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Introduction

Biofilms are defined as structured microbial communities 
surrounded by a protective extracellular matrix, attached to 
a biotic (host tissues) or abiotic (medical devices) surface. 
These communities can initiate or prolong infections by pro-
viding a safe, treatment-resistant environment from which 
cells can invade local tissue and simultaneously establish 
new foci of infection [1, 2].

Among the most frequent pathogens that occur forming 
biofilms, yeasts of the genus Candida stand out. Infections 
caused by these microorganisms can occur in superficial 
or invasive forms. These, when disseminated, reach high 
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Abstract
Candida species resistant to fluconazole have raised concern in the scientific medical community due to high mortality in 
patients with invasive disease. In developing countries, such as Brazil, fluconazole is the most commonly used antifungal, 
and alternative treatments are expensive or not readily available. Furthermore, the occurrence of biofilms is common, 
coupled with their inherent resistance to antifungal therapies and the host’s immune system, these microbial communities 
have contributed to making infections caused by these yeasts an enormous clinical challenge. Therefore, there is an urgent 
need to develop alternative medicines, which surpass the effectiveness of already used therapies, but which are also effec-
tive against biofilms. Therefore, the present study aimed to describe for the first time the antifungal and antibiofilm action 
of the derivative 2-amino-5,6,7,8-tetrahydro-4  H-cyclohepta[b]thiophene-3-isopropyl carboxylate (2AT) against clinical 
strains of Candida spp. resistant to fluconazole (FLZ). When determining the minimum inhibitory concentrations (MIC), 
it was found that the compound has antifungal action at concentrations of 100 to 200 µg/mL, resulting in 100% inhibition 
of yeast cells. Its synergistic effect with the drug FLZ was also observed. The antibiofilm action of the compound in sub-
inhibitory concentrations was detected, alone and in association with FLZ. Moreover, using scanning electron microscopy, 
it was observed that the compound 2AT in isolation was capable of causing significant ultrastructural changes in Candida. 
Additionally, it was also demonstrated that the compound 2AT acts by inducing characteristics compatible with apoptosis 
in these yeasts, such as chromatin condensation, when visualized by transmission electron microscopy, indicating the 
possible mechanism of action of this molecule. Furthermore, the compound did not exhibit toxicity in J774 macrophage 
cells up to a concentration of 4000 µg/mL. In this study, we identify the 2AT derivative as a future alternative for invasive 
candidiasis therapy, in addition, we highlighted the promise of a strategy combined with fluconazole in combating Candida 
infections, especially in cases of resistant isolates.
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mortality rates, which increase even further in the context 
of host immunosuppression and infection by drug-resis-
tant Candida species [3, 4]. In this scenario, practically all 
Candida species associated with candidiasis are capable of 
establishing resistant biofilms on different types of surfaces, 
which represents a significant threat to the emergence of 
infection and subsequent success of the invasive disease [5].

Currently, there is a limitation in the classes of antifungal 
medications available to treat patients who have these infec-
tions. When in biofilms, Candida spp. can withstand very 
high concentrations of antifungal drugs compared to infec-
tions caused by planktonic cells, thus making these infec-
tions difficult to treat [6, 7].

Currently, there is an alarming increase in cases of resis-
tance in Candida species, making it a clinical challenge in 
medical centers around the world. Faced with the need for 
new antifungal agents, thiophenic derivatives have stood 
out due to their promising biological applications and 
important pharmacological potential [8, 9]. These deriva-
tives are part of a group of sulfur-based heterocyclic com-
pounds with therapeutic activities against various diseases. 
And, they exhibit a wide range of biological activities, such 
as antifungal, antiviral, antibacterial, anti-inflammatory and 
cytotoxic [10].

