CBZ, 0.9968 for LTG, and 0.9977 for TPR. These

results indicate that the ion signals obtained by MoTe2/WTe2

mixture-assisted LDI-MS can yield reproducible and linear
calibration curves suitable for the quantification of AEDs in
human serum. The reliability of our method was further
validated by examining the percent recovery and precision.
The amount of drugs measured in the AED-spiked human sera

Figure 4. (a−c) Mass spectra of human serum AED extracts obtained using MoTe2/WTe2 mixture-assisted LDI-MS at a concentration of 10
μg/mL. (d−f) Calibration curves constructed from LDI-MS analysis of human serum extracts with varying concentrations of spiked-in AEDs,
within a 1−100 μg/mL concentration range. (g−i) Calibration curves obtained through multiplexed quantification of AED mixtures. Error
bars represent the standard deviation (n = 3).

Table 2. Recovery and Precision Test for (a) CBZ, (b) LTG, and (c) TPR Spiked in Blank Human Seruma

expected concentration (μg/mL) meas. one (μg/mL) meas. two (μg/mL) meas. three (μg/mL) mean (μg/mL) mean recovery (%) coeff. of var. (%)

(a)
12.5 11.12 11.77 12.56 11.81 94.51 6.01
6.25 6.25 5.97 5.91 6.05 96.73 3.03
1 1.29 1.35 1.37 1.34 134.11 2.91

(b)
15 17.15 16.33 16.10 16.53 110.19 3.35
7.5 7.72 8.56 7.92 8.07 107.57 5.43
1 0.46 0.81 0.72 0.66 66.34 27.46

(c)
12.5 12.69 12.30 12.42 12.47 99.74 1.61
6.25 6.69 6.06 5.91 6.22 99.56 6.65
1 1.25 0.88 0.99 1.04 104.20 18.50

aClinically significant concentrations were selected based on the therapeutic concentration ranges of patients treated with AEDs.
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and their corresponding percentages of recovery and
coefficients of variation (CV) are shown in Table 2.

Notably, approximately 30% of patients treated with AEDs
undergo polytherapy, which involves the concurrent admin-
istration of more than two types of drugs.49−51 Given that
several studies have demonstrated that MALDI-MS is capable
of simultaneous quantification of analytes such as protein
biomarkers or neurotoxins,52−55 our method was further
examined for multiplexed quantitative analysis of three types
of AEDs, namely, CBZ, LTG, and TPR. As demonstrated in

Figure S7 (Supporting Information), the major AED and
internal standard-related peaks were detected in their sodiated
form and were clearly distinguishable by their differences in the
m/z values, which was similar to the results shown in Figure
4a−c. For quantification, a mixture of AEDs containing CBZ,
LTG, and TPR was serially diluted within the clinically
significant range (1−100 μg/mL), and a mixture of their
corresponding internal standards was added separately for
normalization. As shown in Figure 4g−i, the calibration curves
of all three AEDs had R2 values greater than 0.99 (i.e., R2

Figure 5. Passing−Bablok regression (left) and Bland−Altman analysis (right) for the quantification results of carbamazepine (a,b),
lamotrigine (c,d), and topiramate (e,f). For carbamazepine, the LDI-MS results were compared with those from immunoassay. For
lamotrigine and topiramate, the LDI-MS results were compared with those from LC−MS/MS. For each drug, 40 patient serum samples were
analyzed.
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values of 0.9977, 0.9968, and 0.9992 for CBZ, LTG, and TPR,
respectively) within the therapeutic range. This suggests that
our method can be further applied to the TDM of medications
that require multiplexed quantification, such as anticancer
drugs, antiviral drugs, and antibiotics.56−58

