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ABSTRACT: In this work, we obtained WS, quantum dots by both liquid
exfoliation and hydrothermal synthesis following a top-down and a bottom-up
approach, respectively. The resulting nanomaterials were spectroscopically
characterized by UV—vis absorption and fluorescence techniques. Atomic force p>-2
microscopy measurements were performed for the morphological character- -
ization. We have studied the interaction between the as-synthesized WS, WS..0D J

quantum dots with the antiepileptic drug lamotrigine, a noncolored analyte. \ :\ - Lamotrigine determination
This interaction produces a quenching of the native fluorescence of the ‘“:“::“\:a":‘*

p &

nanomaterials, which depends linearly on the lamotrigine concentration. «

f\ P
Moreover, the Stern—Volmer constants were calculated and the inhibition
mechanism of the interaction was also investigated. Next, the WS, quantum dots ,:>

[

were immobilized on quartz supports for the development of an optical sensor

for lamotrigine determination. The sensor shows a linear response with the

analyte concentration in the 35.4—250 M range, with a limit of detection of 10.6 M. The sensor was applied to the determination
of lamotrigine in a synthetic serum sample, obtaining a recovery of 94%. Moreover, for a rapid and visual detection of lamotrigine,
we have tested the suitability of using paper as a support for immobilizing WS, quantum dots.

H INTRODUCTION bandgap changes from direct, in the bulk material, to indirect
as the dimension is reduced.'”""

The methods employed for the synthesis of TMDs QDs can
be divided into two groups: top-down and bottom-up
approaches.”'” Within the top-down methods, liquid exfolia-
tion and ion-intercalation-assisted exfoliation stand out. The
latter involves lengthy processes that require a purification
step. In addition, the dots obtained by this method may have

The excellent results obtained from the employment of
graphene in applications related to energy generation and
storage, catalysis or chemical sensors have prompted the search
for other low-dimensional materials."? Among them, transition
metal dichalcogenides (TMDs) have garnered significant
interest due to their unique properties and applications.’

These materials exhibit a sandwich-like MX, structure, where their semiconducting properties diminished due to the
M corresponds to a transition metal and X represents an intercalation of Li or K ions."” Then, the method most
element from the chalcogen group, typically a sulfur atom. A employed to obtain the QDs is the exfoliation of the
TMD sheet is formed by a layer of transition metal atoms corresponding bulk material in suitable solvents, such as N-
bonded to two layers of chalcogen through covalent bonds. methyl-pyrrolidone (NMP) or dimethylformamide (DMF),13
The different sheets interact with each other through weak van followed by a thermal treatment. This method is cost-effective,
der Waals interactions, forming the 3D structure. These weak versatile, simple, and scalable.

forces allow the 3D TMD to be easily exfoliated in 2D sheets On the other hand, bottom-up methods for the synthesis of
by different methods.* ® By reducing the size of these sheets TMD dots, especially WS,, are less common.'”'* Among
below 10 nm, zero-dimensional TMDs (quantum dots, QDs), others, chemical vapor deposition and hydrothermal reactions
can be obtained.” These 0D materials possess a higher surface- from precursors have been described. The latter is receiving
to-volume ratio and a higher number of active sites than sheets,

which make them suitable for sensor development, catalysis Received: October 17, 2024

processes, and bioimaging.”” One of the most interesting Revised:  February 10, 2025

properties of QDs is their photoluminescence, which contrasts Accepted: March 20, 2025

with those of the bulk material and sheets. This is due to their Published: April 25, 2025

quantum confinement and edge effects, which cause TMDs to
exhibit a modulable bandgap depending on their size. The
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more attention because it offers significant advantages,
particularly in terms of environmental economics. Additionally,
it is simple and allows control over the size of the dots
depending on the reaction conditions.”' "' However, it is
worth noting that many hydrothermal synthesis methods yield
polydisperse nanomaterials,”'>'* and impurities in the form of
carbon dots may be formed due to the use of organic
molecules as precursors.'® This is reflected in the dependence
of the maximum emission wavelength of the TMD QDs on the
excitation wavelength.

