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Abstract: Methylene blue is a cationic organic dye commonly found in wastewater, groundwater, and
surface water due to industrial discharge into the environment. This emerging pollutant is notably
persistent and can pose risks to both human health and the environment. In this study, we developed
a Surface Plasmon Resonance Biosensor employing a BK7 prism coated with 3 nm chromium and
50 nm of gold in the Kretschmann configuration, specifically for the detection of methylene blue. For
the first time, laccases immobilized on a gold surface were utilized as bio-receptors for this organic
dye. The enzyme was immobilized using carbodiimide bonds with EDC/NHS crosslinkers, allowing
for the analysis of samples with minimal preparation. The method demonstrated validation with a
limit of detection (LOD) of 4.61 mg L−1 and a limit of quantification (LOQ) of 15.37 mg L−1, a working
range of 0–100 mg L−1, and an R2 value of 0.9614 during real-time analysis. A rainwater sample
spiked with methylene blue yielded a recovery rate of 122.46 ± 4.41%. The biosensor maintained a
stable signal over 17 cycles and remained effective for 30 days at room temperature.

Keywords: laccases; Surface Plasmon Resonance; methylene blue; biosensor; emerging pollutant

1. Introduction

Methylene blue is an organic dye frequently released into wastewater from various
industries, including textile, paint, paper, and plastics [1,2]. A significant volume of methy-
lene blue wastewater is discharged into groundwater and surface water [3]. While this
dye has therapeutic applications for conditions such as malaria and methemoglobinemia
and even as an antidepressant and cardioprotective agent [4], it is important to note that
its effects can be both medical and harmful, depending on the dosage. Doses exceeding
5 mg kg−1 may lead to fatal serotonin toxicity in humans due to its monoamine oxidate
inhibitory properties, posing a danger to aquatic fauna as well [3]. Additionally, methylene
blue has been reported to have teratogenic and embryotoxic effects, as evidenced by studies
on angelfish and rats, respectively. Other adverse effects may include cyanosis, tissue
necrosis, the formation of Heinz bodies, vomiting, jaundice, shock, and an enhanced heart
rate [3].
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Methylene blue is a highly persistent cationic dye, characterized as an organic chlo-
ride salt with the molecular formula C16H18ClN3S [3]. It features 3,7-bis(dimethylamino)
phenothiazin-5-ium as its counterion and possesses corrosive and irritant properties [4].
Figure 1 illustrates the chemical structure of methylene blue.
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Figure 1. Chemical structure of methylene blue.

Conventional techniques for detecting methylene blue dye include HPLC and UV-Vis
spectrophotometry. For instance, Ong et al. measured methylene blue concentrations
using a UV–Vis spectrophotometer at a wavelength of 661 nm, analyzing samples with
concentrations ranging from 100 to 1350 mg L−1 [5]. In a separate study, Khan et al. quan-
tified methylene blue in environmental samples utilizing a method based on solid-phase
extraction (SPE) coupled with ultra-performance liquid chromatography–tandem mass
spectrometry (UPLC–MS/MS). They achieved a limit of detection (LOD) of 0.1 ng mL−1

and a limit of quantification (LOQ) of 0.4 ng mL−1 [6]. In addition, Fito et al. quantified the
dye with a UV–Visible spectrophotometer at a wavelength of 668 nm, analyzing samples
with initial concentrations of 100, 150, and 200 mg L−1 [7]. It is evident that among these
conventional techniques, UPLC–MS/MS offers the capability to analyze lower concentra-
tions of methylene blue, requiring a prior extraction process to attain a lower LOD.

In recent years, various alternatives have been explored for the detection and quan-
tification of methylene blue. For instance, Kaya et al. investigated the binding kinetics of
this dye on monolayer graphene utilizing Surface Plasmon Resonance (SPR) and analyzed
samples at a concentration of 1 µM (0.320 µg L−1) [8]. Additionally, Sadrolhosseini et al.
quantified both methylene blue and methylene orange using SPR, with NiCo-layered
double hydroxide, achieving an LOD of 0.005 ppm [9]. In another study, Sofani et al.
employed Localized Surface Plasmon Resonance (LSPR) with gold nanorods of diame-
ters 20, 40, 60, and 80 nm, reporting sensitivities of 103.40523, 156.46238, 228.02452, and
272.10904 RIU/nm, respectively [10]. Table 1 summarizes the key analytical parameters of
conventional techniques for detecting methylene blue. Notably, the methods capable of
detecting the lowest concentrations were SPE–UPLC–MS/MS [6] and SPR–NiCo-layered
double hydroxide [9], both achieving LOD in the order of parts per billion (ppb) range.

