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Antimicrobial resistance in methicillin-resistant Staphylococcus aureus (MRSA) is a major global health

challenge. This study reports the design and synthesis of novel phenyltriazole derivatives as potential

anti-MRSA agents. The new scaffold replaces the thiazole core with a 1,2,3-triazole ring, enhancing

antimicrobial efficacy and physicochemical properties. A series of derivatives were synthesized and

evaluated, with four compounds (20, 23, 29 and 30) showing significant activity against MRSA (MIC # 4

mg mL−1). Compound 29 emerged as the most promising candidate, showing rapid bactericidal activity

and superior performance over vancomycin in time-kill assays. It exhibited selective toxicity against

bacterial cells, minimal cytotoxicity in human cell lines and low hemolytic activity. Mechanistic studies

showed that compound 29 targets the bacterial cell wall by binding to penicillin-binding protein 2a

(PBP2a), disrupting cell wall integrity. Additionally, it showed strong anti-biofilm activity and reduced

MRSA biofilms by up to 40%. Preliminary pharmacokinetic profiles suggested a favorable profile,

including a prolonged plasma half-life and good oral bioavailability. These results suggest that

compound 29 is a promising lead for further development in the fight against MRSA.
1. Introduction

Antimicrobial resistance poses a major public health risk
worldwide.1 Antibiotic-resistant infections, once considered
a problem of the future, are now a familiar reality that kill tens
of thousands of people every year. A prime example is
methicillin-resistant Staphylococcus aureus (MRSA), which has
become resistant to several antibacterial drugs.2,3 MRSA
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infections are associated with high mortality rates and are
challenging to treat. The emergence of bacteria resistant to
multiple drugs raises the possibility of a post-antibiotic era in
which there are inadequate treatment options and recurrent
infections that can lead to death.4,5 The consequence is enor-
mous health and economic losses across the world, which is
running out of its arsenal of antibacterial agents. According to
a list published by the WHO, Gram-positive bacteria are
considered a signicant health risk, especially multidrug-
resistant bacteria such as methicillin-resistant Staphylococcus
aureus (M.R.S.A.).6,7 Additionally, the Infectious Disease Society
of America (I.D.S.A.) denes the E.S.K.A.P.E. pathogens
(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneu-
monia, Acinetobacter baumannii, Pseudomonas aeruginosa and
Enterobacter cloacae) as posing a worldwide threat.8 Therefore,
new clues need to be found to defeat resistant enterobacteria
without affecting the microbiota. As the number of antimicro-
bials decreases worldwide, everyone should have the responsi-
bility to address antimicrobial resistance. In our laboratory, the
search for a good antibacterial agent began with phenylthiazole,
which was originally discovered as a thiazole core with
a guanidine head and an alkyl chain end.9–19 Recently, this
scaffold has been intensively studied and optimized to improve
its activity and metabolic prole. While the phenylthiazoles
RSC Adv., 2024, 14, 39977–39994 | 39977
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Fig. 1 Previous work and rational design of the triazole scaffold.
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showed anti-biolm activity, the poor permeability of phenyl-
thiazole may play a role in its narrow spectrum. Therefore,
a modication was made to the linker between the head and the
scaffold. However, the solubility of the resulting product was
not encouraging.20–23 Then a modication to the tail gave us the
second generation, which showed intracellular effective-
ness.24,25 However, the metabolic prole had to be improved by
incorporation of a nitrogen atom in place of the active metab-
olite (–CH2) to obtain the third generation as phenyltriazole
(Fig. 1).

Therefore, this study attempts to modify the scaffold to
explain its activity against a variety of microbial organisms and
expand our knowledge on the structure–activity relationship of
this new class of antimicrobial agents. The idea of the present
Fig. 2 Structures of some drugs containing the 1,2,3-triazole nucleus.

39978 | RSC Adv., 2024, 14, 39977–39994
scaffold is based on replacing the thiazole core with a 1,2,3-
triazole ring, which is suggested to have antimicrobial activity
against a variety of microorganisms and enhanced physico-
chemical properties. 1,2,3-Phenyltriazole derivatives have been
extensively studied for their antibacterial and antifungal activ-
ities and DNA gyrase inhibitor has been proposed as a potential
target for the development of antibacterial and antifungal
agents. Many 1,2,3-triazoles have been shown to be effective and
have several useful biological properties, such as antiviral,26

antiepileptic,27 antifungal,28 antibacterial,29 antimicrobial,30

antiprotozoal,31 antioxidant32 and anticancer activities.33 These
1,2,3-triazoles nd their way into medicinal chemistry and form
some drugs available on the markets. The most well-known
structures (Fig. 2), include tazobactam (A),34 cefatrizine (B),35

runamide (C),36 and carboxyamidotriazole (D).37
2. Results and discussion
2.1. Chemistry

