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Abstract
The objective of this study was to evaluate the antifungal activity of free methyl 3,5 dinitrobenzoate (MDNB) and its nanoe-
mulsion (MDNB-NE) against strains of Candida albicans. Additionally, a molecular modeling study was also carried out 
to propose the mechanism of action and toxicity of MDNB. These results demonstrated the MDNB-NE presented a droplet 
size of 181.16 ± 3.20 nm and polydispersity index of 0.30 ± 0.03. MDNB and MDNB-NE inhibited the growth of all strains 
with minimum inhibitory concentrations of 0.27–1.10 mM. The biological results corroborated the molecular model, which 
pointed to a multi-target antifungal mechanism of action for MDNB in C. albicans. The study could serve as a basis for 
further research involving compounds with nitro groups with antifungal.
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Introduction

Fungal infections caused by Candida species are a major 
health problem, resulting in high mortality and medical costs 
[1]. Among these strains, Candida albicans is often found 
in clinical contexts and is the principal cause of candidiasis, 
which represents one of the main causes of hospital infec-
tions [1, 2]. In immunocompromised patients, C. albicans 

can cause systemic invasive candidiasis, affecting the circu-
latory system, bones, and brain [3].

Candidiasis is treated with different classes of drugs, 
including echinocandins, azoles, polyenes, and 5-flucyto-
sine, which can act as fungistatics or fungicides [4, 5]. How-
ever, the increasing number of candidiasis cases, toxicity of 
these drugs, and increase in the number of infections caused 
by resistant strains have expanded the search for new anti-
fungal agents [6, 7]. In this context, organic synthesis rep-
resents an important strategy for the development of highly 
effective antifungals [8, 9]. Benzoic acid and its derivatives 
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are biologically important compounds used as antibacterial 
agents and antifungal preservatives in cosmetics and medi-
cine [10–13]. Among them, 3,5-dinitrobenzoic acid is an 
important intermediate in the pharmaceutical industry, with 
electron-withdrawing groups such as nitro groups [14]. The 
nitro moiety is an important pharmacophore for molecules 
with antimicrobial activity, and several other pharmacologi-
cal activities have also been attributed to the presence of this 
group [15–17].

Previous studies have shown that some nitro compounds 
derived from cinnamic acid and benzoic acid have antifun-
gal activity against strains of the genus Candida [18, 19]. 
Several studies have also verified the bioactivity of esters 
derived from benzoic acid against strains of the genus Can-
dida, and our group has shown that esters derived from 
3,5-dinitrobenzoic acid show greater antifungal activity and 
potency than the starting material, 3,5-dinitrobenzoic acid 
[11, 20–22].

Furthermore, nanotechnology has become a significant 
tool in the treatment of these infections, more efficiently 
exploiting the pharmacological properties of new molecules 
[6]. Nanoemulsions are colloidal dispersions of two immis-
cible liquids with the aid of a surfactant or co-surfactant 
mixture, with an average diameter on the nanometer scale. 
They have several advantages such as a controlled absorption 
rate, better drug stability, and improved efficacy [23–25].

Therefore, the objective of this study was to evaluate 
the antifungal activity of free methyl 3,5 dinitrobenzoate 
(MDNB) and its nanoemulsion (MDNB-NE) against strains 
of Candida albicans. Additionally, a molecular modeling 
study was also carried out to propose the mechanism of 
action and toxicity of MDNB.

Materials and methods

Chemical characterization and reagents

All reagents required for the chemical synthesis were 
obtained from Sigma-Aldrich. Infrared spectra were 
obtained using Fourier transform infrared (FTIR) spectro-
photometry (Cary 630 FTIR Agilent Technologies®) and 
a potassium bromide (KBr) pill, with the frequency meas-
urements in  cm−1. 1H-NMR (400  MHz) and 13C-NMR 
(100 MHz) spectra were recorded on a BRUKER-ASCEND 
spectrometer. Chemical shifts (δ) were expressed in parts per 
million (ppm), using tetramethylsilane (TMS) as an internal 
standard. The spin multiplicities are given as s (singlet), d 
(doublet), and t (triplet). Reaction monitoring and product 
analysis were performed via thin layer analytical chroma-
tography (TLC) (silica gel 60 F254) and ultraviolet light 
visualization using two wavelengths (254 and 366 nm).

DTA curves were obtained using a Shimadzu thermal 
analyzer (DSC-50) with a 5  mg sample in an alumina 
crucible under a nitrogen atmosphere with a flow rate of 
50 mL  min−1. The experiment was performed in a tempera-
ture range of 25–450 °C, at a heating rate of 10 °C  min−1. 
The thermogravimetric curve was obtained using the Shi-
madzu (DSC-50) thermal analyzer with a 5 mg sample in 
an alumina crucible under a nitrogen atmosphere at a flow 
rate of 50 mL  min−1. This experiment was carried out in 
a temperature range of 25–900  °C, at a heating rate of 
10 °C  min−1.

General procedure for synthesis of methyl 
3,5‑dinitrobenzoate (MDNB)

A mixture of 3,5-dinitrobenzoic acid (0.100 g; 0.47 mmol) 
and methanol (20 mL) was heated under reflux in the pres-
ence of sulfuric acid (0.025 mL) until the completion of the 
reaction (3 h), monitored by TLC. After the reaction, the 
solvent was partially removed under reduced pressure, and 
the solution was diluted with 20 mL of water. The obtained 
product was extracted using ethyl acetate (15 mL). The 
organic phase was treated with  NaHCO3 (5% w/v) and then 
with water, dried with  Na2SO4, filtered, and evaporated to 
give MDNB [26]. Spectroscopic data for the MDNB in this 
study are available in the Supplementary Information.