The combination of enzymes and SPR has proven to be effective for the detection
of various analytes, offering advantages such as high sensitivity, real-time response, and
rapid analysis [11], along with minimal matrix interference effects [12]. In an enzyme-
based SPR biosensor, it is crucial to employ an enzyme that can effectively interact with
the analyte. Laccases, which are oxidoreductases belonging to the multi-nuclear copper-
containing oxidases, catalyze the monoelectronic oxidation of substrates using molecular
oxygen, producing water as the sole by-product, and can be regarded as “eco-friendly”
enzymes [13]. Laccases catalyze the monoelectronic oxidation of substrates at the expense
of molecular oxygen, thus acting on functional groups such as hydroxyl (OH-) groups [14].
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These enzymes can exist as monomeric, dimeric, or tetrameric glycoproteins, and all
contain four copper atoms categorized into three types: Type 1 copper (T1Cu), which is
responsible for substrate oxidation and imparts the enzymes’ characteristic blue color, has
strong electronic absorbance around 610 nm, and is detectable by electro-paramagnetic
resonance (EPR); Type 2 copper (T2Cu), which is colorless and also EPR detectable; and
Type 3 copper (T3Cu), which exhibits weak absorbance near the UV spectrum (around
330 nm) [15]. Laccases catalyze oxidation reactions for a variety of aromatic compounds,
predominantly phenols, and are produced by fungi, bacteria, archaebacteria, and higher
plants [16]. Additionally, laccases can oxidize a range of non-aromatic and non-phenolic
hydrogen donors through a radical-involving mechanism [15], including benzenethiols,
diamines, and aromatic amines [17].

Table 1. Traditional and modern methods for detecting methylene blue and associated analytical
parameters.

Technique Analytical Parameters or Sample Concentration Reference

UV–Vis spectrophotometry at 661 nm Samples from 100–1350 mg L−1 [5]
SPE–UPLC–MS/MS LOD of 0.1 ng mL−1, LOQ of 0.4 ng mL−1 [6]

UV–Vis spectrophotometer at 668 nm Samples with 100, 150, and 200 mg L−1 [7]
SPR and monolayer graphene Samples with concentration of 1 µM (0.320 mg L−1) [8]

SPR and NiCo-layered double hydroxide LOD of 0.005 mg L−1 [9]

LSPR and Au nanorods
Sensitivity of 103.40523 RIU/nm, 156.46238 RIU/nm,

228.02452 RIU/nm, and 272.10904 RIU/nm for
nanorods of 20, 40, 60, and 80 nm, respectively

[10]

Laccases have shown their effectiveness in reacting with methylene blue. For instance,
Dahlena et al. utilized fungal laccases from Trichoderma asperellum LBKURCC1 at a concen-
tration of 0.014 U/mL to degrade methylene blue, achieving a 69% reduction in the color of
the 50 ppm solution under acidic conditions at pH 5.5 [17]. Additionally, Forootanfar et al.
investigated fungal laccases from Aspergillus oryzae, Trametes versicolor, and Paraconiothyrium
variabile at pH 4.5. Among these, the laccases from P. variabile were found to be the most
effective, completely decolorizing bromophenol blue (100%) and achieving the following
reductions for other dyes after 3 h of incubation: Coomassie brilliant blue (91%), Panseu-S
(56%), Rimazol brilliant blue R (RBBR; 47%), Congo red (18.5%), and methylene blue
(21.3%) [18]. According to Rodríguez-Delgado et al., the general mechanism of action for
laccase activity involves donating an electron from the T1 copper site to the substrate,
followed by internal electron transfer from the reduced T1 site to the T2 and T3 sites. The
T3 copper site serves as a two-electron acceptor in the aerobic oxidation process, which
requires the presence of the T2 copper site. Oxygen reduction to water occurs at the T2 and
T3 clusters, passing through a peroxide intermediate [19]. Various studies have detailed
the chemical reactions by which laccases from Pyricularia oryzae degrade azo dyes [20,21].
In another study, Nabilah et al. used an immobilized laccase produced by the fungus
Trichoderma viride and the bacterium Ralstonia pickettii to degrade methylene blue. They
identified three degradation products: Azure A, Azure C, and Thionine [22]. Based on the
aforementioned studies and references, the probable recognition process and initial step
of degradation are illustrated in Figure 2. Laccases have not only been employed for dye
decoloration but also for detecting emerging pollutants. In previous research, our team
utilized laccases from Rhus vernicifera in SPR biosensors to detect emerging pollutants such
as chlorophene, achieving LOD suitable for environmental samples [12].

This study introduces a novel enzymatic SPR biosensor designed to detect methylene
blue, utilizing laccases derived from Rhus vernicifera. This marks the first instance of
employing laccases in an SPR-enzymatic biosensor to detect this emerging pollutant.
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2. Materials and Methods

All reagents used in this study were purchased from Sigma-AldrichTM, (San Luis, MO,
USA) unless otherwise specified. The rainwater samples were provided by the Laboratory
of Biotechnological Processes of the Biotechnology and Nanotechnology Research Center
(CIBYN) from the Universidad Autónoma de Nuevo León, Apodaca, Nuevo León, Mexico.

The pH of the rainwater sample was measured using a multi-parameter probe (WTW
Multi 350i). Various other parameters, including total hardness, free chlorine, iron, copper,
lead, nitrate, nitrite, MPS, total chlorine, fluoride, cyanuric acid, ammonia chloride, bromine,
total alkalinity, and carbonate, were assessed using an Umlecoa® Drinking Water Test Strips.

