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Investigation of the inherent characteristics of
copper(i) Schiff base complexes as antimicrobial
agentst

Thasnim P Mohammed,? Abinaya Sushana Thennarasu,® Ravi Jothi,”
Shanmugaraj Gowrishankar,® Marappan Velusamy,® Suman Patra® and
Muniyandi Sankaralingam (2 *@

We synthesised a sequence of structurally related copper(i) complexes of Schiff base ligands, 2-[(2-benzyl-
amino-ethylimino)-methyll-phenol [L1(H)], 2-[(2-benzylamino-ethylimino)-methyll-4-methyl-phenol [L2(H)],
and 2-[(2-benzylamino-ethylimino)-methyl]-4-bromo-phenol [L3(H)]. The complexes were characterized by
ATR, UV-vis, EPR, ESI-MS, single crystal XRD, and elemental analyses. Based on the crystal structure, the
ligand was coordinated to the copper(i) centre in a tridentate mode through phenolate(oxygen), imine
nitrogen and amine nitrogen in an NNO fashion and the azide moiety served as an auxiliary ligand.
Furthermore, we have investigated the antimicrobial activities of copper(l) complexes against clinically
relevant fungal strains, including Candida albicans, Candida glabrata, and Candida tropicalis, as well as
bacteria such as Pseudomonas aeruginosa and methicillin-resistant Staphylococcus aureus (MRSA),
representing Gram-negative and Gram-positive pathogenic strains. Comparing the activity of complex 2
(128-512 pg mL™Y) to complex 3 (64-128 ug mL™), the latter demonstrated more potent effectiveness
against all of the tested fungal strains. The activity of the complexes against MRSA reveals the inhibitory
concentrations of 1024 pg mL™ for 1, 128 pg mL™ for 2, and 256 pg mL™ for 3. It is worth mentioning
that, at their minimum inhibitory concentrations (MICs), the complexes are not toxic to Galleria mellonella.
Furthermore, the spot and broth microdilution assay results were in good agreement with the actual
metabolic viability of bacterial and fungal strains, in which the complexes were active while having no effect
on the metabolite resazurin. Additionally, in silico studies have been employed to elucidate both non-bonding
interactions and the mode of action across protein sequences of experimentally studied microbes. The
performance of complexes closely mirrored the reactivity order determined in in vitro studies. The impeding
properties of complexes can be due to the dysfunctioning of virulent genes and signalling proteins and also
affect the activities of transferase and transcriptase proteins. Overall, the complexes are promising candidates
for antimicrobial drug development. We anticipate utilising these molecules for clinical purposes.

1. Introduction
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During World War 1II, several metal-based compounds
with biological applications were discovered and gained wide
acceptance. However, the excessive use and misuse of antimicro-
bial drugs lead to resistance to pathogenic diseases. Considering
this, the World Health Organisation (WHO) announced that
antimicrobial resistance (AMR) is one of the biggest menace to
the entire global community. Therefore, to combat microbial
illnesses, chemists and biologists came together to develop
medicines. In line with this, the main emphasis of modern
bioinorganic chemistry research is on developing coordination
compounds with exceptional functionalities for biological
applications.'™ Substantially, the applications of transition metal
complexes have been extended to a wide range, owing to the ease
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of formation of these complexes with high stability and potenti-
ality in different oxidation states.* Concomitantly, the complexes
of Schiff base ligands are of great scientific interest as they play a
crucial role in medicinal and pharmaceutical fields.>””

For instance, there are reports on Schiff base complexes with
varied denticity comprising N and O donor sites exhibiting
excellent properties that include the ability to adjust auxiliary
ligands, tunable steric and electronic environments on the
metal core, etc.®® Furthermore, a variety of Schiff base com-
plexes are employed with different transition metals such as
Cu, Co, Fe, Ni, Mn, Pd, Au, Pt, V, and Zn to enhance their
exceptional antimicrobial activity.” The basic potentiality of the
Schiff base copper(u) complexes in biological applications lies
in their ability to bind and cleave the DNA under physiological
conditions, which makes them potent agents for the treatment
of many diseases.'”'! Among them, copper complexes have
consistently been studied and proven as effective antimicrobial
agents."®® A recent work reported a cellulose-based Schiff base
copper(u) complex, which exhibited enhanced activity against
S. aureus, which was 823% higher than the respective Schiff
base ligand."> Another work reported the use of quinoline
based Schiff base copper(un) complexes, which exhibited good
activity against bacteria and fungi (ZOI 31 mm mg ' for
S. aureus and 3 mm mg ' for C. albicans)."® Following this,
the anti-aminopyrine linked Schiff base copper(n) complex
exhibited prominent antibacterial activity [minimum inhibitory
concentration (MIC): 32 pg mL™" for S. aureus]." Lately, a
copper(n) complex formed from a Schiff base prepared by dehy-
drative condensation of 3-acetyl-6-methyl-2H-pyran-2,4(3H)-dione
and benzohydrazide showed different activities under various
solvent conditions. Among them, greater activity against bacteria
was found when aniline derivatives were used as co-solvents
[MIC: S. aureus, 11.89 pM]. Additionally, an improved activity
was observed when the same complex in benzhydrylamine was
used with 70% ethanol with a >6-log reduction in microbial
recovery.'®

Based on previous research, we can infer that the selection
of a ligand system is crucial for designing the metallodrugs. In this
context, the metal complexes made up of Schiff bases derived from
the reaction of salicylaldehyde and its derivatives with different
diamines such as ethylenediamine, o-phenylenediamines, etc. were
found to have prominent antibacterial and antifungal properties."®
The imine nitrogen itself can function as a Lewis base or an
electron donor towards metal ions. Stable coordination is often
achieved when metal ions are coordinated with other electron-
donating groups of the molecule in such a way as to form
stable five- or six-membered chelate rings. This requirement is
often accomplished when groups like phenolate are present in the
vicinity of other electron-donating groups. On top of that, phenolic
compounds are known to exhibit good antibacterial properties and
are universal inhibitors of free radical reactions. When coordinated
with the metal ions, these compounds are believed to cause
damage to the cytoplasmic membrane, contributing to their micro-
bicidal properties.”® These findings offer a solid foundation for
attempts to synthesise novel bioactive metal complexes using basic
phenolic ligands.*" Despite these extensive studies on antimicrobial
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properties, seeking out new complexes to find more effective agents
with a better understanding of the mechanism is still essential.
In pursuit of profound knowledge regarding the biological
activities of Schiff base copper(un) complexes, we have moved
forward to tune the electronic factors of the ligand by introducing
various substituents. Therefore, we synthesized and characterized
three structurally related Schiff base copper(n) complexes. All
three complexes were characterized using modern spectroscopic
techniques and tested against clinically relevant fungal strains
Candida albicans (C. albicans), Candida glabrata (C. glabrata) and
Candida tropicalis (C. tropicalis) as well as bacterial strains such as
Pseudomonas aeruginosa (P. aeruginosa) and methicillin-resistant
Staphylococcus aureus (MRSA). These microbes are chosen as they
cause a majority of bloodstream infections that end up causing
morbidity, particularly in immunocompromised patients. Inter-
estingly, complexes 2 and 3 exhibited low MIC values against the
tested bacterial and fungal strains, respectively. Furthermore, the
in silico studies of microbial strains prove that the complexes are
efficient in inhibiting the growth of microorganisms, by affecting
cell stability activity, and lipophilicity, and causing thymidine-less
cell death, as well as by inhibiting other biological functions.