In Scheme 1, the rst step is to prepare the commercially
expensive 1-azido-4-bromobenzene (2) (CAS number: 2101-88-4)
by oxidation of readily available p-bromoaniline via diazotiza-
tion, then treating with sodium azide to afford compound 2.
The latter was allowed to react with acetylacetone in the pres-
ence of sodium ethoxide to afford compound 4 as yellow crys-
tals. According to the standard Sonogashira cross-coupling
protocol, compound 4 was reacted with alkyne derivatives in the
presence of copper(I) iodide as a catalyst, bis(-
triphenylphosphine)palladium(II) dichloride and triethylamine
as a base, to afford compounds 5–16. While compounds 17 and
18 were available as 4-bromotoluene and 3-bromothiophene, we
rst reacted ethynyltrimethyl silane with compound 4 via
Sonogashira cross-coupling without using potassium carbonate
to avoid deprotection of TMS (trimethyl silane), thereby yielding
a byproduct using an excess of triethylamine as a base, and then
deprotected the TMS using potassium carbonate in methanol to
obtain the intermediate 1-(1-(4-ethynylphenyl)-5-methyl-1H-
1,2,3-triazol-4-yl)ethan-1-one, which reacts with two aryl halides
(4-bromotoluene and 3-bromothiophene) via typical Sonoga-
shira cross-coupling to afford compounds 17 and 18. Subse-
quently, the target compounds 19–32 were obtained by
condensation of the phenyltriazole derivatives 5–18 with ami-
noguanidine hydrochloride (Scheme 1).
2.2. Biological screening

2.2.1 Antibacterial screening and SAR study. The assay for
the antibacterial effect of the lead compounds, acetyl derivatives
5–18 showed very weak activity (MIC > 125 mg mL−1) due to loss
of the hydrophilic guanidine moiety, which was reported to be
essential for activity.24,25. An initial screening of the newly
prepared compounds 19–32 against MRSA USA300, one of the
clinically important and highly pathogenic MDR pathogens,38–40

revealed that only four derivatives (compounds 20, 23, 29 and
30) have promising antibacterial activity (Table 1). The active
derivatives have MIC values # 4 mg mL−1. The SAR of this new
set of alkynylphenyltriazole analogues appeared to be very clear,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Reagents and conditions: (I)NaNO2/HCl and stirring at 0–5 °C for 30 min. (II) NaN3 with stirring for 1 h at R. T. (III) PdCh(PPH3)2 (5%
mol), CuI (7.5% mol), K2CO3 (2 equiv.), triethylamine, acetylene derivatives, DME, heat at 110 °C for 24 h comp. (5–16); (IV) (a) PdCl2(PPh3)2 (5%
mol), CuI (7.5% mol), Et3N, DME, ethynyltrimethyl silane (2 eq.), at 50 °C for 2 h; (b) absolute MeOH, K2CO3, stirring for 1 h; (c) PdCl2(PPh3)2 (5%
mol), CuI (7.5% mol), K2CO3 (2 equiv.), Et3N, DME, comp. (17 & 18) (1 eq.), at 110 °C for 6–24 h;(V) aminoguanidine HCl, EtOH, conc. HCl, heat to
reflux, 3 h.
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as the antibacterial activity was directly correlated with the
terminal branched chain and terminal ring size. In this sense,
the branched compounds 20 and 23 provided an active
compound (MIC value of 20 and 23 is 4 mgmL−1). While the ring
size was increased to a six-membered ring, a potent compound
with an MIC only four-fold higher than that of vancomycin was
provided (the MICs of 29 and 30 are 4 mg mL−1 and the MIC of
vancomycin is 1 mg mL; Table 1). Antimicrobial activity is
abolished by reducing the ring size of the terminal cyclic alky-
nylphenyltriazole derivatives to ve or three units. However, the
compounds that were active against the TolC-mutant E. coli
showed low activity (MIC values $ 64 mg mL−1) against the wild
type-strain.

The antibacterial evaluation was then expanded to include
four additional Gram-positive and Gram-negative strains,
including Staphylococcus aureus (ATCC 43300, clinical isolates),
Klebsiella pneumoniae (ATCC 13883), and Pseudomonas aerugi-
nosa (ATCC 10145) as Gram-negative bacteria.

In general, the synthesized compounds were more effective
against Gram-positive microorganisms than against negative
ones, as shown in (Fig. 3).
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.2.2 Time-kill assay. From Table 1, it can be shown that
the MIC values of the most promising compounds were four
fold higher than the corresponding MIC value of vancomycin,
the drug of choice in the treatment of MRSA. To investigate
whether these compounds are bactericidal or bacteriostatic,
a time-kill assay was used (Fig. 4), which indicated that the most
important compounds in this study were 29 and 30. Both
compounds surpassed the performance of vancomycin, the
drug of choice for the treatment of staphylococcal infections in
terms of the time required to exert its bactericidal effect against
MRSA. Briey, vancomycin, the standard control antibiotic,
shows a gradual decline in the bacterial count over time,
eventually reaching complete eradication aer about 24 hours,
while both compounds show potent bactericidal activity, rapidly
reducing the MRSA count and achieving complete bacterial
eradication within 24 hours, comparable to vancomycin (Fig. 4).

