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Abstract: Deforestation is a common occurrence driven by agricultural expansion, urbanization, and
infrastructure development. These activities often lead to increased human interaction with ecosys-
tems, potentially exposing individuals to Paracoccidioides spores (P. brasiliensis and P. lutzii) found
in the soil, resulting in Paracoccidioidomycosis (PCM). This fungal infection is endemic to specific
regions in Latin America, such as Brazil, Colombia, Venezuela, and Argentina. Diagnosis typically
involves a combination of clinical assessment, imaging techniques, and laboratory examinations.
P. lutzii lacks the glycoprotein Gp43, a key antigenic protein utilized in serological tests for PCM
diagnosis. In this study, a colorimetric test employing gold nanoparticles (AuNPs) and label-free
methodology was employed for P. lutzii detection. The effectiveness of the label-free colorimetric test
was assessed using a total of 100 samples. This detection was achieved through the amplification of
the gp43 gene and the use of a specific probe (5CAGGGGTGCG3') in conjunction with AuNPs. The
receiver operating characteristic curve was employed to assess the test, revealing that the method can
accurately detect P. lutzii with a sensitivity of 100% and a specificity of 100%. The findings indicate a
substantial impact on remote endemic regions attributable to the implementation of cost-effective
diagnostic methodologies.
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1. Introduction

Paracoccidioidomycosis is a systemic mycosis caused by a fungus called Paracoccid-
ioides (P.), which can affect both humans and animals. Paracoccidioides ssp. infection
primarily affects individuals engaged in soil management activities in endemic regions,
including gardening, agriculture, rural labor, soil preparation, and deforestation work. [1].
Initially, P. brasiliensis was the only species of the genus, with numerous isolates exhibiting
varying virulence behaviors [2], Gp43 isoforms [3], clinical manifestations [4,5], and genetic
polymorphisms [6-9]. In 2014, P. lutzii was identified as a distinct species [10]. Recently,
molecular studies have elucidated a genus containing seven species: P. brasiliensis sensu
stricto, P. lutzii, P. restrepiensis, P. americana, P. loboi, P. venezuelensis, and P. cetii. However,
P. brasiliensis sensu stricto is the most widely distributed species in Brazil, except in the
Brazilian Midwest, where P. lutzii is dominant, and in the Brazilian Amazon Forest, where
P. loboi is predominantly found [11-13]. All this diversity makes diagnosing PCM difficult
in some regions of the country [14-16]. Mycological examination of fresh biopsied tissue is
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usually used to make the diagnosis. This is mainly based on the serological diagnosis of
the immunodominant antigen (Gp43, a 43 kDa glycoprotein), which is the main protein
released by the fungal yeast form [17]. Additionally, histopathological and molecular
diagnosis may be considered for a final decision [18]. Furthermore, clinical symptoms such
as lung involvement can, in some cases, lead to clinical manifestations and radiological
changes similar to those of tuberculosis [19-21]. P. lutzii has an active glucanase (Plp43)
with partial antigenic activity against P. brasiliensis, Gp43 [22]. Gegembauer and coworkers
demonstrated that P. brasiliensis exoantigens failed to recognize sera from Midwest patients,
while P. lutzii exoantigens recognized the same sera 100% of the time. This indicates the
need for a differential diagnosis for these species, given their poor sensitivity of 17.65% and
100% specificity [23].

In this study, a colorimetric test utilizing gold nanoparticles (AuNPs) and a label-free
methodology was employed to detect P. lutzii. The label-free colorimetric test’s effectiveness
is based on standard polymerase chain reaction (PCR) results, which include a specific
primer for P. lutzii as well as a probe with an oligonucleotide sequence present in this
amplified region. The test colorimetric results are based on the optical properties of AuNPs,
which change the localized surface plasmon resonance (LSPR) due to aggregation [24-26].