2.1. Functionalization of the Thin Chromium–Gold Film and Immobilization of the Laccases

A chip of glass coated with a thin chromium–gold film was utilized. The deposition of
the thin chromium–gold film via thermal evaporation was based on the research conducted
by Luna-Moreno and collaborators [23]. This film deposition occurred in a vacuum chamber
equipped with both an e-beam and thermal vapor deposition system (Balzer’s evaporator).
The transduction surface typically consists of a thin gold film of approximately 45 nm on
a glass slide that is optically coupled to a glass prism using a refractive index matching
oil. A quartz crystal thickness monitor is employed to measure the deposition rate of the
material. The thin films were characterized by comparing theoretical and experimental
SPR curves, allowing for the extraction of the parameters related to the thickness and
the complex refractive index of the thin gold film through the least squares method. A
study was conducted on the uniformity of the chromium/gold films’ deposition on glass
substrates (slides) and gold films on the flat surface of a semi-cylindrical prism made of
BK7 glass. This involved applying the formalism of Fresnel’s equations using the matrix
method, and the experimental data obtained from the SPR curve were theoretically fitted
using the least squares method. The study also indicated that SPR responses are influenced
by the film thickness, as well as the linear response range [24].

The enzyme immobilization was performed according to the methodology outlined
in previous studies [12,23]. Initially, the thin chromium–gold film chip was washed with
acetone and ethanol for 30 s and then air-dried. It was subsequently immersed for 12 h
at room temperature in a solution of MHDA and MUD alkanethiols (250 µM in ethanol).
After this period, the chip was rinsed with absolute ethanol and mounted with a BK7 prism
and SPR equipment, which left free carboxyl groups of the alkanethiols. Angular sweeps
were conducted from 30 to 80◦ using air and water, and a fixed angle was determined
at a midpoint of the slope of the resonance angle, as this angle exhibited the highest
sensitivity. In the following steps, a flow of 0.2 mL min−1 was maintained. Next, 700 µL
of an EDC/NHS crosslinkers solution (0.2 M/0.05 M) in MES buffer (100 mM, 500 mM
NaCl, pH 5) was added, forming carbodiimide esters. This was followed by a wash with
bi-distilled water, after which 700 µL of laccase solution (500 mg L−1) was introduced,
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facilitating the formation of amide bonds between the enzyme’s amino acids and the
terminal carboxyl group of the alkanethiols. Finally, an ethanolamine solution (1 M, pH 8.5)
was added to bind the remaining free carboxyl groups, thus preventing non-specific unions
and interactions. The entire immobilization process is depicted in Figure 3.
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Figure 3. Immobilization process of laccases on the thin chromium–gold film chip. In the step 1,
alkanethiols are added to the thin gold surface. In step 2, the EDC is added, forming an unstable
intermediate. In step 3, the NHS is added, creating a sulfo-NHS ester. In step 4, NHS is replaced by
the laccase through an amide bond.

The immobilization process was monitored using SPR equipment, with experimental
conditions aligned with those outlined in a previous study [12]. All measurements were
conducted at a fixed angle, determined from an initial scan of 30–80◦. The working angle
was chosen at the midpoint of the slope of the plasmon angle, which is the point of highest
sensitivity. Figure 4a displays the prism featuring the chip with immobilized laccases, while
Figure 4b illustrates the assembly of the prism and chip on the SPR equipment. To confirm
the successful immobilization of the laccases, the Au–Cr chips were analyzed using Fourier
transform infrared spectroscopy (FTIR) at various stages of the immobilization process:
after functionalization with alkanethiols, following the addition of crosslinkers, and upon
immobilization of the laccases.
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Figure 4. Assembly of the prism and the chip on the SPR equipment: (a) assembly of the prism, the
chip with a thin gold film with the immobilized laccases, the prism and other components. (b) Set up
of the prism, sample cell, chip with immobilized laccases and the other on the SPR equipment.
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2.2. Calibration Curve and Analysis of Samples

Stocks containing varying concentrations of methylene blue in a 0.1 M MES buffer at
pH 5.0 were prepared to determine the method’s working range. Subsequently, a calibration
curve was prepared using stock solutions of methylene blue at different concentrations: 0,
20, 30, 50, and 100 mgL−1, which were analyzed via SPR with a flow rate of 0.2 mL min−1.
A 40 nM NaOH solution was injected, followed by a wash with bi-distilled water after all
samples were injected to regenerate the biosensor for the next sample. Both calibration
stocks and samples were analyzed under the same conditions and methodology. The
graphs were generated using OriginPro® version 2024b. The response time was defined as
the duration needed for the sensor to achieve 90% of the signal change.

2.3. Analytical Parameters and Validation of the Method

The analytical parameters of the method, including the equation of the line, correlation
coefficient (R), LOD, and LOQ, were obtained.

The limit of detection (LOD) was calculated as in Equation (1):

LOD = 3 × SDb/m (1)

where “SDb” is the standard deviation of the blank of the curve and “m” is the slope of the
equation of the line.

The limit of quantification (LOQ) was calculated as in Equation (2):

LOQ = 10 × SDb/m (2)

where “SDb” is the standard deviation of the blank of the curve and “m” is the slope of the
equation of the line.

The spiked sample was prepared with a final concentration of 30 mg L−1. The spiked
samples were analyzed the same as the stocks of the calibration curves to determine the %
of recovery.

After establishing the calibration curve, the equation of a straight line (y = mx + b)
was obtained, and the coefficient of determination R2, which indicates the goodness of fit
of the model, was calculated as follows [25]:

R2 = 1 − Sum of squared regression (SSR)
Sum of squares (SST)

(3)

R2 = 1 − Σ(yi- ŷi) 2

Σ(yi--y)2 (4)

More details about the calculation and interpretation of the results are widely available
in statistics literature [25,26].