Overall, both compounds 29 and 30 exhibit potent and time-
dependent bactericidal activity against MRSA, achieving
complete eradication within 24 hours, with results comparable
to those of vancomycin. This suggests that these phenyltriazole
RSC Adv., 2024, 14, 39977–39994 | 39979
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Table 1 The minimum inhibitory concentrations (MIC in mg mL−1) of the compounds initially screened against various clinical isolatesa

Cp.
MRSA NRS384
(MRSA USA300)

Clostridium
difficile
ATCC BAA 1870

E. coli
JW55031
(TolC mutant)

Enterococcus
faecalis
ATCC 51299

Neisseria
gonorrhoeae
181

C. albicans
SS5314
(wild type)

Escherichia coli
BW25113
(wild type)

19 32 32 32 8 64 16 >64
20 4 8 8 8 32 8 >64
21 32 16 32 32 >64 16 >64
22 64 64 64 64 >64 64 >64
23 4 4 32 8 >32 4 >64
24 64 64 64 >64 >64 >64 >64
25 64 >64 64 >64 64 >64 >64
26 16 16 64 8 >64 16 >64
27 >64 >64 >64 >64 >64 >64 >64
28 16 16 64 16 >64 16 >64
29 4 8 8 8 64 4 >64
30 4 >64 16 16 >64 8 >64
31 8 2 4 8 >64 2 >64
32 16 32 32 >64 >64 32 >64
Linezolid 1 1 8 1 64 >64 NT
Vancomycin 1 1 16 64 >64 >64 NT
Gentamicin NT NT 0.25 NT NT NT NT
Tetracycline NT NT NT NT 2 NT NT
Fluconazole NT NT NT NT NT 0.5 NT

a NT: Not tested.

Fig. 3 Heatmap distribution of the antibacterial effect of target compounds against a panel of microbial strains.
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derivatives are promising candidates for the treatment of MRSA
infections.

2.2.3 Assessment of cytotoxicity. Selectivity toward
prokaryotic cells is an essential feature of any antibiotic
candidate. In this context, compound 29, the most potent
analogue, was observed in two human cell lines: Caco-2, the
colorectal adenocarcinoma cell line and the W-I38, the diploid
normal cell line. The results of these studies are presented in
Table 2. The selectivity index (SI) in each cell line was the ratio
of the IC50 value of cytotoxicity of a specic human cell line
divided by the MIC values for specic bacterial strains.
39980 | RSC Adv., 2024, 14, 39977–39994
Compound 29 had good SIs of between 2 and 17.5 against
MRSA, Clostridium difficile and C. albicans isolates compared
to normal cells, suggesting that compound 29 is relatively safe
for human cells and at the same time effective against path-
ogens. Furthermore, it showed low cytotoxicity against cancer
cells with an SI of 0.69–11. Overall, the data suggest that
compound 29 has strong antibacterial activity against MRSA,
C. difficile and C. albicans with a high selectivity index, espe-
cially in the normal WI38 broblast cells, indicating a good
therapeutic index. However, its potency and selectivity against
E. coli and N. gonorrhoeae are signicantly reduced,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Killing kinetics of selected phenyltriazole compounds (tested in
triplicate at 4 × MIC) against methicillin-resistant Staphylococcus
aureus over a 24 hours incubation period at 37 °C. DMSO (compound
solvent) served as a negative control and vancomycin served as
a control drug.

Table 2 Cytotoxicity of compound 29 in colorectal adenocarcinoma
and normal human diploid fibroblasts

Organism type MIC (mg mL−1)

Selectivity
indexa

Caco-2 WI38

MRSA NRS384 (MRSA USA300) 4 5.5 17.5
Clostridium difficile ATCC BAA 1870 4 5.5 17.55
E. coli JW55031 (TolC mutant) 32 0.69 2.194
Enterococcus faecalis ATCC 51299 8 2.75 8.775
Neisseria gonorrhoeae 181 32 0.69 2.194
C. albicans SS5314 (wild type) 4 5.5 17.55

a Selectivity index = IC50/MIC. The IC50 values of compound 29 against
both Caco-2 and W-I38 cells were 21.98± 1.12 and 70.2 ± 3.57 mg mL−1,
respectively. The IC50 value = the concentration that reduced Caco-2 or
WI38 cell viability by 75%.
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highlighting the variable activity of the compound for
different pathogens.

2.2.4 Analysis of the effect of compound 29 on the
morphology of MRSA cells. The general theoretical analysis of
the mechanism of action of these analogues is based on their
structure bearing variable lipophilic parts and terminal hydro-
philic parts. The lipophilic systems favored attachment to the
membrane because the lipophilicity favored the embedding of
the compound into the cell. This embedding caused the
compound to act as a false substrate for the target enzyme
instead of glucosamine, resulting in cell wall inhibition. We
hypothesized that the thicker peptidoglycan-rich Gram-positive
cell wall was prevented more than the Gram-negative one and
this was clear from the observed antimicrobial data. In addi-
tion, understanding the mechanism of action of antibacterial
agents is crucial for their development and optimization.
Compound 29 was investigated, and the rapid killing activity
was indicative of the membrane targeting activities, which may
be mediated by an electrostatic interaction between the posi-
tively charged central nitrogen atoms in compound 29 and
other analogues as well as the negatively charged bacterial
membrane. This hypothesis is consistent with the fact that
© 2024 The Author(s). Published by the Royal Society of Chemistry
positively charged antibacterial peptides can disrupt the integ-
rity of the bacterial membrane and depolarize bacterial
membranes.41 To test this hypothesis, a microscope from Nikon
Eclipse Ci, Japan was used to visualize the morphology of
bacterial cells at high resolution providing direct evidence for
the membrane effects caused by compound 29. Fig. 5 serves to
highlight the effect of compound 29 on the bacterial
morphology. In Fig. 5A and C (untreated control), the cells are
intact and show normal morphology, whereas in Fig. 5B and D
(treated with compound 29), the cells exhibit signs of structural
damage, suggesting that compound 29 disrupts the bacterial
cell wall, ultimately leading to cell death. This provides visual
evidence for the antimicrobial mechanism of action of
compound 29, which likely targets essential components of
bacterial cell wall biosynthesis.