2. Materials and Methods
2.1. Nanoparticle Synthesis and Characterization

AuNPs were synthesized by the citrate reduction method described by Turkevich
et al. [27]. The concentration of colloidal solution was determined by the Lambert-Beer
law, assuming an extinction coefficient for the plasmon resonance of 4.7 x 10* M1 em~!,
which can be used for nanoparticles smaller than 85 nm [28]. The morphology was deter-
mined using transmission electron microscopy (TEM) with a FEI Titan Microscope (FEI
Technologies Inc., Hillsboro, OR, USA), operating at 300 kV in parallel mode. To prepare
the samples, a drop (~15 pL) of the AuNPs suspension was deposited on the TEM grid
and allowed to dry at room temperature. The hydrodynamic diameter was measured by
dynamic light scattering (DLS) using a Zetasizer Nano ZS90 from Malvern Instruments
(Malvern Instruments Limited, Worcestershine, UK). In this analysis, 200 uL of AuNPs was
added to a cuvette (ref. 67.758, Sarstedt), and measurements were carried out at 21 °C. The
UV-visible spectra were collected by a spectrophotometer (NanoDrop, Thermo Scientific,
ND-1000, Wilmington, DE, USA), which holds the samples by their natural surface tension
properties without the need for a curvette. For all experiments, AuNPs were measured at a
synthesized concentration of 7.8 x 10!! particles per mL.

2.2. Paracoccidioide lutzii DNA Extraction

The yeast form of P. lutzii was grown on the solid medium YPD (1% yeast extract,
2% peptone, and 2% dextrose) at 37 °C. DNA extraction from cultures was conducted
using the methodology outlined by Cano et al. [29]. Approximately 10 mL of moist P. [utzii
cells was ground to a fine powder using a mortar and pestle in a liquid nitrogen bath.
This powder was combined with a 25 mL solution containing 50 mM Tris, 100 mM EDTA,
5% sarcosyl, and proteinase K. Subsequently, the resulting mixture was homogenized
(by vortex mixer) for a duration of 10 min, followed by an incubation period of 2 h at
56 °C. After centrifugation, the DNA in the supernatant was purified through at least
two extractions using a phenol-chloroform-isoamyl alcohol solution with a ratio of 50:49:1.

The primer oligonucleotides for the gp43 gene-specific amplification reaction to molec-
ularly detect P. [utzii were designed using the National Center for Biotechnology Informa-
tion database. The polymerase chain reaction (PCR) used the “forward” primer 5 ACC
AAG TCT TCG ATG AT 3’ and the “reverse” primer 5 TAG ACC TCG CAC A 3’ to describe
the amplified fragment, which corresponds to a conservative region present in different
isolates of P. lutzii. Between these two sequences, we also selected a probe described by 5’
CAG GGG TGC G 3’ (Sigma-Aldrich™, Taufkirchen, Germany) for testing purposes.
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For the PCR amplification, a total of 4 puL of P. [utzii DNA at a concentration of
200 ng/mL, 2 pL of each primer at a concentration of 10 mmol L1 and 45 uL of PCR
Supermix (Invitrogen™, Carlsbad, CA, USA) were used with the following thermocycle:
1 cycle at 95 °C (5 min), 35 cycles at 95 °C (1 min), 40 °C (3 min), and 72 °C (2 min), followed
by a final extension at 72 °C (5 min) and at 4 °C (5 min). The quantified DNA product was
analyzed by a spectrophotometer (NanoDrop, Thermo Scientific, ND-1000, Wilmington,
DE, USA) and agarose gel electrophoresis.

2.3. Colorimetric Tests Using Gold Nanoparticles and Data Processing

The assays were created by mixing 2 puL of the amplified “probe” sequence fragment at
a concentration of 10 umol L~! with 5 uL of AuNPs at a concentration of 4 x 10~ mol L.
For the positive test, 2 puL of the complementary fragment was added, while for the negative
test, 2 uL of the non-complementary fragment was added. The tests underwent a tempera-
ture cycle consisting of 95 °C for 5 min, 50 °C for 10 min, and 25 °C for 10 s. Following this
cycle, 1 uL of an aqueous solution of MgCl, at a concentration of 2.6 mmol L~! was added.
The average observation time for the reactions after the addition of the saline solution was
8 min. Fifty pairs of tests were conducted, and the results were analyzed using UV-visible
spectroscopy, allowing for the development of a graphical method of analysis by areas
under the spectral curves as well as by the receiver operating characteristic (ROC) curve.
The analysis of the quality of positive and negative tests (R) and spectra, in both cases,
could be initially verified through a mathematical technique using logarithmic calculations
of areas. In this analysis, positive and negative tests were classified using Equation (1):

R = Ln(x) 1)

where « is the ratio of integrated areas between the spectral regions 488-530 nm and
533-575 nm, respectively.