The characteristic photoluminescence of these materials has
driven the development of optical analytical methodologies
that exploit fluorescence inhibition that occurs when the
nanomaterial interacts with a given analyte. These methods
offer numerous advantages such as excellent sensitivity,
selectivity, simplicity, and quickness.'” Among the TMDs
family, molybdenum disulfide and tungsten disulfide are
particularly noteworthy for this kind of applications. Numerous
studies have focused on the fluorescence inhibition of MoS,
QDs when interacting with analytes such as the food dye allura
red,"® methotrexate,’ nitrobenzene,”® or fluorine ions.”’
Similarly, methods using WS, QDs have also been developed.
In these works, different synthesis strategies have been
employed. For instance, most examples used WS, QDs
synthesized via the hydrothermal method, which were applied
for the determination of trypsin and dithiothreitol,*”
dopamine,” hydrogen peroxide,”* nitrofurazone,” and oflox-
acin and ciprofloxacin.”® Furthermore, Azizi et al. have
reported the fluorometric and smartphone-based colorimetric
sensor for cyanide detection employing WS, QDs and silver
nanoparticles.”” Additionally, WS, QDs synthesized using a
top-down strategy in DMF have been employed for non-
enzymatic electrochemiluminescence-based detection organo-
phosphorus pesticides™ and in combination with fluorescein
for the analysis of cefixime residues in milk.*

Although most fluorescence methods based on the use of
TMD QDs are designed for analysis in solution, an interesting
alternative is their incorporation into a solid support. Paper-
based analytical devices have demonstrated significant
potential for sensor development due to their convenience,
low cost, and portability. Since paper is a disposable material,
this technology offers several advantages, including rapid
diagnostic, scalability, biocompatibility, ease of use, and
functionalization.®® In these designs, the inhibition of the
signal due to the interaction with the analyte is observed under
irradiation with a hand-held UV light lamp. Additionally, the
ability to use a smartphone or digital camera for analyte
detection makes a paper-based sensor simple, environmentally
friendly, portable, and cost-effective.’’ It has been shown that
paper-based devices allow on-site analyte evaluation with fast
response time, high sensitivity, and good specificity.”>*

However, this approach is still in its early stages, all of the
optical sensors being proposed based on the use of MoS,.
These sensors are applied to the determination of analytes
such as trinitrotoluene (TNT),* Hg* ions,”* and the
fungicide fluazinam.”> In addition to conducting studies in
solution, these works have shown the possibility of
incorporating MoS, QDs onto paper or quartz supports,
showing responses to different analyte concentrations.”**
This opens the door to the development of simple sensors for
“in situ” analysis.

Epilepsy is a chronic neurological disorder caused by the
abnormal firing of brain neurons. It leads to transient brain

dysfunction, significantly impacting the health and psychoso-
cial well-being of patients.”” One of the antiepileptic drugs
used for the treatment of seizures is lamotrigine, which is used
to prevent or reduce the severity of epileptic attacks in
children, the elderly, and pregnant women.”® The recom-
mended serum concentration of lamotrigine is between 1 and 4
/4g/mL.39 However, the blood levels of lamotrigine can be
affected by various factors such as age, renal, and hepatic
function, genetic background, and drug interactions.>® Since
maintaining a constant concentration of the drug in the
patient’s blood is crucial to optimizing their treatment and
avoiding toxic effects, therapeutic drug monitoring is extremely
important. Therefore, it is necessary to develop sensitive, rapid,
and accurate analytical methods to determine lamotrigine
levels in the blood.

Most of the analytical methods found in the literature for
lamotrigine determination are based on high-performance
liquid chromatography coupled with mass spectrometry or
UV—vis detectors.”’ "' An alternative to the expensive and
laborious chromatography-based methods is the use of optical
sensors based on fluorescence, as they are simple and cost-
effective and provide high sensitivity. Concerning lamotrigine
determination by electrochemical techniques, a few examples
can be found in the literature.”>* Since lamotrigine is a
nonfluorescent compound, various strategies for fluorescence
detection have been developed. For instance, El-Enany et al.
developed a spectrofluorimetric method based on the
derivatization of the drug with the fluorophore o-phthalalde-
hyde.”* Most of the methodologies developed to date are
based on the intensity inhibition of a nanomaterial or polymer
as fluorescent probes, with several examples available in the
literature. For instance, Song et al. synthesized a fluorescent
terbium-based coordination polymer that interacts with
lamotrigine, enabling its detection.® Additionally, various
metal—organic framework nanostructures, including those
based on lanthanide*® or terbium,*” have been reported for
lamotrigine determination. Related with quantum dots-based
nanomaterials, N-doped graphene carbon nanodots™ or gold
quantum dots and silver nanoparticles” have also been
proposed for this purpose. It is also important to note that
in these works, the lamotrigine determination was conducted
in solution conditions. Therefore, the development of an
optical sensor on a solid support that allows rapid lamotrigine
detection should garner great interest. In this work, we present
for the first time the employment of WS, QDs for lamotrigine
determination. Moreover, based on our recent experience in
immobilizin(g MoS, on quartz employing a polymeric
membrane,”® we propose applying this strategy to develop an
optical sensor for lamotrigine determination based on its
interaction with WS, QDs.

