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A B S T R A C T   

The study focused on the extraction of free erythromycin from commercially manufactured 
tablets and the use of metal salts to synthesize erythromycin-metal complexes, specifically 
involving silver (Ag), nickel (Ni), cobalt (Co), and copper (Cu). The synthesis was confirmed 
through various methods, including elemental analysis, thermogravimetric analysis, Fourier- 
transform infrared (FTIR), and UV–visible spectroscopy. The microbiological investigation 
involved Salmonella typhi, Escherichia coli, Staphylococcus aureus, Bacillus cereus, Candida albicans, 
and Microsporum canis as test organisms. The NCCLS broth microdilution reference method was 
used to determine the minimum fungicidal concentration and minimum inhibitory concentration 
of the complexes. The synthesized complexes were highly effective against a variety of fungi and 
bacteria, with compound Ery-Cu having MIC as low as 1.56 mg/mL, Ery-Cu and Ery-Ni with MBCs 
of 6.25 mg/mL and Ery-Cu having MFC of 6.25 mg/mL. Dose-dependent inhibitory effects were 
found upon examination of the antimicrobial susceptibility of specific complexes (Cu, Ni, Co and 
Ag) at varying concentrations of 100, 50, 25 and 12.5 mm/mL. Antibiotic susceptibility testing 
revealed efficacy against the tested pathogens. The study suggests that the synthesis of 
erythromycin-metal complexes, coupled with their antibacterial effectiveness against a diverse 
spectrum of bacteria and fungi, as they showed promising inhibitory properties when tested 
against a range of test species (Bacillus cereus, Staphylococcus aureus, Escherichia coli, Salmonella 
typhi, Candida albicans, and Microsporum canis), could lead to the development of innovative 
antibacterial agents. Molecular docking simulations were used to examine the interactions 
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between metal complexes with proteins filamentous temperature-sensitive protein Z and lano
sterol 14α-demethylase. The study highlights the need for further exploration in pharmaceutical 
research.   

1. Introduction 

Metal complexes constitute a fascinating and indispensable class of chemical compounds with profound implications across various 
scientific disciplines, encompassing biology, chemistry, and materials science [1]. As expounded by Sodhi and Paul, metal complexes 
are formed through the interaction of metal ions or atoms with neighboring molecules, ions, or ligands via coordinate covalent in
teractions. Owing to their multifaceted attributes, metal complexes bear immense significance in both practical applications and 
scholarly pursuits [2]. In recent years, a considerable number of metal complexes of Schiff bases [3–5]have arisen in a variety of areas, 
including medicinal [6], analytical [7], industrial [8], and antimicrobial applications [9]. Because of their structural composition, 
these compounds are highly effective against malaria, viral, diabetic, fungal, inflammatory, corrosion, cancer, HIV, antipyretic 
symptoms, and helminthic infections [10–13]. Erythromycin, an antibiotic that can be taken orally, was first identified in 1952 by 
McGuire and colleagues. It is derived from a strain of Streptomyces erythreus, which was isolated from a soil sample obtained in the 
Philippine archipelago, as documented in various pharmaceutical and scientific references [14–17]. The medication erythromycin is 
used to treat respiratory tract infections such as pneumonia, bronchitis, whooping cough, and Legionnaires’ disease [17]. It is also 
employed in the treatment of ear, intestinal, gynecological, urinary tract, and skin infections [18]. Additionally, erythromycin is used 
to prevent recurrent bouts of rheumatic fever [19]. 

This threat to life may lead to frequent usage of antibiotics. Because of the frightening rate of upsurge of bacterial infections, as well 
as the frequent use of antibiotics, drug resistance possesses a global health concern [20]. It is therefore imperative that novel anti
bacterial compounds be developed to combat this challenge. Although earlier studies provide insightful information about the syn
thesis and characterization of metal complexes with potential biological uses, the current study has advantages due to its direct 
investigation of antibacterial activity, applicability, focused assessment of protein interactions, and comparative evaluation of com
plex efficacy against a wider range of pathogens [21,22]. Ligands containing oxygen, nitrogen, or sulfur atoms have been found to form 
metal complexes with metals such as copper, zinc, cobalt, and iron. These complexes exhibit improved properties in terms of treating 
conditions like hypertension, malaria, and microbial infections [23–27]. Transition metal ion complexes have demonstrated their 
effectiveness as electron transfer agents in various biological processes. Furthermore, they play a significant role in facilitating oxygen 
transport reactions [28]. 

A viable strategy toward the development of a more potent bioactive molecule involves the complexation of known drugs with 
metal ions [29]. The resultant hybrid compound holds the potential to serve as a safer and more efficacious pharmaceutical agent, 
owing to its synergistic modes of action, improved stability, precision drug delivery, and heightened antibacterial activity. Further 
research and development in this area could yield inventive treatments addressing antibiotic resistance and enhancing patient out
comes. In 2012, the World Health Organization (WHO) released a report [30] that sparked significant interest among researchers in 
natural antibiotics. However, it is essential not to disregard the pursuit of synthetically prepared drugs. While natural antibiotics 
reduce the risk of bacterial resistance [31,32], it’s worth noting that structural alterations to existing antibiotics can achieve similar 
effectiveness. 

The choice of erythromycin for this research is justified by its well-established antibacterial properties, extensive clinical use, and 
availability for research purposes [33]. Cobalt (II) complexes had been reported to be stable and conductive due to the favorable 
coordination environment of amide-based macrocyclic ligands [34]. This provides a strong basis for the synthesis of erythromycin-Ag, 
erythromycin-Co, erythromycin-Cu, and erythromycin-Ni complexes. Coordination compounds containing transition metals such as 
Ru and Co with macrocyclic ligands have been shown to possess antifungal, antibacterial, and anticancer activities [35,36]. Leveraging 
on this idea implies that the therapeutic efficacy of erythromycin – also a macrocyclic ligand - might be increased by combining it with 
metals, especially for antibacterial and possibly anticancer uses. 