It is indispensable to highlight that there are no estab-
lished therapies that target Candida biofilms. However, 
combination medications have been reported as a possible 
treatment alternative. This may involve combinations of 
antifungal agents belonging to different classes as poten-
tial therapeutic options. Combination therapy promotes a 
broader spectrum of action, reduced dosages and less anti-
fungal tolerance [11, 12].

Therefore, the present study aimed to evaluate the anti-
fungal and antibiofilm activity of the 2AT derivative alone 
and in association with the antifungal FLZ against resistant 

Candida strains. Moreover, we seek to understand the basis 
of the molecule’s mechanism of action, as well as its toxicity.

Materials and methods

Strains

Eleven clinical isolates from the Candida were obtained 
from blood samples and identified by MALDI TOF from 
the URM Culture Collection Micoteca of the Federal Uni-
versity of Pernambuco.

Compound

The 2AT, represented in Fig. 1, was synthesized by the Mol-
ecule Synthesis and Vectorization Laboratory of the State 
University of Paraíba, according to a procedure previously 
described by [13]. Briefly, and using the classic Gewald 
reaction [14], equimolar amounts of cycloheptane, elemen-
tal sulfur and isopropylcyano acetate were reacted in a basic 
medium, through a one pot procedure. After completion of 
the reaction, the product was purified by successive recrys-
tallization in absolute ethanol.

To determine the biological activities described in our 
study, we used the CLSI M27-S4 guidelines, with some 
modifications [15]. For the tests, a stock solution was pre-
pared in which we dissolved 10 mg of compound 2 AT in 
a mixture of ethanol and dimethyl sulfoxide. This solution 
was then diluted in RPMI 1640 medium, buffered to pH 
7.0 with 0.165 M morpholinopropanesulfonic acid (Sigma-
Aldrich) to reach concentrations ranging from 2 µg/mL to 
1.024 µg/mL.

Biofilm quantitative analysis

Candida spp. isolates were cultured aerobically at 37 °C/18 h 
on Sabouraud dextrose agar (SAB). Suspensions were pre-
pared in Yeast Nitrogen Base-YNB broth (Difco) supple-
mented with 50 mM glucose. After 18 h of incubation, the 
suspensions were centrifuged at 3200  rpm for 4 min then 
washed twice with PBS (pH 7.2). Cells were adjusted to 
a final concentration of 107 cells/mL with a spectropho-
tometer at 530 nm [15–16] 100 µL of the cell suspensions 
were added to the wells of 96-well flat-bottom microdilu-
tion plates (Techno Plastic Products, Switzerland), kept at 
37 °C for 1.5 h at 75 rpm (adhesion phase). After biofilm 
formation, the wells were washed twice with 200 µl of PBS, 
then 200 µl of PBS and 12 µl of the XTT-menadione solu-
tion were added to each well. Subsequently, 100 µl of the 
reaction solution was transferred to a new microtiter plate 

Fig. 1  Chemical structure of isopropyl 2-amino-5,6,7,8-tetra-
hydro-4  H-cyclohepta[b]thiophene-3-carboxylate (2AT). Character-
ized as a five-membered heteroaromatic compound containing a sulfur 
atom, typical of thiophene compounds
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and the absorbance was measured with a spectrophotometer 
plate reader at 530 nm.

Checkerboard

Combinations of the fluconazole and compost thiophen 
(1:1) were tested in duplicates using the M27-S4 method 
from the Clinical Laboratory Standards Institute (Wayne, 
2012) [17] with readings being performed within 24 h. To 
evaluate antifungal interactions, the fractional inhibitory 
concentration (FIC) was calculated for each combination.

The Fractional Inhibitory Concentration index was 
assessed by the compost thiophen /fluconazole combination 
using the checkerboard dilution method [18]. The FIC was 
calculated for each agent by dividing the inhibition concen-
tration of the antifungal combination by its MIC value. The 
interaction of the combination was defined by the FIC values 
and synergism was defined by a FIC ≤ 0.5, while additivity 
was defined as a FIC > 0.5 < 1. Indifference was defined as 
a FIC > 1 < 4, whereas antagonism was defined as a FIC > 4.