3. Results

Figure 1 depicts the morphology of bared gold nanoparticles (AuNPs) through a trans-
mission electron microscopy (TEM) micrograph. Additionally, it includes the UV-visible
spectrum, size distribution, and zeta potential measured using DLS.
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Figure 1. Gold nanoparticle characterization: (a) morphology by TEM; (b) hydrodynamic size
distribution and zeta potential value; (c) UV-visible spectrum.
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Figure 2 shows the results of the colorimetric test for detecting P. [utzii. In these tests,
the DNA is isolated and amplified using a designated primer for P. lutzii. The test operates
by combining amplified DNA, specific oligonucleotide, and AuNPs. At a temperature of
95 °C, the DNA test undergoes denaturation, resulting in a single-stranded structure. If
the oligonucleotide is complementary, it is annealed at 50 °C. The addition of the MgCl,
solution causes instability on the surface of the AuNPs, resulting in particle clustering,
a change in the LSRP, and the color turning blue [30]. In contrast, if the oligonucleotide
is non-complementary, it will bind to the surface of AuNPs and prevent nanoparticle
aggregation in the presence of MgCl, solution. Thus, the blue spectrum, centered at
548 nm, indicates a positive test with a blue color. However, a negative test exhibits a red
color due to oligonucleotide stabilization, which is depicted by the spectrum centered at
537 nm. However, adding MgCl, solution to all tests can explain the red shift in the LSPS
band relative to bare AuNPs (control curve).

-1 r r  r r 1t 1 1 1T * T 7
| Colorimetric tests
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Positive results
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Figure 2. UV-visible spectra of AuNPs from colorimetric tests. The negative result is the red curve,
the positive result is the blue curve, and control AuNPs are shown in black.

The most crucial step is to establish a correlation between the results of both positive
and negative tests and the observed changes in LSPR in the UV-visible spectra, as shown
in Figure 2. Among the fitting curves, the Gaussian function may be used to determine
important parameters such as the area under the curve, the curve center, and the Full Width
at Half Maximum (FWHM) value. The Gaussian function was fitted in the spectral range of
the LSPR, between 450 nm and 650 nm, using the Ftyk Software (version 1.3.1). A box chart
summarizing a dataset calculated using Gaussian fitting is shown in Figure 3, highlighting
the most significant variation in positive tests.

The box chart shows a red shift at the negative test center location and a broadening
in the FWHM. These findings indicate that integrating a specific spectral range would
make it possible to distinguish between the tests. Thus, two spectral regions were defined,
488-530 nm and 533-575 nm, respectively, allowing for an automatic validation of the
colorimetric test. As shown in Figure 4, Equation (1) successfully separates positive from
negative outcomes, with the exception of a false negative result.
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Figure 3. UV-visible spectra of colorimetric test fitted by the Gaussian equation: (a) Gaussian area;
(b) FWHM; (c) Gaussian center.
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Figure 4. Automatic discrimination of the colorimetric test as determined by Equation (1). The
integrated areas of UV-visible spectra were defined by the regions 488-530 nm and 533-575 nm.

In order to certify P. lutzii detection by colorimetric testing, a ROC curve was calculated
using the classification result obtained from Equation (1). This curve can also be used for
multi-class classification, as depicted in Figure 5. The area under the ROC curve represents
the overall efficacy of the model and shows 100% sensitivity and 100% specificity.
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Figure 5. Receiver operating characteristic curve of the colorimetric tests.

4. Discussion

Deforestation disrupts ecosystems, alters wildlife behavior, and facilitates disease
transmission. This action is a common occurrence driven by agricultural expansion, ur-
banization, and infrastructure development [31]. These activities often lead to increased
human interaction with ecosystems, potentially exposing individuals to Paracoccidioides spp.
spores (P. brasiliensis and P. lutzii) found in the soil, resulting in Paracoccidioidomycosis
(PCM) [1]. The overlapping symptoms of PCM can lead to a misdiagnosis as tuberculosis,
posing a diagnostic challenge [19-21]. This holds significant importance, as the similar-
ity of symptoms and the absence of glycoprotein Gp43 in P. [utzii sometimes lead to the
misdiagnosis of PCM.