Preparation of MDNB nanoemulsions

To prepare MDNB-NE, 0.25 g of methyl 3,5-dinitrobenzo-
ate was previously solubilized in ethanol and add to 0.5 g 
of Miglyol 812®. After that, the surfactants (0.12 g Tween 
80® + 0.08 g Span 80®) were added to the oil phase. Finally, 
distilled water (9.3 g) was added to the resulting mixture. 
The formulations were prepared by ultrasonication, and the 
components were subjected to three homogenization cycles 
in a sonication apparatus (model QE200, Ultronique, Brazil) 
for 1 min at 300 W in an ice bath, followed by an ultrasonic 
bath for 1 min [27]. For the unloaded nanoemulsion (BNE), 
MDNB was replaced with Miglyol 812®.

Determination of methyl 3,5‑dinitrobenzoate 
content in nanoemulsion

The MDNB content in the nanoemulsion was measured 
using ultraviolet–visible spectrophotometry (Genesys 
10S UV–Vis; Thermo Fisher Scientific, Germany). 
First, the maximum absorption wavelength of methyl 
3,5-dinitrobenzoate in dimethyl sulfoxide was determined 
(λmax = 260 nm). The concentration of MDNB in the nanoe-
mulsion was calculated using a calibration curve ((n = 8) 
y = 0.0375x – 0.0034;  R2 = 0.9991). MDNB-NE was diluted 
in dimethyl sulfoxide (1:2000) and filtered using a 0.2 μm 
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membrane filter [28] before the assay. All the measurements 
were performed in triplicate.

Characterization of nanoemulsion

The particle size and polydispersity index (PDI) were 
determined with a Zetasizer instrument (Nano ZS, Malvern 
Instruments, UK) using the dynamic light scattering tech-
nique at 25 °C. Measurements of the mean droplet (Z-aver-
age) diameter and size distribution were performed at a fixed 
scattering angle of 173°. The nanoemulsions were diluted 
with deionized water (1:25, v/v) for characterization. All 
determinations were performed in triplicate, and the results 
are presented as means with standard deviations ( ±) [29].

Stability study

The MDNB-NEs were kept in 10 mL glass vials sealed with 
plastic lids and kept in a refrigerator at 4 ± 2 °C. Their stabil-
ity was evaluated for 90 days. The sampling times were 1, 
7, 15, 45, 60, and 90 days. The formulations were analyzed 
for changes in the particle size, PDI, pH, and macroscopic 
appearance.

The pH of the MDNB-NE was measured using a mul-
tipurpose autotitrator (model MPA-210, Tecnopon Instru-
ments, Brazil) calibrated with buffer solutions of pH 4.0 
and 7.0.

The macroscopic characteristics of the formulations were 
also evaluated, including the color, appearance, and phase 
separation.

Antifungal activity

The antifungal activity of each formulation was evaluated 
in relation to a reference strain obtained from the Ameri-
can Type Culture Collection (ATCC), C. albicans (ATCC 
90028), as well as clinical strains, which were collected from 
the oral cavity, isolated, identified, and supplied by the Lab-
oratory of Experimental Pharmacology and Cell Cultivation 
of the Federal University of Paraiba, with prior approval 
of the ethics committee protocol number 5.821.008. These 
included C. albicans PLA1, C. albicans PLA5, and C. albi-
cans PLA15.

Determination of minimum inhibitory concentration (MIC)

The MIC was determined using the microdilution technique 
in 96-well plates as previously described by the Clinical and 
Laboratory Standards Institute (CLSI document M27-A3) 
[30]. The MDNB was solubilized in 5% dimethyl sulfox-
ide, and the MDNB-NE and BNE nanoemulsions were 
solubilized in distilled and sterilized water. Serial dilu-
tions (500–31.25 μg/mL) of the tested samples (MDNB, 

MDNB-NE and BNE), culture medium, and fungal inocu-
lum (2.5 ×  103 CFU/mL) were added to the micro-plates. 
Subsequently, the plates were incubated at a temperature of 
35 ± 2 °C for 24 h. A 5% dimethyl sulfoxide solution was 
tested to assess the possible interference of this agent in the 
inhibition of microbial growth. Nystatin and ketoconazole 
were used as positive controls [31]. The MIC was defined 
as the lowest concentration capable of inhibiting 100% of 
visible fungal growth. The viability of the strains and the 
culture medium sterility were assessed.

Determination of minimum fungicidal concentration (MFC)

Petri dishes containing Sabouraud dextrose agar (KASVI, 
Brazil) in 30 μL well aliquots corresponding to the MIC and 
higher concentrations were plated. The plates were incu-
bated for 48 h at 35 ± 2 °C, and readings were performed by 
visual observation of fungal growth based on the counting 
of colony-forming units (CFU). The MFC/MIC ratio was 
calculated to determine whether the substance exhibited 
fungistatic (MFC/MIC ≥ 4) or fungicidal (MFC/MIC < 4) 
activity [32].

