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Abstract
Imidazoles are a category of azole antifungals that encompass compounds such as ketoconazole, miconazole, esomeprazole, 
and clotrimazole. In contrast, the triazoles group, which includes fluconazole, voriconazole, and itraconazole, also plays 
a significant role. The rise of antibiotic resistance in fungal pathogens has evolved into a substantial global public health 
concern. In this study, two newly synthesized imidazo[1,2-a]pyridine derivative (Probe I and Probe II) molecules were inves-
tigated for its antimicrobial potency against of a panel of bacterial (Gram-positive and Gram-negative bacteria) and fungal 
pathogens. Among the different types of pathogens, we found that Probe II showed excellent antifungal activity against fungal 
pathogens, based on the preliminary screening the potent molecule further investigated against multidrug-resistance Candida 
sp. (n = 10) and compared with commercial molecules. In addition, in-silico molecular docking, its dynamics, absorption, 
distribution, metabolism, excretion and toxicity (ADMET) were analyzed. In this study, the small molecule (Probe II) dis-
played potent activity only against the Candida spp. including several multidrug-resistant Candida spp. Probe II exhibited 
minimum inhibitory concentration ranges from 4 to 16 µg/mL and minimum fungicidal concentration in the range 4‒32 µg/
mL as the lowest concentration enough to eliminate the Candida spp. The selected molecules inhibit the formation of yeast 
to mold as well as ergosterol formation by the computational simulation against Sterol 14-alpha demethylase (CYP51) and 
inhibition of ergosterol biosynthesis by in-vitro model show that the Probe II completely inhibits the formation of ergosterol 
in yeast cells at 2× MIC. The ADMET analysis Probe II could be moderately toxic to the human being, though the in-vitro 
toxicity studies will help to understand the real-time toxic level. The novel compound Probe II, which was synthesized dur-
ing the study, shows promise for development into a new generation of drug treatments aimed at addressing the emerging 
drug resistance in Candida sp.
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RMSD  Root mean square deviation
RMSF  Root mean square fluctuation
MHB  Muller Hinton broth
MHA  Muller Hinton agar
CLSI  Clinical & Laboratory Standards Institute
PBS  Phosphate buffer saline
PDB  Protein data bank

Introduction

The resistance of Candida albicans to azole drugs represents 
a great global challenge. The resistance of C. albicans to 
azole drugs represents a great global challenge (Cui et al. 
2022). Fungal infection accounts for an annual estimate of 
15 lakh deaths and causes infection over a billion (Mahmoud 
et al. 2021). Among the human pathogenic fungi, Candida 
genus is considered to be of great clinical vulnerable, and 
the genus Candida is pivotal in causing infection, including 
oral candidiasis, vaginitis, cutaneous candidiasis, candi-
demia, and systemic infections (Oliveira Santos et al. 2018; 
Alabi et al. 2023). C. albicans is an opportunistic second-
most common pathogen (Bar-Yosef et al. 2017). Although C. 
albicans is generally considered to be harmless, it can occa-
sionally result in serious infections that can be life-threaten-
ing (Mayer et al. 2013). The rise in candidemia caused by 
non-albicans Candida spp. and the increasing resistance to 
antifungal drugs is a growing interest in the medical field. 
The presence of fungi that are resistant to multiple drugs, 
such as Candida auris and other Candida spp., adds to the 
complexity of this issue. In hospitals, the prevalence of mul-
tidrug-resistant Candida species, C. albicans and Candida 
glabrata, poses a significant threat to immunocompromised 
individuals (Panda et al. 2021; Daneshnia et al. 2023). Can-
dida infections in the bloodstream remain the most prevalent 
and serious fungal disease, and 70–80% of the C. albicans 
isolates discovered in sick patients are caused by Candida 
spp. (Chin et al. 2016). The C. lusitaniae, C. krusei, and C. 
kefyr are among the Candida spp. that have been reported 
to show resistance to multiple drugs in patients with hema-
tologic malignancies after exposure to antifungals. They are 
the second-most commonly documented Candida spp. caus-
ing deep-seated infections in the US and several European 
centers (Wang et al. 2015; Zhao et al. 2015).

The mechanism of antifungal resistance in these spe-
cies is primarily due to the overexpression of multidrug 
efflux pumps, alterations in target proteins, and modifica-
tions in the composition of the membrane sterol (Bruder-
Nascimento et al. 2014). Likewise, the new emergence of 
C. auris, which is often resistant to available antifungal 
drugs, further aggravates the challenge of treating candi-
demia. The available antifungal drugs such as fluconazole 
and amphotericin B and other azole antifungal agents are 

often ineffective against C. auris, leaving echinocandins 
as the first-line drugs for treatment. However, the limited 
options for treating C. auris infections emphasize the urgent 
need for new antimycotic molecules with alternative modes 
of action against this pan-resistant Candida spp. (Kamli 
et al. 2021). The yeast cells become resistant to the many 
azole antifungal agents such as fluconazole, itraconazole, 
and ketoconazole which are the only azole antifungal agents 
available in nineteenth century. Since Candida spp. is highly 
life-threatening worldwide, there is an urgent need for novel 
chemotherapeutic molecules for treating widespread fungal 
infections (Rahimi-Verki et al. 2016; Odds 1993; Iyer et al. 
2022). Therefore, a new imidazo[1,2-a]pyridine moiety has 
been found to be effective against the multiple Candida spp. 
Further, the biological compatibilities of this molecule were 
studied extensively.