B EXPERIMENTAL SECTION

Reagents and Materials. Tungsten disulfidle 90 nm
(99%), sodium tungstate dihydrate (Na,WO,-2H,0), L-
cysteine, polyvinyl chloride (PVC), tributyl phosphate
(TBP), dimethyl sulfoxide (DMSO), synthetic human serum,
and lamotrigine were purchased from Sigma-Aldrich (USA).
NMP, tetrahydrofuran (THF), sulfuric acid, and sodium
hydroxide were supplied from Scharlau Chemie (Spain).

Quartz planar plates were obtained from Vidrasa S.A. and
cut into small pieces of 37 X 41 mm. Circular qualitative filter
papers Whatman grade 1 of 2.5 cm diameter supplied by GCE
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Figure 1. Schematic representation of bottom-up and top-down synthesis approaches.

Healthcare (UK) were employed for the development of paper
sensors.

Instrumental Techniques. Fluorescence measurements
were carried out with a Hitachi F-7000 spectrofluorometer
equipped with a solid sample holder. Absorbance measure-
ments were performed with a Shimadzu UV-1800 spectropho-
tometer. For the nanomaterials preparation, a Transonic 570/
H (Elma) ultrasonic bath, a Rotofix 32 A (Hettich) centrifuge,
and an oven (Nabertherm Inérica, S.L.) were employed. For
the signal transduction with the paper-based sensor, a lamp of
365 nm (Darkbeam) was employed. The AFM measurements
were carried out with a Nanoscope III (Veeco) system
operating in the dynamic mode and using silicon cantilevers
(Bruker) with a nominal radius of 8 nm and force constant
close to 40 N/m. Lifetime measurements were recorded in an
Edinburgh Instruments FLS1100 spectrofluorometer, which
was coupled to a cooled photomultiplier (PMT-980).

Procedures. WS, QDs Synthesis: Top-Down and Bottom-
Up Approaches. The synthesis of WS, QDs was carried out by
two different methods as it is shown in Figure 1, top-down and
bottom-up, based on literature with slight modifications.”*’
For the top-down approach, 100 mg of commercial WS, was
added to a flask containing 10.0 mL of NMP and subjected to
exfoliation in an ultrasound bath for 3 h. After that, the
suspension was heated under stirring at 140 °C in a silicon
bath for 6 h and left to rest for 14 h. Next, the dots were
separated in the supernatant by centrifugation at 4000 rpm for
45 min. The WS, QDs, named WS,-TD, were stored under 4
°C until their use.

For the bottom-up synthesis, 0.5000 g of Na,WO,-2H,0
and 1.000 g of L-cysteine were dissolved in 10.0 mL of water
and stirred for 30 min. Then, the pH was set at 6.65 with HCI
0.1 M and diluted to 20.0 mL in water. The mixture was
transferred to a reactor and heated in an oven at 200 °C for 36
h. After centrifugation at 11,000 rpm for 30 min, the
supernatant was separated and stored at 4 °C until its use.
Hereafter, these WS,-QDs are denoted as WS,-BU.

AFM Measurements. To be able to image isolated
structures, thus avoiding the formation of clusters, a drop of
a diluted preparation of QDs (1:1000 in water) was deposited
on top of a freshly cleaved mica surface. Thanks to the mica
hydrophilicity, the drop was spread onto it, which also
prevented the formation of QDs agglomerates. Once the
drop was dried, the AFM measurements were taken at different
locations. Due to tip convolution effects, the measured lateral
size of the dots is not reliable since it is enlarged by the tip
geometry. In contrast, the measured dot height is a meaningful
datum because it is not affected by these effects. The QDs
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height distribution was obtained using the Gwyddion free-
software.”’

Spectroscopic Measurements. The spectroscopic measure-
ments were carried out with an adequate dilution of the QDs
in water. The absorbance measurements were recorded at
between 200 and 800 nm. The fluorescence measurements
were carried out under the optimal conditions for each
nanomaterial. The excitation wavelengths were 270 and 310
nm for WS,-TD and WS,-BU, respectively.

The lifetime measurements were performed at room
temperature utilizing a 294.8 nm excitation wavelength
provided by a picosecond (ps) laser diode. The lifetimes (7)
were calculated from the best fitting of the signal to a single-
exponential decay [I(t) = I(0) exp(—t/7)].

The quantum yield was calculated employing quinine as the
standard (@ tabulated A = 0.577) and according to the
equation below

]2

@ = fluorescence quantum yield, A = absorbance at 4, F =
emission curve area, n = solvent refraction index. Subscripts s
and x correspond to the standard and the analyte, respectively.