2. Experimental section

2.1. Materials

All reagents and chemicals were of analytical grade (AR), and they
were used without further purification. 5-Bromosalicylaldehyde and
N-benzylethylenediamine were purchased from Sigma Aldrich. 5-
Methylsalicylaldehyde was purchased from TCI Chemicals. Reagent
grade copper(n) perchlorate hexahydrate was purchased from Alfa
Aesar. AR grade sodium azide was purchased from Spectrochem.
Salicylaldehyde and diethyl ether (laboratory grade) were purchased
from Fisher Scientific. Dimethylformamide (ACS grade) was pur-
chased from Qualigens. Dimethyl sulfoxide (HPLC grade, 99.8%)
was purchased from Sisco Research Laboratories. Commercial
grade methanol purchased from Fisher Scientific was distilled over
magnesium turnings and iodine and was stored in an air-tight
bottle until further use.

Caution! It is known that metallic perchlorates and azide
compounds are potential explosives. Only small quantities of
these compounds should be prepared and suitable precautions
should be taken when they are handled.

2.2. Physical measurements

An Agilent 8454 diode array spectrophotometer was used to
collect the UV-visible spectra of complexes at room temperature.
The CHN analysis was performed using a PerkinElmer 2400
Series II CHN analyser. Infrared spectra of the samples as KBr
pellets were recorded at room temperature in a Jasco 4700 ATR-
FTIR spectrometer. Mass data of the samples were recorded on a
LC-MS-MS, XEVO-TQD 2000 (Waters) spectrometer. X-band EPR
measurements were performed at 77 K on a JEOL X-band
spectrometer (JESFA100). The g value was calibrated using the
manganese marker. Magnetic measurements viz. zero-field cool-
ing (ZFC) and field cooling (FC) were performed on a Quantum

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nj01271b

Open Access Article. Published on 29 May 2024. Downloaded on 2/13/2026 12:20:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

NJC

Design Versa Lab Vibrating Sample Magnetometer (VSM) in the
range of 50-300 K. EPR data of the complexes 1-3 were recorded
in MeOH:DMF (4:1) at 70 K.

2.3. Synthesis of ligands

The Schiff base ligands were prepared by following the published
procedure developed by us.*” For example, the Schiff-base ligand
L1(H) was prepared by refluxing N-benzylethylenediamine
(4 mmol) with salicylaldehyde (4 mmol) in hot methanol
(10 mL) for 1 h, and a very good yield of yellow oily ligands was
obtained after evaporating the solvent at low pressure.

Ligand L1(H) (vield: 0.93 g, 90(2) %), IR data (ATR, cm ")
(Fig. S1(L1) in ESI+): 3302 »(N-H), 1635 »(C=N). Ligand L2(H)
(yield: 0.97 g, 91(1) %), IR data (ATR, cm ™ ') (Fig. S2(L2) in ESI{):
3322 ¥(N-H), 1631 »(C—=N). Ligand L3(H) (yield: 1.2 g, 90(1), IR
data (ATR, cm ') (Fig. S3(L3) in ESI}): 3316 »(N-H), 1633
Y(C=N).

2.4. Synthesis of copper complexes

General procedure. To the methanolic solution (10 mL) of
the ligands (1 mmol), copper(u) perchlorate hexahydrate
(0.37 g, 1 mmol) dissolved in methanol was added dropwise
and the reaction was stirred for 2 h. To the reaction mixture, a
methanolic solution of sodium azide (0.13 g, 2 mmol) was
added and stirred for 20 minutes (Scheme 1). The reaction
mixture was filtered, and the filtrate was treated with diethyl
ether to get a green precipitate. The precipitate was filtered and
washed with cold methanol and diethyl ether. The needle-like
blue crystals were obtained by slow evaporation of the complex
in acetonitrile and methanol in a 1: 1 ratio. The crystal data of 1
and 2 are provided in the subsequent section.

Complex 1: (yield: 0.25 g, 70(2)%). ATR-IR (cm™ ") (Fig. S1(1)
in ESIT): 1635 v(C—=N); 2047 1(N;); 3211 »(N-H); UV/Vis (Fig. 1)
(MeOH): /mayx (nm) (5, M~ em™") 360 (5283), 617 (240); ESI-MS
(Fig. S4 in ESIf) (+ve mode): m/z = 316.38 [Cu(L1)]" (calc.
316.06); elemental analysis calcd for (C;6H;,CuN;0): C 53.55,
H 4.77, N 19.51; found: C 53.56, H 4.75, N 19.46.

Complex 2: (vield: 0.25 g, 68(3)%). ATR-IR (cm ') (Fig. S2(2)
in ESIt): 1640 1(C=N); 2028 1(N3); 3244 1(N-H); UV/Vis (Fig. 1)
(MeOH): /imay (nm) (e, M~ " em ™) 376 (5649), 610 (230); ESI-MS
(Fig. S5 in ESIf) (+ve mode): m/z = 330.42 [Cu(L2)]" (calc.
330.08); elemental analysis calcd for (C;,H;oCuN;0): C 54.75,
H 5.14, N 18.78; found: C 54.68, H 5.12, N 18.73.

Complex 3: (yield: 0.35 g, 81(2)%). ATR-IR (cm™ ") (Fig. S3(3)
in ESI): 1636 (C=N); 2025 1(N;); 3248 ©(N-H); UV/Vis (Fig. 1)
(MeOH): Apmax (nm) (e, M~ ecm™ 1) 374 (6371), 620 (260); ESI-MS
(Fig. S6 in ESIf) (+ve mode): m/z = 394.29 [Cu(L3)]" (calc.

H\
N Nz
(j‘ Cu(CI0)26H,0 s
HO X NaN, MeoH @(_ / :@—x
N3

L1(H) = 1=X=H
L2(H) =X =Me 2=X=Me
L3(H)=X=Br 3=X=Br

Scheme 1 The synthetic route of copper(i) complexes 1-3.
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Fig. 1 (a) UV-vis spectra of complexes 1-3 (0.1 mM) recorded in metha-

nol. (b) EPR spectra of 1-3 recorded at 77 K in methanol: DMF (4:1)
solution.

394.29); elemental analysis caled for (C;6H;6BrCuN,0): C
43.90, H 3.68, N 16.00; found: C 43.78, H 3.67, N 15.94.