Experimental section

Materials and methods

The newly synthesized imidazol[1,2-a]pyridine derivatives 
namely [Probe I (2-(3-(tert-butylamino)imidazo[1,2-a]pyri-
din-2yl) phenol)] and Probe II [(N-(tert-butyl)-2-(pyridin-
2-yl)imidazo[1,2-a]pyridin-3-amine)] were obtained from 
the Department of organic chemistry, Council of Scientific 
and Industrial Research–Central Leather Research Institute 
(CSIR–CLRI), Chennai, Tamil Nadu and maintained at 
room temperature for further use.

Strain selection

Staphylococcus aureus (ATCC® 25923™), Enterococcus 
faecalis (ATCC® 29212™), Escherichia coli (ATCC® 
11229™), Pseudomonas aeruginosa (ATCC® 15442™), C. 
albicans (ATCC® 10231™), and C. albicans (ATCC90028) 
were obtained from American Types of Culture Collec-
tion (ATCC) and eight clinical isolates of Candida spp. 
were obtained from Biocontrol Microbial Metabolites 
Lab, Centre for Advanced Studies in Botany, University 
of Madras, Guindy Campus, Chennai, with the GenBank 
submission numbers, namely C. tropicalis (ATCC750), C. 
albicans (KT315910), C. tropicalis (KT315910), C. albi-
cans (KT315901), C. albicans (KT831886), Candida sp. 
(KT831887), C. dubliniensis (KT831888), C. albicans 
(KT831889), and C. albicans (KT315909).

Antibiotics preparation

The antifungal agents were procured from different medi-
cal shop near Kotturpuram, Chennai, Tamil Nadu, India, 
and every antibiotic were prepared according to its 
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manufacturing instructions using double-distilled water, 
dimethyl sulfoxide and methanol as a solvent with the fol-
lowing formula:

where V is the volume required, C is the final concentration, 
and W is the weight of the tablet.

Antimicrobial activity

Antimicrobial activity of synthesized two imidazo[1,2-a]
pyridine (Probes I and II) derivatives was initially screened 
for antimicrobial activities, and based on activities, the disk 
diffusion assay was carried out for 10 Candida spp. Briefly, 
the pathogens were harvested from the early stationary phase 
of growth, and cultures’ concentration was adjusted to 0.4 
O.D for bacteria and 0.5 (O.D) for C. albicans using sterile 
Muller Hinton Broth (MHB); the pathogens were swabbed 
on sterile Muller Hinton Agar (MHA) medium on Petri 
plates; the wells made using cork borer 100 µL of crude 
metabolites were loaded on the respective wells in a Petri 
plates for the disk diffusion assay 40 µg/disk concentration 
of probe 2 and commercially available antibiotics (Flucona-
zole, Esomeprazole and Ketoconazole) were loaded on disk 
and kept near MHA medium; every plate loaded with test 
samples was incubated at 37 °C for 16 h. The zone of inhi-
bitions was measured using zone scale. Experiments were 
performed with biological triplicates.

Minimum inhibitory concentrations (MICs)

The MIC of Probes and commercial antibiotics were deter-
mined in 96-well micro-titer test plates. According to Clini-
cal & Laboratory Standards Institute (CLSI) guidelines and 
EUCAST, the MIC was conducted. Test pathogens were 
cultured in MHB (HiMedia, India). Different concentration 
probe II (512, 256, 128, 64, 32, 16, 8, 4, 2, and 1 mg/L), 
Probe I (1819.75, 909.87, 454.93, 227.46, 113.73, 56.86, 
28.43, 14.21, 7.10, and 3.55 µM/L) and Probe II (1922.35, 
961.17, 480.58, 240.29, 120.14, 60.07, 30.03, 15.01, 7.50, 
and 3.75 µM/L) were added to the 96-well plates, and 5 μL 
of clinical pathogens (OD 0.4–0.5 at 600 nm) grown for 12 h 
was added to respective wells. After 16 h of incubation at 
37 °C, the 10 μL of freshly prepared MTT (3-(4,5-Dimeth-
ylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) (Sigma, 
USA) (5 mg/mL concentration) was added to all the wells 
including control; after being covered with aluminum foil, 
each plate was incubated for 30 min at dark condition. Then, 
100 μL of Dimethyl Sulfoxide (DMSO) as a solubilizing 
agent was added and then kept for 15‒30 mins. To deter-
mine the proportion of growth inhibition and to record it, 

Total weight/Potency × V × C = W

optical density (OD) measurements were made at 595 nm 
in an ELISA reader. In addition, pathogens are compared 
with the antibiotics.