These complexes [34–36] contain metal ions that can interact with nucleic acids and proteins to change their biological structures 
and functions. This feature is essential for the therapeutic use of erythromycin-metal complexes since it makes tailored medication 
development possible. For example, cobalt complexes have the ability to selectively target cancer cells via bio-reductive activation; 
this suggests that erythromycin-Co complexes may be able to take advantage of this mechanism for increased activity. In a similar vein, 
specific interactions with bacterial cells may be utilized by erythromycin-Ag, erythromycin-Cu, and erythromycin-Ni complexes to 
enhance antibiotic activity. Therefore, the characteristics and possible uses of transition metal coordination compounds with 
macrocyclic ligands lend strong support to the formation of these erythromycin-metal complexes. Erythromycin, a widely studied 
macrolide antibiotic, exhibits broad-spectrum activity against various bacterial pathogens, making it a valuable representative of its 
antibiotic class for comparative analyses [37]. Factors like accessibility, stability, and solubility influence the selection of specific 
erythromycin derivatives or formulations for experimental studies, highlighting the importance of these characteristics in research 
endeavors [38–40]. Researchers may opt for particular erythromycin formulations based on these factors to ensure the practicality and 
effectiveness of their investigations. Hence, this current research focuses on investigating the antibacterial properties of metal com
plexes of erythromycin with silver, copper, cobalt and nickel, comparing them with the unaltered parent medication to assess the 
influence of diverse element complexation on the antibiotic’s antibacterial efficacy. 
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2. Experimental 

Analytical research-grade solvents and other metal salts were bought from Sigma-Aldrich and used just as they were received. 
Pharmaceutically manufactured Erythromycin was obtained from the pharmacy at Prince Abubakar Audu University Teaching Hos
pital in Anyigba, Nigeria. 

2.1. Extraction of erythromycin 

Pharmaceutically manufactured Erythromycin (500 mg) was purchased and ground into a fine powder. The powdered particles 
placed in a beaker were then soaked in 50 mL of methanol for 24 h. The mixture was filtered as the active ingredient was extracted, and 
the excipient was suspended on the filter. The filtrate was concentrated to obtain free erythromycin. 

2.2. General procedure for the synthesis of erythromycin-metal complexes 

In an oven-dried round-bottom flask, a mixture of erythromycin (1 mmol) and metal salt (0.5 mmol) in 10 mL of ethanol was stirred 
at room temperature for 30 min. After the completion of the reaction, the precipitates were filtered and washed with cold water and 
ethanol to obtain a pure complex. The overall reaction was monitored by thin-layer chromatography (TLC). 

2.3. Preparation of culture media 

Saboraud Dextrose Agar (SDA) and Nutrient Agar (NA) were used for the microbiological analysis of erythromycin metal complexes 
(Ag, Ni, Co and Cu) on the pure culture of the tested dermatophytes. The media was prepared and sterilized according to the man
ufacturer’s instructions at ambient laboratory temperature. 

2.4. Collection of the test organism 

Laboratory isolates of the test organisms (Salmonella typhi, Escherichia coli, Staphylococcus aureus, Bacillus cereus, Candida albicans 
and Microsporum canis) were obtained from the stock culture in the laboratory department of Microbiology at Kogi State University, 
Anyigba. 

2.5. Preparation of fungal inoculum 

Stock inoculum suspensions of fungal isolates were prepared from a 7-15-day-old culture grown on SDA at ambient temperature 
(28 ± 2 ◦C). Matured colonies were covered with 10 mL of sterile saline (0.85 %) and a drop of polysorbate (tween 80 sigma). The 
surfaces were scraped using the tip of a pasture pipette. The resulting mixture of conidial and hyphal fragments was withdrawn and 
transferred to sterile test tubes. Heavy particles were allowed to settle for 15 min at room temperature (28 ± 2 ◦C). The upper sus
pension was mixed using a vortex mixer for 15 s. The turbidity of the supernatants was measured using a spectrophotometer at a 
wavelength of 530 nm and transmission was adjusted to 65–70 %. Each suspension was diluted 1:50 in SDA to obtain conidia sus
pension of 0.5 McFarland (approximately 10 SFU/mL) standards, respectively. Plate counts were performed to verify the conidial 
concentration by plating 0.01 mL of the adjusted conidial suspension to determine the viable number of conidia and millimeters [41]. 

2.6. Preparation of bacterial inoculum 

Using physiological saline, bacterial cell suspensions were prepared from 24 cultures grown on nutrient agar. The turbidity of the 
supernatants was measured using a spectrophotometer at a wavelength of 530 nm and transmission was adjusted to 65–70 %. Each 
suspension was diluted 1:50 in NA to obtain colony-forming units of 0.5 McFarland (approximately 10 CFU/mL) standards, respec
tively. Plate counts were performed to verify the colonial concentration by plating 0.01 mL of the adjusted conidial suspension to 
determine the viable number of colonies and millimeters [41]. 

2.7. Preliminary antimicrobial screening of erythromycin metal complexes (Ag, Ni, Co and Cu) 

The preliminary antimicrobial screening for erythromycin metal complexes (Ag, Ni, Co and Cu) was carried out using the agar 
incorporation method as described by Refs. [28,29]. 0.5 g/mL of the erythromycin metal complexes were mixed with 15 mL of nutrient 
agar (for bacterial isolates) and Sabouraud dextrose agar (for fungal isolates) after cooling and solidification of the medium. The 
seeding was carried out by inoculating the test organisms on the plates. A control plate that contains the organism and the medium 
alone was also set up. The treated and control Petri dishes were incubated at ambient laboratory conditions until growth was apparent 
on the control plates. The presence of growth (+) is a negative test (indicating the non-potency of the test material) and the absence of 
growth (− ) is a positive test (indicating the potency of the test material). 
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2.8. Determination of the antimicrobial activity of erythromycin metal complexes 

2.8.1. Preparation of metal solutions 
The stock solutions of all the metal complexes (Ag, Ni, Co and Cu) were prepared in water at varying concentrations. The complexes 

were ten-fold serially diluted as described by the National Committee for Clinical Laboratory Standards 41, followed by a further two- 
fold dilution in broth to yield the final concentrations required for testing. 