2.5. Single-crystal X-ray diffraction studies

An appropriate single crystal of complexes 1 and 2 was chosen
from the mother liquor and bathed in paraffin oil before being
placed on the top of a glass fiber that was further sealed with
epoxy resin. The intensity data for the crystals are gathered
using MoK, (£ = 0.71073 A) radiation on a Bruker SMART APEX
II diffractometer connected to a CCD area detector at 296 K. The
data collection, reflection indexing, and lattice parameter deter-
mination were done using the SMART?>® program. Integration of
the intensity of reflections and scaling was done by utilizing the
SAINT?? program. The absorption correction was done using the
SADABS>* program. The structure determination, space group
resolution, and least square refinement on F> were performed
using the SHELXTL*® program. The positions of all the atoms
were obtained by direct methods. The metal atom in the complex
was located from the E-map, and non-hydrogen atoms were
refined anisotropically. The hydrogen atoms bound to the car-
bon atoms were placed in geometrically constrained positions
and refined with isotropic temperature factors, generally 1.2 Ueq

New J. Chem., 2024, 48,12877-12892 | 12879
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Table 1 Crystallographic data for complexes 1 and 2

Details 1 2

Empirical formula C3,H3,Cu,N;40, C17HoCuN;O
Molecular weight (g mol™") 717.77 372.91
Crystal habit and color Needle and blue Needle and blue
Crystal system Triclinic Orthorhombic
Space group P1 Pcen

a(A) 9.489(2) 13.7472(19)

b () 9.759(3) 28.684(4)
c(A) 10.043(3) 8.5539(13)

« () 63.432(9) 90

B 89.480(9) 90

7 () 71.598(9) 90

Vv (A%) 779.6(4) 3373.1(8)
Peale (g cm™) 1.529 1.469

F(000) 370 1544
Temperature (K) 296 296

No. of reflections collected 3924 4156

No. of unique reflections 3097 2226
Radiation [MoKa] (A) 0.71073 0.71073
Residuals [I > 20(1)]

R 0.0378 0.068

WR,” 0.0937 0.1638

“ R = ([1Fo| = [Fel))/ 2 1E -

(Il
b \WwRy = {[Z (W(Foz _ Fc2)2>/z (W‘F;‘)} 1/2}.

of their parent atoms. The crystallographic details of data
collection for 1 and 2 are given in Table 1. The CCDC numbers
2263468 and 2263469t contain the supplementary crystallo-
graphic data for 1 and 2.

2.6. Lipophilicity

The lipophilicity of complexes 1-3 was determined by calculat-
ing the partition coefficient, P (or log K,y). It is determined by
the shake-flask method, which gives an idea of the relative
distribution of the complexes between 1-octanol and water.>
Herein, we have used 1-octanol as a mimic of the hydrophobic
bilayer. Briefly, 1 mg of the complexes was mixed with water
(5 mL) presaturated with 1-octanol. The UV-vis absorption
spectra of the solution were recorded to obtain A;. Then the
mixture was treated with 1-octanol presaturated with water
and the layers were separated. The spectrum of the aqueous
layer was recorded to get Ar. The equilibrium constant, K, was
obtained using the equation:

(AiDFi_AfDFf)Vwaler
AfDFf Voclanol

Kow =

DF; and DF¢ are the dilution factors used to obtain 4; and Ay
respectively. Viyater and Voeranol are the volumes of the water and
octanol phases.

2.7. Toxicity analysis

Toxicity analysis of complexes used in this study was tested
using the invertebrate animal model Galleria mellonella. Larvae
weighing between 0.2 and 0.4 g were used in the studies.
Experiments were divided into five groups, with 10 larvae
selected from each group. The test substances were injected
into the final left proleg using a U-100 syringe. Group I acted as
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the positive control and was injected with methanol. Group II
acted as the vehicle control and was injected with DMSO. Group
III was injected with 1024 pg mg ' complex 1. Group IV was
injected with 512 pg mg ' complex 2. Group V was injected
with 256 ug mg™"' complex 3. Larva groups were incubated at
37 °C for 5 days. Every 24 hours, survival was measured.””

2.8. Antimicrobial activity of complexes 1-3

2.8.1. Strains and culture conditions. In this present study,
the antimicrobial potency of complexes 1-3 was assessed using
three clinically important fungal strains belonging to the genus
Candida viz., Candida albicans [American Type Culture Collec-
tion; (ATCC) 10231], Candida glabrata (Microbial Type Culture
Collection; MTCC 3019) and Candida tropicalis (MTCC 184).
In addition, Pseudomonas aeruginosa (PAO1) and methicillin-
resistant Staphylococcus aureus (MRSA) (ATCC 33591) strains
were taken as representative Gram negative and Gram-positive
test pathogenic bacteria, respectively. All these test microorgan-
isms used in the present study were purchased from HiMedia,
India. The fungal and bacterial strains were maintained in
Yeast Extract Peptone and Dextrose (YEPD) and Mueller Hinton
(MHI) agar plates, respectively. Before each experiment, all the
test strains were cultured in a suitable medium (either YEPD or
MHI broth) and incubated at 37 °C overnight in a rotary shaker
with 200 rpm agitation. To perform in vitro assays, a 3 h culture
(approximately 1 x 10° CFU mL ') was used as the starting
inoculum. The complexes were dissolved in DMSO to study the
antimicrobial activity. All the experiments were triplicated, and
the average values were taken for plotting curves and calculating
the parameters.

2.8.2. In vitro susceptibility test

(A) Disk diffusion assay. In order to screen the antimicrobial
potency of 1-3, the agar well diffusion technique was performed
using the aforementioned test microorganisms by following the
protocol previously described in the literature with minor
modifications.?® Initially, the standard cell suspensions (3 h cul-
ture) of fungal and bacterial strains containing 1 x 10° CFU mL "
cells were prepared. Then, 100 pL of 3 h culture corresponding to
fungal and bacterial strains were swabbed accordingly on YEPD
and MHI agar plates using a sterile cotton swab and allowed to dry
for 5 min. Next, three representative wells were made using a
well puncher on agar plates. The wells were then loaded with a
maximum concentration of complexes 1-3 i.e., 500 pg mL ™~ * (10 uL)
and the plates were incubated at 37 °C for 24 h. After incubation,
the inhibitory propensity of complexes on the growth of fungal and
bacterial species was ascertained through the formation of a zone
of inhibition around the wells.

(B) Determination of minimum inhibitory concentration (MIC).
The MIC of complexes against the test organisms was deter-
mined by broth microdilution assay following the CLSI guide-
lines described in the literature with required modifications.?®
In brief, 1% standard culture suspensions of test organisms
were inoculated in 96 well microtiter plates (MTPs) containing
200 pL of suitable broth (either YEPD or BHI) with varying
concentrations of active complexes from 0 to 1024 pg mL ™"

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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The plates were then incubated at 37 °C for 24 h. After
incubation, the MIC of complexes was determined by measur-
ing the optical density at 600 nm. MIC is defined as minimal
concentrations of drugs that inhibit visible growth of micro-
organisms in the assay medium.

(C) Determination of minimum fungicidal/bactericidal concen-
tration (MFC/MBC). To determine the effective concentrations of
complexes that completely block the growth of test organisms, a
spot assay was performed. Two microlitres of the aliquots from
each well in broth microdilution assay were spotted on the
YEPD/BHI agar plates and incubated at 37 °C for 48 h. As a
result, MFC/MBC was defined as the lowest concentration of
drug that showed no viable growth on YEPD/BHI agar plates to
obtain approximately 99-99.5% killing activity.