Minimum fungicidal concentration (MFC)

The minimum fungicidal concentration of Probe II was car-
ried out for 10 fungal pathogens. Briefly a series of various 
concentration of molecules and antibiotics were tested at dif-
ferent concentration of 512, 256, 128, 64, 32, 16, 8, 4, 2, and 
1 mg/L, and the molecular weight of test compound Probe 
I (1819.75, 909.87, 454.93, 227.46, 113.73, 56.86, 28.43, 
14.21, 7.10, and 3.55 µM/L) and Probe II (1922.35, 961.17, 
480.58, 240.29, 120.14, 60.07, 30.03, 15.01, 7.50, and 
3.75 µM/L) was calculated. Imidazo molecules are dissolved 
in 96-well plates using (Sabouraud dextrose broth) SDB 
medium. The 5 μL of fungal pathogens was inoculated, then 
plates were incubated for 18 h. After incubation, the four 
wells were chosen before and after MIC values, and from all 
the wells, the 100 µL samples were transferred into sterile 
MHA medium and spread using L road; after 24 h incuba-
tion, the plates and existence of colonies were observed and 
the absence of colonies were noted as minimum fungicidal 
concentration and results were noted.

Hemolytic assays

The biological compatibility of Probe II was carried out 
using human blood cells. The freshly collected human blood 
cells from the voluntaries were washed thrice with PBS. The 
different concentrations of imidazo molecule (512, 256, 128, 
64, 32, 16, 8, 4, 2, and 1 μg/mL) were diluted in 800 µL of 
PBS solution, and 200 μL of blood sample was added to 
each micro-centrifuge tubes separately and sterilized micro-
filter plates were used after the tubes were centrifuged at 
5000 rpm for 7 mins and incubated for 1 hr at 37 °C. Absorb-
ance measurements were taken at 570 nm and the amount 
of hemoglobin were calculated. The PBS was used as the 
negative control and 1% Triton X-100 was used as a positive 
control. The % hemolysis was interpreted as follows:

These investigations were done twice and results are 
expressed by mean ± standard deviation (± SD).

Live and dead assay

Live and dead fungal (Candida spp.) viability assay of Probe 
II was analyzed using the modified technique of Velusamy 
and coworkers (2015). Briefly, the 20-h-old fungal culture 
grown in SDB was diluted as optical density (O.D) 0.4 at 

Hemolysis Percentage =
(

A540 of extract
)

−
(

A540 of PBS
)

∕
[(

A540 of 1% Triton x - 100
)(

A540 of PBS
)]

× 100
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600 nm and 2× MIC of Probe II was treated with selected 
C. albicans for 25 mL, the cells were incubated at 37 °C and 
1 mL of cultured broth was transferred into sterile micro-
centrifuge tubes for different time period ranging from 0 min 
to 6 h. The suspended cells were separated by centrifuging 
for 10 mins at 7000 rpm, and 0.1% of Acridine orange and 
ethidium bromide (1:1) was added to the pellet mixed well 
and 0.5 mL of PSB pH-7.0 was added to each pellet and cen-
trifuge 7000 rpm. After discarding supernatants, pellets were 
again dissolved in 50 µL PBS solution, and one drop of cell 
suspension was placed in a microscopic slide covered with 
a cover slip and observed under the Multiphoton Confocal 
Microscope 600 magnification. The number of cells dead 
was calculated, and the inhibition of yeast to mold formation 
was also observed.

Molecular docking and dynamics

Structure preparations

The molecule Probe II was docked against the Sterol 
14-alpha demethylase (CYP51) protein from C. albicans 
using the AutoDock 4.2 tool. The 3D crystal structures of 
CYP51 (PDB ID: 5TZ1) were downloaded from the Pro-
tein Data Bank (PDB) and constructed for future investiga-
tions. The 3D structures of CYP51 were applied to remove 
the water molecules and added to the charges by Pymol 
software. The structure of Probe II (ligand) was drawn in 
Chemdraw Ultra and then exported as a PDB file using Open 
Babel. The structure of the ligand was energy-minimized to 
stabilize. The Probe II energy minimization was carried out 
in Avogadro software. For energy minimization, the chemi-
cal force field and steepest descent algorithm were applied 
(Somarathinam et al. 2023).

Molecular docking simulations

The AutoDock 4.2 docking program57 employed the opti-
mized CYP51 protein and Probe II (ligand). Partial Loll-
man charges and polar hydrogen atoms were sent to CYP51 
target receptors, which were then converted into “pdbqt” 
file that contains solvation parameter coordinates and partial 
charges. In addition, the ligand was given hydrogen atoms 
and all the torsion angles were being transformed into a 
“pdbqt.” To create grid maps surrounding the active site, an 
Autogrid box of coordinates with 40 40 40 points and a grid 
spacing of 0.375 was created. The Lamarckian genetic algo-
rithm was utilized, and the default docking parameters were 
adjusted for a total of 100 GA runs. With respect to substan-
tial interaction of H-bond with binding energy (kcal/mol), 
least root mean square deviation (RMSD), and inhibitory 

concentration, the result for docking of protein–ligand com-
plexes was examined from the top clusters (Somarathinam 
et al. 2023).

