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Abstract
This study investigates the association of endophytic fungi with the leaves and stems of cassava
(Manihot esculenta Crantz), leading to the isolation and identification of 23 fungal strains. Of these, 18
fungi were associated with stems and 5 with leaves. Subsequent analysis revealed laccase activity in 7
fungi isolates, predominantly within those derived from stems. Notably, the fungus LV2, identified as a
strain of Xylaria sp., exhibited the highest laccase activity (0.03 U.mg− 1.min− 1). Optimal LV2 fungus
growth and enzyme activity conditions were established at 11 days, pH 6.70, and 29ºC (0.051 U.mg− 

1.min− 1). Utilizing the LV2 enzymatic extract, we developed a chitosan-based enzyme biosensor with
STMP crosslinking for immobilization to detect low dopamine concentrations. The biosensor
demonstrated optimal performance at pH 5.1 and 47.8ºC, achieving a detection limit of 0.30 µmol.L− 1 for
dopamine.

1. Introduction
Polyphenol oxidase enzymes, classified as oxidoreductases, include laccases (benzenediol: oxygen
oxidoreductases - EC 1.10.3.2), which are dimeric or tetrameric glycoproteins typically containing four
copper atoms per monomer or phenol oxidase. Other examples of this enzyme class are peroxidases,
horseradish peroxidase, and bilirubin oxidase [1–4]. These enzymes consist of approximately 500 amino
acids and have molecular weights in the 60–85 kDa range, with a carbohydrate content of up to 25% [5–
6]. Fungi, mainly white rot fungi, predominantly produce laccases. They can also be derived from plants,
insects, archaea, bacteria, and other fungi [5, 7–9]. However, studies on enzyme production from fungi,
including basidiomycetes, have been more prevalent due to the significant biodiversity of this
microorganism class [9–11].

These enzymes catalyze the oxidation of several compounds, including phenolic compounds, amines,
polycyclic aromatic hydrocarbons, methoxy-substituted phenols, and certain inorganic compounds. The
reaction proceeds through phenoxyl radicals, reducing O2 to H2O via electron transfer [9, 12], hydrogen
atom transfer, and ionic oxidation [13–14]. This process occurs at their active sites, which contain four
copper atoms categorized into three types: T1 (mononuclear copper), T2 (typical copper), and T3
(coupled binuclear copper). T1 and T2 sites act as the primary electron acceptors, while T3 is reduced by
intramolecular transfer of two electrons from T1 and T2 [9, 14].

Due to the diverse oxidation reactions catalyzed by laccases, they find applications in various industrial
sectors, including food, cosmetic, textile, and pharmaceutical industries, waste treatments, biofuel
production, and biocatalysis in biotechnological processes [5, 9, 15]. They are also utilized in organic
synthesis for crosslinking polymeric materials and producing antibiotics, therapeutic drugs, anti-
inflammatory drugs, and antioxidants [9, 16]. Moreover, laccases are involved in fiberboard synthesis, pith
removal, pulp bleaching, paper production, and the development of biosensors [9, 17–19].
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The study of biosensors, analytical devices that integrate biological material with transducers for
analytical purposes, has been ongoing since 1970 for quantifying phenolic compounds. Recently,
enzymatic biosensors using oxidoreductases, including laccase, have garnered increasing attention [20–
22]. According to data extracted from Scopus databases using structured keywords such as "biosensor"
and "laccase", 667 works, including articles and reviews, have been published since 1992, with 193
published after 2020. These studies focus on biosensor production for assessing several phenolic
compounds. Notably, dopamine, a catecholamine with essential biological functions as a hormone and
neurotransmitter linked to the central nervous, endocrine, and cardiovascular systems, serves as a marker
for several diseases, such as schizophrenia, dementia, Alzheimer's, Parkinson’s, and HIV infection [23–
25]. The literature review reveals 58 works published since 1997 concerning laccase-based biosensors for
dopamine quantification, obtained through a search using the keywords "biosensor," "laccase," and
"dopamine" in Scopus databases (Fig. 1). However, limited literature exists on the use of chitosan
matrices for biosensor production, with only one article reporting amperometric biosensors for
quantifying dopamine and other phenolic compounds, such as pyrogallol, epicatechin, gallic acid, 1,2-
dihydroxybenzoic acid, caffeic acid, chlorogenic acid, rutin, and catechin [26]. This underscores the
significance of developing other biocomponents using this highly applicable and cost-effective
biopolymer.