2.8.2. Antimicrobial susceptibility testing of the complexes 
Using physiological saline, cell suspension was prepared to give concentrations equivalent to 0.5 McFaland (106). 0.01 mL of 

organisms was used for further inoculation and further testing. Hundred microliters (100 μL) of the standardized colony suspension 
(106) were evenly spread on NA media. Wells were then bored into the agar media using a sterile 6 mm cork borer and then carefully 
filled with the extracts. The plates were allowed to stand on the laboratory bench for 1 h to allow for proper diffusion of the eryth
romycin and metal complexes into the media. Hexane was used as a negative control, while ketoconazole and erythromycin (25 mg/ 
mL) were used as positive controls for fungi and bacteria, respectively. The plates were incubated and later examined for zones of 
inhibition [42]. 

2.9. Determination of minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC) of the complexes 

The NCCLS broth microdilution reference method was performed according to the NCCLS M27-P [43] with slight modifications. A 
total of 11 test tubes (Khan tubes) were used for the determination of MIC. 1 mL of broth was dispensed into test tubes 2–11 each. From 
the stock solution of the metal complex (100 mg/mL), 1 mL was dispensed into tube 1 and another mL into tube 2. From the content in 
tube 2, two-fold serial dilutions were carried out up to tube 9. From tube 9, 1 mL was pipetted out and discarded. The concentrations in 
the tubes were 100, 50, 25, 12.5, 6.25, 3.125, 1.563, 0.78, and 0.39 mg/mL. A total of 100 aliquots of each organism previously diluted 
to give 0.5 spores/colony/mL were dispensed into tubes 1 to 11, except for tube 10. To tube 10, 1 mL of sterile broth was added. Tube 1, 
which contained 1 mL of the metal complex and 1 mL of the spore solution of the test organism, served as the control for the metal 
complex; tube 10, which contained 1 mL of sterile SDB, served as the control for the sterility of the medium; and tube 11, which 
contained 1 mL of the solution of the test organism and 1 mL of sterile SDB, served as the control for the viability of the test organism. 
All tubes were incubated at ambient temperature until growth was apparent in the growth control tubes. Tubes were observed visually 

Fig. 1. Proposed structure of the erythromycin-based complexes.  

S.A. Egu et al.                                                                                                                                                                                                          



Heliyon 10 (2024) e35536

5

for growth based on turbidity or cloudiness. The lowest concentration of metal complex that produced complete inhibition was 
regarded as the MIC. After the MIC determination, 100 aliquots of broth were transferred from all tubes showing no growth and from 
the first tube in which growth was detectable to plates of solid medium. The plates were incubated at ambient laboratory conditions for 
72 h. The complex with the complex with the lowest concentration, for which subculture did not show any growth, was regarded as the 
MFC. 

2.10. Molecular docking simulation 

Molecular docking simulation were carried out using Molecular Operation Environment (MOEv2019.01) [44]. The crystallo
graphic structure having PDB ID: 3VOB and 5JLC was retrieved from Protein Data Bank (PDB) having the resolution of 2.70 and 2.40 Å 
from x-ray crystallography respectively (https://www.rcsb.org/) [45,46]. The 3D structures were prepared using structure prepara
tion module in MOEv2019.01 via geometry optimization and energy minimization using Amber10:EHT force field. All target com
pounds were sketched using Chemdraw 15.0, were also prepared using standard protocol of MOEv2019.01 using MMFF94x force field 
for energy minimization and energy gradient convergence criteria of 0.1 kcal/mol. The validation process was performed by 
re-docking the original ligands into the active site of receptors. In total 30 conformations of ligand were generated. The highest scored 
conformation of ligand complex was selected for further reconnaissance of binding pattern using Protein-Ligand Interaction Profiler 
(PLIP) while interaction diagram were produced using UCSF Chimera 1.16 software [47]. 

2.11. ADMET profiling 

Swiss ADME is an open-source platform to predict ADME (Adsorption, Distribution, Metabolism, and Excretion) properties of 
compounds [48]. Highest scoring compounds were subjected for ADME profiling of the compounds. The evaluation of Physico
chemical properties such as lipophilicity, water solubility alongside pharmacokinetics, drug-likeness and medicinal chemistry aspects 
of the compounds were considered. Furthermore, in silico toxicity assessments were conducted the highest scoring compounds using 
ProTox-II webserver [49]. 

3. Results and discussion 

3.1. Chemistry 

The erythromycin-based complexes (1–4) (Fig. 1) were synthesized in a one-step reaction procedure that involved the reaction of 
erythromycin and the metal salts within 30 min (Scheme-1). The formation of the target compounds (1–4) was confirmed by spec
troscopic data obtained from FTIR, ultimate analysis, TGA, and UV–Vis spectroscopes. The formation of the complexes was confirmed 
by their behavior under varying temperature conditions, a shift in the maximum wavelength, and a shift in the FTIR vibrations. 

3.2. Detailed spectral study of the complexes 

3.2.1. UV–visible analysis 
The UV–visible spectra of the ligand and its metal complexes were recorded in ethanol. The electronic transitions in the ligands and 

the ligand-metal charge transfer transitions are evident from the lambda maximum value observed from their UV–visible spectra: Ery- 
Ag 1 (λmax: 320 nm), Ery-Ni 2 (λmax: 200 nm), Ery-Co 3 (λmax: 280 nm), and Ery-Cu 4 (λmax: 280 nm). Free erythromycin had been 
reported to have a λmax of 285 nm [50]. 

3.2.2. FTIR analysis 
The surface chemistry of the erythromycin complexes was studied using FTIR spectroscopy to confirm the coordination between the 

metals and the ligand used. The FTIR spectra of the complexes display distinct bands associated with the ligand’s characteristics 

Scheme 1. Reaction scheme for synthesis of erythromycin-based complexes.  
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(Table 1). Specifically, bands falling within the 1409–1461 to 1461 cm− 1 range signify vibrations related to C–N bonds. In the 1103 to 
1163 cm− 1 region, the observed bands can be attributed to the stretching mode of C–O–C bonds, while those spanning from 3302 to 
3922 cm− 1 are assigned to O–H stretching vibrations. Bands in the 1513-1722 cm− 1 range correspond to –C=O functionalities. 
Furthermore, the bands at 2915 and 2922 cm− 1 are indicative of C–H stretching, with the former being associated with the complexes 
and the latter with the ligand. The FTIR spectra provide compelling evidence that the formation of metal complexes likely resulted 
from the interaction of lone pairs on the oxygen atom of the carbonyl groups in the ligand, as evident from the noticeable variation in 
the –C=O peaks (indicated by the arrow in Fig. 2). 