Molecular dynamics (MD) simulations

The characteristics of protein and ligand complexes can 
be thoroughly understood via MD simulations, using 
the GROMACS 2018.3 programme, and it was carried 
as proposed by Somarathinam et al. (2023) with slight 
modification. Briefly, MD up to 100 ns was performed 
on the Probe II–CYP51 complex. Proteins, ligands and 
 H2O were employed as parts of MD. Protein chains (in 
apo state) of all four complexes were segregated and 
along with its topology were also created by utilizing 
the CHARMM-36 force field. The protein was defined as 
being 1.5 nm from the box’s edge in all directions, and 
the SPC water molecules were then placed inside the pre-
scribed dodecahedron box. Further, it is balanced by add-
ing opposite  Cl− ions. By steepest descent minimization 
algorithm, the simulated system was put through 500 steps 
of energy minimization. Equilibration of ions as well as 
solvents was done in two restricted phases. The NVT (iso-
thermalisochoric) ensemble with a reference temperature 
of 310 K was then adjusted for 1 ns, followed by the NPT 
(isothermal-isobaric) ensemble with a reference pressure 
of 1.0 bar. Finally, systems that had been equilibrated were 
put through a production run of 100 ns.

Ergosterol extraction and estimation assay

A 100 µL of C. albicans from SDB was used to inoculate 
10 mL of SDB for the test culture medium in a test tube. 
The Probe II was added at concentration of 1× and 2× 
MIC followed by fluconazole used as a positive control in 
separate test tubes. The fungal culture was incubated for 
16 h and the cell pellets were separated by centrifugation 
at 5000 rpm for 10 mins. The total weight of the fungal cell 
pellet was measured. The alcoholic potassium hydroxide 
solution 25% (3 mL) was added to each pellet and mixed 
well for 1 min using vortex mixer. The cell suspensions 
were transferred to sterile screw-cap test tubes and incu-
bated at 85 °C in water bath for 1 h. After incubation, the 
tubes were allowed to cool. The total sterols content was 
then extracted by addition 1 mL of sterile distilled water 
and 3 mL of n-heptane followed by vigorous vortex mixing 
for 3 mins. The solvent layer (heptane) was transferred to 
a screw-cap tube and stored at − 20 °C for the further use. 
To analyze the ergosterol content, 20 μL aliquot of sterol 
extract was diluted fivefold in 100% ethanol and absorp-
tion spectrum was measured at 295 nm using spectropho-
tometer (UV–Vis Spectrophotometer). To determine the 
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ergosterol content, Breivik and Owades (1957) outlined a 
method that involves calculating it as a percentage of the 
wet weight of the cell.

ADMET prediction analysis

To determine ADMET characteristics such as absorption, 
distribution, metabolism, excretion, toxicity, and physico-
chemical properties of all chemicals, the online prediction 
website ADMET lab 2.069 was used. Drug resemblance 
characteristics were found using the Lipinski rule of five 
in pkCSM (https:// biosig. lab. uq. edu. au/ pkcsm/ predi 
ction) and ADMET lab 2.0 (https:// admet mesh. scbdd). 
The probe II was changed to SMILES format using Chem-
draw Ultra; also, SMILES format was then posted to the 
pkCSM and ADMET lab 2.0 web servers. In addition, 
it makes it simpler to design the appropriate structures 
using the JMSE editor. When SMI structure was loaded, 
the data were submitted using the submit button, which 
generated ADMET characteristics as pdf that were down-
loaded and tabulated.

Results

Imidazo molecules

The imidazo[1,2-a]pyridine moieties play a vital role in 
pharmaceutical industries, medicinal chemistry and in 
various domains such as virology, endocrinology and 
cancer biology. Future therapeutic applications for novel 
imidazo[1,2-a]pyridines are possible (Enguehard-Gue-
iffier and Gueiffier 2007), and a viable strategy for cre-
ating medicinal compounds with new therapeutic indica-
tions involves using current medicines (Juárez-López and 

Schcolnik-Cabrera 2021). Here, we examined the antifun-
gal and antibacterial properties of a newly synthesized 
novel imidazo[1,2-a]pyridines (Fig. 1) (Mala et al. 2019).

Antimicrobial activity

Two synthesized imidazole molecules (Probes I and II) were 
tested against a panel of Gram-positive, Gram-negative and 
fungal pathogens to check their antimicrobial potential. As 
depicted in Table 1, both the probes had no effect against 
E. faecalis and E. coli, whereas Probe II had better activity 
against P. aeruginosa with the highest concentration. Probe 
II exhibited an excellent zone of inhibition zone against C. 
albicans with a maximum inhibition zone (30.5 ± 0.7 mm 
at 200 µg) compared with Probe I (15.5 ± 0.7 at 200 µg) 
(Fig. 2) (Fig. S1a and 1b).

Minimum inhibitory concentration (MIC) of human 
pathogens

The MIC of Probes I and II against the Gram-positive, 
Gram-negative and fungal pathogens strains are presented 
in Table 2. Among the tested bacterial and fungal strains, 
the most susceptible was found against fungal pathogens 
C. albicans, with MIC values ranging between 7.50 and 
15.01 μM/L for Probe II and Probe I show 454.93 μM/L, 
respectively. Probe I showed the highest activity against P. 
aeruginosa 454.93 μM/L for bacterial pathogens and Probe 
II shows 240.29 μM/L for E. coli and P. aeruginosa, respec-
tively. Overall, Probe II demonstrated the highest activity 
against C. albicans at 15.01 μM/L (Table 2, Fig. S2).

Probe I Probe II 

Fig. 1  Chemical structure of imidazo[1,2-a]pyridine derivatives

https://biosig.lab.uq.edu.au/pkcsm/prediction
https://biosig.lab.uq.edu.au/pkcsm/prediction
https://admetmesh.scbdd
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Potential of anti‑candidal activity of Probe II 
against multidrug‑resistance Candida spp.