Considering the importance of exploring novel sources of laccases and developing new devices capable
of quantifying neurotransmitters like dopamine at low concentrations, this study investigates the
production of laccases from fungi associated with cassava stems and leaves. The optimal conditions for
obtaining laccase from the most promising fungus (LV2) are also examined. Subsequently, the laccase-
rich extract from LV2 produces chitosan biosensors, optimizing their operating conditions for quantifying
dopamine at low concentrations.

2. Materials and Methods

2.1. Materials
Endophytic fungi were isolated from stems and leaves of cassava (Manihot Esculenta, Crantz) and
maintained at Centro Universitário FEI. Potato dextrose agar (PDA), chitosan (low molecular weight),
syringaldazine, malt extract, glucose, peptone, serum ovalbumin, ammonium sulfate, graphite (100
mesh), Tween 80, trisodium trimetaphosphate (STMP), polyvinylpolypyrrolidone (PVPP), coomassie blue,
L-dopamine, gentamicin sulfate, and sodium hydroxide pellets (≥ 98%) were supplied by Sigma–Aldrich
(USA). Acetic acid, sodium acetate, copper sulfate, potassium phosphate monobasic, sodium phosphate
monobasic, magnesium sulfate heptahydrate, phosphoric acid, sodium hypochlorite, and absolute
ethanol were purchased from Neon (Brazil). Nanopure water (> 18 MΩ) was prepared using a Millipore
purifier (USA).

2.2. Attainment of endophytic fungi
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Leaves and stems of cassava were submitted to the sterilization process using sodium hypochlorite (2%
w/v), ethanol (70% v/v), and autoclaved water. Afterward, the material was cut aseptically and submitted
to growth in a potato dextrose agar (PDA) medium autoclaved. Gentamicin sulfate (30 µg.mL− 1) was
auditioned in this medium. The cultivation occurred at 23ºC, in the absence of light, in a Panasonic MIR-
254 Refrigerator Incubator (Panasonic Healthcare, Japan), monitoring the development of the fungi until
each species reached 1 to 2 cm of diameter (ten days). Subsequently, subculturing was carried out to
obtain pure fungi lineages in 10-mL sealed tubes containing a PDA culture medium. The samples were
placed in a refrigerator at 4ºC [2].

All the isolated fungi (ST1 - Microdochium lycopodinum, ST2 - Colletotrichum sp., ST3 - Cladosporium
sp., ST4 - Colletotrichum brevisporum, ST5 - Alternaria sp., ST6 - Phyllosticta elongate, ST7 - Phomopsis
sp., ST8 - Diaporthe phaseolorum, ST9 - Diaporthe endophytica, ST10 - Vouchered mycorrhizae, ST11 -
Phanerochaete australis, ST12 - Diaporthe caatingaensis, ST13 - Stenocarpella maydis, ST14 -
Annulohypoxylon stygium, ST15 - Sordariomycetes sp., ST16 - Colletotrichum gloeosporioides, ST17 -
Phanerochaetaceae sp., ST18 - Guignardia mangiferae, LV1 - Cladosporium xanthochromaticum, LV2 -
Xylaria sp., LV3 - Phaeosphaeria podocarpi, LV4 - Peniophora sp., and LV5 - Gloeotinia temulenta) were
identified by using automated sequencing by capillary electrophoresis in an ABI 3500 Genetic Analyzer
(Applied Biosystems). The alignment of nucleotide sequences produced was compared with reference
sequences from GenBank for each fungus.

2.3. Attainment of enzymatic extracts
During the attainment of enzymatic extracts, the isolated mycelia of fungi were frozen with liquid N2,
ground in the presence of PVPP in a mini processor Cadence Easy Cut Colors MPR514 (USA), and
submitted to enzymatic extraction using a sodium acetate buffer (0.2 mol.L− 1, pH 4.6). Subsequently, the
enzymatic extracts from the fungi were submitted to centrifugation in a Hettich Universal 32R
Refrigerated Centrifuge (Germany) for 50 min at 4,000 rpm and 4ºC.