3. Results and Discussion
3.1. Functionalization of the Thin Chromium–Gold Film and Immobilization of the Laccases

As previously mentioned, the chip coated with a thin gold and chromium–gold
film was functionalized with alkanethiols before immobilization. This prepared chip
was installed in the SPR equipment, and reflectance spectra were obtained through an
angular sweep ranging from 30 to 80◦. This sweep was conducted in both air and water
environments. Figure 5 illustrates the shift in the resonance angle, which was attributed to
a change in the refractive index during the angular sweep with air and water. The fixed
working angle was selected at the middle of the slope of the resonance angle observed
in water (71.5◦), as this angle provided the highest sensitivity. Both the immobilization
and calibration curves were conducted at this fixed angle. The estimated film thickness
was determined to be 50 nm for gold and 3 nm for chromium, with the methodology for
estimating the film thickness detailed in Section 2.1.
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Following the functionalization with alkanethiols, the laccases were immobilized us-
ing a combination of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride and
n-hydroxysuccinimide (EDC/NHS). Figure 6 illustrates the real-time immobilization pro-
cess. After adding each reagent, an increase in the reflectance can be observed, which subse-
quently decreases during the washing phase. Eventually, the signal stabilizes—evident as
a flat zone—once all non-bound molecules have been removed, leaving only the remaining
molecules attached to the surfaces and resulting in a new higher baseline.
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Figure 6. Immobilization process of laccass from Rhus vernicifera in real-time by SPR.

The immobilization process was also analyzed using FTIR (refer to Figure 7). The
FTIR spectra reveal two small signals corresponding to CH2 stretching of the alkanethiols
MHDA/MUD in the range of 2860–2927 cm−1, as well as C=O stretching and COO-
stretching signals between 1500–1700 cm−1 [27,28]. These peaks are present at all stages,
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indicating that the alkanethiols are bonded to the Au–Cr surface. Additionally, around
1820 cm−1, a change in the percentage of transmittance is observed upon the addition
of EDC/NHS, attributable to the symmetric stretch of C=O [29]. Lastly, a variation in
transmittance is noted in the region of 400–500 cm−1, corresponding to the bands associated
with laccases [30].
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3.2. Calibration Curve

After selecting a fixed angle of 71.5◦, stocks with varying concentrations of methylene
blue were analyzed using SPR, creating a calibration curve. The calibration curve and the
corresponding equation of the straight line are presented in Figure 8. As illustrated in the
figure, there is an observable increase in reflectance with rising concentrations, which can be
attributed to the interaction between the laccases and the analyte. Subsequently, a plateau
is reached when maximum reflectance is attained and the signal stabilizes. Following this,
the signal decreased as the biosensor was rinsed with 40 nM NaOH and water, separating
the analyte from the bioreceptor. From the graph, we estimate response times of 252, 126,
135, 81, and 180 s for concentrations of 100, 50, 30, 20, and 0 mg L−1, respectively.
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3.3. Analysis of Samples, Analytical Parameters, and Validation of the Method

The calibration curve of the method exhibited a linear fit with an R2 value of 0.9614,
an LOD of 4.61 mg L−1, and an LOQ of 15.37 mg L−1. The analytical parameters are
summarized in Table 2. A spiked rainwater sample was analyzed to assess matrix effects,
resulting in a recovery percentage of 122.46 ± 4.41%. This recovery percentage suggests
the presence of matrix effects due to the combined influence of all sample components [31],
particularly in this environmental sample. However, the recovery percentage is close to the
acceptable range of 70–120% [20], considering the complexity of the sample matrix. The
physical and chemical characteristics of the rainwater sample are detailed in Table 3.

Table 2. Analytical parameters of the method (n = 2).

LOD 4.61 mg L−1

LOQ 15.37 mg L−1

Working range 0–100 mg L−1

R2 0.9614
% of recovery 122.46 ± 4.41.

Table 3. Physical and chemical characteristics of the rainwater sample (n = 2).

Parameter Concentration Parameter Concentration

Total hardness 25 mg/L Total chlorine <LOD
Free chlorine <LOD Fluoride <LOD

Iron <LOD Cyanuric acid <LOD
Copper <LOD Ammonia chloride 5 mg/L

Lead <LOD Bromine 0.5 mg/L
Nitrate <LOD Total alkalinity <LOD
Nitrite <LOD Carbonate <LOD

Monopersulfate <LOD pH 6.4
<LOD = Lower than the limit of detection.

To reduce the matrix effect, further studies could explore using different enzymes
that may offer higher selectivity. Although the LOD reported here is higher than that of
the UPLC–MS/MS technique used by Khan et al. [6], it is important to note that no prior
sample concentration was performed in this study. Implementing prior concentration meth-
ods, such as solid-phase extraction (SPE) or other sample clean-up and preconcentration
techniques, could potentially lower the LOD for the effective extraction of the desired com-
pound from complex matrices [21]. Despite many of the analyzed physical and chemical
parameters of the water being lower than the LOD (as shown in Table 3), and the total
hardness being low, rainwater can still contain numerous other pollutants [32]. Rainwater is
a significant natural source of water pollution, dissolving airborne contaminants, including
sulfur and nitrogen oxides, and capturing suspended particulate matter [33]. Additionally,
the atmosphere may contain other pollutants such as volatile organic compounds (VOCs)
and polycyclic aromatic hydrocarbons (PAHs), as well as microorganisms like respiratory
viruses [34], fungal spores [35], bacteria [27], and bioaerosols such as pollen [36]. Despite
the matrix complexity, the working range observed here is comparable to the findings of
Fito et al., who analyzed samples with initial concentrations of methylene blue at 100, 150,
and 200 mg L−1, using a UV–Vis spectrophotometer as a detector, achieving a remarkable
99.99% elimination of the compound [7]. Moreover, modifying other conditions, such
as using different buffers or immobilization protocols, could enhance characteristics like
selectivity [22].