Quartz-Based Fluorescence Sensor. The quartz plates
were cleaned before modification as in a previous work.>”
Briefly described, the plates were rinsed with THF followed by
0.18 M H,SO, solution and NaOH 1% (w/w) solution.
Finally, the plates were rinsed with distilled water and dried at
40 °C.

For the incorporation of the QDs on the quartz surface, an
optically transparent PVC-based membrane was prepared as
follows: 35.00 mg of PVC was diluted in 790 uL of THF.
Afterward, 100 yL of WS,-BU and 110 uL of TBP as plasticizer
were added to the mixture. The quartz modification was
carried out by spin coating 7S yL of the mixture at 800 rpm for
1 min. The membranes were dried at 50 °C. In addition,
membranes including 100 pL of THF instead of the
nanomaterial were developed (membranes without WS,-QDs
denoted as blank membrane).

The lamotrigine determination was performed by adding 20
4L of the analyte solution to the sensor surface and drying it at
50 °C before the fluorescence measurement.

Paper-Based Fluorescence Sensor. Circular pieces of
Whatman paper were submerged in the WS,-BU suspension
(diluted 1:10 in water) for 10 min. After drying at 30 °C in the
oven, 25 uL of lamotrigine was added onto the center of the
paper. Analytical detection was carried out by recording a
picture under an excitation lamp of 365 nm.

exc275nm

oA B[
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&,
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B RESULTS AND DISCUSSION

Nanomaterials Synthesis and Spectroscopic Charac-
terization. The synthesis of WS, QDs was carried out by two
different approaches top-down (WS,-TD) and bottom-up
(WS,-BU) to evaluate if they present differences in their
luminescence properties and, therefore, in their response
toward lamotrigine. As described in the Experimental Section,
the top-down approach was carried out from the bulk
nanomaterial through the solvent exfoliation assisted by
ultrasound and a subsequent temperature treatment. Mean-
while, the bottom-up synthesis was carried out in a
hydrothermal synthesis reactor from a tungsten salt. The
spectroscopic characterization of both nanomaterials was
performed by UV—vis absorbance and fluorescence measure-
ments, and the results are depicted in Figure 2.
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Figure 2. Spectroscopic characterization of the as-synthesized QDs.
(A) UV—vis absorbance spectra of WS,-TD and WS,-BU at a dilution
of 1:100 and 1:1500, respectively. The inset picture shows the as-
synthesized WS,-TD (left) and WS,-BU (right). (B) Fluorescence
spectra as a function of excitation wavelength of WS,-TU at 1:100
dilution. (C) Fluorescence spectra as a function of excitation
wavelength of WS,-BU at 1:1500 dilution.

Figure 2A shows the absorbance spectra obtained for both
nanomaterials. WS,-TDs show two absorption bands centered
at 270 and 340 nm, characteristic of the dots obtained by the
top-down approach.”® The same absorption bands are
registered for WS,-BU together with two additional bands
around 240 and 400 nm which, according to the literature, is
typical of QDs synthesized by bottom-up approaches.” The
band obtained at 240 nm has been attributed to superficial
defects and to the presence of functional groups such as —
NH,, —SO,*”, and —OH", among others. The presence of
absorption bands at wavelengths below 400 nm and the
absence of bands between 400 and 680 nm let us conclude that
only dots but not WS, sheets were obtained.

As stated in the introduction section, one of the most
interesting properties of QDs is their fluorescence emission.
Figure 2B and C shows the fluorescence spectra at different
excitation wavelengths for WS,-TD and WS,-BU QDs,
respectively. As can be seen, irrespective of the synthesis
approach, both nanomaterials present an emission fluorescence
band, confirming the formation of WS, QDs.

In the case of WS,-TD, this emission band is centered at 460
nm and exhibits the highest intensity when the excitation
wavelength is 260—270 nm (see Figures 2B and S1A). The
wavelength of the emission maximum does not change when
different excitation wavelengths are applied, which indicates
that the obtained dots present a homogeneous size.””" In the
case of WS,-BU, the emission maximum is centered at 400 nm
when the excitation wavelength is 310 nm (see Figures 2C and
S1B). However, in this case, the A emission maximum increases
with the excitation wavelength. This bathochromic effect is in
agreement with the results reported in the literature and it
could be attributed to different sizes of WS,-BU and to the
presence of carbon dots coming from the precursors employed
in the hydrothermal process.””*

Additionally, the quantum yield of the synthesized materials
was calculated using quinine sulfate as reference. The results
obtained were 2.2% and 8.3% for WS,-TD and WS,-BU,
respectively. Similar or even lower values have been reported
for WS, dots in the literature.'>**** Moreover, the lifetimes of
WS,-TD and WS,-BU were also calculated, obtaining values of
2.24 and 5.97 ns, respectively. This small difference can be
attributed to the size of the QDs or the presence of external
defects. The obtained results are consistent with those
reported in the literature.””***

The spectroscopic characterization shows that both
syntheses produce WS,-QDs with differences in the excitation
and emission wavelength. This characteristic difference makes
each nanomaterial appropriate for interaction with specific
analytes, allowing their determination.