All the enzymatic extracts attainment was analyzed by the Bradford method [27] to determine their
protein concentration and also by the activity of laccases through the analysis of absorbance at 525 nm
after syringaldazine oxidation (ε = 6.5×104 M− 1.cm− 1), present in the concentration of 1 g.L− 1 on a
Quimis Spectrophotometer (Brazil). All reactions were processed for 10 min at 23°C. The enzyme activity
expressed in Unit (U) was defined as the number of enzymes that catalyze 1 µmol of syringaldazine in
one minute under the assay’s reaction conditions. The fungus with the highest laccase production was
submitted to growth in a specific liquid medium to obtain laccase (LML).

2.4. Laccase production in a liquid medium (LML)
During the growth of the fungi, a liquid medium composed of a malt extract solution (1.25% w/v), Tween
80 (0.10% w/v), CuSO4 (0.005% w/v), KH2PO4 (1.0 g.L− 1), Na2HPO4 (0.26 g.L− 1), MgSO4.7H2O (0.50 g.L− 

1), glucose (10.0 g.L− 1) and peptone (1% m/v) was prepared. This medium was autoclaved for 15 min at
1.5 atm, followed by the addition of 30 µg.mL− 1 of gentamicin sulfate. All fungi that showed high
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laccase activity were grown for 12 days at 25ºC, 120 rpm, and evaluated for laccase activity using the
syringaldazine method.

After this stage, the influence of growth time, temperature, and pH of the microorganisms that showed
higher laccase measurement (LV2) was evaluated in a liquid medium. The activity of laccases was
assessed through the analysis by the syringaldazine method after growth at different times, pHs, and
temperatures. The culture media were transferred to Falcon tubes and vortexed for two min in the
presence of glass beads. The culture broths were centrifuged at 4,000 rpm for 45 min at 4ºC, and the
supernatants were separated for the laccase activity determination.

The influence of pH, time, and temperature was studied using the Central Composite Rotatable Design
(CCRD) with two center points. pH, time, and temperature were treated as input variables, and the laccase
activity was treated as an output variable (Table 1).

The data were analyzed with the Statistica 14.0.0.15 software (TIBCO Software Inc, USA), and the results
were evaluated using contour surface analysis. The optimal conditions of pH, time, and temperature for
the growth of the LV2 fungus to produce laccase were optimized by developing the desirability function.
New cultivation was performed under the best condition for fungal growth (time = 11 days, pH = 6.7, and
temperature = 29ºC), and the enzyme extract attainment was applied to produce chitosan biosensors for
dopamine quantification.
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Table 1
pH, time, and temperature used to produce laccase.

Coded variable Uncoded variable

pH Time (day) Temperature (ºC) pH Time (day) Temperature (ºC)

-
0 0 2.64 9.0 29.0

-1 -1 -1 4.00 5.0 23.0

-1 -1 + 1 4.00 5.0 35.0

-1 + 1 -1 4.00 13.0 23.0

-1 + 1 + 1 4.00 13.0 35.0

0
-

0 6.00 2.3 29.0

0 0
-

6.00 9.0 18.9

0 0 0 6.00 9.0 29.0

0 0 0 6.00 9.0 29.0

0 0 6.00 15.7 29.0

0 0 6.00 9.0 39.1

+ 1 -1 -1 8.00 5.0 23.0

+ 1 -1 + 1 8.00 5.0 35.0

+ 1 + 1 -1 8.00 13.0 23.0

+ 1 + 1 + 1 8.00 13.0 35.0

0 0 9.36 9.0 29.0

2.5. Production of enzymatic biosensors
The polymeric matrix was prepared for laccase immobilization. Chitosan was solubilized in a 5% (m/V)
acetic acid solution using a 1% concentration. An STMP solution of 2% (m/V) was added to this mixture.
The system was under agitation for 30 minutes, dried in an oven at 60°C, and ground in a mortar. After
this step, 0.375g of graphite, 0.05g of the polymeric matrix (200 µL of laccase were added - enzymatic

√2

√2

√2

+√2

+√2

+√2
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activity = 0.45 U.mg− 1.min− 1), and 0.075g of mineral oil were mixed. The system was subjected to
homogenization for 5 min and used to produce biosensors.