2.2.5 Growth curve analysis. Methicillin-resistant Staphy-
lococcus aureus (MRSA) represents a signicant challenge in
clinical settings due to its high drug resistance. To further
validate the antibacterial mechanism of the novel phenyl-
triazole scaffold, MRSA was selected as a model organism for
detailed studies. Growth curve analysis serves as a critical
method to assess the effectiveness of compound 29 by tracking
bacterial proliferation over time in treated versus untreated
samples. In contrast to the bacteria treated with compound 29,
the results shown in Fig. 6 show that the number of bacteria not
treated with compound 29 (DMSO) increased signicantly.
However, treatment with compound 29 resulted in a sharp
decrease in the number of live bacteria that could be treated
with either 2 × MIC or 4 × MIC concentrations, which were
better than reference vancomycin. Accordingly, a wide concen-
tration range of compound 29 and different incubation times
were used, revealing that it has remarkable antibacterial
potential.

2.2.6 Anti-biolm effect. In the development of new anti-
biotics, the ability to inhibit bacterial virulence factors such as
biolm formation is a crucial property. Biolms act as protec-
tive barriers to bacteria, shielding them from the effects of
antibiotics and leading to persistent infections.42 This makes
treating biolm-associated infections particularly challenging,
especially in clinical environments where biolms form on
medical devices. Therefore, the development of antibacterial
agents with effective anti-biolm activity is crucial.43,44 When
compound 29 was tested for its ability to eradicate preformed,
mature staphylococcal biolm, it was found to be superior to
ceriaxone in eradicating MRSA biolm, disrupting approxi-
mately 37% of the MRSA biolm mass at 4 × MIC (Fig. 7). The
most important compound in this series (compound 29)
showed the lowest biolm eradication activity as it disrupted
only 40% of the MRSA biolm (Table 3).

2.2.7 Hemolytic activity. Before any pharmaceutical appli-
cation, it is important to assess the safety prole of new drug
candidates, particularly their potential to cause hemolysis,
which may lead to toxic effects. Hemolytic activity refers to the
breakdown of red blood cells and the release of hemoglobin,
which can indicate toxicity to human cells. According to Euro-
pean Medicines Agency (EMA) guidelines, in vitro hemolysis
studies are conducted to ensure the compatibility of new
RSC Adv., 2024, 14, 39977–39994 | 39981
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Fig. 5 Scanning electron microscope (SEM) photomicrographs of methicillin resistant Staphylococcus aureus cells. (A and C): Treated with 2×MIC
of analog 29. The yellow arrows point to deformed S. aureus cells: irregular cell shapes and abnormally fused cells. (B and D): Untreated control cells.
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compounds with human blood cells.45 In this study, red blood
cell lysis by hemoglobin release in plasma was evaluated for the
representative potent 29 analogue and compared to
Fig. 6 The growth curve of the MRSA is affected by 29. The results
were considered significant at p < 0.01.

39982 | RSC Adv., 2024, 14, 39977–39994
ciprooxacin as a positive control. The results showed a hemo-
lytic activity of 15% of the drug ciprooxacin in the studied MIC
concentration range of up to 64 mg mL−1. Furthermore, analog
29 did not show strong hemolytic activity against human
Fig. 7 Disruption of mature MRSA USA300 biofilm by the tested
phenyltriazole and ceftriaxone (at 4 × MIC). The data are presented as
percent disruption of MRSA mature biofilm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The antibiofilm data of the potent 29 analog against different microbial strainsa

ID Organism IZD MIC MBC T
Inhibition of biolm
formation (%)

29 MRSA ATCC 43300 33.34 � 0.47 3.9 15.625 4 79.39 � 0.37
K. pneumonia ATCC 13883 28.67 � 0.47 7.8 31.25 4 72.11 � 0.51
E. coli ATCC 25922 30.67 � 0.47 3.9 31.25 8.01 65.43 � 0.45
C. albicans ATCC 10231 37.67 � 0.47 7.8 31.25 4 75.29 � 0.53
P. aeruginosa ATCC 10145 21.67 � 0.47 31.25 62.5 2 46.99 � 0.66