Morphological Characterization by AFM. Figure 3A
shows the AFM data obtained on the WS,-TD. Some of the
sample spots analyzed showed a large number of QDs. This
allows to obtain a high number of features analyzed in the QDs
height distribution shown in Figure 3B. We have fitted the data
with the lognormal distribution, which has been reported to be
followed by both nanoparticles® and QDs”° size distributions.
In this case, the fitting with lognormal is good around the peak.
However, the data depart from the lognormal distribution for
QD heights in the 0.5—1 nm range since they are larger than
the fitted values. The average height is close to 0.4 nm. It
should be noted that the continuous background layer of the
image in Figure 3A shows a certain roughness that should
come from the drop deposit since it should be noted that the
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Figure 3. (A) AFM image of the WS,-TD deposited on mica. The inset shows the surface profile along the line depicted in (A). (B) QDs height
distribution obtained after analyzing several images. The dashed line is the best lognormal fit of the experimental data. (C) AFM image of a WS,-
BU deposited on mica. Inset: surface profile along the line depicted in (C). (D) QDs height distribution obtained after analyzing several AFM
images. The dashed line is the best lognormal fit of the experimental data. (E) AFM image obtained on a zone where the WS,-BU form small

clusters. (F) Height distribution of (E).

where the background layer did cover partially the mica surface
allowed us to estimate its thickness in the 1.5—2 nm range.
Thus, from these facts (i.e., layer thickness and roughness), it
can be stated that AFM underestimates the QDs height values.

Figure 3C shows a typical image obtained on the WS,-BU
sample. The bright spots correspond to WS, QDs. Between

bare mica surface is atomically flat (not shown). This is better
appreciated in the surface profile shown in the inset. As
explained above, this fact led to the employing of the threshold
method to select the QDs and further analyze their height.
This method likely underestimates the QDs heights.
Furthermore, measurements (Figure 82) taken on regions
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Figure 4. Absorption spectrum of lamotrigine and the excitation and emission spectrum of (A) WS,-TD and (B) WS,-BU.
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them, in the background, a certain corrugation is again
observed. The height fluctuations found in this background are
about 0.3—0.4 nm (see inset of Figure 3C). This fact implies
that the QDs height values plotted in Figure 3D could be 0.3—
0.4 nm higher. In this figure, it is shown that the QDs height
distribution follows quite well a lognormal distribution. Note

the large number of QDs that were analyzed. The average

17262

height value is close to 0.4 nm, which, taking into account the
background roughness, could increase up to close to 0.8 nm.

Figure 3E shows the morphologies in other locations of the
sample. Here, despite the diluted preparation, the QDs have
aggregated in clusters. In this case, the surface is quite flat,
without any substantial roughness. Inside the aggregates, the
individual QDs can be distinguished. As the clusters have a
quite homogeneous height and certain lateral extension, the
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height distribution of the image (Figure 3F) shows two peaks.
The higher one corresponds to the background, whereas the
wider and lower one corresponds to the cluster structures. The
distance between them indicates the average cluster height,
which is close to 0.7 nm. This figure correlates well with that
obtained from Figure 3D, once the correction due to the
background roughness has been applied. Also note that in
Figure 3E there are also three larger and higher (i.e., brighter)
structures due to large QDs agglomerations with heights in the
3—4 nm range.

Finally, it is worth noting that whereas the WS,-BU QDs
size distribution does follow quite well a lognormal
distribution, this is not the case for the WS,-TD one, since
the measured data for QDs sizes above the peak are larger than
those fitted with the lognormal function. This difference in size
distribution could be linked to their different optical behavior.