FTIR analyses were performed in the Fourier Transform Infrared Spectroscopy Nicolet with Attenuated
Total Reflectance (FTIR-ATR) model 6700 (USA). The data were obtained using 64 scans per spectrum at
a spectral resolution of 4 cm− 1 in the wavenumber range from 4,000 to 450 cm− 1. The X-ray
diffractometer (XRD-7000 Model, Shimadzu, Japan) obtained the XRD data. The operating voltage and
current were maintained at 40 kV and 35 mA, respectively. The diffraction spectra were collected using
the θ–2θ method. The samples were scanned in the 2θ 5–40° ranges in steps of 0.015°. The radiation
(Cu KαX-ray source) wavelength was 1.5406 Å. The crystallinity index was determined using the ratio
between the crystalline and total areas.

2.6. Optimization of dopamine quantification
The influence of pH and temperature on dopamine quantification was studied using the Central
Composite Rotatable Design (CCRD) with two center points. pH and temperature were treated as input
variables, and the maximum anode and cathode currents (I, µA) as the response variable (Table 2). The
data were analyzed with the Statistica 14.0.0.15 software (TIBCO Software Inc, USA). The results were
evaluated using contour surface analysis and determining the ideal condition to work within the
quantifications to determine the lowest concentrations possible. The concentration of the dopamine
solution used during the study was 3.3 µmol.L− 1, and it was prepared in phosphate buffer, modifying the
pH according to the stipulated statistical planning.
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Table 2
pH and temperature used to determine the best condition

for dopamine quantification.
Coded variable Uncoded variable

pH Temperature (ºC) pH Temperature (ºC)

-
0 5.6 45

-1 -1 6.0 30

-1 + 1 6.0 60

0
-

7.0 23.8

0 0 7.0 45

0 0 7.0 45

0 7.0 66.2

+ 1 -1 8.0 30

+ 1 + 1 8.0 60

0 8.4 45

All electrochemical experiments by cyclic voltammetry were performed in a conventional three-electrode
cell with a working volume of 120 mL using a METROHM AUTOLAB-BP25483 Potentiostat (Brazil). A
potential interval between 0.5 and 1 mVs-1 was used during the analysis. Two sweeps per analysis were
used at a rate of 0.3 mV.s− 1 and a time interval of 24.4ms. The software used to carry out the studies
was NOVA 2.0, and Origin 2018 (USA) was used to evaluate the results. The produced biosensor sat as
the working electrode, an Ag/AgCl. KCl is a reference electrode, and platinum foil is an auxiliary electrode.
After this step, solutions with different dopamine concentrations were analyzed (0.17 to 1.67 µmol.L− 1),
and the minimum possible concentration to be evaluated using the produced biosensor was determined.
For this, analyses were carried out by cyclic voltammetry using the same parameters described.

3. Results and Discussion
Pure fungal lineages associated with cassava leaves (LV) and stems (ST) were successfully isolated.
Table 3 shows the identification of eighteen fungi from the stems and five fungi from the leaves. Notably,
six fungi derived from the stems (ST1 – Microdochium lycopodinum, ST6 - Phyllosticta elongata, ST9 -
Diaporthe endophytica, ST12 - Diaporthe caatingaensis, ST13 - Stenocarpella maydis, and ST15 -

√2

√2

+√2

+√2
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Sordariomycetes sp) and one fungus from the leaves (LV2 - Xylaria sp.) displayed significant laccase
activity.

Fungi ST1, ST15, and LV2 exhibited the highest potential for laccase production. These findings align
with previous studies by Fillat et al. (2016) and Hassan et al. (2019), which reported the ability of the
Ascomycotas species, particularly those belonging to the Xylariales, Sordariomycetes, and
Dothideomycetes orders, to produce oxidoreductase enzymes like laccases [28–29]. Additionally, Castaño
et al. (2015) and Liers et al. (2007) highlighted the laccase expression by Xylaria sp., emphasizing the
high potential of this species for laccase production [30–31]. Furthermore, Bankole and collaborators
(2018) demonstrated laccase production in Xylaria polymorpha. These studies provide a rationale for the
observed robust laccase activity during the selection of laccase-producing fungi [32].
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Table 3
Identification of fungi associated with cassava leaves and stems.