3.3. Ultimate analysis (elemental analysis) 

The elemental analysis results for the four erythromycin complexes are shown in Table-2. Following the determination of the 
experimental percentages of carbon (C), hydrogen (H), nitrogen (N), and oxygen (O), the percentages based on the chemical formula of 
erythromycin complexes were compared to the results. For every complex, the data demonstrate a close match between the calculated 
and experimental values, indicating the precision and structural integrity of the synthesis process. 

3.4. Thermogravimetric analysis 

The complexes were subjected to thermogravimetric and differential thermal (TG/DT) analysis under an air atmosphere with a 
heating rate of 10 ◦C per minute, covering a temperature range from room temperature to 700 ◦C. In Table-3, a comparison of the 
erythromycin-based complexes showed different thermal properties and patterns of breakdown. All four complexes showed a common 
beginning phase in the first stage (Stage I) that was characterized by the release of water molecules (dehydration). For the Copper (Cu) 
complex, this stage was found between 23 and 28 ◦C, for the Silver (Ag) complex between 28 and 285 ◦C, for the Cobalt (Co) complex 
between 28 and 250 ◦C, and for the Nickel (Ni) complex between 28 and 340 ◦C. The resultant mass losses, which ranged from 2.23 % 
to 8.3 %, closely matched the computed values (Fig. 3). Differential Thermal Analysis (DTA) was used to determine the maximum rate 
of mass loss, as shown in Table-3. During the second phase, there was a mass loss of 86.0 % (or 79.0 %) for the silver (Ag) complex 
between 285 ◦C and 440 ◦C. On the other hand, the cobalt (Co) complex showed its second stage at 250 ◦C–390 ◦C, losing 47.5 % of its 
mass (estimated at 42.0 %). The second stage was displayed by the copper (Cu) complex between 260 ◦C and 390 ◦C, with a mass loss of 
26.0 % (estimated as 29.0 %), and by the nickel (Ni) complex between 240 ◦C and 400 ◦C, with a mass loss of 47.4 % (estimated as 43.0 
%). All of the complex’s mass losses during the second stage were very similar to the numbers that were calculated. The silver (Ag) 
complex demonstrated this phase at temperatures higher than 440 ◦C in the third stage, resulting in a mass loss of 13.4 %, which was in 
line with the calculated value of 13.0 %. Comparably, the third stage of the cobalt (Co) complex took place between 390 and 440 ◦C, 
resulting in a mass loss of 50.3 % (or 45.0 %) of the original material. Between 390 ◦C and 560 ◦C, the Copper (Cu) complex showed its 
Stage III, with a mass loss of 64.0 % (estimated as 58.0 %), and between 400 ◦C and 510 ◦C, the Nickel (Ni) complex showed its Stage 
III, with a mass loss of 50.2 % (estimated as 54.0 %). At the stage of complete decomposition (Stage IV or V), the ligand undergoes 
complete decomposition, ultimately yielding metal oxide as the ultimate residual product. That of Ery-Ag was observed at tempera
tures above 440 ◦C, Ery-Co above 630 ◦C, Ery-Cu above 590 ◦C, and Ery-Ni above 510 ◦C. Mass losses of 13 % (calculated 13 %), 9.2 % 

Table 1 
FTIR results of erythromycin and the complexes.  

Compound -OH (cm− 1) -C-H (cm− 1) -C=O (cm− 1) -C-O-C 

Erythromycin 3302 2922 1722 1163 
Ery-Ag complex 3384 2915 1512 1111 
Ery-Ni complex 3310 2915 1551 1111 
Ery-Co complex 3355 2915 1521 1103 
Ery-Cu complex 3392 2915 1580 1111  

Fig. 2. FTIR spectra of free erythromycin and erythromycin-based metal complexes.  
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(calculated 10 %), 9 % (calculated 6 %), and 9 % (calculated 11 %) were observed for Stages IV and V for Ery-Ag, Ery-Co, Ery-Cu, and 
Ery-Ni, respectively (Fig. 4). 

Table-4 revealed the results of the preliminary antimicrobial activity of erythromycin metal complexes (Ag, Ni, Cu and Co) and 
pure erythromycin against the test organisms. All the metal complexes had activity against the tested organisms. Pure erythromycin 
exhibited antibacterial activity against the bacterial isolates, while ketoconazole had antifungal activity against the fungal isolates 
tested. 

At a concentration of 100 mg/mL, Bacillus cereus had an inhibition zone of 19 mm, Staphylococcus aureus, Escherichia coli and 
Salmonella typhi had inhibition zones of 17 mm, Candida albicans had an inhibition zone of 13 mm and Microsporum canis had an 
inhibition zone of 14 mm. At a concentration of 50 mg/mL, Bacillus cereus had an inhibition zone of 16 mm; Staphylococcus aureus and 
Salmonella typhi had 15 mm; Escherichia coli had14 mm; Candida albicans and Microsprum canis had 11 mm. At a concentration of 25 

Table 2 
Result of elemental analysis of the complex.  

Complex C (%) found (calcd) H (%) found (calcd) N (%) found (calcd) O (%) found 
(calcd) 

Ery-Ag 43.42 ± 0.3 (48.68) 9.80 ± 0.3 (8.17) 0.35 ± 0.1 (1.53) 27.59 ± 0.2 (29.80) 
Ery-Co 42 34 ± 0.21 (55.03) 7.21 ± 0.43 (8.24) 1.23 ± 0.56 (1.73) 28.32 ± 0.54 (27.74) 
Ery-Cu 45.72 ± 0.12 (51.17) 8.40 ± 0.34 (8.59) 0.75 ± 0.6 (1.61) 30.39 ± 0.6 (31.32) 
Ery-Ni 42.73 ± 0.52 (54.89) 8.76 ± 0.45 (8.47) 0.45 ± 0.3 (1.73) 29.34 ± 0.54 (27.67)  

Table 3 
Thermogravimetric analysis of the metal complexes.  