Interassay Assessment of LDI-MS with Immunoassay and
LC−MS/MS. The analytical performance of MoTe2/WTe2
mixture-assisted LDI-MS for the TDM of AEDs was further
examined by comparing its results with those of techniques
commonly used in real-world clinical settings. To date,
approximately 29 AEDs have been widely prescribed in the
real-world clinical setting, while routine TDM of these drugs is
commonly performed using analytical techniques such as
immunoassays and LC−MS/MS.59−61 In particular, many
early-generation AEDs, such as CBZ, rely mainly on immuno-
assay techniques, while newer-generation AEDs, including
LTG and TPR, prefer LC−MS/MS methods.62,63

Therefore, human serum samples from 120 patients treated
with CBZ (40 patients), LTG (40 patients), and TPR (40
patients) were analyzed using the LDI-MS method, and drug
concentrations were determined. For CBZ, the results were
compared with those obtained by immunoassay, while the
results of LTG and TPR were compared with those obtained
by LC−MS/MS. To statistically assess the agreement between
the LDI-MS and comparative methods, Passing−Bablok
regression and Bland−Altman analysis were used (Figure 5).
The results of the Passing−Bablok regression showed that
there is no statistically significant bias for the LDI-MS method
compared to the immunoassay and LC−MS/MS methods
(Figure 5a,c,e). Specifically, the 95% confidence interval (CI)
of the slopes of CBZ (0.9955−1.0713), LTG (0.9138−
1.1284), and TPR (0.9948−1.0598) encompassed 1, indicating
that there is no proportional bias in the LDI-MS results. The
95% CI of the intercepts of CBZ (−0.4177 to 0.03536), LTG
(−0.5441 to 0.1179), and TPR (−0.3482 to 0.01143) included
0 respectively, demonstrating the absence of constant bias.

The results of the Bland−Altman analysis showed that the
mean difference of the results of CBZ was 1.64%, while those
of LTG and TPR were 0.37 and 5.08%, respectively (Figure
5b,d,f). Although a small positive bias was observed for the
TPR samples, the analysis results of most samples were within
the acceptable limit of ±1.96 standard deviation (SD) for the
three AEDs, indicating that the LDI-MS results corresponded
well to those of the immunoassay and LC−MS/MS.64

Furthermore, the 95% CI of the mean difference for CBZ
(−0.5717 to 3.8564%), LTG (−4.4843 to 5.2186%), and TPR
(−1.4115 to 11.5680%) included 0, showing that there are no
significant statistical differences between LDI-MS and the
comparative methods.

Overall, the results of the Passing−Bablok regression and
Bland−Altman analysis indicated that the MoTe2/WTe2
mixture-assisted LDI-MS is suitable as an alternative analysis
technique for the TDM of AEDs in human serum. Given that
LDI-MS has advantageous features such as high analytical
throughput, short turnaround time, and cost-effectiveness, our
method is expected to satisfy the demands of clinical
laboratory settings effectively. A comparison between the
measured concentration values (i.e., immunoassay, and LC−
MS/MS) is shown in Figures S8−S10.

CONCLUSIONS
We have experimentally screened for the TMDCs suitable for
the efficient TDM of AEDs using LDI-MS. The tellurium-

based TMDCs exhibited enhanced ion counts, which can be
approximately 10−100 times higher, allowing for the sensitive
quantification of therapeutic drugs in human serum. Addition-
ally, the results of the Passing−Bablok regression and the
Bland−Altman analysis indicated that LDI-MS is compatible
with immunoassays and LC−MS/MS, the mainstay techniques
for TDM in clinical settings. Furthermore, our theoretical
calculations showed that our systematic approach can better
explain the LDI process compared to conventional methods
(e.g., charge density and reaction energy) by adequately
describing the surficial interactions occurring at the atomic
scale. This suggests that our comprehensive methodology can
be further applied to the screening and selection of candidate
materials for LDI-MS, while it can also serve as an effective
method for validating the experimental results. We anticipate
that our study will provide a foundation for understanding the
interactive nature of TMDCs and therapeutic drugs. In
addition, our work is expected to be beneficial for researchers
investigating the fundamental nature and versatile applications
of various TMDC materials.