(D) Metabolic viability assay. Additionally, the Alamar blue
assay was employed to determine the actual metabolic state of test
microorganisms during manifestation with the active complexes as
previously described in the literature with slight modifications.*
Briefly, all the test pathogens were exposed to the active complexes
for 24 h at 37 °C. The wells added with test organisms without any
compound exposure served as a control. After incubation, the cell
pellets were obtained through centrifugation of culture suspension
at 8000 rpm for 10 min and resuspended with 200 pL of sterile
phosphate-buffered saline (PBS). Alamar blue at 20 pg mL ™"
concentration was added to each cell pellet suspended in PBS
and incubated in the dark for 4-8 h. Subsequently, the fluorescence
intensity was taken at the excitation and emission wavelengths of
560 nm and 590 nm, respectively.

2.9. In silico studies

Molecular docking analysis was performed to computationally
identify the predominant binding modes of compounds with the
proteins of known three-dimensional structures. Exploring the
optimal binding modes of compounds to the target of interest is
a crucial step in the process. The analysis was carried out using
the molecular docking program MGL tools 1.5.7 and AutoDock
Vina.*' The protein sequences were downloaded from the pro-
tein data bank (PDB; https://www.rcsb.org./pdb). Docking stu-
dies were performed by considering the protonation states,
removing interfering water molecules, setting appropriate atom
and bond types, and accounting for the flexibility of amino acid
side chains. The geometry optimization of the complexes was
carried out using the Gaussian 09 software package at the B3LYP
level of theory with the basis sets 6-31G for C, H, O, and N and
LANL2DZ for the metal center.*> The grid box dimensions
(35 A x 35 A x 35 A) were developed in a way that encompasses
the active site. The output from AutoDock Vina was rendered
with Autodock tools 1.5.7 and Discovery studio.*’

3. Results and discussion
3.1. Synthesis of Schiff base ligands and copper(u) complexes

Schiff base ligands L1(H)-L3(H) were synthesized by the con-
densation of N-benzylethylenediamine with salicylaldehyde

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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derivatives as per the literature methods.>> Complexes 1-3 were
prepared by treating the ligands with copper(u) perchlorate
hexahydrate followed by the addition of sodium azide in
methanol. The dark green complexes were filtered and washed
with cold methanol and diethyl ether. The complexes were
characterized by ESI-MS, and the molecular ion peaks of
complexes 1-3, [(L1)Cu]’, [(L2)Cu]" and [(L3)Cu]’, were
observed at m/z 316.38, 330.42 and 394.29, respectively.
The d-d bands observed in the UV-vis spectrum in the range
of 610-620 nm and the axial symmetry EPR spectra confirm the
square-based geometry of complexes 1-3 in solution. Moreover,
the molecular structures of complexes 1 and 2 were character-
ized by a single crystal X-ray diffraction study, and both 1 and 2
were found to possess a distorted square pyramidal geometry
upon considering a mono copper centre. 1 is a dimeric complex
with azide bridges and formulated as [Cu(L1)(N3)], and
complex 2 is a 1D polymeric form with azide ion coordinates
in a 1,3-end-to-end mode as represented in [Cu(L2)N3],.

3.2. Vibrational and electronic properties of complexes

The IR spectra of the ligands and complexes were recorded in
ATR and FT-IR modes, respectively. The comparison between the
IR spectra of ligands and complexes is presented in Fig. S1-S3 in
the ESLt In the IR spectra of L1(H)-L3(H), the bands located at
1631-1635 cm™ ' indicate the imine formation in the ligands.
Upon comparing the IR spectra of the ligands and complexes, it
was observed that the N-H stretching frequencies of the com-
plexes were shifted to a lower frequency than the corresponding
ligands due to the weakening of the N-H bond after nitrogen
donates its lone pair to the copper(u) centre for forming a
complex. The bands observed between 2025 and 2047 cm™ ' in
the complexes confirm the coordination of azide to the copper(u)
center.”>** Particularly, the absorption band at 2028 cm™ ' and
2025 cm™ " for 2 and 3 strongly indicates the occurrence of azide
as a terminal ion. In contrast, an intense absorption band for
complex 1 at 2047 cm " suggests the possibility of an azide
bridge in the structure that was later confirmed using single
crystal XRD. Nevertheless, the respective peak was present at a
relatively lower frequency than the p,-1,1-azide bridge, which can
be attributed to the asymmetric nature of the azide bridges in
complex 1.**

The electronic spectra of complexes 1-3 were recorded at
0.1 mM in methanol at room temperature (Fig. 1). The UV-vis
spectrum of the complexes showed two absorptions corresponding
to ligand to metal charge transfer (LMCT) and d-d transitions. The
strong peak around 360-376 nm was due to the LMCT transition
from phenolate oxygen to copper(u). The d-d transitions were
observed around 610-620 nm; the observations are consistent with
the square-based geometry of copper(n) complexes.”>**>*® Moreovet,
all the complexes exhibit similar UV-vis spectral patterns in solution,
which suggests similar coordination around the copper centre in
solution.

Furthermore, complexes 1-3 were characterized by EPR
spectroscopy in methanol: DMF (4:1) at 77 K. A well-defined
hyperfine splitting in the g, area (Fig. 1(b) and Table 2) was
observed in all cases.”” The axial EPR signals are consistent
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with the copper(n) complexes in a ground state of dy._,. as
revealed by g > g, > 2.011 (g = 2.239-2.244 and g, = 2.012-
2.013).>*?° The observed g-values are within the range of g, >
2.1 > g, > 2.0 revealing the square planar coordination
geometry around the copper(u) centre.* The coupling constant
(4)) values of the unpaired electron with the copper(u) centre
depends on the Fermi contact, spin and orbital dipolar terms.*’
Moreover, the g-tensors and the hyperfine coupling constant
values do not show much deviation, which clearly suggests that
the present complex geometries were not altered much in
solution.

3.3. Molecular structure description of copper(un) complexes
1 and 2

The crystal structures of complexes [Cu(L1)(N3)],, 1, and [Cu(L2)Ns],,
2 are shown in Fig. 2, together with the atom numbering scheme.
Complex 1 features an azido-bridged copper(u) dimer complex,
whereas complex 2 features a 1D coordination polymer where the
azide ion bridges between two copper(u) centers and coordinates in a
1,3-end-to-end mode (Fig. 2c). Furthermore, complex 1 crystallizes in
the space group P1 in a triclinic crystal system, whereas complex 2
crystallizes in the space group Pccn in an orthorhombic crystal
system as shown in Table 1. The significant bond lengths and bond
angles are provided in Table 3.