Complex Temp. (oC) DTA (oC) Stage Mass loss (g) 
Found (Calcd. %) 

Assignment 

C37H74AgNO17 28–285 
285–440 
>440 

270 
440 
750 

I 
II 
III 

8.0 (8.0) 
86.0 (79.0) 
13.4 (13) 

Dehydration of H2O 
C37H66NO12 

AgO 
C37H74CoNO17 28–250 

250–390 
390–440 
440–630 
>630 

180 
300 
440 
625 
630 

I 
II 
III 
IV 
V 

2.23 (3.0) 
47.5 (42.0) 
50.3 (45) 
5.7 (5.0) 
9.2 (10.0) 

Dehydration of H2O 
C21H36O6 

C16H30NO7Co 
C2H6N 
CoO 

C37H74CuNO17 23–260 
260–390 
390–560 
>560 

230 
330 
420 
690 

I 
II 
III 
IV 

8.3 (8.0) 
26.0 (29.0) 
64.0 (58.0) 
9.0 (6.0) 

Dehydration of H2O 
C8H15CuNO3 

C29H51O10 

CuO 
C37H68NiNO14 28–340 

240–400 
400–510 
>510 

240 
330 
480 
720 

I 
II 
III 
IV 

2.23 (2.0) 
47.4 (43.0) 
50.2 (54.0) 
9.0 (11.0) 

Dehydration of H2O 
C21H36O6 

C16H30NNiO7 

NiO  

Fig. 3. TG curve of Ery-Ag, Ery-Ni, Ery-Co and Ery-Cu. Heating rate: 10 
◦

C/min.  
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mg/mL, Bacillus cerues had inhibition zones of 14 mm, Staphylococcus aureus and Salmonella typhi, 13 mm, Escherichia coli, 12 mm, 
Candida albicans, 8 mm, and Microsporum canis, 10 mm. At a concentration of 12.5 mg/mL, Bacillus cereus had an inhibition zone of 12 
mm. Staphylococcus aureus and Salmonella typhi had 11 mm, Eschrichia coli had 10 mm, Candida albicans had 6 mm, and Microsporum 
canis had inhibition zones of 8 mm (Table-5). 

Table-6 shows the antimicrobial susceptibility of the Erthromycin/Nickel complex at different concentrations of 100 mg/mL, 50 
mg/mL, 25 mg/mL, and 12.5 mg/mL mg/mL, Bacillus cereus and Salmonella typhi had inhibition zones of 18 mm, Staphylococcus aureus 
and Escherichia coli had inhibition zones of 16 mm, Candida albicans had 15 mm and Microsporum canis had 14 mm. 50 mg/mL, Bacillus 
cereus had an inhibition zone of 15 mm, Staphylococcus aureus and Escherichia coli had an inhibition zone of 14 mm, Salmonella typhi had 
16 mm, Candida albicans had 13 mm and Microsporum canis had 12 mm. At the concentration of 25 mg/mL, Bacillus cereus had in
hibition zone of 13 mm, Staphylococcus aureus and Escherichia coli had inhibition zone of 12 mm, Salmonella typhi 14 mm, Candida 
albicans had 11 mm and Microsporum canis had 9 mm. At Bacillus cereus had an inhibition zone of 13 mm at 25 mg/mL, Staphylococcus 
aureus and Escherichia coli had 12 mm, Salmonella typhi had 14 mm, Candida albicans had 11 mm, and Microsporum canis had 9 mm. 
concentration of 12.5 mg/mL, Bacillus cereus had an inhibition zone of 11 mm, Staphylococcus aureus and Escherichia coli had an in
hibition zone of 10 mm, Salmonella typhi had a zone of 12 mm, Candida albicans had an inhibition zone of 8 mm and Microsporum canis 
also had an inhibition zone of 8 mm. 

Fig. 4. DTA curve of Ery-Ag, Ery-Ni, Ery-Coand Ery-Cu. Heating rate: 10 
◦

C/min.  

Table 4 
Preliminary antimicrobial susceptibility of erythromycin metal complexes (Cu, Ni, Co and Ag) against the test organisms.   

Organisms 
Erythromycin Complexes Ery Ket 

Ery-Cu Ery-Ni Ery-Co Ery-Ag 

Bacillus cereus – – – – – +

Staphylococcus aureus – – – – – +

Escherichia coli – – – – – +

Salmonella typhi – – – – – +

Candida albicans – – – – + – 
Microsporum cania – – – – + – 

Key: Ket – ketoconazole, 25 mg/mL for fungi, Ery – Erythromycin, 25 mg/mL for bacteria. (− ) – absence of microorganism, (+) – presence of 
microorganism. 

Table 5 
Antimicrobial Susceptibility of Ery-Cu complex at different concentrations of 100 mg/mL, 50 mg/mL, 25 mg/mL and 12.5 mg/mL.  

Organism Complex Concentration (mg/mL) Positive Control Negative Control 

100 50 25 12.5 

Bacillus cereus 19 16 14 12 11 0 
Staphylococcus aureus 17 15 13 11 10 0 
Escherichia coli 17 14 12 10 11 0 
Salmonella typhi 17 15 13 11 11 0 
Candida albicans I3 11 8 6 10 0 
Microsporum canis 14 11 10 8 11 0 

Key: Ket-ketoconazole, 25 mg/mL for fungi, Ery-Erythromycin, 25 mg/mL for bacteria. Negative control - Hexane. 
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Table-7 revealed the antimicrobial susceptibility of the Erthromycin/Nickel complex at different concentrations of 100 mg/mL, 50 
mg/mL, 25 mg/mL, and 12.5 mg/mL. At concentrations of 100 mg/mL, Bacillus cereus and Salmonella typhi had zones of inhibition of 
20 mm, Staphylococcus aureus had 21 mm, Escherichia coli had 19 mm. Candida albicans and Microporum canis had 16 mm, At a con
centration of 50 mg/mL, Bacillus cereus had a zone of inhibition of 18 mm, Staphylococcus aureus 19 mm, Salmonella typhi and 
Escherichia coli 17 mm, Candida albicans had 14 mm and Microsporum canis had 13 mm. At a concentration of 25 mg/mL, Bacillus cereus 
had a zone of inhibition of 16 mm, Staphylococcus aureus 16 mm, Salmonella typhi and Escherichia coli 15 mm, Candida albicans had 12 
mm and Microsporum canis had 11 mm. At concentrations of 12.5 mg/mL, Bacillus cereus and Escherichia coli had zones of inhibition of 
13 mm, Staphylococcus aureus had 14 mm, Salmonella typhi had 11 mm, Candida albicans had 10 mm and Microsporum canis had 9 mm. 