When compared to other techniques (see Table 1), the concentrations that can be
analyzed by our SPR system are lower than those reported for UV–Vis techniques uti-
lized by Fito et al. [7] and Ong et al. [5], which can assess samples at concentrations of
100 mg L−1 or higher. In contrast, our findings were comparable to those observed with
the SPR–monolayer graphene technique, which analyzed samples at a concentration of
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0.320 mg L−1 [8]. However, our LOD was not as low as of the SPR–NiCo-layered dou-
ble hydroxide method described by Sadrolhosseini et al. [9], which achieved a LOD of
0.005 mg L−1, nor did it match the sensitivity of the technique used by Khan et al. [6].
Utilizing SPE prior to our analysis could potentially lower the LOD, as SPE techniques
can be combined with various methods to preconcentrate analytes within the samples [37],
thereby enhancing sensitivity [38].

The stability of the sensor was evaluated by analyzing samples (n = 2) of methylene
blue at a concentration of 30 mg L−1 at room temperature, both on the day the laccases
were immobilized (day 1) and again on day 30 after immobilization. The comparison
of intensity reflectance (measured in arbitrary units, A.U.) is presented in Figure 9. A
variation coefficient of 3.61% was obtained, and a T-test statistical evaluation revealed no
significant differences. This data confirm that the sensor’s signal remained stable over
time. Additionally, the sensor was used for 17 cycles and stored in a 50 mM MES buffer at
pH 5.0 at room temperature when not in use. In this study, the sensor demonstrated greater
stability than in other research. For instance, Tavares et al. immobilized laccases on multi-
walled carbon nanotubes through adsorption and maintained catalytic performance for up
to nine cycles [39]. The differences in stability may be attributed to various experimental
conditions, such as the immobilization method, the support material, and the source of
laccases. In our study, the laccases came from the Japanese lacquer tree (Rhus vernicifera),
whereas Tavares et al. used laccases from the fungus Aspergillus orizae. Furthermore,
Tavares et al. assessed stability at a higher temperature (40 ◦C), which may negatively
impact enzyme stability. Additionally, in immobilization by adsorption, the process can
be limited by reduced flexibility in operational conditions, such as changes in pH, ionic
strength, and potential abrasion on the enzyme surface due to mixing [40]. In another
study, Othman et al. immobilized fungal laccases from Myceliophthora thermophila using
one-point and multi-point covalent attachments on native and modified new commercial
epoxy carriers. They evaluated the stability at pH 3.0 and a temperature of 70 ◦C, achieving
95% stability for 10 cycles [41]. Again, the variations in experimental conditions and
temperature could affect the sensor’s stability.
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4. Conclusions

Methylene blue is an emerging pollutant that poses risks to both the environment and
human health. Various techniques have been proposed for detecting this dye, achieving
varying levels of sensitivities. Additionally, numerous studies have demonstrated the
capacity of laccases to degrade methylene blue. In this work, we introduce a novel SPR–
laccase biosensor, utilized for the first time to detect methylene blue, achieving an LOD of
4.61 mg L−1 and an LOQ of 15.37 mg L−1, along with a strong linear correlation (R2 = 0.9614).
A spiked rainwater sample was analyzed, yielding a recovery percentage of 122.46 ± 4.41%.
The sensor proved reusable, maintaining a stable signal across 17 cycles over 30 days. The
sensitivity of the developed method is comparable to other SPR techniques and exceeds
that of UV–Vis methods. Additionally, sensitivity could be enhanced with SPE techniques
before sample analysis. These findings provide a foundation for further developing new
enzymatic biosensors for detecting and monitoring dyes using the SPR technique.

Author Contributions: A.S.-Á., G.E.Q.-V. and D.L.-M. carried out the conceptualization. G.E.Q.-V.
planned and performed the methodology. G.E.Q.-V. and O.R.-Q. used the software for the data
analysis. G.E.Q.-V. carried out the validation. A.S.-Á., G.E.Q.-V. and D.L.-M. carried out the formal
analysis. G.E.Q.-V. carried out the investigation. A.S.-Á., M.M.R.-D. and D.L.-M. provided resources
for the project; G.E.Q.-V. and O.R.-Q. performed the data curation. A.S.-Á. and G.E.Q.-V. wrote the
original draft. G.E.Q.-V., A.S.-Á., D.L.-M., O.R.-Q., M.M.R.-D., J.F.V.-C. and A.S.-S. contributed to
writing, reviewing, and editing. A.S.-Á. and D.L.-M. supervised the project. D.L.-M. administrated
the project. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Consejo Nacional de Humanidades, Ciencias y Tecnologías
(CONAHCYT), through the program “Estancias Posdoctorales por México”, CVU 740156 and
CVU 101368.