Based on preliminary screening, the Probe II found to be 
a potential source against Candida spp. Further to identify 
its potential against different multidrug-resistance Candida 
spp. Probe II exhibited better antifungal activity against all 
selected Candida spp. compared with commercial antifungal 
drugs (Table 3). Among the 10 different clinical isolates, 

the zone of inhibition ranged between 12.5 and 18.5 mm at 
40 µg per disk concentration (Fig. 3, Table 3, Fig. S3).

Minimum inhibitory concentration (MIC) 
and minimum fungicidal concentration (MFC) 
of Probe II

The MIC for Probe II was observed at 15.01 µM/L concen-
tration against three clinical isolates, namely C5, C8 and 
C10 followed by 30.03 µM/L concentrations against six 
isolates, namely C1, C2, C3, C6, C7, and C9, whereas the 
MFC was 15.01 µM/L against C5, C8 and C10 followed 
by 30.03 µM/L. Comparatively, the Probe II was effectively 
inhibiting the growth and kills the fungal cell at the lowest 
concentration µM/L and µg/mL against C5, C8, and C10 
clinical isolates (Table 4) (Fig. S4a–c 5).

Mechanism studies of anti‑candidal activity

It is well known that the virulence of Candida depends on its 
transition from the yeast form to filamentous hyphae (Sionov 
et al. 2020). Multiphoton confocal microscopic observation 
of fungal mycelium treated with Probe II showed 95% of cell 
death after treatment and the inhibition of mycelia forma-
tion was observed (Fig. 4) At 1 h of exposure, more than 
75% of cells, and after 8 h, 95% of cell death was observed. 

Table 1  Antimicrobial activity 
Probe I

ZOI zone of inhibition
a Mean ± standard deviation

Probe Concentration Antibacterial ZOI (mm)a Antifungal ZOI (mm)a

Gram positive Gram negative

E. faecalis E. coli P. aeruginosa C. albicans

I 100 µg/well 0 0 10.5 ± 0.7 0
150 µg/well 0 0 11 ± 0 14.5 ± 0.7
200 µg/well 0 0 12 ± 1.4 15.5 ± 0.7

II 100 µg/well 0 0 13.5 ± 0.7 25.5 ± 0.7
150 µg/well 0 0 15 ± 0.7 28.5 ± 0.7
200 µg/well 0 0 15.5 ± 0.7 30.5 ± 0.7

A A
B

BNC
NC

C C

Probe I Probe 

A: 100 µg; B: 150 µg; C: 200 µg; NC: Negative control

Fig. 2  Antifungal activity of Probes I and II

Table 2  Minimum inhibitory 
concentration MIC of 
synthesized organic compounds

NA not appeared

Molecules Minimum inhibitory concentration (MIC) (µM/L)

Gram-positive bacte-
rium

Gram-negative bacterium Fungal pathogen

VREF E. coli P. aeruginosa C. albicans

Probe PC Probe PC Probe PC Probe PC

Probe I 909.87 4 909.87 4 454.93 2 454.93 NA
Probe II 1,922.35 2 240.29 8 240.29 4 15.01 NA
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In addition, no mycelial formation was observed in treated 
cells, whereas in untreated cells, the mycelial formation was 
observed after 4 h of culture growth (Fig. S5).

Hemolytic activity of Probe II

To determine the hemolytic activity of the Probe II, a stand-
ard hemolysis assay was performed. These results showed 
that there is no significant increase in hemolysis compared 

to negative control, with a maximum hemolysis of 0.45% 
observed at 512 μg/mL. Thus, the findings suggest that the 
Probe II has no ability to disrupt red blood cell membranes 
and cause hemolysis even at higher concentration. Further 
studies are needed to be explored on different human cells 
for its toxicity studies (Fig. 5, Table 5).

Table 3  Antifungal activity 
of Probe II against multidrug-
resistance Candida spp.

NA not appeared; ZOI zone of inhibition

S. no Pathogens Esomeprazole Fluconazole Ketoconazole Probe II (ZOI ± SD) Control

1 C1 NA NA NA 13.5 ± 0.7 NA
2 C2 NA NA NA 14.5 ± 0.7 NA
3 C3 NA NA NA 14 ± 0.7 NA
4 C4 NA NA NA 12.5 ± 0.7 NA
5 C5 NA NA NA 18.5 ± 0.7 NA
6 C6 NA NA NA 14.5 ± 0.7 NA
7 C7 NA NA NA 14.5 ± 0.7 NA
8 C8 NA NA NA 16.5 ± 0.7 NA
9 C9 NA NA NA 15.5 ± 0.7 NA
10 C10 NA NA NA 17.5 ± 0.7 NA

Fig. 3  Antifungal activity of 
Probe II

A

NC

F

P K

F: Fluconazole; K: Ketoconazole; A: Amphotericin B; P: Probe II; NC: Negative control

Table 4  The minimum 
inhibitory and minimum 
fungicidal concentration of 
Probe II against multidrug-
resistance Candida sp.