Table-8 shows the antimicrobial susceptibility of the erthromycin/silver complex at different concentrations of 100 mg/mL, 50 mg/ 
mL, 25 mg/mL and 12.5 mg/mL. At concentrations of 100 mg/mL, Bacillus cereus, Escherichia coli and Salmonella typhi had inhibition 
zones of 22 mm, Staphylococcus aureus had inhibition zones of 21 mm, Candida albicans and Microsporum canis had inhibition zones of 
17 mm. At concentrations of 50 mg/mL, Bacillus cereus and Escherichia coli had inhibition zones of 20 mm, Staphylococcus aureus and 
Salmonella typhi had 19 mm, Candida albicans and Microsporum canis had 15 mm. At a concentration of 25 mg/mL, Bacillus cereus had an 
inhibition zone of 18 mm; Staphylococcus aureus and Escherichia coli had inhibition zones of 17 mm; Salmonella typhi had inhibition 
zones of 16 mm; Candida albicans and Microsporum canis had inhibition zones of 13 mm. At a concentration of 12.5 mg/mL, Bacillus 
cereus had an inhibition zone of 16 mm; Staphylococcus aureus and Salmonella typhi had inhibition zones of 14 mm; Candida albicans and 
Microsporum canis had inhibition zones of 11 mm. 

Table-9 shows the minimum inhibitory concentration (MIC) and minimum cidal (bactericidal, MBC, or fungicidal, MFC) con
centrations. The minimum inhibitory concentration (MIC) of erythromycin/cupper complex was 1.56 mg/mL for Bacillus cereus, and 
Candida albicans, 3.125 mg/mL for Staphylococcus aureus, Escherichia coli, Salmonella typhi and Microsporum canis, and was cidal to all 
the organisms tested at the concentration of 25 mg/mL. Erythromycin/nickel complex had MICs of 3.125 mg/mL against B. cereus, 
Staph. aureus, C. albicans, and M. canis; 6.25 mg/mL against E. coli and S. typhi; and was cidal to B. cereus and C. albicans at a con
centration of 6.25 mg/mL; Staph. aureus, E. coli, and M. canis at 12.5 mg/mL; and S. typhi at25 ml/mL erythromycin/cobalt complex 
mic against B. cereus and Staph. aureus was 3.125 mg/mL, E. coli, S. typhi, C. albicans, and M. canis was 6.25 mg/mL, and was cidal to 
B. cereus, Staph. aureus, S. typhi, and M. canis at a concentration of 6.25 mg/mL, and E. coli and C. albicans at 12.5 mg/mL. The 
erythromycin/silver complex had MICs of 3.125 mg/mL against B. cereus, Staph. aureus, and M. canis and 6.25 mg/mL against E. coli, S. 
typhi and C. albicans. It was cidal to B. cereus, S. aureus, and S. typhi at a concentration of 12.5 mg/mL. E. coli, C. albicans and M. canis at 
25 mg/mL. 

The antimicrobial activities of the synthesized complexes were compared with those of reference drugs (ketoconazole for fungi and 
erythromycin for bacteria). This was done by measuring their zone of inhibition diameter (mm). A previous report has shown that 
Ni2+, Cu2+, and Zn2+ complexes possessed moderate antibacterial activities with the free ligand as a result of the chelation [51,52]. 
This is in agreement with the results reported in the literature, indicating a better performance of complexes over their free ligand [53, 
54]. Sahraei et al. [55] also reported the antibacterial superiority of the copper (ii) complex of a 4-amino antipyrine derivative over its 
free ligand. In a recent report by Refs. [56,57], some Cu(II) complexes performed better than their macrocyclic ligands, to the extent of 

Table 6 
Antimicrobial Susceptibility of Ery-Ni complex at different concentrations.  

Organism Complex Concentration (mg/mL) Positive Control Negative Control 

100 50 25 12.5 

Bacillus cereus 18 15 13 11 11 0 
Staphylococcus aureus 16 14 12 10 10 0 
Escherichia coli 16 14 12 10 11 0 
Salmoneella typhi 18 16 14 12 12 0 
Candida albicans 15 13 11 8 10 0 
Microsporum 

Canis 
14 12 9 8 11 0 

Key: Ket – ketoconazole, 25 mg/mL for fungi, Ery – Erythromycin, 25 mg/mL for bacteria. Negative control - Hexane. 

Table 7 
Antimicrobial Susceptibility of Ery-Co complex at different concentrations.  

Organism Complex Concentration (mg/mL) Positive Control Negative Control 

100 50 25 12.5 

Bacillus cereus 20 18 16 13 11 0 
Staphylococcus aureus 21 19 16 14 10 0 
Escherichia coli 19 17 15 13 11 0 
Salmoneella typhi 20 17 15 11 12 0 
Candida albicans 16 14 12 10 10 0 
Microsporum 

Canis 
16 13 11 9 11 0 

Key: Ket – ketoconazole, 25 mg/mL for fungi, Ery – Erythromycin, 25 mg/mL for bacteria. Negative control - Hexane. 
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having additional applications as antibacterial and antifungal agents. The high water solubility of amide-based Co(II) complexes 
provided an antimicrobial advantage over their ligand counterparts [58]. Only in rare cases have the ligands shown more activity than 
their corresponding complexes, although the same report expressed better antifungal activities for the complexes compared to the 
ligands [59]. 

Herein, we have incorporated Ag, Ni, Cu, and Co metals into erythromycin and have screened them against bacterial strains as 
indicated in Tables 4–9 The observation in this report is that the complexes had both antibacterial and antifungal activities, as opposed 
to the free ligand, which possessed only antibacterial activities. The activities of the complexes can be attributed to the disappearance 
of the polarity of the metal, leading to the orbitals of ligands overlapping to share the metal’s positive charge with the donor groups 
during chelating [53]. This chelating process favors the lipophilicity of the metal atoms, subsequently inhibiting the metal binding sites 
of the microbes [60,61]. 