Ceriaxone MRSA ATCC 43300 30.34 � 1.24 8 8 1 73.262 � 0.21
K. pneumonia ATCC 13883 34.34 � 0.47 4 8 2 61.23 � 0.22
E. coli ATCC 25922 36 � 1.50 16 32 2 59.14 � 0.16
C. albicans ATCC 10231 37.67 � 0.47 7.8 31.25 4 82.50 � 0.14
P. aeruginosa ATCC 10145 35 �1.85 8 16 2 74.39 � 0.68

a IZD: inhibition zone diameter expressed as mean number of millimeters ± SD, MIC: minimum inhibitory concentration; mg mL−1, MBC:
minimum inhibitory concentration; mg mL−1, T = tolerance: MBC/MIC.
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erythrocytes up to 64 mg mL−1. Therefore, the novel scaffold is
considered hemocompatible with a very low hemolytic activity
up to 64 mg mL−1. The hemocompatibility results are consistent
with the cytotoxicity evaluation. Compound 29 showed low
toxicity to Caco-2 and WI38 cells. This is better than the
performance of the phenylthiazole scaffold with a hemolysis-
dependent concentration mode, which has a reversed safety
prole compared to that of phenyltriazole .10,22,46–49
2.3. Molecular docking of the PBP2a target

Antibiotic resistance has emerged in response to the overuse of
currently available antibiotics.50 Therefore, it is necessary to
discover and develop novel antibacterial compounds with new
formulations to combat severe infections.51 MRSA infection is
one of the most common causes of hospital-acquired disease
and is currently associated with poor prognosis and increased
mortality/morbidity.15,22,46,47,49 The key factor in broad-spectrum
b-lactam resistance in MRSA strains is penicillin-binding
protein 2a (PBP2a). Due to its low affinity for b-lactams,
PBP2a provides transpeptidase activity to enable cell wall
synthesis at b-lactam concentrations that inhibit the b-lactam-
sensitive PBPs normally produced by S. aureus. In the present
study, molecular docking simulations were performed to iden-
tify the possible mechanism of such a novel phenyltriazole
scaffold as a prominent cell wall disruptor of the active site of
SauPBP2a. However, targeting the PBP2a allosteric site is
another alternative strategy to reduce SauPBP2a activity.
Therefore, we also evaluated the binding affinity of our potent
analogs in PBP2a active site inhibitors including compound 29
and recorded binding data (Table 4). The crystal structure of
PBP2a was considered, and the PDB code 1MWT was used for
the experiments. All previous validation steps were performed,
and re-docking of the bound ligand was performed. Interest-
ingly, compound 29 exhibited high binding affinity to the active
site of PBP2a with a DGbinding value of −7.39 kcal mol−1.
2.4. Binding affinity analysis of penicillin-binding protein 2a

Penicillin-binding protein 2a (PBP2a) is an essential protein
involved in the resistance of methicillin-resistant Staphylococcus
© 2024 The Author(s). Published by the Royal Society of Chemistry
aureus (MRSA) to b-lactam antibiotics and a potential antibac-
terial target.52 PBP2a can also perform the function of trans-
peptidase, complete cell wall synthesis andmaintain the growth
and proliferation of bacteria, thereby exhibiting multi drug
resistance.53 Therefore, it is urgent to develop potential specic
PBP2a inhibitors to overcome the multi drug resistance of
MRSA to most current antibiotics. The binding affinity of potent
analogs based on the inhibitory effect on MRSA and other
microbial strains toward the PBP2a target was examined using
inhibition constant data, and Ki is an effective parameter for
cell wall destruction. The diagram in Fig. 8 shows the mode of
action.

The dock scores of potent analogs 20, 23, 29, 30, and 31 are
estimated and using an equation the inhibition constants, Ki,
were calculated and compared (Table 5). The equation used for
Ki calculation is as follows:

Ki = exp(DG/(R × T)), (T = 298 K)

2.5. Pharmacokinetic proling

One of the fundamental challenges of translating promising
compounds from the bench to clinical trials is addressing the
physicochemical limitations of a compound, with almost 90%
of drugs currently in the drug discovery/development pipeline
having poor physicochemical properties, such as limited
aqueous solubility, poor permeability, or both.54 Our earlier
generation phenylthiazoles exhibited poor physicochemical
proles including limited ability to permeate the gastrointes-
tinal tract, as evaluated via the Caco-2 bidirectional perme-
ability assay. This was due in large part to the lead compound
being a substrate for the P-gp efflux system.55 Additionally,
phenylthiazoles containing an n-alkyl chain lipophilic tail were
found to be substrates for CYP450. This resulted in a very short
half-life and high clearance rate (t1/2 of 15a <30 minutes, Fig. 1–
8).55 Based on the data presented in (Table 6), the toxicity
hazards of all top hits were as predicted by the OSIRIS Property
Explorer, and the two compounds have similar pharmacoki-
netic properties in many respects such as hepatic stability, but
differ in their distribution and CNS activity. Compound 29 likely
has a longer duration of action than linezolid and the rst
RSC Adv., 2024, 14, 39977–39994 | 39983
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Table 4 Binding energies (kcal mol−1) and intermolecular bonds of compound 29 with the active sites of the cell wall proteins

Ligand
Dock score
(kcal mol−1)

Affinity binding
(kcal mol−1)

MM-GBSA
(DGbind) Interaction type

Interacting residues, distance (A0),
and energy (kcal mol−1)

PNAM −11.48 −7.52 −8.53 Hydrogen bonding SER403, 2.86, −1.2
Hydrogen bonding SER462, 2.69, −13.3
Hydrogen bonding ASN464, 3.35, −0.7
Hydrogen bonding THR600, 2.91, −4.8
Hydrogen bonding SER598, 2.51, −0.6
Hydrogen bonding TYR446, 4.49, −0.8

29 −11.95 −7.39 −7.88 Hydrogen bonding SER 462, 3.10, −1.3
Hydrogen bonding SER403, 3.05, −1.9
Aromatic stacking TYR446, 4.14, −0.8
Hydrogen bonding ASN464, 4.35, −1.4
Hydrophobic Met641, Gln613, Gln637, 3.85, −2.3

Fig. 8 Sketched diagram showing the mode of action of the novel
scaffold.