ND Not determined

S.no Pathogens Esomeprazole Fluconazole Ketoconazole Probe II (µM/L)

µg/mL MIC MFC MIC MFC MIC MFC MIC MFC

1 C1 ND ND ND ND ND ND 30.03 60.07
2 C2 ND ND ND ND ND ND 30.03 120.14
3 C3 ND ND ND ND ND ND 30.03 60.07
4 C4 ND ND ND ND ND ND 60.07 60.07
5 C5 ND ND ND ND ND ND 15.01 15.01
6 C6 ND ND ND ND ND ND 30.03 30.03
7 C7 ND ND ND ND ND ND 30.03 60.07
8 C8 ND ND ND ND ND ND 15.01 15.01
9 C9 ND ND ND ND ND ND 30.03 60.07
10 C10 ND ND ND ND ND ND 15.01 15.01
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Molecular docking Probe II with CYP51 by AutoDock 
tool 4.2

Molecular docking model of Probe II was carried out for 
CYP51 (PDB ID:5TZ1) inhibitor. On the basis of their inter-
actions with the corresponding active residues and binding 
energies, a hundred conformations produced by a complex 
and the cluster confirmations along with the outcomes have 
been investigated. The binding clusters of Probe II with 
CYP51 complex had highest binding energy of − 7.59 kcal/
mol, whereas pi–alkyl interactions were noted for Piperi-
dine and imidazole rings of Probe II with B″ helical turn 
of CYP51 as illustrated in Fig. 6. In addition, this complex 
formed vdW contact with PHE228, LEU300, GLY303, 

TreatedUntreated

Fig. 4  Confocal microscopic observation of mycelial formation of C. 
albicans 

   512     256     128      64       32       16         8         4         2         1         PC      NC

Fig. 5  Hemolytic activity of Probe II

Table 5  Percentage of 
hemolytic activity of Probe II

Con. µg/mL 512 256 128 64 32 16 8 4 2 1

Probe II 0.45 ± 0.63 0 0 0 0 0 0 0 0 0

Fig. 6  Molecular docking of 
Probe II with CYP51 protein
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ILE304, GLY307, GLY308, THR311, LEU121, THR122 
and MET508 from the Helix B′, Helix F″, Helix I, K/β1–4 
loop, and β4 hairpin pockets, respectively (Table 6).

Molecular dynamics simulations of probe 2 
with CYP51

We have predicted the dynamics and stability of Probe 
II–CYP51 complex. We executed 100 ns MD simulations for 
that complex using GROMACS. Following the procedure, 
complex output trajectories were analyzed to explore the 
simulation’s numerous properties notably, radius of gyration, 
RMSD and RMSF(Rg). In initial MD simulation, the RMSD 
values of probe II–CYP51 complex were observed near to 
0.22‒0.29 nm having a mean RMSD of 0.23 nm as depicted 
in Fig. 7A, while that of ligand RMSD were discovered to 
be 0.09‒0.13 nm having a mean RMSD of 0.09 nm which 
is shown in Fig. 7B. These RMSD regions have made sure 
that the complex is stable without experiencing significant 
changes in the protein’s orientation. The computed RMSF 
value of this complex falls between 0.30 and 0.55 nm with 
an average of 0.15 nm. It has fluctuations at the end of the 
loop area, which is common in MD simulations (Fig. 8).

The outcomes of our three MD simulations were com-
bined and it was revealed that the probe II–CYP51 complex 
had the minimal RMSD values for the protein backbone 
and ligand and exhibited nearly imperceptible variations. 

Table 6  The essential residues and binding pocket of the CYP51 protein with probe 2

Complex Binding pockets Attributes Residues

Probe 2–CYP51 Helix B′
B″ helical turn
Helix F″
Helix I
K/β1–4 loop
β4 hairpin

Pi–alky/vdW/pi–sigma
Pi–alky/vdW
vdW/pi–sigma
vdW
Pi–alky/vdW/pi–sigma
Pi–alky/vdW

TYR118, LEU121, THR122 and PHE126
VAL130, ILE131 and TYR132 PHE228 and PHE233, GLY303, ILE304, GLY307, 

HIS310 and THR311
LEU376 and SER378
MET508 and VAL509

Fig. 7  As a function of time, (A) and (B), respectively, show the RMSD of the protein (CYP51) and probe 2

Fig. 8  The RMSF of CYP51 with probe 2 complex
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Unexpectedly, the location of these fluctuations outside the 
binding cavity suggests that they had no effect on the overall 
hardness, flexibility and the integrity of the complex. The 
complex had minute differences in their gyration radii, con-
firming the general compactness of protein–ligand complex, 
which is illustrated in Figs. 8 and 9.

Validation of probe 2 with CYP51 protein binding 
by molecular dynamics simulations

The binding action of the probe II–CYP51 complex at the 
time intervals of 0, 25, 50, 75 and 100 ns were then inter-
preted, as shown in Fig. 10. The key residues and binding 
pockets of the CYP5 with the probe II are listed in Table 7.