Data Availability Statement: All the included figures, tables, and data in this paper are original and
available, provided you give appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were made.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Sivakumar, R.; Lee, N.Y. Adsorptive removal of organic pollutant methylene blue using polysaccharide-based composite

hydrogels. Chemosphere 2022, 286, 131890. [CrossRef] [PubMed]
2. Hassanpour, M.; Safardoust-Hojaghan, H.; Salavati-Niasari, M. Degradation of methylene blue and Rhodamine B as water

pollutants via green synthesized Co3O4/ZnO nanocomposite. J. Mol. Liq. 2017, 229, 293–299. [CrossRef]
3. Oladoye, P.O.; Ajiboye, T.O.; Omotola, E.O.; Oyewola, O.J. Methylene blue dye: Toxicity and potential elimination technology

from wastewater. Results Eng. 2022, 16, 100678. [CrossRef]
4. Pubchem. Methylene blue. Compound Summary. Available online: https://pubchem.ncbi.nlm.nih.gov/compound/Methylene-

Blue (accessed on 10 May 2024).
5. Ong, S.A.; Toorisaka, E.; Hirata, M.; Hano, T. Treatment of methylene blue-containing wastewater using microorganisms

supported on granular activated carbon under packed column operation. Env. Chem. Lett. 2007, 5, 95–99. [CrossRef]
6. Khan, M.R.; Khan, M.A.; Alothman, Z.A.; Alsohaimi, I.H.; Naushad, M.; Al-Shaalan, N.H. Quantitative Determination of

Methylene Blue in Environmental Samples by Solid Phase Extraction and Ultra Performance Liquid Chromatography-Tandem
Mass Spectrometry: A Green Approach. RSC Adv. 2014, 4, 34037–34044. [CrossRef]

7. Fito, J.; Abewaa, M.; Mengistu, A.; Angassa, K.; Ambaye, A.D.; Moyo, W.; Nkambule, T. Adsorption of methylene blue from
textile industrial wastewater using activated carbon developed from Rumex abyssinicus plant. Sci. Rep. 2023, 13, 5427. [CrossRef]
[PubMed]

8. Kaya, N.S.; Yadav, A.; Wehrhold, M.; Zuccaro, L.; Balasubramanian, K. Binding kinetics of methylene blue on monolayer graphene
investigated by multiparameter surface plasmon resonance. ACS Omega 2018, 3, 7133–7140. [CrossRef] [PubMed]

9. Sadrolhosseini, A.R.; Ghasemi, E.; Pirkarimi, A.; Hamidi, S.M.; Ghahrizjani, R.T. Highly sensitive surface plasmon resonance
sensor for detection of Methylene Blue and Methylene Orange dyes using NiCo-Layered Double Hydroxide. Opt. Commun. 2023,
529, 129057. [CrossRef]

10. Sofani, M.; Kuddah, M.S.M.; Putra, M.H.; Djuhana, D. Sensitivity of Localized Surface Plasmon Resonance (LSPR) Au Nanorod
with Methylene Blue Medium Using Boundary Element Method Simulation. In Proceedings of the IOP Conference Series:
Materials Science and Engineering, Kazimierz Dolny, Poland, 21–23 November 2019; IOP Publishing: Bristol, UK, 2019; p. 12014.

https://doi.org/10.1016/j.chemosphere.2021.131890
https://www.ncbi.nlm.nih.gov/pubmed/34426282
https://doi.org/10.1016/j.molliq.2016.12.090
https://doi.org/10.1016/j.rineng.2022.100678
https://pubchem.ncbi.nlm.nih.gov/compound/Methylene-Blue
https://pubchem.ncbi.nlm.nih.gov/compound/Methylene-Blue
https://doi.org/10.1007/s10311-006-0086-6
https://doi.org/10.1039/C4RA03504F
https://doi.org/10.1038/s41598-023-32341-w
https://www.ncbi.nlm.nih.gov/pubmed/37012298
https://doi.org/10.1021/acsomega.8b00689
https://www.ncbi.nlm.nih.gov/pubmed/31458875
https://doi.org/10.1016/j.optcom.2022.129057


Sensors 2024, 24, 8008 12 of 13

11. Zhou, Z.; Yang, Z.; Xia, L.; Zhang, H. Construction of an enzyme-based all-fiber SPR biosensor for detection of enantiomers.
Biosens. Bioelectron. 2022, 198, 113836. [CrossRef]

12. Quintanilla-Villanueva, G.E.; Luna-Moreno, D.; Blanco-Gámez, E.A.; Rodríguez-Delgado, J.M.; Villarreal-Chiu, J.F.; Rodríguez-
Delgado, M.M. A Novel Enzyme-Based SPR Strategy for Detection of the Antimicrobial Agent Chlorophene. Biosensors 2021,
11, 43. [CrossRef]

13. Riva, S. Laccases: Blue enzymes for green chemistry. Trends Biotechnol. 2006, 24, 219–226. [CrossRef] [PubMed]
14. Dettori, M.A.; Fabbri, D.; Dessì, A.; Dallocchio, R.; Carta, P.; Honisch, C.; Ruzza, P.; Farina, D.; Migheli, R.; Serra, P.A.; et al.