Complex 1: the structural characterization clarifies that complex
1 formed a centrosymmetric dimer with five-coordinate bonds on
each copper(u) center where the three bonds are from the Schiff
base ligand and two from bridging azide anions as shown in
Fig. 2a. The structure reveals that the basal plane contains three
nitrogen atoms and one oxygen atom. The remaining fifth coordi-
nation site was occupied by the nitrogen atom from the other azide
group. Correspondingly, the symmetry-related azide group on the
equatorial side, along with the azide from the basal plane, forms a
Cu-Cu bridge (3.289 A). The smaller internuclear distance between
the copper atoms (3.289 A) may favor the end-on fashion of the
azide bridge.*

The coordination environment around complex 1 possesses
a distorted square pyramidal geometry. The distortion in the
coordination geometry from square pyramidal to trigonal
bipyramidal was evaluated using Addison’s trigonality index
(t5) parameter®" value of 0.179, [ = (8 — «/60), where = O(1) —
Cu(1) — N(2) = 176.55° and « = N(1) — Cu(1) — N(3) = 165.79°].
The t value is zero for a perfect square pyramidal geometry,

Table 2 Electronic spectral data of copper(i) complexes

EPR”

Complex Jmax, DM (€, M~ em™)* 2 g Ay

1 360(5283) 2.239 2.013 161
617(240)

2 376(5649) 2.244 2.013 160
610(230)

3 374(6371) 2.239 2.012 164
620(260)

“ Concentration: 1 x 10~* M in methanol. ? Spectra recorded at 77 K in
methanol : DMF (4:1); 4; in 10 * em ™.

12882 | New J. Chem., 2024, 48,12877-12892

View Article Online

NJC

while it becomes unity for a perfect trigonal bipyramidal
geometry. The Cu-N,,ig.—Cu angle was similar to those of the
reported end-on double azido bridged binuclear complexes.
Moreover, the difference in the bond lengths of Cu-Ngige
(2.534 A) and Cu-N,,q. (1.987 A) was also observed in the
previously reported complexes having the Cu-N,,;q. bridge.***?

Complex 2: each unit of the 1D polymer of complex 2
surrounding copper(u) possesses a distorted square pyramidal
geometry with the trigonality index (t5)*" value of 0.029, [t = (8
— @/60), where = O(1) — Cu(1) — N(2) = 176.04° and o = N(1) —
Cu(1) — N(3) = 174.28°]. The ascertained bond angles are in the
ranges of 84.52-93.90° and 174.28-176.04°, which indicate the
deviation from the ideal square pyramidal geometry where the
angles are 90° and 180°. Preferably, the Cu-N2,pine (2.049(4) /‘S)
bond is slightly longer than the Cu-N1;minc (1.946(4) A) and Cu-
N1,ziqc bonds (1.978(5) A), owing to the sp® and sp? hybridiza-
tion, respectively. Moreover, the bond distance between two
adjacent copper(u) centres of the polymeric form is observed as
4.609 A. Furthermore, the Cu-O bond (1.910(4) A) is shorter than
the Cu-N bond (2.049-1.946 A), indicating a stronger coordina-
tion of phenolate oxygen than the nitrogen atom. Furthermore,
the Cu-N and Cu-O bond lengths are in the ranges observed for
copper(m) complexes reported previously.**>**?

3.4. Lipophilicity

The relative lipophilicity of the complex is one of the significant
physicochemical properties that is highly required for the
complexes to enter into the bloodstream. An ideal drug/com-
pound should pass through the hydrophobic lipid bilayer
present in the cell membrane in one part of the cell and the
hydrophilic aqueous cytosol layer in the other part. The lipo-
philicity of complexes 1-3 was determined by the shake-flask
method. The obtained partition coefficient (log K,) reveals that
complexes 2 (0.7896) and 3 (0.6028) are more lipophilic than
complex 1 (—0.0882) (Fig. S7 in ESI).*

3.5. Antimicrobial activity

3.5.1. Toxicity analysis. The invertebrate animal model
G. mellonella was utilized to investigate the toxicity of complexes
1-3. Notably, larvae injected with complexes 1-3 were alive even
after 5 days, which reveals that complexes had no substantial
harmful impact on the larvae. Furthermore, there were no dead
larvae in the DMSO-injected vehicle group. In contrast, we can
see larvae death in the positive control injected with methanol
(Fig. S8 in ESIY). This signifies that the complexes are non-toxic
and safe to use as metallodrugs (Fig. S9 in ESIY).

3.5.2. Disk diffusion assay. To screen the inhibitory
potential of the complexes for planktonic growth of tested fungal
and bacterial strains, agar well diffusion assay was performed. To
determine the antifungal efficacy, three clinically important Can-
dida species, viz., C. albicans, C. glabrata and C. tropicalis, were
utilized as they account for more than 80% of candidiasis
worldwide." To evaluate the antibacterial efficacy, two represen-
tative bacteria such as MRSA (Gram positive) and P. aeruginosa
(Gram negative) were used in this study. It is worth mentioning
that we assessed the stability of the complexes in the reaction

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 2 ORTEP diagram of complexes 1 (a) and 2 (b) exhibiting 50% probability of thermal ellipsoids and the labelling scheme for the selected atoms.
All the hydrogen atoms are omitted for clarity. (c) Crystal packing diagrams of 2 (capped stick model) viewed along the a axis.

Table 3 Selected bond lengths [A] and bond angles [°] for 1 and 2

Bond description 1 2
Cu(1)-O(1) 1.9020(17) 1.910(4)
Cu(1)-N(1) 1.9281(19) 1.946(4)
Cu(1)-N(3) 1.987(2), 2.534(38) 1.978(5)
Cu(1)-N(2) 2.047(2) 2.049(4)
N(1)-C(7) 1.284(3) 1.282(6)
N(1)-C(8) 1.462(3) 1.458(6)
0(1)-Cu(1)-N(1) 94.54(8) 92.19(16)
0(1)-Cu(1)-N(3) 92.44(8), 92.64(38) 89.17(18)
N(1)-Cu(1)-N(3) 165.79(8), 104.58(77) 174.28(19)
0(1)-Cu(1)-N(2) 176.55(7) 176.04(15)
N(1)-Cu(1)-N(2) 84.16(9) 84.52(17)
N(3)-Cu(1)-N(2) 89.53(9), 84.61(4) 93.90(18)

media for 24 hours. Subsequent UV-vis spectroscopic analysis
revealed that approximately 94% of the complexes remained
intact (Fig. S10 and S11 in ESIT). The complexes that successfully
interfere with the growth of fungal/bacterial strains were ascer-
tained by forming a zone of inhibition after 24 h exposure with
their maximum concentrations, ie., 500 ug mL . For all used
strains, the zone of inhibition was found at the wells loaded with
complexes 2 and 3, which clarifies that both the complexes have a
broad range of inhibitory activities against bacterial and fungal
strains (Fig. S12 in ESIf). On the other hand, complex 1 was a
potential inhibitor against bacterial strains rather than fungal
strains, as it produced no zone of inhibition in all used fungal
strains except C. albicans. Although complex 1 showed an anti-
bacterial effect against both bacterial strains, its efficiency seems
to be relatively lower than complexes 2 and 3 in terms of the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

diameter of the zone of clearance produced. The obtained inhi-
bitory activity of tested complexes against used fungal/bacterial
strains is illustrated in Table 4.