FLZ and 2AT anti-biofilm evaluation

Following the steps for biofilm formation (described above), 
100 µL of 2AT (40 − 5 mM) and FLZ (64–0,125  µg/mL) 
(isolated and combined) were added during the adhesion 
period (1.5  h) and their anti-biofilm action was evaluated 
within 48 h. The XTT reduction assay was performed after 
48 h and the isolated and synergistic effect of the drugs were 
evaluated. Controls (positive and negative), as well as the 
reference strain C. albicans ATCC 14,053, were included. 
The test was performed in triplicate.

Statistical analysis

Statistical analysis was performed using the GraphPad 
Prism 6 software with a significance level of α = 0.05. The 
dependent (incubation time and biofilm development) and 
independent (oxidative activity) variables were statistically 
analyzed. An ANOVA was used to test the null hypothesis 
when there were no differences between treatments. Tukey’s 
HSD test was used following the ANOVA for comparisons.

Scanning electron microscopy

The isolates were subjected to the 2AT derivative, using the 
concentrations and criteria described in the susceptibility 
tests. The yeast cells were washed with 1x PBS (3 times) 
and gently centrifuged to remove the culture medium.

They were subsequently fixed with Karnovsky (2.5% 
glutaraldehyde; 4.0% formaldehyde and 0.1  M phosphate 
buffer). Post-fixation was performed with 1% osmium 

tetroxide (Electron Microscopy Science) followed by 
increasing dehydration with ethanol (30%, 50%, 70%, 90% 
and 100%). After dehydration, the material was taken to the 
critical point for complete drying of the samples and metal-
lized with gold/palladium on the FINE COAT ION SPUT-
TER JFC-1100, JEOL equipment. Visualization of Candida 
spp. and image capture were carried out using a scanning 
electron microscope EVO LS-15, ZEISS.

Transmission electron microscopy

Yeast cells treated and untreated with the compound 2AT 
were processed for transmission electron microscopy. The 
cells were fixed for 2  h at 4  °C in a solution of glutaral-
dehyde and paraformaldehyde (3% and 4% respectively) 
in 0.1  M cacodylate buffer, pH 7.2. After washing in the 
same buffer, cells were post-fixed for 1 h with 1% osmium 
tetroxide in 0.1 M cacodylate buffer at pH 7.2. They were 
then dehydrated in graded series with acetone and embed-
ded in Epon-82 (Sigma-Aldrich, St Louis, USA) for 72 h at 
60 °C. Ultrathin sections were stained with uranyl acetate 
and lead citrate (5% and 2% respectively) and observed on 
a FEI Tecnai™ Spirit G 2 BioTWIN (FEI, Oregon, USA).

Cytotoxicity

Macrophage culture

Macrophage (J774) were cultivated in RPMI (Sigma 
Aldrich, St. Louis, USA) supplemented with 10% fetal 
bovine serum (FBS) and kept in an incubator stove at 5% 
CO2, at 37 ºC.

Cytotoxicity analysis of compounds

The cytotoxicity in mammalian cells was assessed using tests 
with 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium 
(MTT) bromide. Macrophages were cultured in 96-well cell 
culture plates at a concentration of 2 × 106 cells per plate and 
incubated in an atmosphere containing 5% CO2 at 37  °C. 
After 24 h, the supernatant was removed, and the cells were 
incubated with various concentrations of the 2AT (ranging 
from 4000 to 250  µg/mL) for 72  h. Absorbance readings 
of the solubilized formazan crystals were performed using 
an ELISA Benchmark Plus spectrophotometer (Bio-Rad, 
California, USA) with a wavelength of 570 nm. The con-
centration at which a 50% reduction in cellular viability 
occurred was determined through linear regression analy-
sis. Each experiment was conducted in biological duplicate. 
Macrophages incubated in culture medium and in the stan-
dard drug FLZ were used as negative and positive controls, 
respectively.
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In our study, we observed that the thiophene derivative 
2AT showed 100% fungal action, with MICs ranging from 
100 to 200  µg/ml when evaluated alone, and when asso-
ciated with FLZ it showed a synergistic effect (FIC < 4) 
against all strains resistant to this drug (Table  1). Among 
the strains of Candida spp. analyzed, we observed that in 
the isolates C. albicans (HG 04, 07, 11e ATCC 14053) and 
C. parapsilosis (HG 01 and 05), the 2AT derivative showed 
fungicidal action at concentrations of 100 µg/ml, the lowest 
MIC value detected, as seen in Table 1.