EXPERIMENTAL SECTION
Materials. The chemical vapor transport (CVT)-grown 2H−

MoS2, 2H−MoSe2, 2H−WS2, and 2H−WSe2 were purchased from
2D Semiconductors, and 2H−MoTe2 and Td−WTe2 were purchased
from Ossila. The solutions of MoTe2 and WTe22 flakes dispersed in
isopropyl alcohol, prepared by ultrasonication treatment of the
crystals, were purchased from 2D Semiconductors. The Raman
scattering spectra of TMDCs are shown in Figure S11 (Supporting
Information). PNT, PMD, CBZ, carbamazepine epoxide (CBZE),
VGT, ZSM, LTG, FBM, GBP, TPR, CBZ−13C6, LTG−13C, D3,
TPR−D12, methanol, and human serum were purchased from Sigma-
Aldrich and were used without purification. Patient samples (CBZ,
LTG, and TPR) were received from Severance Hospital. The
experiments were approved by the Institutional Review Board of
Severance Hospital (IRB no. 4-2019-0944).
Solid-Phase Extraction. For LDI-MS analyses, extraction of the

AEDs-spiked human serum and the patient samples were performed
via solid-phase extraction according to the method reported by
Kuchekar et al. with appropriate modification.65 In brief, 15 μL of the
AED and internal standards mixture were added to 95 μL of blank
human serum and were mildly vortex. Subsequently, 775 μL of 0.05
M NaOH (aq) was added. The Oasis HLP (Waters, 1 mL/30 mg)
cartridges were conditioned and equilibrated with 1 mL of MeOH
and deionized water. Upon the loading of the samples, the cartridges
were washed with 1 mL of deionized water and 1 mL of 5% MeOH.
After washing, the samples were eluted with 1 mL of MeOH. For
clinical samples, 15 μL of a mixture of MeOH and internal standards
were added in the place of AEDs and were extracted via an identical
process.
Protein Precipitation. For LC−MS/MS analyses of LTG and

TPR, the AEDs spiked human sera, and the patient samples were
pretreated by using the protein precipitation method. In brief, 10 μL
of the patient samples, each treated with LTG and TPR, was added
with 5 μL of their corresponding internal standards. Upon the
addition of 295 μL of 100% MeOH, the mixtures were vortexed for 60
s followed by centrifugation at 12,700 rpm for 10 min. After
centrifugation, 50 μL of the organic layer was isolated and was added
with 150 μL of 0.1 formic acid in distilled water. Subsequently, the
mixtures were vortexed for 60 s, and 2 μL of the aliquots was injected
into the Sciex triple quad 4500 MD instrument for LC−MS/MS
analysis.
Mass Spectrometry Analysis. All LDI-MS analyses were

performed in positive polarity mode using a Synapt G2 mass
spectrometer (Waters, USA) equipped with a 1 kHz Nd/YAG laser
(355 nm wavelength) for MALDI measurement. An auto quadrupole
profile was used, while the trap collision energy and transfer collision
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energy were set to 4.0 and 2.0 V, respectively, for all measurements.
For the precise deposition of TMDCs and AEDs, disposable
hydrophobic μfocus MALDI plates (Asta Inc., Korea) were used,
which can facilitate quantitative analysis by improving spot
homogeneity and signal reproducibility. In brief, the μfocus was
attached on the surface of the Waters MALDI target plate, and the
solution of dispersed TMDCs (1 μL) was spotted by manual
pipetting. After drying under ambient conditions, the AED samples
were deposited to be analyzed by LDI-MS. For the screening of
TMDCs, CVT-grown TMDCs dispersed in isopropanol (1 mg/mL)
were used, while the concentration of all AEDs was 10 μg/mL. For
quantitative analysis of AEDs in the human serum samples, a mixture
of the MoTe2 and WTe22 flake solution dispersed in isopropanol was
used. For all LDI-MS measurements, a spiral laser pattern with a 3
mm/min line speed was used, and up to 300 shots from the varying
positions on the spots of the MoTe2/WTe2 mixture were taken and
averaged to improve the signal uniformity.