3.5.3. MIC determination. The disk diffusion method was
considered a preliminary assay as it was used to screen the
antimicrobial activity of test complexes against all the test
strains. Therefore, to further evaluate the impact of active
complexes at various concentrations (0 to 1024 pg mL™"), the
broth microdilution technique was employed. At the end of this
assay, growth optical density was used to determine the MIC of
respective complexes against each tested strain. The cell density
of each strain seems to be decreased with increasing concen-
tration of complexes, which proves that all three complexes
show inhibitory efficacy in a concentration-dependent manner
(Fig. 3, 4 and Fig. S13-S16 in ESIf). Complex 1 did not have a
significant impact on the growth retardation of fungal strains
(C. tropicalis and C. glabrata) except C. albicans. Complexes 2
and 3 were found to be active against the growth of all fungal
and bacterial strains. The MIC of test complexes against the
used fungal and bacterial strains is depicted in Table 4. The
MIC values of complex 1 against C. albicans, P. aeruginosa and
MRSA were found to be 512, 512, and 1024 pg mL ™", respectively.
The MIC values of complex 2 against fungal and bacterial strains
were in the ranges of 128-512 pg mL ™' and 64-128 ug mL™ ",
respectively. Similarly, complex 3 showed MIC values in the
ranges of 64-128 ug mL ™" and 128-256 pg mL ™' against fungal
and bacterial strains, respectively. Notably, these findings are
promising in comparison to previous studies.'*'®™'® The perfor-
mance of complex 3 was similar to the conventional antifungal
drug, fluconazole (MIC = 64 g mL "), under identical conditions
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Table 4 The zone of inhibition (mm), MIC (ug mL™) and MBC/MFC (ug
mL™Y) of test complexes as revealed through disk diffusion, micro-broth
dilution, and spot assays against used fungal and bacterial strains. NA
represents “No activity”

Zone of inhibition MBC/MFC
(mm) MIC (pgmL ") (ugmL ")
Test strains 1 2 3 1 2 3 1 2 3
C. albicans 3 12 18 512 128 64 1024 256 128

C. glabrata ~ NA 12 15 NA 512 128 NA 512 256
C. tropicalis NA 10 15 NA 512 64 NA 512 128
P. aeruginosa 10 15 18 512 64 128 512 64 256

MRSA 4 13 23 1024 128 256 NA 256 256
a
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g C. glabrata
o 1549 . i r T C. tropicalis
=1
©
®
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Q
c
S
5 0.5 1
a
<
0.0 L

T T T T T T T T T T T
Control2 4 8 16 32 64 128 256 5121024
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b
%25000 EE —e— C. albicans
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]
2 15000 -
!
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o
)
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0 - o

1 2 4 8 16 32 64 128 256 5121024

[3], pg/mL
Fig. 3 (a) Anticandidal efficacy of various concentrations of complex 3
against the growth of fungal strains. (b) Metabolic viability of tested

fungal strains upon treatment with complex 3 as revealed through Alamar
blue assay.

reported by us.'* Meanwhile, complex 2 showed relatively good
inhibitory activity for bacterial strains compared to 1 and 3. The
activity was moderate compared to previously reported Schiff
base copper complexes, but it was not as effective as the existing
antibacterial drug kanamycin (MIC = 64 ug mL™') under the
same conditions reported by us."*®

3.5.4. MBC/MFC determination. The MBC/MFC of active
complexes against all used strains was determined by employ-
ing spot assay. The spot assay predicted that the MIC and MBC
of the complexes were not the same. Even though the wells
treated with MIC of test complexes did not show any visible
growth inhibition in the assay medium, few viable cells were
observed when spotted on the agar medium, which clarifies
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Fig. 4 (a) Antibacterial efficacy of various concentrations of complex 2

against the planktonic growth of bacterial strains. (b) Metabolic viability of
tested bacterial strains upon treatment with complex 2 as revealed
through Alamar blue assay.

that MIC did not cause 99.9% killing (Fig. 4, 5 and Fig. S13-516
in ESIf). The determined MBC of test complexes against all
used strains is illustrated in Table 4.

3.5.5. Metabolic viability assay. Although the spot assay is
used to determine the presence of viable cells, the Alamar blue
assay is considered to be more authenticated than spot and
spectrometric analyses. Therefore, to further ascertain the true
metabolic state of tested strains upon treatment with active
complexes, Alamar blue assay was performed. For this, a redox
indicator resazurin was used, which differentiates the metabo-
lically active and non-active cells through colour. The result
showed that the intensity of pink colour or reduced resorufin
was decreased with a dose-dependent increase of test com-
plexes (Fig. 3, 4 and Fig. S13, S15 in ESIY). As shown in Fig. S17
and S18 in the ESI,{ some of the wells in MTP retained the blue
colour, which signifies the un-metabolized state of resazurin
due to the absence of metabolically active cells. Furthermore, it
was identified that wells showing the blue colour were exposed
to the above MIC of active complexes, which was well correlated
with the results obtained from the spot and broth microdilu-
tion assays.

Based on the study, we can assert that the activity of
complexes varied with the substituents on the donor moiety.
Notably, the previous studies showed that the systems with
substitutions like Br, Cl, OMe, Me, etc are better antimicrobial
agents than the respective parent (H) systems.*> Furthermore,
the reports on quinazoline, morpholine, and BODIPY have

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 5
is given in A.

proved that the systems with brominated derivatives exhibited
greater activity against distinct fungi owing to their electron-
withdrawing nature and heavy atom effect.*® It is worth men-
tioning that we also observed a similar trend in the activity and
this may be explained using Overtone’s concept.*” This concept
shows the importance of lipophilicity in controlling antimicro-
bial activity and asserts that the lipid membrane that surrounds
the cell favors the passage of only the lipid-soluble materials.
When it comes to our studies, complexes 2 and 3 are more
lipophilic than parent complex 1, which is reflected in their
activity. To evaluate further, the analysis based on the mode of
interactions by each moiety with the different protein strains
was carried out by the in silico method.

3.6. In silico mechanistic investigation

The in silico studies were performed to simulate the interaction
and affinity of the newly studied complexes 1-3 toward different
bacterial and fungal strains. To validate the mode of action and
predict the binding abilities of complexes, different drug target
proteins were selected for the studied strains. In particular,
N-myristoyl transferase (PDB ID 1iyl), dihydrofolate reductase
(DHFR) (PDB ID 4hof), secreted aspartic protease (PDB ID 3q70)
from C. albicans, oxidoreductase (PDB ID 5jlc) from C. glabrata,
and telomerase reverse transcriptase (PDB ID 6zd2) from
C. tropicalis were selected as antifungal targets, and transcrip-
tional activator protein (PDB ID 2uv0), aminopeptidase P (PDB
ID 5wze), nucleotidyl transferase (PDB ID 6p8j), protein binding
sites (PDB IDs 6p8o and 6p8s), nucleotidyltransferase (PDB ID
6p8u) from P. aeruginosa and transferase (PDB IDs 5tz8, 5tzi, and
5tze) from MRSA were selected as the antibacterial targets. The
potencies of the complexes were analyzed computationally by
evaluating their docking score. Interestingly, all these proteins
showed good interactions that agree with the experimental
results. The docking scores obtained against tested active sites
are presented in Table 5. Molecular docking results suggest that
these complexes inhibited the target proteins effectively, with the
appearance of a substantial number of hydrogen bonds and
electrostatic interactions.
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Leu 177

lle 193

(a) The two-dimensional depiction of molecular docking of 3 in the active site of N-myristoyltransferase (liyl). (b) The interaction distance