This antifungal potential of 2-aminothiophene com-
pounds has already been observed in other studies. Lua et 
al. [24] observed that compounds derived from 2-amino-
thiophenes showed promising in vitro antifungal activity 
against dermatophyte fungi and C. parapsilosis. Neves et al. 
[25] also detected activity of this class of thiophenes against 
C. albicans and Cryptococcus neofarmans.

Regarding the synergistic potential of thiophene com-
pounds, Mohammed et al. [26] observed that pyrazole 
derivatives containing the thiophene ring demonstrated 
synergistic effects when combined with Ciprofloxacin and 
Ketoconazole, reducing MICs in resistant bacterial patho-
gens. In fungal pathogens, Ajdacic et al. [27] who observed 
that thiophene-based compounds exhibited excellent activ-
ity against voriconazole-resistant C. albicans. In another 
study, Yin et al. [28] observed that 5-phenylthiophene deriv-
atives showed fungicidal activity and inhibited the growth 
of C. albicans resistant to FLZ.

As for enhancing FLZ activity, there are targets that are 
known to increase its effectiveness. In cases of resistance, 
FLZ can be synergized if a compound helps it cause dam-
age by inhibiting functions that confer that resistance. Such 

Results and discussion

Antifungal and synergistic action of the 2AT 
derivative

Our results showed that all Candida strains evaluated 
showed resistance to the antifungal FLZ, with minimum 
inhibitory concentrations (MIC) ranging from 8 to > 64 
(Table 1). These data demonstrate that despite the useful-
ness of this drug in the treatment of fungal infections, there 
has been an increase in the global incidence of Candida iso-
lates resistant to FLZ [19–20].

Candida infections generally present therapeutic fail-
ure, contributing to the mortality associated with invasive 
candidiasis. Despite advances in the field of antifungal 
therapy, these rates have remained unchanged for more than 
a decade. Such infections could be treated more efficiently 
if more effective therapeutic alternatives were available for 
cases of resistance [21].

The emergence of resistance threatens the effectiveness 
of azoles, which are the most widely used class of antifun-
gals and the only oral treatment option available for can-
didemia. A promising strategy to increase the effectiveness 
of FLZ is to identify synergistic drugs that can increase its 
antifungal effect, or even reduce the emergence of this resis-
tance, making it fungicidal [22].

Thiophenes derivatives are heterocyclic compounds that 
have versatile chemical characteristics and many biologi-
cal activities. This makes these molecules promising for the 
development of new drugs, and justifies the interest in char-
acterizing their antifungal properties, especially in cases of 
resistance [23].