Effects of MDNB on fungal cell wall and membrane 
permeability

Sorbitol assay (effect on cell wall)

To determine the mode of action of the product and the 
nanoemulsion on the cell wall of Candida albicans ATCC 
90028, the microdilution technique was performed in the 
presence of D-sorbitol (Sigma-Aldrich, São Paulo, Brazil). 
For this test, the inoculum was prepared with sorbitol at a 
final concentration of 0.8 M. Plates were aseptically sealed 
and incubated at 35 ± 2 °C for 48 h. Caspofugin was used as 
the positive control at an initial concentration of 1 µg/mL 
[33–35]. The MIC in the presence of sorbitol was defined as 
the lowest concentration of substance that inhibited visible 
microbial growth.

Ergosterol assay (effect on cell membrane)

The test was performed using exogenous ergosterol (Sigma-
Aldrich, São Paulo, Brazil) at a concentration of 400 µg/
mL using the microdilution method described above. Plates 
were incubated at a temperature of 35 ± 2 °C for 48 h. Nys-
tatin was used as a positive control [33–37]. The assay was 
carried out to assess the possible effect of the product and 
nanoemulsion on the Candida albicans ATCC 90028 cell 
membrane.
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Molecular modelling

Target selection

Molecular targets were selected according to homology-
based methodology described in previous publications [38, 
39]. For this purpose, the potential targets of MDNB were 
predicted using the Similarity Ensemble Approach (SEA) 
web server [40]. All the proteins identified in this step were 
used as a query for a Blast [41] search against the C. albi-
cans (taxid 5476) proteins included in the reference protein 
database (refseq_protein). The proteins in C. albicans identi-
cal to at least 45% of the potential targets identified by the 
SEA method and covered in at least 75% of their sequences 
by BLAST alignment were selected as the potential targets 
of MDNB in the fungi.

Three sources were used for the structures of the studied 
targets. First, the Protein Data Bank (PDB) was searched to 
find the experimental structures of the proteins. For those 
without a solved 3D structure, homology models were gen-
erated using the SwissModel server [42]. Several differ-
ent models were built with the SwissModel server, among 
which the one with the highest QMEAN score was selected 
for modeling studies. In cases where no suitable 3D model 
(QMEAN < -4) could be retrieved for a protein, structural 
models were obtained from the AlphaFold Protein Structure 
Data-base deposited at EMBL-EBI (https:// alpha fold. ebi. ac. 
uk/) [43].

Molecular docking

Molecular docking calculations were performed using the 
consensus strategy described in a previous publication [44]. 
One initial 3D conformation of MDNB was generated using 
OpenEye’s Omega [45], and partial atomic charges were 
added to this structure with MolCharge [46]. Docking cal-
culations were performed with Gold software [47] using the 
ChemPLP scoring function for primary docking. The ligand 
flexibility for docking was set to be very flexible, and 30 dif-
ferent orientations of the ligand in the binding cavity were 
saved. These orientations were rescored using the Chem-
Score, GoldScore, and ASP scoring functions of Gold. Next, 
the docking scores were transformed into Z-scores and aver-
aged to obtain the consensus Z-score. Any ligand pose with 
a Z-score greater than one was selected for further analysis. 
If no predicted binding mode meeting the former criterion 
could be found, the top-scoring conformer was selected for 
the next modeling steps.

Molecular dynamics calculations and estimation 
of free energies of binding

Molecular dynamics (MD) simulations were performed 
using Amber 20 [48] according to the protocol described 
in our previous studies [44, 49]. All MD simulations were 
performed in an explicit solvent employing OPC water mol-
ecules. The ff19SB and gaff2 force fields were employed to 
parameterize the proteins and ligand, respectively. The same 
preparation, energy minimization, heating, and equilibra-
tion protocols were applied to all the systems, except those 
containing membrane receptors.

For soluble proteins, the systems were enclosed in trun-
cated octahedral boxes, solvated, and neutralized by the 
addition of either Na + or Cl- ions. Two-stage energy mini-
mization, involving the steepest descent and conjugate gradi-
ent algorithms, was implemented. All the atoms, except for 
the solvent and counterions, were restrained during the first 
energy minimization stage. Next, the systems were gradu-
ally heated from 0 to 300 K, and the heated systems were 
equilibrated for 100 ps.

Membrane proteins were prepared for the MD simula-
tions using the CHARMM-GUI server [50, 51]. These were 
embedded in a lipid bilayer containing, on each side, 50 
1-Palmotoyl-2-oleoylglycero-3-phosphocholine (POPC), 
50 1-Palmitoyl-2- oleoylphosphatidylethanolamine (POPE), 
and 25 cholesterol (CHL) molecules. The systems contain-
ing the receptor, ligand, and lipidic bilayer were solvated and 
neutralized by the addition of 0.15 M KCl. The configura-
tion files provided by the CHARMM-GUI server guided the 
energy minimization, heating, and equilibration processes 
of the membrane-containing complexes. Five short (4 ns) 
production runs were performed for each system. The ini-
tial velocities were randomly initialized before each produc-
tion run to sample different conformational spaces of the 
complexes. Twenty MD snapshots, evenly distributed in a 
1–4 ns time interval, were extracted from each production 
run to estimate the free energies of binding. These energies 
were computed using the MM-PBSA method implemented 
in Amber 20 [52]. The default implicit solvent parameters 
were employed for the MM-PBSA calculations, and the ionic 
strength was set to 150 mM. For complexes containing mem-
brane proteins, the free energies of binding were obtained 
using a heterogeneous dielectric implicit membrane model 
(memopt = 3). The thickness and center of the implicit mem-
brane were defined as the average distance between the N31 
atoms of the lipids and the average z-coordinate for the same 
set of atoms, respectively.