3.6.1. Molecular docking of 1-3 with fungal strains. Among
the various protein strains, favourable interactions were observed
for complexes 1-3 against N-myristoyl transferase (Nmit:1iyl).
Nmt catalyzes the transfer of myristate from myristoyl-CoA to
the N-terminal glycine residue. The amidate linkage results in
the increment of lipophilicity, which facilitates the association of
cellular membranes, thereby triggering the interaction with
hydrophobic protein domains.*® Specifically, complex 3 functions
as the most potent antifungal agent with a high negative binding
value of —9.2 keal mol ™, and the complex was buried deeply in the
target binding site (Fig. 5). On the other hand, complex 2 comes
with the next highest negative score of —8.9 keal mol " with a little
less interaction than complex 3. From analysis, it is found that
complex 3 displays hydrogen bonding interactions between
phenolate(O) and Thr(211) (2.32 A) and Thr(211) (2.68 A) and a

Table 5 Binding free energies (AG kcal mol™) of complexes with different
targets obtained after molecular docking using AutoDock 1.57

Sl no Protein strains 1 2 3

Candida albicans

1 1iyl —8.6 —-17 —-9.2
2 4hof -5 —5.2 -7.3
3 3q70 —6.1 —6.4 —6.6
Candida glabrata

4 5jlc —5.4 -6 —-7.5
Candida tropicalis

5 6zd2 —-4.7 —=5.1 —8.8
Pseudomonas aeruginosa

6 2uv0 —4.4 —6.4 =5
7 Swze —6.7 —-7.8 —6.8
8 6p8j —5.5 —6.2 -6
9 6p8o —5.7 —5.8 —5.6
10 6p8s —5.4 —6.7 —6.5
11 6p8u —6.2 —6.4 —6.3
MRSA

12 5tz8 —7.7 -7.9 -7.7
13 5tzi —7.5 —-7.8 7.7
14 Stze —6.2 7.1 —6.4
15 5tzj —6.1 0 0
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charge-charge interaction between azide(N) and Leu(451) (4.44 A),
whereas no such interaction is present in 2, and a similar one is
observed in 1 (—8.6 keal mol™?) with a longer distance of 5.56 A.
Apart from the other interactions, a hydrogen bonding interaction
within the complex moiety was observed for 1 (azide(N)-N2(H))
and 2 (azide(N)-phenolate(0)) with distances of 2.57 A and 2.84 A.
This type of interaction within the complex might reduce the
affinity towards the protein. We have not found any such
hydrogen bonding within complex 3. The presence of the bromo
group probably constrains the complex to form such internal
interactions. This consequently promotes the interaction with the
neighbouring protein moieties, thereby revealing the potent
inhibitory action of the complex against the protein target.*>
Furthermore, we have also detected n—r stacking as well as n-n T-
shaped correlations between the benzyl group of the complexes
with Phe(339), Phe(115), Phe(115), Leu(177), Ile(193), and Ile(174)
(Fig. S19 in the ESI¥). Overall, the complex acts on the enzymes that
increase the lipophilicity of the cellular membranes.

Inhibiting the activity of the dihydrofolate reductase (DHFR)
enzyme was demonstrated as an effective approach for both
unicellular and multicellular organisms. The inhibition causes
a blockade in thymidine synthesis leading to cell death.’* While
considering the interactions of the complexes with the dihy-
drofolate reductase protein (4hof), complex 3 exhibits two
hydrogen bonds of N1-Asn(123) and phenolate(O)-Asn(123),
whereas no such bond was observed in the case of complexes
1 and 2. Instead, a conventional bond observed within the
complex, which occurred between azide(N) and phenolate(O)
with the bond distances of 2.84 A for 1 and 2.92 A for 2, might
have resulted in the reduction of their affinity towards the
protein strains. Additionally, n-alkyl interactions have also been
observed between benzyl groups with Lys(150) and Pro(152)
in complex 3 and a single benzyl-Pro(46) and benzyl-Lys(158)
interaction in complexes 1 and 2. Upon close analysis of the
interactions of complexes with the aspartic protease (3q70) unit,
we can see that the system exhibits various forms of hydrogen
bonding interactions. Complex 3 (—6.6 kcal mol ') alone
can exhibit such interactions, which include N1-Asn(160),
O-Asn(160), N1-Asn(160), N1-Thr(160), N2-Thr(160) and
N1-phenolate(O).

In the case of 2, two types of hydrogen bonding interactions
were observed; one was found between N1 and GIn(295) and
the other one was found within the complex itself, which was
between phenolate(O) and azide(N). A similar hydrogen bonding
interaction was observed for complex 1 as well, where it was
directed towards azide(N) from N2-H. Moreover, n-anionic inter-
actions are observed between benzyl carbon and Asp(245) and
Asp(299) in complex 2 and also a charge-charge correlation
between azide(N)-Asp(299) and Asp(58) was observed for 2 and
1. As shown in Table 5, we can find that complex 3 shows high
binding affinity towards the significant C. albicans strains (PDB
IDs 1iyl, 4hof, and 3q70) via forming effective interaction with the
negative energy scores of —9.2, —7.3, and —6.6 kcal mol .
Altogether, the complexes exhibit the trend in the affinity values
as 3 > 2 > 1, and the order of molecular interactions is very
much in line with the experimental observations.
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Analogous to the previous study, complex 3 displayed more
negative docking scores of —7.5 kcal mol ™" against C. glabrata and
—8.8 kecal mol ' against C. tropicalis as the domains used are
(oxidoreductase and telomerase reverse transcriptase) prominent
for cell stability and activity.”> When the protein oxidoreductase
(5jlc) was used, complex 3 displayed a hydrogen bonding inter-
action between N1 and Pro(202) along with a charge-charge
interaction between azide(N) and Asp(234). A -c interaction exists
in the complex between phenyl carbon and Ile(206). Complex 2
forms hydrogen bonding with N2-H-Asp(234). Moreover, we have
not detected any effective conventional form of interactions in
complex 1 towards the protein strains. All the complexes showed
different m-alkyl correlations between the phenyl groups of the
complexes and amino acids like Ala(227), Leu(222), Pro(202),
Ala(321), and Pro(365). Analogously, the treatment with telomerase
reverse transcriptase (6zd2) results in the formation of different
hydrogen bonds like phenolate(O)-Arg(181)/Tyr(177)/azide(N)
using 1 and 2 and Arg(181), N2-H-Val(397) using 3 along with
the m-alkyl correlations. The affinity data and the interactions
of 2 and 3 substantiate that the in silico studies are very much
in correlation with the experimental results. Although we have
obtained moderate binding energy values for complex 1, the
in vitro studies prove that the complex has a less inhibiting nature
towards fungi, specifically towards C. glabrata and C. tropicalis. In a
way, this emphasizes the significance of various substituents on
the ligand moiety in tuning the inhibitory properties.***° In fact,
there always exist speculations regarding the relationship between
activity and the inhibitor size or lipophilicity, variations in trans-
port, or the method followed that might be crucial for antifungal
efficacy.® A German company has developed a class of powerful
benzyl(oxy)pyrimidine-based inhibitors against C. albicans. We
have also verified that the complexes are not vulnerable to efflux;
instead, we speculated that the complexes are not able to enter
C. albicans.>*