The crystal structure of CYP51 had a number of binding 
pockets, including Helix B′, B″ helical turn, Helix F″ Helix 
I, K/β1–4 loop and β4 hairpin as illustrated in Table 7. 
Helix B′ binding pocket residues TYR118, LEU121, 
THR122 and PHE126 occurred pi–alkyl stacking, vdW 
and pi–sigma interaction with probe II around the MD 
simulation. The B″ helical turn binding pocket residues 
such as VAL130, ILE131 and TYR132 formed pi–alkyl 
and vdW contacts with probe II at 0 ns to 100 ns of MD 
simulation, whereas TYR132 residue created pi–alkyl 
contact at the beginning of the MD process, and then it 
made vdW contact at 25–100 ns. During the MD simula-
tion, Helix I’ binding pocket residues GLY303, ILE304, 
GLY307, HIS310 and THR311 were maintained via VDW 
with probe II. The K/β1–4 loop binding pocket contained 
the residues LEU376 and SER378, which were involved in 
the pi–alkyl, vdW and pi–sigma interactions with probe II 
throughout the MD. β4 hairpin binding pocket residues of 

Fig. 9  Gyratory radius of CYP51 with probe II complex

Fig. 10  Binding action of probe II–CYP51 complex with different intervals of MD simulations
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CYP51 such as MET508 and VAL509 were made to inter-
act with probe II through vdW and pi–sigma interactions 
at 0–100 ns of the MD simulation (Fig. 10).

Inhibition of ergosterol biosynthesis

Total sterol content of cells from C. albicans treated with 
Probe II at varying concentrations was studied. At 1× and 
2× MICs, Probe II showed % ergosterol inhibition in C. 
albicans, at the concentration. The potential link between 
growth inhibition and the concentration of ergosterol in C. 
albicans was investigated using two treatments (Probe II 
and fluconazole as the control). The absorption spectra of 
the control exhibited four distinct peaks characteristic of 
sterols (Fig. 11). The Probe II at 1× and 2× concentrations 
caused reduced ergosterol levels of the yeast cells.

The absorption peak at 285 nm was used to quantify 
the ergosterol concentration, allowing for the calculation 
of the percentage of inhibition of its synthesis. Compared 
to fluconazole, the Probe II shows the greater percentage 
of inhibition (Probe II at 1× MIC 93.44%, 2× MIC 99% 

and fluconazole 11%) of ergosterol in the yeasts (Fig. 12). 
This result suggests that the target site of probe to could 
effectively bind with sterol 14-alpha demethylase (CYP51) 
from Candida albicans stage of the ergosterol biosynthetic 
pathway.

ADMET properties

Lead optimization heavily relies on the identification of bio-
chemical action of Probe II from drug delivery to elimina-
tion. The majority of synthesized compounds exhibit great 
pharmacological action, and yet few are generally unac-
cepted majorly because of its weak absorption, distribution, 
metabolism, excretion, and toxicity (ADMET) properties 
(Bodedla et al. 2015). The newly developed drug candidate 
should be non-toxic, effectively given, and absorbed into 

Table 7  The probe II–CYP51 was interacted with the vdW (green), 
pi–alkyl (pink) and pi–sigma (purple) contacts around the binding 
residues of the proteins during 0–100 ns of MD simulations

CYP51-Probe2 

0 ns 25 ns 50 ns 75 ns 100 ns 

TYR118 TYR118 TYR118 TYR118 TYR118 

LEU121 LEU121 LEU121 LEU121 LEU121 

THR122 THR122 THR122 THR122 THR122 

PHE126   PHE126  

VAL130 VAL130 VAL130 VAL130 

ILE131 ILE131 ILE131 ILE131 ILE131 

TYR132 TYR132 TYR132 TYR132 TYR132 

PHE228 PHE228 PHE228 PHE228 PHE228 

PHE233 PHE233 PHE233 PHE233 

LEU300 

GLY303 GLY303 GLY303 GLY303 GLY303 

ILE304 ILE304 

GLY307 GLY307 GLY307 GLY307 GLY307 

GLY308 

HIS310 HIS310 

THR311 THR311 THR311 THR311 THR311 

LEU376 LEU376 LEU376 LEU376 LEU376 

SER378  SER378 

ILE379 ILE379 ILE379 ILE379 

MET508 MET508 MET508 MET508 MET508 

VAL509 VAL509 

Fig. 11  Effect of probe II on the concentration of ergosterol synthesis 
in Candida sp

Fig. 12  Percentage of ergosterol inhibition
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systemic circulation without impairing biological activity. 
The assessment of ADMET characteristics is crucial in 
the drug development process even though these methods 
appear to be distinct from one another. Therefore, using the 
online tool ADMETlab 2.0, the physicochemical character-
istics, ADME and for Probe II, and medicinal properties 
of probe II were calculated. Physical and chemical charac-
teristics, Caco-2 permeability, human intestinal absorption, 
blood–brain barrier (BBB) permeability, P-glycoprotein 
substrate, respiratory toxicity, eye corrosion, eye irritation, 
AMES toxicity, plasma protein binding, ClearanceMDCK 
permeability, Half-life (T1/2), carcinogenicity, and synthetic 
accessibility were taken into account when determining the 
ADME factors. In expressions of Human Intestinal Absorp-
tion (HIA), it was found that all substances had positive cal-
culated values, indicating that they can more readily pass 
through the intestinal barrier. The Probe II had higher PPB 
values (95.05%) in this investigation found to be low thera-
peutic index though the further in-vitro study may help to 
find the complete toxicity. The BBB and blood placental bar-
riers (BPB) were exposed to moderate probability of being 
BBB positive. The fraction unbound (Fu) is found to be very 
low as 3.039%. The metabolism of Probe II shows values 
0.119–0.981 property for CYP1A2 inhibitor, CAP1A2 sub-
strate, and CYP2C19 inhibitor. The excretion property of 
Probe II show the clearance (CL) is 4.085 mL/min/kg T1/2 
found as 0.528 (Supplementary Table 1).