The entire process increases the antibacterial action of the complexes. This study has revealed that erythromycin’s usability can be 
extended by complexing it with metals, making it potentially “sought after” in the pharmaceutical industry. The activities of the 
complexes in this present work can compete favorably with previous reports. The zones of inhibition herein lie between 6 mm and 22 
mm, comparable with the report of Subhash and co-workers, falling within a similar range [52,62]. 

3.5. Structure activity relationship 

In the process of finding and developing new drugs, it is critical to comprehend the biological properties of synthetic molecules. 
They can be used to identify safety profiles and possible therapeutic applications by looking at how they affect cellular processes. 
Through comparative research, we can clarify structure-activity links that are essential for optimizing medication candidates. 

In comparison, as shown in Fig. 5, the compound Ery-Cu (MIC = 1.56 mg/mL) showed better activity against B. cereus, while the 
other three compounds are at par (MIC = 3.125 mg/mL). All the complexes showed equal potency against S. aureus, while Ery-Cu (MIC 
= 3.125 mg/mL) showed the highest activity against E. coli and S. typhi. The other complexes also had similar activities. Against 
C. albicans, Ery-Cu (MIC = 1.56 mg/mL) also had better activity, followed by Ery-Ni (MIC = 3.125 mg/mL), and then Ery-Ag and Ery- 
Co at MICs of 6.25 mg/mL each. Ery-Cu (MIC = 3.125 mg/mL), Ery-Ni (MIC = 3.125 mg/mL), and Ery-Ag (MIC = 3.125 mg/mL) all 
had better activities than Ery-Co (MIC = 12.5 mg/mL). 

In relation to MBC/MFC (Fig. 6), Ery-Cu and Ery-Ni with MBCs of 6.25 mg/mL showed better activity than Ery-Co and Ery-Ag, each 
having MBC of 12.5 mg/mL against B. cereus. Against S. aureus, Ery-Cu (MBC = 6.25 mg/mL) showed better activity than the remaining 
compounds, which had an MBC of 12.5 mg/mL. Against E. coli, Ery-Cu (MBC = 6.25 mg/mL) displayed the best activity, followed by 
Ery-Ni (MBC = 12.5 mg/mL), and then Ery-Co and Ery-Ag had the same activity (MBC = 25 mg/mL). When tested against S. typhi, Ery- 
Cu still displayed the highest activity (MBC = 6.25 mg/mL), followed by Ery-Co (MBC = 12.5 mg/mL), Ery-Ag (MBC = 12.5 mg/mL), 
and then Ery-Ni (MBC = 25 mg/mL). Ery-Cu (MFC = 6.25 mg/mL) and Ery-Ni (MFC = 6.25 mg/mL) showed better activity than Ery-Co 
(MFC = 25 mg/mL) and Ery-Ag (MFC = 25 mg/mL) against C. albicans. Ery-Cu (MFC = 6.25 mg/mL) surpassed Ery-Ni (MFC = 12.5 

Table 8 
Antimicrobial Susceptibility of Ery-Ag complex at different concentrations.  

Organism Complex Concentration (mg/mL) Positive Control Negative Control 

100 50 25 12.5 

Bacillus cereus 22 20 18 16 11 0 
Staphylococcus aureus 21 19 17 14 10 0 
Escherichia coli 22 20 17 15 11 0 
Salmoneella typhi 22 19 16 14 12 0 
Candida albicans 17 15 13 10 10 0 
Microsporum 

Canis 
17 15 13 11 11 0 

Key: Ket-ketoconazole, 25 mg/mL for fungi, Ery-Erythromycin, 25 mg/mL for bacteria. Negative control - Hexane. 

Table 9 
Minimum inhibitory concentration (MIC) and minimum cidal (bactericidal, MBC/fungicidal, MFC) concentrations.  

Dermatophytes Ery-Cu (mg/mL) Ery-Ni (mg/mL) Ery-Co (mg/mL) Ery-Ag (mg/mL)  

MIC MFC MIC MFC MIC MFC MIC MFC 
Bacillus cereus 1.56 6.25 3.125 6.25 3.125 12.5 3.125 12.5 
Staphylococcus 

Aureus 
3.125 6.25 3.125 12.5 3.125 12.5 3.125 12.5 

Escherichia coli 3.125 6.25 6.25 12.5 6.25 25 6.25 25 
Salmonella typhi 3.125 6.25 6.25 25 6.25 12.5 6.25 12.5 
Candida albicans 1.56 6.25 3.125 6.25 6.25 25 6.25 25 
Microsporum 

Canis 
3.125 6.25 3.125 12.5 6.25 12.5 3.125 25 

Key: MIC- Minimum inhibitory concentration MFC- Minimum cidal concentration. 
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mg/mL) and Ery-Co (MFC = 12.5 mg/mL), and then finally Ery-Ag (MFC = 25 mg/mL) against M. canis. Generally, Ery-Cu showed 
more potency in comparison with other studied complexes. 

3.6. Molecular docking simulation 

In current study, molecular docking simulation is used to unravel the potential connections and binding strength in order to 
anticipate the best binding orientation and affinity between the protein and ligand. In this study, the proteins pdb 3VOB and 5JLC were 
selected due to their critical roles in bacterial cell function. Consequently, molecular docking studies were conducted to explore 
potential interactions between the active site of 3VOB: FtsZ (filamentous temperature-sensitive protein Z), a bacterial protein involved 
in cell division, and lanosterol 14α-demethylase (CYP51), an essential enzyme in the ergosterol biosynthetic pathway of fungi. These 
interactions were analyzed against synthesized metal complexes to aid in the structure-based design of new drugs [63–65]. 

At first, Redocking experiment was first performed using different algorithm, out of which Alpha triangle with Alpha HB and ASE as 
scoring function for 3VOB and Alpha Triangle with Affinity dG with GBIV/WSA dG a s scoring function for 5JLC using induced fit 
protocol were selected based on Root Mean Square Deviation (RMSD) found to be less than 3 Å i.e., 0.69 Å for 3VOB and 1.84 Å for 
5JLC in Fig. 7a and b. According to the docking results metal complexes of nickel and copper displayed the best results as compared to 
other complexes and standards. 