Synthesis and studies of the inhibitory effect of hydroxylated phenylpropanoids and biphenols derivatives on tyrosinase and
laccase enzymes. Molecules 2020, 25, 2709. [CrossRef] [PubMed]

15. Chandra, R.; Chowdhary, P. Environmental Science Processes & Impacts Properties of bacterial laccases and their application in
bioremediation of industrial wastes. Environ. Sci. Process. Impacts 2015, 17, 326–342. [CrossRef] [PubMed]

16. Ali, J.; Sharma, D.C.; Bano, A.; Gupta, A.; Sharma, S.; Bajpai, P.; Pathak, N. Chapter 29—Exploiting Microbial Enzymes for
Augmenting Crop Production. In Enzymes in Food Biotechnology; Kuddus, M., Ed.; Academic Press: Cambridge, MA, USA, 2019;
pp. 503–519.

17. Dahlena, M.; Rahayu, F.; Purba, M.L.D.; Nurulita, Y.; Dahliaty, A.; Yanti; Nugroho, T.T. Preliminary Kinetic Studies on the
Degradation of the Textile Dye Methyl Blue by Trichoderma asperellum LBKURCC1 Laccase without Mediators. AIP Conf. Proc.
2022, 2638, 100005. [CrossRef]

18. Forootanfar, H.; Moezzi, A.; Aghaie-Khozani, M.; Mahmoudjanlou, Y.; Ameri, A.; Niknejad, F. Synthetic dye decolorization by
three sources of fungal laccase. J. Env. Health Sci. Eng. 2012, 9, 27. [CrossRef]

19. Rodríguez-Delgado, M.M.; Alemán-Nava, G.S.; Rodríguez-Delgado, J.M.; Dieck-Assad, G.; Martínez-Chapa, S.O.; Barceló, D.;
Parra, R. Laccase-based biosensors for detection of phenolic compounds. TrAC Trends Anal. Chem. 2015, 74, 21–45. [CrossRef]

20. Ngo, A.C.R.; Tischler, D. Microbial Degradation of Azo Dyes: Approaches and Prospects for a Hazard-Free Conversion by
Microorganisms. Int. J. Environ. Res. Public Heal. 2022, 19, 4740. [CrossRef] [PubMed]

21. Chivukula, M.; Renganathan, V. Phenolic Azo Dye Oxidation by Laccase from Pyricularia oryzae. 1995. Available online:
https://journals.asm.org/journal/aem (accessed on 16 September 2024).

22. Nabilah, B.; Purnomo, A.S.; Prasetyoko, D.; Rohmah, A.A. Methylene Blue biodecolorization and biodegradation by immobilized
mixed cultures of Trichoderma viride and Ralstonia pickettii into SA-PVA-Bentonite matrix. Arab. J. Chem. 2023, 16, 104940.
[CrossRef]

23. Luna-Moreno, D.; Sánchez-Álvarez, A.; Islas-Flores, I.; Canto-Canche, B.; Carrillo-Pech, M.; Villarreal-Chiu, J.F.; Rodríguez-
Delgado, M. Early detection of the fungal banana black sigatoka pathogen Pseudocercospora fijiensis by an SPR immunosensor
method. Sensors 2019, 19, 465. [CrossRef]

24. Luna-Moreno, D.; Sánchez-álvarez, A.; Rodríguez-Delgado, M. Optical thickness monitoring as a strategic element for the
development of SPR sensing applications. Sensors 2020, 20, 1807. [CrossRef]

25. Newcastle University. 2024. Coefficient of Determination, R-squared. Numeracy, Maths and Statistics, Academic Skills
Kit. Available online: https://www.ncl.ac.uk/webtemplate/ask-assets/external/maths-resources/statistics/regression-and-
correlation/coefficient-of-determination-r-squared.html (accessed on 10 September 2024).

26. Eberly College. 2018. The Coefficient of Determination, r-Squared. Applied Regression Analysis. Available online: https:
//online.stat.psu.edu/stat462/node/95/ (accessed on 14 December 2024).

27. Lacour, V.; Moumanis, K.; Hassen, W.M.; Elie-Caille, C.; Leblois, T.; Dubowski, J.J. Formation Kinetics of Mixed Self-Assembled
Monolayers of Alkanethiols on GaAs(100). Langmuir 2019, 35, 4415–4427. [CrossRef] [PubMed]

28. Wiley. 16-Mercaptohexadecanoic Acid; SpectraBase: Hoboken, NJ, USA, 2021.
29. Tsai, T.C.; Liu, C.W.; Wu, Y.C.; Ondevilla, N.A.P.; Osawa, M.; Chang, H.C. In situ study of EDC/NHS immobilization on gold

surface based on attenuated total reflection surface-enhanced infrared absorption spectroscopy (ATR-SEIRAS). Colloids Surf. B
Biointerfaces 2019, 175, 300–305. [CrossRef]

30. Lakshmanan, R.; Ramasamy, U. Idiosyncratic investigation of Trametes versicolor yellow laccase using organic fruit exocarp in
solid-state fermentation. Biomass Convers. Biorefin 2023, 13, 14803–14819. [CrossRef]

31. IUPAC. Matrix Effect. Gold Book. Available online: https://goldbook.iupac.org/terms/view/M03759#:~:text=(in%20analytical%
20chemistry)%20The%20combined,is%20referred%20to%20as%20interference (accessed on 18 August 2024).

32. USGS.2018. Hardness of Water. Available online: https://www.usgs.gov/special-topics/water-science-school/science/hardness-
water (accessed on 30 September 2024).