For LC−MS/MS analyses, a Sciex triple quad 4500 MD mass
spectrometer (Sciex, USA) coupled with HPLC was used in positive
polarity mode. The LTG and TPR samples were separated with a
constant flow rate of 400 μL/min by using the following binary
gradient of mobile phase A (distilled water with 2 mM ammonium
acetate and 0.1% formic acid) and B (methanol with 2 mM
ammonium acetate and 0.1% formic acid): 10−70% of mobile phase
B for 1.5 min, 70−90% for 1.5 min, 90% for 1 min, and 10% for 2.4
min. HPLC−MS/MS was performed in selective reaction monitoring
(SRM) analysis mode, and the retention times for LTG ([M + H]+,
256 → 109 m/z) and TPR ([M + NH4]+, 357 → 264 m/z) were 2.71
and 3.06 min, respectively. For the internal standards, the retention
time of 13C3−LTG ([M + H]+, 259 → 145 m/z) was 2.71 min and
that of d12-TPR ([M + NH4]+, 369 → 288 m/z) was 3.04 min.
Immunoassay Analysis for CBZ Quantification. The CBZ

patient samples were analyzed according to the manufacturer’s
instructions for the ONLINE TDM carbamazepine (CARB2) kit for
the Cobas C702 analyzer (Roche Diagnostics GmbH, Germany),
which measures the kinetic interaction of microparticles in solution
(KIMS).
Theoretical Calculation for Properties of Various AEDs. The

fundamental properties of various AEDs were calculated using the
DMOL3 code, as implemented in the BIOVIA Materials Studio
platform.66 During the calculation, the 10 AEDs were modeled and
geometry optimized with a B3LYP hybrid functional.67 The double-
numerical atomic orbitals with polarization were chosen for the basis
sets, and all electrons with a relativistic effect were considered for the
core parts. Geometries were optimized until the maximum force on
each atom was less than 0.002 Ha/Å and the total energy change was
less than 10−5 Ha. The ESP of the total electron density and the
contributions from each atomic orbital on each atom were calculated
using the Mulliken analysis method. The electro/nucleophilic sites of
AEDs were investigated using the Fukui functions,68,69 and the
activation energy of the protonation reaction was calculated by
transition state search using the LST/Optimization synchronous
transit protocol70 with the RMS tolerance of 0.002 Ha/Å.

Afterward, the integrated systems of TMDC-AED were modeled to
fully reflect the experimental conditions. The exchange−correlation
functionals with generalized gradient approximation71 and the k-
points samplings by the Monkhorst−Pack grid with an equidistance of
0.02 Å−1 were chosen. The TMDCs were modeled and optimized
using the 2H phase of MoS2, MoSe2, MoTe2, WS2, and WSe2 and the
1T phase of WTe2. We applied 60 Å of vacuum slab to sufficiently
isolate the TMDC-AED systems. The lattice constants of bulk
TMDCs by DFT calculations for comparison were as follows: a = b =
3.207 Å for MoS2, a = b = 3.326 Å for MoSe2, a = b = 3.536 Å for
MoTe2, a = b = 3.178 Å for WS2, a = b = 3.299 Å for WSe2, and a =
6.271 Å, b = 3.477 Å for WTe2. The lattice constants of optimized
bulk TMDCs using calculational parameters listed above were as
follows: a = b = 3.18 Å for MoS2, a = b = 3.32 Å for MoSe2, a = b =
3.549 Å for MoTe2, a = b = 3.18 Å for WS2, a = b = 3.32 Å for WSe2,
and a = 6.311 Å, b = 3.503 Å for WTe2.72−75 After optimizing the
geometry of the TMDCs, we constructed a TMDC supercell that

ensures a minimum distance of 10 Å between the AED molecules to
avoid interaction effects and thus effectively model the TMDC-AED
systems. The PA of TMDC-AED systems was calculated by following
eq 2 using the constant value of ΔHH+° as 0.0643 eV.33
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