Table 1  Minimum inhibitory concentration (MIC) and fractional inhibitory concentration (FIC) of fluconazole (FLZ) and of isopropyl 2-amino-
5,6,7,8-tetrahydro-4 H-cyclohepta[b]thiophene-3-carboxylate (2AT) against clinical yeasts of the Candida Spp. The interaction of the combination 
was defined by the FIC values and synergism was defined by a FIC ≤ 0.5, while additivity was defined as a FIC > 0.5 < 1. Indifference was defined 
as a FIC > 1 < 4, whereas antagonism was defined as a FIC > 4
FLZ/ 2AT Synergism
Code Species 2AT (*) FLZ (*) 2AT (**) FLZ (**) FIC
HG 01 C. parapsilosis 100 >8 0,12 0,3 0,03
HG 02 C. tropicalis 100 >64 0,4 0,6 0,01
HG 03 C. tropicalis 200 >64 0,4 0,6 0,01
HG 04 C. albicans 100 64 0,2 0,2 0,005
HG 05 C. parapsilosis 100 8 0,16 0,13 0,17
HG 06 C. glabrata 200 >64 0,16 0,3 0,004
HG 07 C. albicans 100 64 0,3 0,3 0,007
HG 08 C. glabrata 100 >8 0,2 0,3 0,03
HG 09 C. glabrata 200 >64 0,16 0,3 0,004
HG 10 C. tropicalis 200 16 0,4 0,6 0,03
HG 11 C. albicans 100 >8 0,2 0,3 0,03
HG 12 C. tropicalis 100 8 0,4 0,6 0,07
ATCC C. albicans 100 >8 0,2 0,25 0,03
(14,053)
(*) isolated drug (**) combined drug
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which suppressed the local growth of Candida cells that 
didn’t adhere to the surface (Fig. 3).

It is important to highlight that isolate from the C. parap-
silosis complex (HG 01 and HG 05), together with a strain 
of C. albicans (HG 11) had a higher production compared 
to other strains, as seen in Fig. 2. Despite this, we observed 
a significant reduction in its formation when these strains 
were exposed to FLZ and 2AT in combination.

C. glabrata (HG 06, 08 and 09), demonstrated the lowest 
biofilm production capacity, with the exception of isolate 
HG 08. C. glabrata is also one of the main species respon-
sible for candidiasis and has high antifungal tolerance, in 
addition to important adhesion characteristics [33]. Mar-
tínez-Herrera et al. [34] emphasized in their study that the 
high mortality rate reported in cases of invasive infections 
by C. glabrata has been related to both low intrinsic sus-
ceptibility and true resistance to fluconazole. Furthermore, 
certain isolates can acquire cross-resistance with other anti-
fungals [33].

In our study, C. tropicalis strains did not demonstrate 
high biofilm production, contrary to the study by Konečná 
et al. [35] who described that the species could be catego-
rized as a strong biofilm producer. C. albicans strains (HG 
07, 11 and ATCC 14053) showed a greater capacity to form 
biofilms than C. tropicalis (HG 02, 03 and 12), although 
studies by Atiencia-Carrera et al. [36] show that C. tropi-
calis is the most prevalent species among biofilm-forming 
organisms, even more than C. albicans. Of the C. albicans 
isolates (HG 04, 07, 11 and ATCC 14,053), all of them 

as the transcription factors Ndt80, which is known to play 
an important role in the expression of enzymes related to 
ergosterol biosynthesis, morphological transition and is also 
related to FLZ resistance [11, 29, 30].

Furthermore, Neto et al. [31] observed that N-substituted 
2-(5-nitro-thiophene)-thiosemicarbazone derivatives are 
potential antifungal agents with activity associated with 
the inhibition of enzymes related to ergosterol biosynthe-
sis. Therefore, the possible inhibition of enzymes or genes 
related to ergosterol synthesis could be a potential synergis-
tic target of fluconazole when associated with the compound 
2AT.

Biofilm production of Candida strains and 
antibiofilm potential of 2AT and FLZ

The formation of biofilms is of extreme clinical relevance, 
as there is a link between antifungal resistance and viru-
lence. In our research, it was observed that all isolates used 
are capable of forming an active biofilm in vitro within 
48 h (Fig. 2). These data corroborate Boher et al. [32] who 
confirmed in their results that there is a positive correlation 
between increased MICs of azoles and more pronounced 
biofilm formation.