Discussion

Imidazopyridine is one of the important fused bicyclic 
5–6 heterocycles and it is recognized as a “drug prejudice” 
scaffold due to its wide range of applications in medicinal 
chemistry (Bagdi et al. 2015) and it is an important tar-
get in organic synthetic chemistry and have attracted the 
critical attention of chemists mainly due to the discovery 
of the interesting properties exhibited by a great number 
of imidazo[1,2-a]pyridine derivatives. Although lot of 
synthetic methods of imidazo[1,2-a]pyridines have been 
developed in the past years, the chemistry community faces 
continuing challenges to use green reagents, maximize atom 
economy and enrich the functional group diversity of prod-
ucts. Undoubtedly, with its low cost and lack of environ-
mentally hazardous byproducts, cascade reactions and C–H 
functionalization are ideal strategies for this field. In this 
record, we highlight some of our progress towards the goal 
to synthesis of imidazo[1,2-a]pyridine derivatives through 
carbene transformations or C–H functionalizations (Yu et al. 
2019). Candidiasis is a major health problem where Can-
dida spp. forms biofilm on endothelial and epithelial cells. In 
immunosuppressed people, it can lead to systemic infection 
and even death. The oral cavity, the genitourinary tract, and 

the intestine are the most frequent infection sites. It is impor-
tant to find treatments that can interfere with the early adhe-
sion of the fungi to the host cells (Sionov et al. 2020). The 
imidazo[1,2-a]pyridines derivatives have excellent activity 
against herpesviruses, cytomegalovirus (Gudmundsson and 
Johns 2007), cytomegalovirus and/or varicella-zoster virus, 
and Human Rhinovirus. The imidazo[1,2-a]pyridine also 
acts as antifungal as well as anthelmintic agents, the prom-
ising drug candidate for antitumor therapy, antiulcer agents, 
M. tuberculosis and M. bovis, anticonvulsant studies, anti-
protozoal agents, analgesic and anti-inflammatory proper-
ties (Gueiffier et al. 1996; Goel et al. 2016; Abrahams et al. 
2012). In a study, 34 imidazole derivatives were screened for 
their antimicrobial potential among them five compounds 
found to be highly potential against all tested fungal stains, 
namely Saccharomyces cerevisiae, Candida albicans and 
Candida krusei (Bouchal et al. 2019). Likewise, another 
study found that three azole compounds revealed excellent 
antimicrobial activity against all Gram-positive and Gram-
negative bacteria, and the fungal A. flavus, while moderate 
activity against C. albicans; six compounds displayed higher 
activities against Gram-positive bacteria (S. aureus and B. 
subtilis) and the Gram-negative P. aeruginosa (Hashem 
et al. 2020). As discussed earlier, the imidazole molecules 
possess wide range of microbial activity. However, in this 
present study, we found that imidazo[1,2-a]pyridine deriva-
tive possesses excellent anti-candidal activity rather than the 
bacterial activity.

The mechanism of action of triazoles is based on the 
inhibition of the microsomal cytochrome P450 (CYP450) 
monooxygenase-dependent 14-α-demethylase. The demeth-
ylation of fungal lanosterol is a two-step process involving 
the reduced form of nicotinamide dinucleotide phosphate 
(NADPH) and oxygen. As nitrogen from the triazole ring 
binds to the heme iron, oxidation of the methyl group is 
prevented. The combination of the accumulation of toxic 
14-α-methylsterols and depletion of ergosterol results in the 
fungistatic effect (Sagatova et al. 2015).

Conclusion

The antifungal effects of imidazo[1,2-a]pyridine derivatives 
were investigated and it was found to effectively inhibit the 
growth and proliferation of different fungal strains, including 
drug-resistant Candida spp. In fact, a minimum inhibitory 
concentration of 4 μg/mL proved sufficient in eradicating 
these fungal pathogens. Moreover, the in-silico analysis 
demonstrates that Probe II exhibits strong binding affinity 
to the target site of sterol 14-alpha demethylase inhibitors 
from C. albicans. It has been observed that Probe II effec-
tively inhibits ergosterol formation. Preliminary cell-based 
assays have shown that minimal toxicity towards human 



Archives of Microbiology (2024) 206:186 Page 13 of 14 186

blood samples and ADMET analysis indicates moderate 
compatibility across all the categories. These findings sug-
gest a potential application for this new imidazole derivative 
in topical treatment for Candidal infections and contribute 
to ongoing research on the development of novel antifungal 
medications.

Supporting information

Additional figures all well diffusion photos, Minimum inhib-
itory concentration and hyphal formation inhibition from 
Candida are presented in PPT. Accession Codes: PDB code 
for Sterol 14-alpha demethylase (CYP51) protein from C. 
albicans is 5TZ1.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00203- 023- 03780-w.
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