WS, QDs Interaction with Lamotrigine. As it was
explained in the introduction section, we have selected
lamotrigine, an antiepileptic drug, to demonstrate the
applicability of WS,-TD and WS,-BU toward the determi-
nation of nonluminescence compounds. To evaluate whether
the interaction between the nanomaterial and the selected
analyte would be possible, we show in Figure 4A and B the
lamotrigine absorption band together with the excitation and
emission spectra of WS,-TD and WS,-BU, respectively. It
should be noted that lamotrigine does not emit fluorescence
when it is excited at its absorption wavelength or at the
excitation wavelength employed with the WS,-QDs nanoma-
terials (data not shown).

As can be observed, lamotrigine presents an absorption band
with a maximum at 305 nm (black spectra) that slightly
overlaps with the emission spectra (red spectra) of both
nanomaterials. Moreover, the lamotrigine absorption band
overlaps with the excitation band of both nanomaterials, being
greater the overlapping between lamotrigine and WS,-BU. The
overlapping of the lamotrigine absorption spectrum with the
spectra of WS,-QDs allows us to expect the interaction
between the lamotrigine and WS,-QDs, leading to their
fluorescence inhibition by an inner filter mechanism. To assess
their interaction, fluorescence spectra of WS,-QDs in the
absence and presence of lamotrigine were recorded. Before
carrying out these experiments, the nanomaterial dilution was
adapted to get the same initial fluorescence intensity, obtaining
1:100 and 1:600 for WS,-TD and WS,-BU, respectively. Figure
SA and B shows the fluorescence spectra of each WS,-QDs
obtained in the absence and in the presence of 50 M of
lamotrigine. The fluorescence emission of both WS,-TD and
WS,-BU is greatly quenched by the analyte, which confirms the
interaction of both WS,-QDs with lamotrigine.

In order to evaluate the degree of interaction between each
nanomaterial and the lamotrigine as a quencher, the Stern—
Volmer constant (Kgy) was determined for both WS,-TD-
lamotrigine and WS,-BU-lamotrigine pairs. For this, we
employed the Stern—Volmer equation (Ip/I; = 1 + Kgy
[lamotrigine]), where I, and I; correspond to the emission
intensity of WS,-QDs in the absence and presence of the
analyte, respectively. From the slope of the corresponding plot
of Iy/I; against lamotrigine concentration, the Kgy value is
obtained. The higher the Ky value, the stronger the
interaction. From the results shown in Figure S3, Ky values
of 20,431 and 17,556 M™' were obtained for WS,-TD-
lamotrigine and WS,-BU-lamotrigine, respectively. Since these
values indicate a quite similar interaction with the analyte, both

QDs seem suitable for developing an analytical method for
lamotrigine determination. To test which is the most suitable
nanomaterial for detecting the lowest concentration of
lamotrigine, we evaluated the influence of increasing
lamotrigine concentration on the fluorescence of both WS,-
TD and WS,-BU.

Figure 6A and B shows how the fluorescence of WS,-TD
and WS,-BU, respectively, is quenched in the presence of
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Figure 6. Fluorescence response of (A) WS,-TD (4, = 270 nm, 4, =
460 nm) and (B) WS,-BU (4., = 310 nm, A, = 400 nm) with
increasing concentrations of lamotrigine. (C) Degree of inhibition
(expressed as I;/I;, %) and lamotrigine concentration for WS,-TD and
WS,-BU: calibration plots.

increasing concentrations of lamotrigine. In both cases,
although a 150 uM lamotrigine concentration led to a
fluorescence inhibition of about 80% of the initial signal, a
linear correlation between the degree of inhibition (expressed
as Iy/Iy, %) and lamotrigine concentration is obtained only up
to a concentration of 50.0 uM (Figure 6C).

Table 1 summarizes the analytical parameters obtained for
lamotrigine determination with both nanomaterials. As can be
seen, the analytical method based on WS,-TD is slightly more
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Table 1. Analytical Parameters Obtained from the
Calibration Plots for Lamotrigine Determination with WS,-
TD and WS,-BU*?

sensitivity LOD (uM) ( LOQ (uM)
WS, QDs (uM™h) R N=3) (N =3)
WS2-TD  —1.08 + 0.02  0.9996 5.68 + 0.03 18.9 + 0.2
WS2-BU  —092 + 0.04  0.996 5.0 +0.1 17+ 1

“The sensitivity is calculated from the slope of the calibration curve.
Since increasing concentration for the lamotrigine results in the
decrease in fluorescence intensity, a negative value is observed.
bSensitivity, correlation coefficient, detection limit (LOD), and
quantification limit (LOQ).

sensitive, although it presents slightly higher detection and
determination limits.