Fig. 5. MIC of studied complexes.  

Fig. 6. MFC of studied complexes.  
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3.6.1. Inter-molecular interaction pattern of 3VOB 
The nickel complex displayed the hydrophobic interactions with Leu200 and Asn263 and a total of three electrostatic interactions 

were found to be generated moderately weak interactions with Gly196, Gly227 and a strong interaction with Val310 at a distance of 
3.5, 3.0 and 2.5 Å respectively with binding affinity of − 41.70 kcal/mol. However, the copper complex was observed to maintain 
hydrophobic interactions with Asp199, Ile228 and Val297. It established three weak electrostatic interactions with Ile197, Asn263 and 
Val310 having distances of 3.2, 3.2 and 3.4 Å with the biding affinity of − 40.50 kcal/mol as represented in Fig. 8a and b and Table-10. 

3.6.2. Inter-molecular interaction pattern of 5JLC 
Interaction pattern analysis revealed that Nickel complex displayed the hydrophobic interactions with Tyr127, Lys152, His318 and 

Leu381 and three weak and one fairly strong electrostatic interaction were found to be generated with Tyr127, Tyr141 and two with 
Arg386 at a distance of 3.5, 2.8, 3.0 and 3.2 Å respectively, with binding affinity of − 10.02 kcal/mol. Meanwhile, the copper complex 
was observed to generate hydrophobic interactions with Leu381. It established five strong electrostatic interactions with Tyr141, 
Lys151, Ile473 and two bonds were generated with amino group of Arg386 having distances of 2.8, 3.3, 3.5, 2.6 and 2.9 Å with the 
biding affinity of − 9.51 kcal/mol as represented in Fig. 9a and b and Table-10. 

3.6.3. ADMET profiling 
The physicochemical and pharmacokinetic properties of hit compounds obtained from the docking studies were studied by Swiss 

ADME. The parameters include Lipinski’s rule of five, the solubility of compounds and the potential to cross the blood-brain barrier. As 
depicted in the Table-11, none of the shortlisted compounds permeated the blood-brain barrier representing a safe profile of the 
compounds towards the nervous system. The compounds were predicted to have low GI absorption thus making them less oral bio- 
available referring to the intravenous route of administration. Due to the high molecular weight and presence of a heavy atom, 
compounds displayed two violations of the Lipinski’s rule of five of drug likeness. The in-silico toxicity assessments of the shortlisted 
compounds to estimate their safety profiles were predicted to have LD50 values of 2650 mg/kg for the selected hits. The toxicity classes 

Fig. 7. Re-docked pose of 3VOB (a) and 5JLC (b) with its cognate ligand having lowest RMSD.  

Fig. 8. Docked pose of Ni-complex in orange (a) and Cu-complex in green (b) with 3VOB represented in light blue colour displaying their in
teractions. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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of the compounds predicted belong with class 4 depicting low toxicity and are unlikely to cause significant harm at normal therapeutic 
doses making them promising candidates for drug development. 

4. Conclusion 

The synthesis of metal complexes based on erythromycin (Cu, Ni, Co, and Ag) was successfully achieved in a single step, as 
confirmed by multiple spectroscopic analyses. This study presents a simple method for preparing erythromycin-metal complexes using 
metal salts in a one-step reaction with free erythromycin from commercially available tablets. The metal salts coordinated, forming 
stable complexes. These complexes demonstrated antimicrobial activity against various test species, including bacteria and fungi. The 
antimicrobial susceptibility of specific complexes was examined at varying concentrations, and the effective concentrations needed to 
inhibit and kill the microorganisms were determined. The synthesized complexes were highly effective against a variety of fungi and 
bacteria, with compound Ery-Cu having MIC as low as 1.56 mg/mL, Ery-Cu and Ery-Ni with MBCs of 6.25 mg/mL and Ery-Cu having 
MFC of 6.25 mg/mL. Dose-dependent inhibitory effects were found upon examination of the antimicrobial susceptibility of specific 
complexes (Cu, Ni, Co and Ag) at varying concentrations of 100, 50, 25 and 12.5 mm/mL. The binding patterns and affinities of the 
metal complexes with lanosterol 14α-demethylase and Ftsz proteins were clarified by molecular docking simulations, indicating their 
potential as candidates for structure-based drug design. Complexes of nickel and copper showed significant interactions with 
important residues of amino acids, suggesting potential use of these compounds in bacterial cell division and fungal infection 

Table 10 
Interaction Pattern of nickel and copper metal complexes.  

Compound Protein Binding Energy (kcal/mol) Hydrogen Bonding Distance (Å) Hydrophobic Interactions 

Ni-complex 3VOB − 41.70 Gly196 
Gly227 
Val310 

3.5 
3.0 
2.5 

Leu200 
Asn263 

5JLC − 10.02 Tyr127 
Tyr141 
Arg386 
Arg386 

3.5 
2.8 
3.0 
3.2 

Tyr127 
Lys152 
His318 
Leu381 

Cu-complex 3VOB − 40.50 Ile197 
Asn263 
Val310 

3.2 
3.2 
3.4 

Asn199 
Ile228 
Val297 

5JLC − 9.51 Tyr141 
Lys151 
Ile473 
Arg386 
Arg386 

2.8 
3.3 
3.5 
2.6 
2.9 

Leu381  

Fig. 9. Docked pose of Ni-complex in orange (a) and Cu-complex in green (b) with 5JLC represented in light grey colour displaying their in
teractions. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 11 
The Swiss ADME properties of selected compounds.  

Compound Formula Mol. Weight (g/mol) Bio-availability score GI Absorption BBB permeant Lipinski’s Rule of 5 

Ni- complex C37H64NNiO13 789.60 0.11 Low No 2 violation 
Cu-complex C37H64CuNO13 794.45 0.11 Low No 2 violations  
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therapies. The metal complexes based on erythromycin exhibit promise as antibacterial agents, making them desirable candidates for 
further pharmacological research. Further research is needed to prove their safety and effectiveness for medicinal uses. 
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