Table 5 Prediction of the binding data and inhibition constants (Ki
(nM)) of selected compounds against S. aureus penicillin-binding
protein 2a

Compound
DG of binding
(kcal mol−1)

Inhibition constant
(Ki, nM) Log P

20 −5.68 679.07 4.1
23 −6.60 143.01 4.9
29 −7.39 37.80 4.2
30 −7.21 51.21 5.1
31 −7.11 60.60 3.5
PNAM −7.89 16.20 −0.86

39984 | RSC Adv., 2024, 14, 39977–39994 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Predicted druglikeness and toxicity profiles of the top hits using OSIRIS property explorer
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generation of alkylphenylthiazole (t1/2 = 4.4 h) due to its longer
plasma half-life and higher plasma protein binding, while
linezolid has better solubility and a slightly better druglikeness
and drug score (Table 6). These parameters may lead to further
modications to optimize compound 29 as a potential thera-
peutic agent.
2.6. Conclusion

This study successfully showed the potential of phenyltriazole
derivatives as effective anti-MRSA agents. Using rational design
and scaffold hopping, a series of phenyltriazole compounds
were synthesized and evaluated against methicillin-resistant
Staphylococcus aureus (MRSA). The introduction of the 1,2,3-
triazole ring, replacing the conventional thiazole core, was
a strategic move aimed at enhancing the antimicrobial prop-
erties while improving the physicochemical properties of these
molecules. Among the synthesized derivatives, compound 29
exhibited the most promising activity, with an MIC value
comparable to or better than standard antibiotics such as
© 2024 The Author(s). Published by the Royal Society of Chemistry
vancomycin. Its rapid bactericidal action and signicant
disruption of MRSA biolms make it a suitable candidate for
the treatment of MRSA infections. The compound also showed
a favorable selectivity index, highlighting its safety prole for
therapeutic use. Molecular docking studies further supported
the proposed mechanism of action and suggested a strong
binding affinity to penicillin-binding protein 2a (PBP2a), which
is crucial for cell wall biosynthesis in MRSA. This study not only
highlights the importance of scaffold modications but also
provides valuable insights into the structure–activity relation-
ship (SAR) of phenyltriazole compounds. The observed corre-
lation between a terminal branched chain structure and
antimicrobial efficacy highlights the critical role of molecular
design in the development of effective antimicrobial agents.
Future research should focus on optimizing the pharmacoki-
netic properties of these derivatives and exploring their efficacy
in vivo. Additionally, expanding the scope to other resistant
bacterial strains could further validate the potential of phenyl-
triazole scaffolds as broad-spectrum antibacterial agents. The
RSC Adv., 2024, 14, 39977–39994 | 39985
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promising results of compound 29, including its minimal
cytotoxicity, potent anti-biolm activity, and favorable phar-
macokinetics, suggest that it could serve as a lead compound
for the development of new antibiotics targeting resistant
pathogens.

3. Experimental
3.1. Chemistry

The chemicals used in the synthetic protocols were purchased
from Sigma-Aldrich Corp., USA. The melting points of the target
compounds were uncorrected and recorded using a Stuart
Scientic Co. Ltd apparatus. The IR analysis was done by a Jasco
FT/IR 460 Plus spectrophotometer utilizing a KBr disc unit. The
1H (400 MHz) and 13C (100 MHz) NMR spectra were measured
on a BRUKER AV 850 MHz spectrometer in DMSO-d6 solvent
using tetramethyl silane (TMS) as an internal standard. All
compound purities were analyzed by HPLC-mass spectrometry
on an Agilent 1100/ZQ MSD including a C18 column and diode
array UV detector using a suitable mobile phase. In addition,
elemental analysis data were recorded on an RCMP unit, Al-
Azhar University, Cairo, Egypt. TLC on precoated Merck
sheets was utilized for following reactions and separations.

3.1.1 General synthetic procedures for 1-azido-4-
bromobenzene 2. Compound (2) was synthesized by dissolv-
ing 4-bromoaniline in H2O : HCl (1 : 1) and stirred at 0–5 °C for
30 min. The aqueous NaNO2 was added dropwise to form
diazotize amine hydrochloride. Aer that the solution was
treated with aqueous NaN3 and further stirred for 1 h at room
temperature. Finally, the reaction mixture was extracted with
ethyl acetate, dried over anhydrous sodium sulphate and
concentrated in vacuo to afford compound (2) in quantitative
yield.56

3.1.2 Synthesis of 1-(1-(4-bromophenyl)-5-methyl-1H-1,2,3-
triazol-4-yl)ethan-1-one 4. To a solution of sodium ethoxide
(971 mg, 14.2 mmol) in anhydrous ethanol (20 mL) was added
acetylacetone (3, 1.46 mL, 14.2 mmol) in an ice-bath for 30 min.
Then, to this solution 1-azido-4-bromobenzene (2, 2 g, 7.14
mmol) in anhydrous ethanol (3 mL) was added dropwise. The
mixture was stirred at room temperature for 24 h. The resulting
suspension was ltered, and the solid product was washed with
H2O and ethanol to give 4 as light-yellow crystals; yield: 1.92 g,
96%; mp 118–120 °C.