Code Identified Species GenBank
accession
numbers (ITS5 + 
ITS4)

Phylum Order Specific
activity
(U.mg− 

1.min− 

1)

ST1 Microdochium
lycopodinum

NR_145223 Ascomycota Xylariales 0.010

ST2 Colletotrichum sp. MF076603.1 Ascomycota Glomerellales 0.001

ST3 Cladosporium sp. MH047202.1 Ascomycota Capnodiales 0.000

ST4 Colletotrichum
brevisporum

KU319458.1 Ascomycota Glomerellales 0.000

ST5 Alternaria sp. EF432274.1 Ascomycota Pleosporales 0.000

ST6 Phyllosticta
elongata

EU167584.1 Ascomycota Botryosphaeriales 0.005

ST7 Phomopsis sp. KM979805.1 Ascomycota Diaporthales 0.001

ST8 Diaporthe
phaseolorum

AY577815.1 Ascomycota Diaporthales 0.000

ST9 Diaporthe
endophytica

AB899789.1 Ascomycota Diaporthales 0.003

ST10 Vouchered
mycorrhizae

AB449173.1 Basidiomycota Unclassified 0.000

ST11 Phanerochaete
australis

o KP135075.1 Basidiomycota Polyporales 0.000

ST12 Diaporthe
caatingaensis

KY085926.1 Ascomycota Diaporthales 0.003

ST13 Stenocarpella
maydis

MF076624.1 Ascomycota Diaporthales 0.003

ST14 Annulohypoxylon
stygium

MG649252.1 Ascomycota Xylariales 0.000

ST15 Sordariomycetes sp. MF076626.1 Ascomycota Sordariomycetes 0.010

ST16 Colletotrichum
gloeosporioides

KX197387.1 Ascomycota Glomerellales 0.001

ST17 Phanerochaetaceae
sp.

HM595569.1 Basidiomycota Polyporales 0.000

ST18 Guignardia
mangiferae

EU273524.1 Ascomycota Botryosphaeriales 0.000
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Code Identified Species GenBank
accession
numbers (ITS5 + 
ITS4)

Phylum Order Specific
activity
(U.mg− 

1.min− 

1)

LV1 Cladosporium
xanthochromaticum

MF473323.1 Ascomycota Capnodiales 0.000

LV2 Xylaria sp. KR093861.1 Ascomycota Xylariales 0.030

LV3 Phaeosphaeria
podocarpi

NR_137933.1 Ascomycota Pleosporales 0.000

LV4 Peniophora sp. HQ608131.1 Basidiomycota Russulales 0.000

LV5 Gloeotinia
temulenta

DQ235697.1 Ascomycota Hypocreales 0.000

The functionality and synthesis of laccases are influenced by the distribution of copper atoms within the
binding sites and the nutrient concentrations (carbon, nitrogen, inducers, and copper) used during
microbial growth and the enzyme expression process [5, 33]. In light of this, the fungi displaying the
highest laccase activity (ST1, ST15, and LV2) were cultivated in a nutrient-rich medium designed
explicitly for laccase production (LML). The results revealed that the extracts obtained from ST15 -
Sordariomycetes sp. displayed a laccase activity of 0.040 U.mg− 1.min− 1, while those from LV2 - Xylaria
sp. exhibited even higher enzymatic activity at 0.051 U.mg− 1.min− 1 (Fig. 2). Given the remarkable activity
of LV2, it was further subjected to growth in a liquid medium, and specific growth conditions (pH, time,
and temperature) were adjusted to enhance laccase production (Table 4).
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Table 4
Enzyme activity data as a function of pH, time, and temperature

pH Time (day) Temperature Specific activity (U.mg− 1.min− 1)

8 5 35 0.000

6 15.7 29 0.019

4 5 35 0.000

6 9 39.1 0.000

6 9 18.9 0.002

8 13 35 0.000

4 13 35 0.000

6 9 29 0.044

6 9 29 0.041

8 13 23 0.034

4 5 23 0.000

4 13 23 0.017

9.36 9 29 0.030

8 5 23 0.000

6 2.3 29 0.000

2.64 9 29 0.000

Through the analysis of the response surfaces (Fig. 3), it was possible to observe that laccase production
by the LV2 fungus is significantly influenced by temperature and pH. The results indicate that
temperatures above 30°C and below 25°C and pH values below 5.0 and above 8.0 favor enhanced
laccase production. These findings align with previous studies by Kittl et al. (2012) and Zhang et al.
(2020), who also reported optimal pH conditions of approximately 5.0 and a temperature of 30°C for
laccase production and activity in other fungal species [34–35].