Regarding the antibiofilm effect, it was found that the 
2AT compound decreased fungal proliferation, adhesion 
and biofilm formation of fungal cells. Furthermore, when 
combined with FLZ it resulted in a strong antibiofilm effect, 

Fig. 2  Biofilm formation by 
clinical isolates of Candida spp. 
Strains HG 01 (C. parapsilosis), 
HG 05 (C. parapsilosis), HG 
08 (C. glabrata) and HG 11 (C. 
albicans) were the largest biofilm 
formers in vitro. In contrast, 
strain HG10 (C. tropicalis) was 
the least biofilm-forming strain. 
Data represent means and stan-
dard deviation in triplicate. For 
analysis, Tukey’s multiple com-
parison test was performed for all 
means obtained at a significance 
level of 5%. Symbols “****” 
indicate significant differences 
between the percentage of biofilm 
production (p ≤ 0.0001)
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Structural analysis

The structural analysis of yeast cells treated with the com-
pound thiophene and visualized by scanning electron 
microscopy showed changes in Candida spp. at subinhibi-
tory concentrations (Fig. 4).

Among the changes observed are the reduction in bio-
mass and roughness of the yeast cell walls. It is worth 
mentioning that the results obtained were observed at a 
subinhibitory concentration of 0.78  µg/ml (50% fungal 
growth) since at a concentration of 100 µg/ml there is a fun-
gicidal action on 100% of Candida cells. Ishida et al. [38] 
used enzyme inhibitors Δ 24(25) sterolmethyltransferase and 
squalene synthase in the treatment of C. albicans. These 
inhibitors act on the main ergosterol biosynthesis pathway, 
causing changes in the shape and thickness of the cell wall, 
as well as mitochondrial swelling and abnormalities in the 
nuclear structure. In our analysis, we observed similar struc-
tural patterns, suggesting that the compound may share the 

showed a moderate capacity for biofilm formation, except 
for isolate HG 11. In addition to this capacity, all of them 
had their biofilm formation reduced when exposed to the 
association of FLZ and 2AT.

There are few studies on the antibiofilm potential of thio-
phene compounds in fungal biofilms. Yin et al. [28] who 
observed that 5-phenylthiophene derivatives, in addition 
to their fungicidal activity against fluconazole-resistant C. 
albicans, also had excellent antibiofilm potential. Neves et 
al. [25] also found that 2-aminothiophene nanoparticles had 
antifungal and antibiofilm activity against C. neoformans.

The results observed in our study may have occurred due 
to the ability of the 2AT derivative to reduce the adhesion of 
Candida cells. Lu et al. [11] state that an impaired adhesion 
process is beneficial for potentiating fluconazole. Further-
more, the association may act on genes involved in hyphal 
growth. Studies have observed that the deletion of Ntd80 
causes Candida to have a general defect in its growth. When 
absent, in C. parapsilosis, it prevents the species from form-
ing biofilms [37].

Fig. 3  Antibiofilm effect 
of strains in the absence of 
FLZ/2AT (control), treated with 
FLZ (fluconazole), treated with 
(compound 2AT for 24 h), treated 
with the combination of (FLZ 
and 2AT for 24 h), treated with 
(FLZ and 2AT for 48 h). For 
analysis, Tukey’s multiple com-
parison test was performed for all 
means obtained at a significance 
level of 5%. The symbols “****” 
indicate significant differences 
between the percentage between 
isolates treated for 24 h and 48 h 
alone and in combination with 
FLZ and 2AT (p ≤ 0.0001)
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retraction of the plasma membrane, changes in the shape of 
mitochondria and the nucleus, causing apoptosis in C. albi-
cans cells due to oxidative stress. In another study, Fayed 
et al. [10] observed that cyclohepta[b]thiophene can induce 
damage to an important enzyme in many basic biological 
processes involving the DNA of bacteria and yeast.