33. Singh, J.; Yadav, P.; Pal, A.K.; Mishra, V. Water pollutants: Origin and status. In Sensors in Water Pollutants Monitoring: Role of
Material; Springer: Berlin/Heidelberg, Germany, 2020; pp. 5–20.

34. Domingo, J.L.; Rovira, J. Effects of air pollutants on the transmission and severity of respiratory viral infections. Env. Res. 2020,
187, 109650. [CrossRef]

35. Roy, S.; Bhattacharya, S.G. Airborne fungal spore concentration in an industrial township: Distribution and relation with
meteorological parameters. Aerobiologia 2020, 36, 575–587. [CrossRef]

36. Gong, J.; Qi, J.; Beibei, E.; Yin, Y.; Gao, D. Concentration, viability and size distribution of bacteria in atmospheric bioaerosols
under different types of pollution. Environ. Pollut. 2020, 257, 113485. [CrossRef] [PubMed]

https://doi.org/10.1016/j.bios.2021.113836
https://doi.org/10.3390/bios11020043
https://doi.org/10.1016/j.tibtech.2006.03.006
https://www.ncbi.nlm.nih.gov/pubmed/16574262
https://doi.org/10.3390/molecules25112709
https://www.ncbi.nlm.nih.gov/pubmed/32545293
https://doi.org/10.1039/c4em00627e
https://www.ncbi.nlm.nih.gov/pubmed/25590782
https://doi.org/10.1063/5.0104615
https://doi.org/10.1186/1735-2746-9-27
https://doi.org/10.1016/j.trac.2015.05.008
https://doi.org/10.3390/ijerph19084740
https://www.ncbi.nlm.nih.gov/pubmed/35457607
https://journals.asm.org/journal/aem
https://doi.org/10.1016/j.arabjc.2023.104940
https://doi.org/10.3390/s19030465
https://doi.org/10.3390/s20071807
https://www.ncl.ac.uk/webtemplate/ask-assets/external/maths-resources/statistics/regression-and-correlation/coefficient-of-determination-r-squared.html
https://www.ncl.ac.uk/webtemplate/ask-assets/external/maths-resources/statistics/regression-and-correlation/coefficient-of-determination-r-squared.html
https://online.stat.psu.edu/stat462/node/95/
https://online.stat.psu.edu/stat462/node/95/
https://doi.org/10.1021/acs.langmuir.7b00929
https://www.ncbi.nlm.nih.gov/pubmed/29056049
https://doi.org/10.1016/j.colsurfb.2018.12.009
https://doi.org/10.1007/s13399-022-03192-8
https://goldbook.iupac.org/terms/view/M03759#:~:text=(in%20analytical%20chemistry)%20The%20combined,is%20referred%20to%20as%20interference
https://goldbook.iupac.org/terms/view/M03759#:~:text=(in%20analytical%20chemistry)%20The%20combined,is%20referred%20to%20as%20interference
https://www.usgs.gov/special-topics/water-science-school/science/hardness-water
https://www.usgs.gov/special-topics/water-science-school/science/hardness-water
https://doi.org/10.1016/j.envres.2020.109650
https://doi.org/10.1007/s10453-020-09653-9
https://doi.org/10.1016/j.envpol.2019.113485
https://www.ncbi.nlm.nih.gov/pubmed/31708283


Sensors 2024, 24, 8008 13 of 13

37. Badawy, M.E.I.; El-Nouby, M.A.M.; Kimani, P.K.; Lim, L.W.; Rabea, E.I. A review of the modern principles and applications of
solid-phase extraction techniques in chromatographic analysis. Anal. Sci. 2022, 38, 1457–1487. [CrossRef]

38. Khan, W.A.; Arain, M.B.; Soylak, M. Nanomaterials-based solid phase extraction and solid phase microextraction for heavy
metals food toxicity. Food Chem. Toxicol. 2020, 145, 111704. [CrossRef]

39. Tavares, A.P.M.; Silva, C.G.; Dražić, G.; Silva, A.M.T.; Loureiro, J.M.; Faria, J.L. Laccase immobilization over multi-walled carbon
nanotubes: Kinetic, thermodynamic and stability studies. J. Colloid. Interface Sci. 2015, 454, 52–60. [CrossRef]

40. Datta, S.; Veena, R.; Samuel, M.S.; Selvarajan, E. Immobilization of laccases and applications for the detection and remediation of
pollutants: A review. Env. Chem. Lett. 2021, 19, 521–538. [CrossRef]

41. Othman, A.M.; Sanromán, Á.; Moldes, D. Laccase multi-point covalent immobilization: Characterization, kinetics, and its
hydrophobicity applications. Appl. Microbiol. Biotechnol. 2023, 107, 719–733. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s44211-022-00190-8
https://doi.org/10.1016/j.fct.2020.111704
https://doi.org/10.1016/j.jcis.2015.04.054
https://doi.org/10.1007/s10311-020-01081-y
https://doi.org/10.1007/s00253-022-12352-9

	Introduction 
	Materials and Methods 
	Functionalization of the Thin Chromium–Gold Film and Immobilization of the Laccases 
	Calibration Curve and Analysis of Samples 
	Analytical Parameters and Validation of the Method 

	Results and Discussion 
	Functionalization of the Thin Chromium–Gold Film and Immobilization of the Laccases 
	Calibration Curve 
	Analysis of Samples, Analytical Parameters, and Validation of the Method 

	Conclusions 
	References