The remarkable resemblance between our study's optimal conditions and those reported in the literature
further reinforces the validity and reliability of these experimental findings. Additionally, it was possible to
find that the growth of the LV2 fungus for periods exceeding 7 days was essential for achieving optimal
laccase production. This prolonged cultivation period is likely attributed to the necessary activation of the
fungus's metabolic system and the time required for sufficient excretion of the enzyme of interest. The
extended growth period contributes to laccase yield and ensures the attainment of enzymatic activity at
desirable levels. Overall, this study sheds light on the critical factors influencing laccase production in the



Page 13/25

LV2 fungus, offering valuable insights into optimizing growth conditions for enhanced laccase synthesis,
which holds great promise for various biotechnological applications.

It was determined that the optimal conditions for laccase production by Xylaria sp. (LV2) were a
temperature of 29°C, a pH of 6.7, and a cultivation time of 11 days, as evidenced in Fig. 4, confirming the
results obtained from response surface analyses. Comparing these data with findings from the literature,
a significant enzymatic activity, particularly for LV2, was observed. In studies conducted by Mtibaà et al.
(2018), maximum laccase activity of 0.26 U.mg− 1 was observed after eight days of growth for the
ascomycete Thielavia sp. [36]. Chaurasia et al. (2014) reported a maximum laccase activity of 0.36
U.mg− 1 after seven days for Trameteshirsuta MTCC-1171 [37]. Fillat et al. (2016) observed a maximum
laccase activity of 0.25 U.L− 1 after 20 days for Neofusicoccum luteum, 0.18 U.L− 1 after 20 days for
Neofusicoccum australe, and 0.15 U.L− 1 after 30 days for Hormonema sp. [28]. Our study's observed
optimal conditions for laccase production by Xylaria sp. (LV2) provide valuable insights for
biotechnological applications, suggesting its potential as an efficient enzyme producer under specific
environmental and cultivation conditions. Further growth was performed under this condition after
determining the best growth conditions of the LV2 fungus in a liquid medium to produce laccase. The
enzyme extract attainment produced a chitosan biosensor for quantifying dopamine in synthetic body
fluids.

The extract enriched in laccase was applied to produce the biosensor matrix. Therefore, the polymeric
matrix of chitosan cross-linked with SMTP was obtained, and later, the enzyme was immobilized.
Analyzing the FTIR spectrum (Fig. 5A), the reduction of the band referring to the O-H bond after the
synthesis of the matrix and after the immobilization of the enzyme at 3,400 cm− 1 is verified. This
reduction is due to the presence of interactions between chitosan hydroxyls and both STMP and laccase.
It is also possible to verify a significant increase in the band referring to the C-N bond at approximately
1,100 cm− 1 due to the presence of the laccase enzyme immobilized in the matrix, as well as at about 990
cm− 1 referring to out-of-plane angular deformations of the N-H bonds of the amino acids present in the
laccase enzyme. It is also possible to identify a band in the region between 600 and 700 cm− 1 referring to
the C-S bond as well as a band referring to the presence of the thiocarbonyl group at approximately 1,280
cm− 1, which confirms the incorporation of STMP to chitosan due to interactions between the molecules.
These data and the enzymatic activity for laccase after obtaining the matrix used to produce the
biosensor confirm the effectiveness of enzymatic immobilization.

Analyzes via DRX (Fig. 5B) corroborate the data obtained via FTIR, verifying that crystallinity increased
after matrix synthesis and reduced after laccase enzyme immobilization. This fact can be explained by
introducing a salt (trisodium trimetaphosphate-STMP) into the matrix, which is responsible for forming
cross-links between the chitosan chains. However, it is possible to note that the crystallinity index of the
matrix decreased with the incorporation of the enzyme laccase due to the breaking of the chemical bonds
between the chitosan chains and the modification of the functional groups of the material. These
modifications may result in a breakage or modification in the crystalline structure of chitosan, leading to
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a decrease in the crystallinity index (%). Lacase can also interact with the chitosan matrix through non-
covalent bonds or Van der Waals forces. These interactions can disturb the organization of chitosan
chains, making the matrix less crystalline and more amorphous. A crystallinity percentage of 25.41% was
verified for chitosan, 45.46% for chitosan after modification with STMP (CH-STMP), and 37.06% after
laccase immobilization (CH-STMP-laccase).