Study of the Mechanism of the Interaction of
Lamotrigine and WS, QDs. A deep study of the quenching
mechanism of WS, QDs by lamotrigine was carried out. As
stated above, depending on the overlap of the absorption band
of the quencher with the excitation or emission bands of the
fluorophore, the mechanism will be different. When the
absorption band overlaps with the emission fluorescence band,
an energy transfer between the donor (fluorophore) and the
acceptor (quencher) leads to fluorescence inhibition. In this
case, the molecular structure of the analyte plays a role since it
is important for the distance between the fluorophore and the
analyte to be small. In our case, the planar structure of
lamotrigine may facilitate this process. However, when the
absorption band overlaps with the excitation band, a
competition for the photons of the source occurs, causing
fluorescence quenching. Since in our case the absorption band
of the quencher overlaps with both the excitation and the
emission bands of the nanomaterials, a mixed mechanism
could be expected. In order to confirm this, the fluorescence
inhibition was monitored by varying the lamotrigine
concentration at two different excitation wavelengths. One is
the wavelength where the WS,-QDs present the maximum
fluorescence and the lamotrigine absorbs (270 and 310 nm for
WS,-TD and WS,-BU, respectively. See Figure 4). The other
one is a wavelength at which the WS,-QDs can be excited, but
the analyte does not absorb (370 and 340 nm have been
selected as A, for WS,-TD and WS,-BU, respectively. See
Figure 4). A fluorescence decrease in this condition would
indicate the donor—acceptor energy mechanism. Figure S$4
shows the results of this study. The quenching is produced at
both wavelength conditions, leading to the conclusion that the
mechanism is a mixture of both processes, with the photon
competition being the predominant one as can be deduced by
the higher inhibition produced when exciting at 270 and 310
nm for WS,-TD and WS,-BU, respectively. These results are
similar to those obtained with other lamotrigine determination
strategies that exhibit a competition inhibition mechanism.,*¥*¢

In addition to the steady-state quenching experiments, we
also performed lifetime studies to establish the quenching
mechanism between the QDs and the lamotrigine compound.
Increasing the concentrations of lamotrigine did not show any
changes in the fluorescence lifetime of the QDs. This indicates
that the interaction is predominantly static, where the QDs
form a complex with lamotrigine in the ground state. Figure SS
illustrates the fluorescence lifetime emission before and after
the addition of 150 yM of lamotrigine. Table 2 presents the
calculated lifetimes obtained from the best fit to a single-

exponential decay model for the different QDs in each
temporal profile.

Table 2. Lifetime Emission of the WS2-BU and WS,-TD
QDs before and after the Addition of Lamotrigine (150 uM)

sample 7 (ns) R?
WS,-BU 5.97 0.99
WS,-BU + 150 uM lamotrigine 591 0.99
WS,-TD 224 0.98
WS,-TD + 150 uM lamotrigine 2.23 0.98

Optical Sensor Development. Once the interaction of
lamotrigine with WS, QDs was confirmed for both synthesized
nanomaterials, we proceeded to immobilize the QDs on solid
supports to develop an optical sensor for lamotrigine
determination. To this end, two different supports have been
selected, quartz plaques and circular filter papers.

The immobilization of WS, QDs on the quartz surface is
carried out by the incorporation of the nanomaterial in a
polymeric membrane. Although both WS,-QDs are suitable for
developing an analytical method in solution for lamotrigine
determination, WS,-TU was not suitable for this application
due to the high background recorded when exciting the
unmodified supports at 270 nm (data not shown). Moreover,
as exciting at 310 nm is more selective for the analytical
determination than at 270 nm, further studies were carried out
with WS,-BU.

Based on previous works, a polymeric membrane based on
PVC with TBP as plasticizer was employed.***” Since both the
membrane and the support are optically transparent, they allow
for instrumental analysis of compounds that undergo changes
in the optical properties of the immobilized QDs. As described
in the procedure section, the WS,-BU were incorporated into
the mixture composed of PVC and TBP in THF and then cast
on the quartz plate by a spin coating procedure. Once the
membrane is dried in an oven, the sensor is ready for use.
Looking for the highest initial fluorescence signal in the
dispositive, the volume of the WS,-BU suspension employed
for membrane preparation was optimized. Figure S6 shows the
fluorescence spectra obtained with increasing volumes of dots
in the PVC/THF/TBP mixture. As the WS,-BU volume
increases, the fluorescence emission band at 400 nm increases
with respect to the blank membrane, reaching the maximum
with 100 pL of nanomaterial. This response confirms the
incorporation of the QDs in the polymeric membrane. Higher
volumes of the aqueous WS,-BU suspension led to PVC
precipitation, making the polymeric mixture unsuitable to build
the optical sensor.