In this context, a colorimetric test based on colloidal AuNPs associated with PCR
products may give successful test results for P. [utzii detection. Figure 1 depicts the charac-
teristic AuNPs synthesized by the citrate reduction method, which have a quasi-spherical
morphology, an average hydrodynamic diameter of 24 nm, and a zeta potential of —40 mV.
The spherical morphology allows for characterization by the DLS technique, which assumes
that the particles are spherical and homogeneous, meaning they have a uniform composi-
tion and size throughout [32]. This assumption simplifies the mathematical equations used
to analyze the data and allows for a straightforward interpretation. The measured zeta
potential value shows the good chemical stability of AuNPs against aggregation, which
can be explained by an empirical formula [33]. Briefly, the solution is deemed unstable
when this value falls within the range of 30 mV to —30 mV, as it exhibits the tendency to
self-aggregate over time, making it unsuitable for a colorimetric assay.

The UV-visible spectra also give important information about spherical structure,
revealing the presence of a single broad absorption band in the spectra around 526 nm. This
phenomenon is related to the LSPR of gold nanoparticles due to the collective oscillation of
free electrons on their surface [34]. The UV-visible spectra also allow for the quantification
of AuNPs, as described by Navarro et al. [28]. Therefore, the AuNPs can be readily acquired,
analyzed, and, importantly, measured using straightforward spectroscopy techniques such
as UV-visible spectroscopy, enhancing the test’s affordability [35]. Apart from that, AuNPs
are excellent candidates for many biomedical applications, such as drug delivery and cancer
treatment studies [36-38].

Among the colorimetric test methodologies using colloidal AuNPs, label-free has some
advantages compared to cross-linking and non-cross-linking methodologies [24-26,30].
Label-free does not require thiol-oligonucleotides to functionalize nanoparticles by forming
self-assembled monolayers on the nanoparticle surface. This process reduces the cost
and time of the colorimetric test. The thiol-oligonucleotides need a special column for
purification, and the process of immobilizing the oligonucleotides requires several steps to
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conjugate the nanoprobes [24]. However, the working mechanism of the colorimetric test
is based on changes in LSRP due to a controlled aggregation process. The saline solution
is used to cause the AuNPs’ aggregation, but when the specific probe does not match
a complementary sequence, it finds the stabilization on the AuNPs’ surface, preventing
self-agglomeration [25,30].

Figure 2 depicts the results of P. lutzii’s colorimetric detection, which revealed a
color change. To investigate the spectral changes, a Gaussian fit was applied to identify
differences in the LSRP band. Figure 3 shows that the positive test produced significant
fluctuations, including increased FWHM and area values, as well as a noticeable red
shift in the band center. As a result, the ratio of the two spectral regions, combined with
Equation (1), was used to automatically validate the colorimetric test shown in Figure 4.
Various fields make extensive use of the natural logarithm function, which is especially
useful in this context because it displays positive values for negative tests and vice versa.
Figure 5 demonstrates that the quantification process produced excellent sensitivity (100%)
and specificity (100%).

The most important characteristic of this test is the probe described by 5 CAG GGG
TGC G 3/, which is specific to identifying P. lutzii in the amplified molecular region. Even
though P. brasiliensis and P. lutzii have significant genetic similarities with a high degree of
genomic conservation and synteny, this indicates their close evolutionary relationship as
they belong to the same genus [1]. In addition, colorimetric tests may have highly valuable
tools in the diagnosis of diseases in this situation. These tests utilize the genetic information
of microorganisms to greatly improve the accuracy of clinical evaluations. It is crucial to
emphasize the practical advantages of this method, including its cost effectiveness and
user-friendly nature, which make it a promising instrument for healthcare professionals in
their everyday work.

5. Conclusions

The synthesized gold nanoparticle had an average size of 24 nm and excellent colloidal
stability, which was adequate for the colorimetric test. The detection of P. lutzii was achieved
using a label-free methodology, revealing important differences between positive and
negative tests in UV-visible spectra, such as a red shift at the negative test center location
and a broadening in the FWHM. Thus, the integration of two spectral regions was defined:
488-530 nm and 533-575 nm. The ratio between these regions, when combined with the
natural logarithm function, gives values of 100% sensitivity and 100% specificity in P. lutzii
detection. Furthermore, the use of this promising approach in clinical samples could lead
to a more accurate diagnosis of PCM through P. lutzii detection. This holds significant
importance, as the similarity of symptoms and the absence of glycoprotein Gp43 in P. lutzii
sometimes lead to the misdiagnosis of PCM as tuberculosis.
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