3.6.2. Molecular docking of 1-3 with bacterial strains. Five
different protein strains of P. aeruginosa were subjected to
in silico studies and it was observed that all complexes
showed notable activity against these strains. Among them,
Pseudomonas aeruginosa aminopeptidase (PepP) is a virulence-
associated gene involved in distinct biological functions,
making it a prominent target for anti-PepP development.’®
We found that complex 2 showed a good interaction with
PepP (PDB ID 5wze). The analysis of the interactions showed
that 2 was involved in charge-charge correlation with azide(N)-
Asp(89)/Glu(41) and exhibited effective n-n stacking/n-cationic/
n-alkyl/n-c correlations with the phenyl moiety using amino
acids like Tyr(229), His(361), Val(40), Trp(88), and Asp(89)
(Fig. 6). These higher numbers of effective interactions enable
complex 2 to give a good affinity value (Fig. S20 in ESIT). Similar
interactions are not observed in complexes 1 and 3; instead,
conventional bonds are observed between phenolate(O) and
azide(N) in both and N2(H)-azide(N) in 1. Complex 3 also
showed n-m stacking/m-cationic/m—alkyl interactions between
the phenyl group and Tyr(229), His(361), Val(40), and Val(360),
whereas complex 1 showed n-alkyl/m-anion interactions like
phenyl-Arg(245)/Pro(570)/Asp(89)/Glu(246).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 6
interaction distance is given in A.

Another significant inhibition strategy was blocking the correla-
tion between proteins and carbohydrates. It was substantiated that
when complexes are tried against the strand 2uvo, carbohydrate
binding protein,*® complex 2 showed good interaction, in line with
the experimental data. No effective hydrogen bonding interactions
are found in complex 1 except an internal one like N2(H)-azide(N),
whereas complex 2 showed phenolate(O)-Tyr(157) interaction and
complex 3 exhibited N2(H)-Phen(167)/Glu(168), and Azide(N)-
Phen(167) interactions. Apart from these interactions, n-alkyl inter-
actions were observed in 1 and 3, whereas complex 2 was involved
in m—cation and n—donor interactions within the complex, that is,
between phenyl and azide(N). Considering the interaction of com-
plexes against 6p8j, a signalling protein,”” complex 2 displayed
strong interaction by forming hydrogen bonds with phenolate(O)-
Tyr(124), azide(N)-Tyr(124), phenolate(O)-azide(N), and azide(N)-
OH,, whereas complex 3 formed azide(N)-Tyr(124) and pheno-
late(O)-azide(N) interactions and less interactive complex 1 formed
phenolate(O}-azide(N) and N2(H)-azide(N) correlations. There are
also different forms of n-alkyl interactions of phenyl groups with
Arg(20), Arg(14) (2 and 3) and Ala(1) (1). In the case of 6p8o,”
conventional binding was observed between phenolate(O) and
azide(N) for all complexes and additionally N2(H)-azide(N) for
complex 1. Apart from these, m-alkyl and n—cationic connections
were also observed between the phenyl group and Lys(104)/Lys(100).
The complexes show similar activity against 6p8s as well.”® Inter-
estingly, complex 2 exhibits relatively higher interrelations using the
methyl moiety with amino acids like Leu(30), Lys(104), and
Ileu(103). Other than these interactions, many predominant inter-
actions are detected using 2 like phenolate(O)-Arg(102) and N2(H)-
Asp(192) along with phenyl group-H,O (m-donor) connections.
Complexes 1 and 3 showed N2(H)-azide(N) and phenolate(O)-
azide(N) interactions apart from the phenolate(O)-Arg(102) inter-
action for 1 and phenolate(O)-Lys(296) interaction for 3. Analo-
gously, the complexes showed similar interactions with MRSA as
well.>® Tt is noteworthy to mention that complex 2 showed better
activity against all the bacterial strains (vide supra), which is in line
with the experimental results. Intrinsically, the methyl group in 2 is
also involved in additional alkyl interactions (Fig. S21 in ESIt)
compared to complexes 1 and 3. The observed interaction of the
methyl moiety in 2 with distinct amino acid groups might be
the reason for their higher affinity value in bacterial strains.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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(a) The two-dimensional depiction of molecular docking of 2 in the active site of Pseudomonas aeruginosa aminopeptidase (5wze). (b) The

These findings reveal the importance of substitution at the
salicylaldehyde scaffold. Additionally, the experimental data
of complex 1 show no activity against MRSA, but the docking
results show a favorable affinity towards the transferase
strands. Upon careful analysis, we can see that complex 1 only
participated in weak hydrophobic interactions. The negative
impact of antibacterial activities of 1 may be either due to the
inability of this complex to penetrate through the bacterial cell
wall, thereby preventing the interactions in biological pro-
cesses, or due to dissemination and inactivation by some
unknown cellular mechanisms involving bacterial enzymes.>”
To confirm whether complex 1 is capable of interacting with
any membrane-bound proteins, we used a membrane-bound
transglycolase strain (PDB ID 3vmt).>> As expected, no interac-
tions were observed with the complex.®*%*

Overall, in silico studies with different types of protein
domains reveal that complexes 1-3 are capable of stimulating
inhibition to virulent microbes. More precisely, considering the
entire studies performed against fungal strains, we can collec-
tively deduce that the complexes especially 3 can either affect
the interactions of the hydrophobic part of proteins owing to
their increased lipophilicity or else reduce the stability as well
as the proper functioning of the cell by inhibiting various
processes. When it comes to the activity of complexes against
bacteria, the complexes can interact well with virulent genes,
signalling proteins, and carbohydrate binding proteins and
also affect the activities of transferase proteins. Altogether,
the complexes can impede the functioning of unwanted micro-
bial strains even though their mode of action is different at
each section of the cell. Since the complexes operate differently
in each domain, a careful analysis of their activity is needed for
the selective functioning of the complexes.

4. Conclusion

In the present study, a series of Schiff-base copper(i1) complexes
were synthesised and characterized using modern techniques.
In addition, three different bioassays were adapted for evaluat-
ing the antimicrobial efficacy of complexes. The MIC, MBC and
MFC values determined for 1, 2 and 3 are comparable with
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those values reported in the literature (250 to 500 pg mL™ ).
Alamar blue assay confirmed the inability of 1 to lyse the cells
and showed the significance of substitutions at the 2nd and 5th
positions in the aryl moiety. In support of these experimental
results, the in silico studies were performed and verified with
distinct protein microbial strains. The interactions and reactiv-
ity patterns are as expected and consistent with the in vitro
studies. As alluded to above, the complexes show specific
inhibitory functions towards each strain of microbes. Such
mechanistic details are profoundly studied further using active
virulent microbes with great attention.
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