https://alphafold.ebi.ac.uk/
https://alphafold.ebi.ac.uk/
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Results and discussion

Chemistry

The MDNB synthesis method is illustrated in Fig. 1. The 
infrared spectrum of MDBN showed an absorption band 
above 3000  cm−1, corresponding to the C-H  sp2 stretch-
ing of aromatics, stretch bands of aromatic C = C bonds 
occurring in pairs in the regions of 1630 and 1461  cm−1, 
stretching band at 1730  cm−1 belonging to the (C = O) of 
the ester, and C-O stretching assigned to the ester bond 
with two bands at 1301 and 1165  cm−1. The nitro sub-
stituent on the aromatic ring could be characterized by the 
presence of two stretching bands at 1543 and 1346  cm−1.

The 1HNMR spectrum of MDNB showed a triplet at 
δ 9.22 (t, J = 2.2 Hz, H-4, 1H) followed by a doublet at δ 
9.16 (d, J = 2.1 Hz, H-2, H-6, 2H) attributed to the aro-
matic ring hydrogens. MDNB showed a signal from an 
aliphatic side chain at δ 4.07 (s, 3H), which was attributed 
to the methyl hydrogens (H-1').

The 13C NMR data showed chemical shift values, which 
also confirmed the structural characterization of MDNB. 
It is worth highlighting the signals obtained with greater 
displacement, including those at 163.1, which is charac-
teristic of ester C = O; 148.8, which is assigned to car-
bons C-3 and C-5; 133.9 of C-1; 129.6 of C-2 and C-6; 
and 122.5 of C-4. In addition to these signals, the MDNB 
compound showed a signal at 53.7 (C-1'), corresponding 
to the methyl carbon. These results agreed with data from 
the literature [53].

Thermoanalytical techniques have been widely used 
in drug characterization, thermal decomposition studies, 
and the assessment of drug stability [54]. Table 1 lists 
the differential thermal analysis (DTA) data. The DTA 
curve of MDNB (Fig. S1) in the Supplementary Informa-
tion shows the events due to phase transition as a function 

of temperature. The first endothermic peak occurred at a 
temperature of 110.68 °C, which was close to that reported 
by Legouin et al. [53] (109–111 °C), corresponding to the 
sample melt. The second endothermic event occurred at 
a temperature of 239.12 °C, which was attributed to the 
degradation of the compound.

The thermogravimetric curve of MDNB (Fig. S2) in 
the the Supplementary Information shows a single stage 
of decomposition. The decomposition process started at 
231.82 °C and continued until 264.22 °C, and represented a 
loss of 98.98% of the sample’s mass.

Development, characterization, and stability study 
of methyl 3,5‑dinitrobenzoate nanoemulsion

In this study, an MDNB-NE was obtained using an ultra-
sound technique. To assess the stability of this nanoemul-
sion, the droplet diameter, polydispersity index, and pH were 
evaluated for 90 days. The results are presented in Table 2.

The MDNB-NE had a mean droplet diameter (z-average) 
of 185.46 ± 4.01 nm after 90 days, close to the values of the 
BNE (see, Supplementary Information, Table S1), showing 
that the MDNB not influenced the mean droplet diameter of 
the nanoemulsion. A slight variation in the mean droplet size 

Fig. 1  Synthesis of the methyl 
3,5-dinitrobenzoate: a  CH3OH, 
 H2SO4, reflux

Table 1  Differential thermal 
analysis data for methyl 
3,5-dinitrobenzoate

Sample Peak 1 Peak 2

MDNB Tonset and endset/°C Tpeak/°C ΔH/Jg−1 Tonset and endset/°C Tpeak/°C ΔH/Jg−1

107.04–119.84 110.68 108.69 213.41–246.10 239.12 377.78

Table 2  Nanoemulsion characterization: mean droplet diameter, 
polydispersity index (PDI), and pH of nanoemulsion with methyl 3,5- 
dinitrobenzoate (MDNB-NE) over 90 days

Day of analy-
sis

Droplet size (nm) PDI pH

1 181.16 ± 3.20 0.300 ± 0.03 4.75
7 187.00 ± 4.34 0.270 ± 0.02 4.75
15 185.93 ± 3.37 0.297 ± 0.02 4.77
45 181.93 ± 3.24 0.320 ± 0.02 4.34
60 187.90 ± 0.5 0.270 ± 0.01 4.64
90 185.46 ± 4.01 0.280 ± 0.02 4.64
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was observed compared to the mean droplet size on day 1 
and 90. In addition, no cream formation or phase separation 
was noted on visual observation, confirming the stability 
of the nanosystem (Table 2). The ultrasound technique was 
selected to develop the nanoemulsion because of its ability 
to form small droplets [55]. Ultrasonication breaks emulsion 
droplets by applying high-frequency ultrasound waves [23, 
55]. During this process, disruptive forces caused by the 
sonicator promote turbulence and cavitation in the sample, 
breaking larger droplets into smaller droplets and creating 
the conditions for interactions between the surfactants and 
the oil phase [56, 57]. Surfactants are another important 
component to promote stability. Two non-ionic surfactants 
were used in this study: Tween 80® and Span 80®. These 
surfactants were chosen because of their low toxicity, and 
because they are already used in the formulation of nanoe-
mulsions with high stability [28, 58–60].