3.1.3 1-(5-Methyl-1-(4-(alkyl or aryl-1-yn-1-yl)phenyl)-1H-
1,2,3-triazol-4-yl)ethan-1-one 5–16. General procedure: To dry
DME (25 mL) in a sealed tube, compound 4 (1 equiv.), appro-
priate alkynes (2 equiv.), triethylamine (3 mL), and potassium
carbonate (2 equiv.) were added. Aer the reaction mixture was
purged with dry nitrogen gas for 10 min, dichloro bis(triphenyl
phosphine) palladium(II) (5% mole) and copper(I) iodide (7.5%
mole) were added. The sealed tube was then placed in an oil
bath and stirred at 110 °C for 24 h. Aer cooling to room
temperature, the reaction mixture was extracted 3 times by ethyl
acetate (20 mL). The combined organic layer was dried over
MgSO4 then concentrated under reduced pressure. The crude
materials were puried via silica gel ash column chromatog-
raphy using hexane-ethyl acetate (9 : 1). Yields, physical
39986 | RSC Adv., 2024, 14, 39977–39994
properties, and spectral data of isolated puried products are
listed below.

3.1.4 1-(5-Methyl-1-(4-((trimethylsilyl)ethynyl)phenyl)-1H-
1,2,3-triazol-4-yl)ethan-1-one 17, 18

3.1.4.1 General procedures for compounds 17 and 18. To dry
DME (5 mL) in a 25 mL sealed tube compound 4 (1 equiv.),
ethynyltrimethylsilane (2 equiv.), and triethylamine (2 mL) were
added. Aer the reaction mixture was purged with dry nitrogen
gas for 20 min, dichlorobis(triphenylphosphine)palladium(II)
(5% mol) and copper(I) iodide (7.5% mol) were added. The
sealed tube was then placed in an oil bath and stirred at 50 °C
for 2 h. Aer cooling down to room temperature, the reaction
mixture was passed through Celite, followed by chloroform (2 ×

50 mL). The organic materials were then concentrated under
reduced pressure. The crude materials were puried and
washed by silica gel ash column chromatography using
hexane-ethyl acetate (9 : 1) to afford the intermediate compound
1-(5-methyl-1-(4-((trimethylsilyl)ethynyl)phenyl)-1H-1,2,3-tri-
azol-4-yl)ethan-1-one.

3.1.4.2 1-(1-(4-Ethynylphenyl)-5-methyl-1H-1,2,3-triazol-4-yl)
ethan-1-one. To dry methanol (10 mL) in a 25 mL round ask,
the intermediate compound 1-(5-methyl-1-(4-((trimethylsilyl)
ethynyl)phenyl)-1H-1,2,3-triazol-4-yl)ethan-1-one (1 equiv.) and
anhydrous potassium carbonate (0.1% mol) were added. The
reaction mixture was stirred at room temperature for 1 h until
an off-white precipitate formed, and then concentrated under
reduced pressure. The reaction was then quenched with very
diluted hydrochloric acid and extracted with diethyl ether and
then dried over anhydrous MgSO4. The solvent was evaporated
under reduced pressure and the product was used in the next
step without purication.

3.1.4.3 Compounds 17 and 18. Compounds 17 and 18 were
prepared by the typical Sonogashira cross-coupling as
mentioned above. Yields, physical properties, and spectral data
of isolated puried products are listed below.

3.1.5 1-(5-Methyl-1-(4-(pent-1-yn-1-yl)phenyl)-1H-1,2,3-
triazol-4-yl)ethan-1-one 5. Yellow oil (235 mg, 82%), 1H NMR
(DMSO-d6); d 8.10 (d, J = 8.1 Hz, 2H), 7.50 (d, J = 8.1 Hz, 2H),
2.67 (s, 3H), 2.46 (t, J = 7.8 Hz, 2H), 2.25 (s, 3H), 1.62–1.55 (m,
2H), 1.03 (t, J = 7.5 Hz, 3H); 13C NMR (DMSO-d6); d 193.09,
148.38, 137.09, 132.04, 126.85, 124.03, 117.59, 92.34, 81.16,
25.31, 22.14, 21.15, 17.47, 13.86; ESI-MS (m/z); 267.33 (M+,
99.91%).

3.1.6 1-(5-Methyl-1-(4-(4-methylpent-1-yn-1-yl)phenyl)-1H-
1,2,3-triazol-4-yl)ethan-1-one 6. Light brown oil (240 mg, 79%):
1H NMR (DMSO-d6); d 8.10 (d, J= 8.0 Hz, 2H), 7.50 (d, J= 8.0 Hz,
2H), 2.64 (s, 3H), 2.38 (d, J = 7.9 Hz, 2H), 2.23 (s, 3H), 1.92–1.85
(m, 1H), 1.04 (d, J = 8.1 Hz, 6H); 13C NMR (DMSO-d6); d 200.65,
139.30, 137.19, 132.11, 129.39, 127.46, 125.16, 117.75, 91.98,
81.75, 29.89, 28.27, 28.08, 25.24, 22.27; MS (m/z); 281.36 (M+,
62.41%).