In addition to these findings, it is also possible to observe 
aggregations of small vacuoles (Fig. 5), results also found 
and compatible with the mechanism of action of amphoteri-
cin B. These results corroborate the studies Grela et al. [40] 
who found that Candida cells presented this response when 
exposed to amphotericin B. According to the study, these 
vacuoles provide a means of self-defense against some toxic 
activity for yeast cells.

In our study, thiophene may have induced Candida mem-
brane damage, and when in combination with FLZ may 
also have caused direct DNA damage [11]. The enhance-
ment of the effect of FLZ when combined with thiophene, 
exhibited changes at the nuclear level in Candida cells, 
corroborating the data from Lu et al. [11]. In the study, the 

same mechanism of action and be related to the synthesis of 
ergosterol.

These changes are also compatible with the action of 
amphotericin B on fungal cells. This medication binds to 
ergosterol and works by extracting sterols from cell mem-
branes, weakening it and causing leakage of cytosolic 
contents, leading to cell death [39]. Furthermore, Grela et 
al. [40] observed that amphotericin affects the integrity of 
the cell wall during the budding of daughter cells, and this 
occurs due to the consequent decrease in the rigidity of the 
lipid bilayer.

Transmission microscopy

Transmission electron microscopy of cells treated with 
the compound thiophene at concentrations of 0.78  µg/ml 
revealed morphological changes characteristic of apoptosis, 
such as chromatin condensation and margination (Fig. 5).

De Araújo et al. [31] observed similar findings when 
determining that thiophene-thiosemicarbazone caused 

Fig. 4  Electron micrographs 
of Candida albicans ATCC 
14053 (ab) in the absence of the 
compound 2AT and (cd) under 
the effect of the compound. a 
Presence of many cells and some 
hyphae and biomass production 
(arrowhead). b Fungal cells have 
intact and smooth walls, with the 
presence of polar scars (white 
arrows). c Under the effect of 
the thiophene compound, there 
is a significant reduction in cells 
and biomass. d Cells treated with 
2AT, showing rough cell walls 
(white arrows)

 

1 3



Brazilian Journal of Microbiology

presence of the compound at concentrations ranging from 
250 to 4000  µg/mL. The data revealed that the evaluated 
cell line was not affected when incubated with the thiophene 
derivative up to a concentration of 250 µg/mL, presenting 
an IC50 of 10,152.52 and cell viability of 72% at a con-
centration of 4000  µg/mL and cell inhibition of 27.74% 
(Fig. 6). Our results indicate that there is selectivity of the 
compound with fungal cells. These data corroborate those 
of Sousa et al. [39] evaluated the cytotoxicity of another 
2-amino-thiophene derivative SB-200 against Zophobas 
morio larvae and observed 100% survival.

authors demonstrated that disturbances in the DNA dam-
age response and cell cycle functions of these yeasts can 
improve the effectiveness of fluconazole.

Furthermore, thiophene can also act on mitochondria, 
since they are decisive for cell death, as observed by De 
Araújo Neto et al. [30]. The action of thiophene together 
with FLZ can cause membrane potential disturbances that 
lead to a decrease in metabolic energy production and a 
reduction in the transcription and translation of mitochon-
drial genes, leading to apoptosis and/or necrosis [30].

Assessment of cytotoxicity

Regarding the cytotoxicity of the thiophene derivative 2AT, 
we evaluated the cell viability of J774 macrophages in the 

Fig. 5  Transmission micrographs of Candida albicans ATCC 14053 
cells in the absence of 2AT (ab) and treated at subinhibitory con-
centration (cd). (ab) Untreated C. albicans cells, showing nuclei (n) 
and mitochondria (white arrowheads). (cd) C. albicans cells treated 
with the thiophene derivative, showing mitochondrial swelling (m), 

cell wall thickening (red arrow) and membrane disintegration (black 
arrows) and chromatin migration (white asteristic), and presence of 
aggregations of small vacuoles (white arrowheads) present in apopto-
sis and necrotic processes
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