Another factor contributing to the stability of these 
nanoemulsions was the presence of Miglyol. The main pur-
pose of using a medium-chain triglyceride is to carry the 
target molecule inside the oil droplets. In addition, medium-
chain triglyceride can delay the Ostwald maturation phe-
nomenon, which is one of the most important destabilization 
mechanisms of dispersed systems [61].

The PDI is used to measure the homogeneity and stability 
of a nanoemulsion, and the MDNB-NE did not show high 
PDI variation over time, with values ≤ 0.3 (see Table 2). This 
parameter assesses the degree of uniformity of the droplet 
size distribution within the system [62]. PDI values of 0 
indicates a monodispersed particle. A PDI < 0.5 indicates 
a broad distribution, and values close to 1 indicate a highly 
polydisperse nanoemulsion with low stability [63, 64].

UV–Vis spectrophotometry was used to quantify the 
amount of MDNB in the nanoemulsion. Data were obtained 
using the absorbance (A = 0.37 ± 0.004) on the standard 
curve (y = 0.0375x + 0.0034) with a coefficient of determi-
nation of 0.9991. The formulation presented a drug recovery 
of 98.90% in reference to 9.89 µg/mL of MDNB. Recently, 
Dantas et al. [27] also used Tween 80, Span 80 and Miglyol 
812 to develop a nanoemulsion through the ultrasonication 
method and obtained a drug recovery of 87.83%.

Antifungal activity

Although the scientific literature reports the antifungal activ-
ities of several esters derived from benzoic acid against Can-
dida species, the bioactivity of MDNB has never been tested 
[11, 20–22]. However, in the study of Duarte et al. [65] and 
coworkers, esters derived from 3,5-dinitrobenzoic acid such 
as ethyl 3,5-dinitrobenzoate and n-propyl 3,5-dinitrobenzo-
ate showed bioactivity against Candida strains: Candida 
albicans, Candida krusei and Candida glabrata that dem-
onstrates the effect of the alkyl-substituted ester group (R) 

on activity against Candida strains. Furthermore, the MDNB 
showed greater antifungal activity (MIC = 1.10 mM) than its 
analogue ethyl 3,5-dinitrobenzoate (MIC = 4.71 mM) [65].

In addition, in the study of Lima et al. [22], an MDNB 
analog, methyl 3-methyl-4-nitrobenzoate, showed antifungal 
activity against different strains of the Candida genus. Thus, 
the present study evaluated the antifungal activity of MDNB 
and MDNB-NE against Candida albicans strains.

The MIC and MFC for MDB and MDB-EM are presented 
in Table 3. The BNE (see Supplementary Information, 
Table 1S) was also used as a control and showed no activity 
against any fungal pathogen, indicating that the formulation 
components did not exhibit antifungal activity at the concen-
trations used in this study.

The MFC/MIC ratios showed that MDNB and MDNB-
NE had fungicidal effects against C. albicans ATCC 90028, 
C. albicans PLA5, and C. albicans PLA15. The results dem-
onstrated that MDNB-NE did not exhibit fungicidal activity 
(MFC/MIC ≥ 4) against C. albicans PLA1. The MDNB-NE 
(MFC: 1.10 mM) was more effective than MDNB (MFC: 
2.21 mM) against C. albicans ATCC 90028. Andrade et al. 
[66], developed a nanoformulation loaded with nitro com-
pound which also showed an increased antimicrobial activity 
compared to the free compound.

All strains included in the study were sensitive to keto-
conazole and nystatin. The MDNB and MDNB-NE pre-
sented MICs in the range of 0.27–1.10 mM and inhibited the 
growth of clinical strains, proving that the development of 
antifungal compounds is an essential strategy for obtaining 
new drugs with similar or superior efficacy to those observed 
for the available drugs [9].

MDNB-NE showed the same MIC (1.10 mM) as MDNB 
against ATCC 90028. However, for clinical strains, the 
MIC of MDNB-NE was higher to that of MDNB, indicat-
ing that the free compound was more effective in inhibiting 
the growth of these strains in vitro. This higher action on 
C. albicans may be related to the ready availability of the 
drug in spreading at the medium [67]. Furthermore, this 
result also may be associated to the fact that the in vitro 
model used in this study has limitations and cannot evaluate 
nanoemulsions ability to improve drug absorption and per-
meability [68]. Thus, complementary in vivo studies can be 
performed to better understand the effect of MDNB loaded 
in a nanoemulsion.

The mechanism by which MDNB acts against Candida 
albicans has not yet been described. Thus, the MDNB and 
its nanoemulsion were subjected to tests to elucidate the 
possible mechanism of action against the strains of Candida 
albicans ATCC 90038. Ergosterol and sorbitol were used 
to determine the likely targets of pharmacological action 
(Table 4).