To verify whether the inhibition of WS,-BU fluorescence
occurs once immobilized onto the quartz support, 20 uL of
lamotrigine 1.00 mM was drop cast on top of the optical
membrane and dried before recording the fluorescence
spectrum. As shown in Figure 7A, the WS,-BU fluorescence
is quenched due to the addition of lamotrigine, confirming that
the nanomaterial—analyte interaction also occurs on the
membrane. Furthermore, this inhibition responds linearly
with lamotrigine concentration until 250 yM according to
the calibration equation: % I;/I = (100.0 + 0.3) — (0.258 +
0.005) [lamotrigine] (uM); r = 0.9994. The corresponding
calibration plot is shown in Figure 7B. From these results, the
detection limit (LOD) and the quantification limit (LOQ)
were calculated as 3 and 10 o/s, respectively, being o the
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Figure 7. (A) On-surface WS,-BU fluorescence quenching by lamotrigine. (B) Influence of lamotrigine concentration on the WS,-BU fluorescence:
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Figure 8. Images of analytical paper modified with WS,-BU and increasing concentrations of lamotrigine (LTG).

standard deviation of the initial Iy signals [n = 5] and s the
slope of the calibration plot. Working in this way, a LOD value
of 10.6 & 0.6 uM and a LOQ of 35.4 + 0.2 uM were obtained.
In addition, the accuracy and the precision in terms of the
relative error (Er, %) and for different sensors were evaluated
for a lamotrigine concentration level of 200 M. Five replicates
were performed leading to a lamotrigine concentration of 205
+ 20 uM that corresponds to a relative standard deviation of
11% and Er values lower than 3% [n = S]. These data allow us
to conclude that the developed sensor shows very good results,
in terms of accuracy and reproducibility. Table S1 compares
the results obtained in this work with those reported in the
literature. Although some methods show better performance
than those presented in this work, it is important to note that
the analytical determination of lamotrigine in these methods is
carried out in solution, whereas this work focuses on surface-
based detection.

The sensor was applied to the lamotrigine determination in
synthetic human serum by a standard addition method. Due to
the absence of the analyte in the sample, human serum was
spiked with lamotrigine at a concentration of 50 M before
being filtered through a 0.45 um filter. The % I;/I signal
changed with the added lamotrigine concentration according
to the equation % I/I, = (832 = 0.9) — (0.36 + 0.03)
[lamotrigine],gqeq (UM); r = 0.997. From these results, a
lamotrigine concentration of 47 uM was obtained, which
means a recovery of 94%.

Finally, we have employed circular filter paper as support for
immobilizing TMD dots to test the suitability of this support
to develop rapid and visual detection methods for noncolored
analytes. To this end, the paper was modified with WS,-BU
and subsequently 25.0 uL of the analyte was dropped onto the
central region of the support. Following irradiation under a 365
nm lamp, images of all of the different paper samples were
recorded, as depicted in Figure 8. The images reveal that an

increasing concentration of the analyte produces the inhibition
of the WS,-BU dots fluorescence. These results confirm the
possibility of employing this nanomaterial for the development
of interesting sensors on paper.

Bl CONCLUSIONS

We synthesized WS, QDs by two different approaches: top-
down (WS,-TD) and bottom-up (WS,-BU). From the AFM
measurements of the samples deposited on mica, the QDs
height distribution is obtained, which follows quite well the
lognormal distribution for the WS,-BU system whereas that of
the WS,-TD shows larger counts for dot heights above the
average value, which could be related with their different
optical behavior. It should be noted that the height values
measured by AFM underestimate the real values since the QDs
are embedded within a background layer formed on the mica
surface. Both WS,-QDs present native fluorescence, with
maximum of emissions at 460 and 400 nm when they are
excited at 270 and 310 nm, for WS,-TD and WS,-BU,
respectively. This fluorescence is inhibited in the presence of
the antiepileptic drug lamotrigine through a mixed mechanism:
a donor—acceptor energy mechanism and the competition for
the photons coming from the excitation source, the latter being
the predominant one. Both nanomaterials exhibit similar
interaction with lamotrigine, with Kgy values of 20,431 and
17,556 M™' for WS,-TD and WS,-BU, respectively. The
fluorescence of the QDs is inhibited by increasing concen-
trations of lamotrigine, showing a linear correlation up to 50.0
#M in both cases. Moreover, this behavior is maintained when
both WS,-QDs are immobilized onto quartz plates, allowing
the development of an optical sensor, with a detection limit of
10.6 uM, which was successfully applied to the determination
of lamotrigine in synthetic human serum. Finally, it was proven
that paper is also a suitable support for developing rapid and
visual detection methods for noncolored analytes.
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