The matrix obtained was used in the biosensor production, and during the optimization stage of the
analysis conditions, its sensitivity was evaluated as a function of pH and temperature changes.
Analyzing the results of cyclic voltammograms (Fig. 6A), it is verified that both variables interfere with
increasing the response signal referring to the cathodic reaction (I, µA); however, the temperature
interferes more significantly in the anodic response (I, µA). It is also possible to confirm that the analysis
at pHs from 5.0 to 6.0 showed the most incredible sensitivity. The best results were achieved at
temperatures between 40 and 50ºC (Fig. 6B). It is also important to emphasize that the temperature
favors the increase in the intensity of the response signal referring to the anodic reaction (oxidation).
However, a reduction in the signal intensity related to the cathodic reaction can also be verified, making it
difficult to control the enzymatic catalysis, leading to errors in the quantifications.

During the analysis of the voltammograms, it is possible to verify a positive redox potential with a value
of approximately 0.2 V due to the movement of two electrons after the oxidation of dopamine. A
reduction peak of approximately − 0.25 V was also verified during cathodic scanning but with lesser
intensity, which suggests that the reaction has low reversity. Data analysis shows that, with increasing
pH, there is a shift in the signal referring to the cathode peak (reduction reaction) to more negative
potentials due to the increased difficulty of proton transfer at basic pH during dopamine analysis, which
indicates that the dopamine oxidation reaction is pH-dependent. The separation between the anodic and
cathode peak potentials was approximately 0.45 V, and the ratio of the anodic to cathode peak currents
was about 0.53 A, which corroborates the low reversity of the observed reaction. It is also possible to
follow that with increasing temperature, there is a reduction in the peak of the cathodic response,
indicating that, with increasing temperature, the occurrence of the reverse reaction becomes more
difficult.

In this context, the best condition for dopamine quantification with the produced biosensor was also
established (pH = 5.06 and temperature = 47.8ºC) (Fig. 7). This condition allowed the quantification of
dopamine in concentrations up to 0.30 µmol.L− 1 (Fig. 8). Lower concentrations did not show satisfactory
results. Li et al. (2021) verified the best biosensor responses at pH 7.3 and a temperature of 44.3ºC [38].
Molinnus et al. (2018) also showed greater sensitivity of laccase biosensors when using a pH equal to
7.4 [39]. These works corroborate the obtained results and confirm the biosensor’s efficiency for
quantifying dopamine at low concentrations.

4. Conclusion
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Twenty-three fungi from cassava leaves and stems were analyzed in this study to verify laccase activity.
Xylaria sp. (LV2) showed the most significant potential to produce this enzyme. Therefore, a study was
conducted to determine the best growth conditions, with an ideal growth time of 11 days, a pH equal to
6.7, and a temperature of 29ºC.

It was also possible to verify the efficiency of applying the enzymatic extract obtained in the production
of biosensors using the new CH-STMP immobilization matrix, optimizing its performance conditions for
quantifying dopamine in concentrations of up to 0.30 µmol.L− 1 (pH = 5.06 and T = 47.8).
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Figure 1

Relevant studies on enzymatic biosensors for dopamine quantification have been published since 1997.
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Figure 2

Specific activity for enzymatic extracts submitted to growth in an LML
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Figure 3

Influence of time, temperature, and pH on laccase production
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Figure 4

Optimal growth conditions of the LV2 fungus for laccase production

Figure 5
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FTIR spectrum (A) and DRX graphics (B) of chitosan, CH-STMP matrix, and matrix after laccase
immobilization

Figure 6

Evaluation of ideal working conditions for dopamine quantification via cyclic voltammetry: (A) Graphics
obtained (B) Contour surface for dopamine quantification
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Figure 7

Optimization of dopamine analysis conditions by cyclic voltammetry
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Figure 8

Anode current as a function of dopamine concentration