Ergosterol is the main sterol in the fungal cell mem-
brane, where it regulates fluidity and permeability, making 
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it a target of most antifungal agents [69, 70]. The results 
demonstrated that the addition of ergosterol to the medium 
containing Candida albicans and MDNB did not affect 
the minimal inhibitory concentration of this compound. 
Likewise, MDNB-NE did not show changes in the MIC, 
indicating that the likely mechanism of action is not related 
to changes in the cell membrane function. This result cor-
roborates with the one obtained by Andrade et al. [15], who 
observed that the antifungal activity of nitro compounds is 
not associated with the ability to bind to ergosterol. Guerra 
et al. [71] also reported that the addition of ergosterol does 
not interfere with the MIC of nitrocoumarins against Asper-
gillus spp. However, in the study developed by Duarte et al. 
[65] an MDNB analogue, ethyl 3,5-dinitrobenzoate, showed 
an increase in MIC (1.04 mM) in the presence of ergos-
terol, indicating that its antifungal mechanism of action may 
involve ergosterol in the fungal membrane.

Sorbitol is an essential osmotic protector for fungal 
growth that functions by minimizing the effects of chemical 
agents on the cell walls of microorganisms [72–74]. In our 
study, in the presence of sorbitol, no changes were observed 
in the minimum inhibitory concentrations of MDNB and 
MDNB-NE, suggesting that the mechanism of action of 
these compounds is not associated with cell wall disruption. 
Similarly, in a study developed by Duarte et al. [65] MDNB 
analogue compounds such as ethyl 3,5-dinitrobenzoate and 
n-propyl 3,5-dinitrobenzoate also showed no change in MIC 
values in the presence of sorbitol, indicating that their prob-
able mechanism of action is not related to changes in the 
cell wall function.

In contrast, the MIC of the control drug caspofungin 
increased (from 0.000028 mM to 0.0036 mM) in the pres-
ence of sorbitol, as it is known to be involved in cell wall 
biosynthesis. Andrade et al. [15] also demonstrated that nitro 
compounds do not act on the fungal cell wall of Candida 
albicans ATCC 10231.

As expected, the biological results indicated that the 
nanoemulsion system (MDNB-NE) did not interfere with 
the mechanism of action. In addition, the results of in vitro 
tests contributed to molecular modeling data (see next sec-
tion), which pointed to a multi-target antifungal mechanism 
of action for MDNB in C. albicans, interfering with different 
cellular processes. For a better understanding of the antifun-
gal effect of MDNB-NE, we suggest that future studies eval-
uate the effect of this product on fungal micromorphology, 
allowing analysis of hyphal and pseudohyphal expression.

Molecular modeling

The molecular modeling study was carried out to identify 
the probable targets of MDNB in C. albicans, suggest-
ing a possible mechanism of action for this compound. 
For this, potential targets of the compound were first Ta
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predicted using a computational target fishing approach. 
Next, MDNB was docked to these predicted targets leading 
to several ligand-receptor binding hypotheses. Finally, the 
predicted complexes were subject to Molecular Dynamics 
(MD) simulations and the free energies of binding were 
predicted from conformational ensembles extracted from 
the MD simulations. This MD-derived energies were the 
criterion for selecting the most likely targets of MDNB in 
C. albicans.

The potential targets of MDNB were predicted follow-
ing the procedure described in the Methods section and 
are listed in Table 5. Two of the proteins listed in the table 
experimental structures deposited in the Protein Data Bank. 
Homology models were generated for eight, and the struc-
tural models of four amino acid transporters were retrieved 
from the AlphaFold repository. MDNB was docked into 
these proteins, and the results of these calculations are pro-
vided in the Supplementary Information in Table S2. For 

TMP1, docking was performed separately for the substrate 
and cofactor sites.

Overall, the predicted docking solutions were 
within the receptor-binding sites, showing meaningful 
ligand–receptor interactions. Furthermore, for half of the 
studied proteins, more than one possible binding mode (con-
sensus Z-score > 1) was predicted for MDNB. This led to 26 
ligand–receptor complexes involving 14 potential receptors 
for analysis. According to the docking results, the top–scor-
ing targets were DED1, GCN5, and GAP5. In contrast, the 
worst docking scores were obtained for MEP2, UBC2, and 
GNP1.

Although molecular docking is a widely used tool for 
studying ligand–receptor interactions, its limitations need 
to be considered. One such limitation is the highly sim-
plified representation of molecular interactions in dock-
ing algorithms that is required to achieve their processing 
capabilities. One alternative for increasing the reliability of 

Table 4  MICs (in mM) of 
methyl 3,5-dinitrobenzoate 
(MDNB) and MDNB-NE in 
absence and presence of sorbitol 
(0.8 M) and ergosterol against 
Candida albicans 

( +) indicates microorganism growth. (-): No growth of microorganisms

Compound Candida albicans (ATCC 
90028)

Candida albicans (ATCC 
90028)

Concentration (mM) Without sorbi-
tol (mM)

With sorbitol 
(mM)

Without ergos-
terol (mM)

With 
ergosterol 
(mM)

MDNB 2.08 - - - -
1.04 - - - -
0.52 - - - -
0.26  +  +  +  + 
0.13  +  +  +  + 

MDNB-NE 1.96 - - -  + 
0.98 - - - -
0.49  +  +  +  + 
0.24  +  +  +  + 
0.12  +  +  +  + 

Nistatin 0.103 -  + 
0.051 -  + 
0.025 -  + 
0.016 -  + 
0.0064 -  + 
0.0032 -  + 
0.0016 -  + 
0.0008  +  + 

Caspofugin 0.0036 -  + 
0.0018 -  + 
0.00090 -  + 
0.00045 -  + 
0.00022 -  + 
0.00011 -  + 
0.000057 -  + 
0.000028 -  + 
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molecular modeling frameworks is the post-processing of 
molecular docking results using more accurate techniques 
such as MD simulations [75–77]. Taking this into account, 
the 26 complexes predicted by the molecular docking meth-
odology were subjected to the MD simulation protocol 
described in the Methods section. Subsequently, the free 
energies for binding MDNB to its potential targets were 
predicted from conformational ensembles derived from MD 
simulations using the MM-PBSA method. This approach led 
to a total MD simulations time of 520 ns.

The predicted free energies for binding MDNB to its 
potential receptors are provided in the Supplementary 
Information in Table S3 and summarized in Fig. 2. These 
results show that the lowest (best) binding free energies 
were obtained for four amino acid permeases (GAP5, GAP1, 
GNP1, and GAP2) and the ammonium transporter MEP2. 
Among the non-transporter proteins, the best-ranked were 
GLN1 and GCN5. Based on the predicted free energies of 

binding, complexes of MDNB with the amino acid per-
meases GAP5 and GAP1, as well as with the ammonium 
transporter MEP2, were analyzed in detail.

The predicted binding modes of MDNB to GAP5 and 
GAP1 are shown in Fig. 3. The represented ligand confor-
mation corresponds to the centroid of the most populated 
cluster resulting from the clustering of 100 MD snapshots 
employed for the MMPBSA calculations. Only the residues 
interacting with the receptor in at least 50% of the analyzed 
MD snapshots are discussed here, and the same rule is 
applied to label residues in the Figure. Figures containing 
molecular structures were produced with UCSF Chimera 
[78], the frequency of ligand–receptor interactions was ana-
lyzed using the software Cytoscape [79], and interaction dia-
grams were produced using LigPlot + [80].

MDNB was predicted to bind to GAP1 and GAP5 in 
the same central region, making extensive contact with the 
receptors. In both cases, a hydrogen bond mediated by a 

Table 5  Potential targets of 
methyl 3,5-dinitrobenzoate in C. 
albicans 

[ a]Identification of target in manuscript.[b]Source of protein structure: PDB, Protein Data Bank; homology 
model, homology model obtained with the SwissModel server; AlphaFold, AlphaFold repository

UniProt Accession ID[a] Description Sructure  Source[b]

Q59NQ5 GLR1 Glutathione reductase Homology model
A0A1D8PQQ3 GPH1 Alpha-1,4 glucan phosphorylase Homology model
Q5A4E2 DED1 ATP-dependent RNA helicase DED1 Homology model
O74261 HSP60 Heat shock protein 60 Homology model
O74201 UBC2 Ubiquitin-conjugating enzyme E2 2 Homology model
Q59RL1 GNP1 Amino acid transporter AlphaFold
A0A1D8PMB1 GAP5 Amino-acid permease GAP5 AlphaFold
Q5AG77 GAP1 Amino-acid permease GAP1 AlphaFold
A0A1D8PU37 GAP2 Amino-acid permeasse AlphaFold
Q59PZ5 GCN5 Histone acetyltransferase GCN5 Homology model
Q59UP8 MEP2 Ammonium transporter PDB
P46598 HSP90 Heat shock protein 90 PDB
A0A1D8PSY1 GLN1 Glutamine synthetase Homology model
P12461 TMP1 Thymidylate synthase Homology model

Fig. 2  Predicted free ener-
gies of binding of methyl 3,5 
dinitrobenzoate (MDNB) to its 
potential targets in C. albicans 
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carbonyl group was observed in most of the analyzed MD 
snapshots. These interactions were predicted to occur with 
the side chains of Q163 and G131 for GAP1 and GAP5, 
respectively. The distance from the ligand’s carbonyl oxygen 
to one hydrogen atom in the  NH2 group of the side chain 
of Q163 for GAP1 was 2.04 ± 0.03 Å (median 1.98 Å), 
while the Donor-Hydrogen-Acceptor (DHA) angle was 
152.4 ± 1.6° (median 153.4°). Likewise, these values were 
of 2.97 ± 0.12 Å (median 2.34 Å) and 147.3 ± 1.6° (median 
148.8°) for the observed hydrogen bond with G131 from 
GAP5. All the distance and angle values for these atoms in 

the analyzed MD snapshots are provided in the Supplemen-
tary Information in Table S4. Occasional hydrogen bonds, in 
less than 50% of the studied snapshots, were also predicted 
in the MDNB-GAP5 complex with the side chain of Q202 
and with G129. In addition, the ligand was predicted to ori-
ent perpendicularly to F273 and L167, with the central ring 
flanked by S88, F164, G276, G277, and V368 in the com-
plex with GAP1. In the same system, one of the nitro groups 
pointed to G90, G92, and S274, whereas the second group 
interacted with S87, S88, and V368, and the hydroxymethyl 
moiety interacted with Q163, F273, and S436.

Fig. 3  Overall binding modes 
of MDNB to GAP1 and GAP5 
receptors (top), with ligand 
represented as orange spheres. 
Detailed orientation of the 
ligand in the binding cavities 
of GAP1 (center, left) and 
GAP5 (bottom, left) as well 
as diagrams of the predicted 
ligand–receptor interactions. In 
the center and bottom repre-
sentations, compound A is 
represented as balls and sticks. 
Oxygen and nitrogen atoms are 
red and blue, respectively
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In addition to the previously listed hydrogen bonds, the 
central ring of MDNB in its complex with GAP5 was in a 
region lined by L206, F312, A315, and G316. In this com-
plex, the orientation of the hydroxymethyl group was differ-
ent from that observed in the ligand–GAP1 system, and it 
was oriented toward S127, G129, G131, and S313. Further-
more, one of the nitro groups interacted with S126, Y203, 
and V405 of GAP5, whereas the other group made contact 
mainly with Q202 and S472.

In the predicted complex of MDNB with MEP2 (Fig. 4), 
the compound was predicted to bind at the entrance of the 
ammonium transport channel. The central ring stacks in 
front of W167 also interacted with V111 and F119. One 
of the nitro groups of MDNB was exposed to the solvent, 
while the second was oriented parallel to the side chain of 
I110. Finally, the ester moiety buried the binding cavity and 
interacted mainly with Y122, Q123, S243, T244, and G245. 
A hydrogen bond contributing to the stability of the complex 
was predicted between the carbonyl oxygen of MDNB and 
the side chain of Q123. For this hydrogen bond, the car-
bonyl oxygen – hydrogen atom distance was 3.76 ± 0.17 Å 
(median 3.03  Å) and the DHA angle was 123.5 ± 2.8° 
(median 131.1°). These values, worse than those observed 
for GAP1 and GAP5, are a consequence of observing this 
hydrogen bond in only 50% of the analyzed MD snapshots 
(see Supplementary Information Table S4).

Overall, our results suggested a multitarget antifungal 
mechanism of action that interferes with different cellular 

processes. Among the proteins studied in C. albicans, the 
most probable targets of MDNB are four amino acid per-
meases and one ammonium transporter. Despite GAP1, 
GAP5 and MEP2 are all transporter proteins, they show dif-
ferent folding. The amino acid transporters GAP1 and GAP5 
are formed by 12 transmembrane helices, while MEP2 con-
tains 11 of these motifs. In both cases the transmembrane 
segments surround a central channel through which trans-
port occurs. The predicted binding of MDNB to these trans-
porter proteins lead us to hypothesize that the main antifun-
gal mechanism of action of this compound is linked to the 
interference with the uptake of amino acids and ammonium 
to the cell.The uptake of amino acids is essential for fungi, 
and this process has been proposed as a potential target for 
the development of novel antifungal agents [81, 82]. MEP2 
has been linked not only to ammonium transport but also to 
morphological changes in C. albicans, making it an attrac-
tive target for the development of antifungal compounds 
[83]. Although the modeling results presented herein require 
experimental validation, they can guide further laboratory 
assays focusing on the antifungal mechanism of action of 
MDNB. These experiments as well as the optimization of 
the antifungal activity of MDNB derivatives can be coupled 
with more specific modeling studies, for example, longer 
MD simulations for studying the conformational changes 
taking place on the receptors for a small set of complexes.

Finally, the toxicity and physicochemical properties of 
MDNB and the antifungal drugs nystatin and ketoconazole 

Fig. 4  Predicted binding mode 
of methyl 3,5-dinitrobenzoate to 
MEP2. The overall orientation 
of the ligand is depicted in the 
top of the Fig., and the bottom 
section shows the detailed 
ligand–receptor interactions. 
The compound is depicted as 
orange balls and sticks, whereas 
oxygen and nitrogen atoms are 
red and blue, respectively
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were predicted (Table 6). Physicochemical properties were 
computed with the SwissADME webserver [84], while 
toxicity was predicted with the pkCSM webserver [85] 
and show that, except for unsaturation (Fraction Csp3), the 
rest of the physicochemical properties of MDNB have val-
ues favorable for oral bioavailability. In contrast, nystatin 
exceeds the favorable values for polarity and size while keto-
conazole is in the limit for almost all properties. In terms of 
toxicity, the three compounds are predicted with comparable 
toxicological profiles. For MDNB, it is predicted as produc-
ing skin sensitization and to be mutagenic. Overall, these 
are valuable predictions for the future optimization of the 
antifungal activity and pharmacological profile of MDNB. 
Special attention must be paid to the predicted mutagenic 
and skin sensitizing potentials of this compound which must 
be experimentally evaluated and addressed in any further 
hit to lead optimization campaigns. Our findings suggest 
that future studies should be conducted, based on both non-
clinical and clinical research, to test hypotheses that MDNB 
exhibits an appropriate toxicological profile. Considering 
that the physicochemical properties of MDNB can be altered 
without affecting its oral bioavailability, it is possible to pro-
ceed to an optimization process that jointly considers the 
antifungal activity and the toxicological profile.

Conclusion

It was possible to formulate a stable MDNB-loaded nanoe-
mulsion with an EE of 98.90% over 90 days of evaluation. 
The in vitro studies showed that MDNB and MDNB-NE 
inhibited the growth of C. albicans. However, for clinical 
strains, the MIC of MDNB-NE in vitro was higher than 

that of MDNB, indicating that the free compound was more 
effective in inhibiting the growth of these strains. A compu-
tational investigation of the potential mechanism of action 
of the MDNB compound in C. albicans revealed a possible 
multi-target mechanism of action involving different cellu-
lar processes and corroborated the results of in vitro tests 
involving ergosterol and sorbitol. Thus, the data presented 
in this study will serve as a basis for further research on 
antifungal nitro compounds.
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