3.1.7 1-(1-(4-(Hex-1-yn-1-yl)phenyl)-5-methyl-1H-1,2,3-
triazol-4-yl)ethan-1-one 7. Brown oil (203 mg, 71%): 1H NMR
(DMSO-d6); d 8.09 (d, J = 8.1 Hz, 2H), 7.49 (d, J = 8.1 Hz, 2H),
2.64 (s, 3H), 2.45 (t, J = 7.9 Hz, 2H), 2.24 (s, 3H), 1.59–1.32 (m,
4H), 0.93 (t, J = 7.9 Hz, 3H); 13C NMR (DMSO-d6); d 192.63,
152.43, 138.20, 137.09, 135.70, 132.05, 132.02, 126.84, 117.59,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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92.52, 81.97, 31.04, 28.35, 25.31, 22.13, 17.48, 14.36; MS (m/z);
281.35 (M+, 69.41%).

3.1.8 1-(5-Methyl-1-(4-(oct-1-yn-1-yl)phenyl)-1H-1,2,3-
triazol-4-yl)ethan-1-one 8. Brown oil (235 mg, 71%): 1H NMR
(DMSO-d6); d 8.09 (d, J = 8.1 Hz, 2H), 7.48 (d, J = 8.1 Hz, 2H),
2.64 (s, 3H), 2.47 (t, J = 7.2 Hz, 2H), 2.23 (s, 3H), 1.60–1.29 (m,
8H), 0.91 (t, J = 6.1 Hz, 3H); 13C NMR (DMSO-d6); d 191.81,
138.21, 137.09, 135.80, 132.03, 126.85, 124.04, 117.59, 92.52,
81.01, 31.23, 28.60, 25.32, 22.50, 19.20, 17.45, 14.40; MS (m/z);
309.18 (M+, 77.41%).

3.1.9 1-(1-(4-(3,3-Dimethylbut-1-yn-1-yl)phenyl)-5-methyl-
1H-1,2,3-triazol-4-yl)ethan-1-one 9. Yellow oil (250 mg, 82%); 1H
NMR (DMSO-d6); d 8.10 (d, J = 8.1 Hz, 2H), 7.46 (d, J = 8.1 Hz,
2H), 2.64 (s, 3H), 2.23 (s, 3H), 1.32 (s, 9H); 13C NMR (DMSO-d6);
d 198.58, 138.14, 137.09, 135.04, 132.04, 126.76, 123.90, 117.56,
100.23, 79.41, 31.22, 28.14, 25.31, 17.47; MS (m/z); 281.36 (M+,
92.31%).

3.1.10 1-(1-(4-(Cyclopropylethynyl)phenyl)-5-methyl-1H-
1,2,3-triazol-4-yl)ethan-1-one 10. Yellow oil (244 mg, 86%); 1H
NMR (DMSO-d6); d 8.08 (d, J = 8.2 Hz, 2H), 7.46 (d, J = 8.2 Hz,
2H), 2.64 (s, 3H), 2.23 (s, 3H), 1.61–1.55 (m, 1H), 0.93–0.90 (m,
2H), 0.78–0.75 (m, 2H); 13C NMR (DMSO-d6); d 197.19, 152.76,
144.96, 140.02, 133.21, 132.04, 130.02, 118.13, 117.95, 116.52,
95.21, 81.56, 27.38, 24.45, 18.26, 10.05, 1.02; MS (m/z); 265.32
(M+, 78.61%).

3.1.11 1-(1-(4-(Cyclopentylethynyl)phenyl)-5-methyl-1H-
1,2,3-triazol-4-yl)ethan-1-one 11. Brown oil (230 mg, 73%); 1H
NMR (DMSO-d6); d 7.70 (d, J = 8.1 Hz, 2H), 7.49 (d, J = 8.1 Hz,
2H), 2.90–2.86 (m, 1H), 2.70 (s, 3H), 2.60 (s, 3H), 2.00–1.55 (m,
8H); 13C NMR (DMSO-d6); d 200.64, 139.29, 132.21, 131.53,
129.39, 127.41, 125.19, 117.78, 97.07, 80.36, 33.91, 30.60, 29.87,
25.11, 24.94; MS (m/z); 293.37 (M+, 62.61%).

3.1.12 1-(1-(4-(Cyclohexylethynyl)phenyl)-5-methyl-1H-
1,2,3-triazol-4-yl)ethan-1-one 12. Light brown oil (250 mg, 76%);
1H NMR (DMSO-d6); d 8.08 (d, J= 8.2 Hz, 2H), 7.48 (d, J= 8.2 Hz,
2H), 2.64 (s, 3H), 2.24 (s, 3H), 1.87–1.31 (m, 11H); 13C NMR
(DMSO-d6); d 197.11, 155.06, 153.56, 148.12, 138.71, 137.44,
135.62, 132.41, 126.95, 124.72, 96.34, 81.36, 33.12, 29.93, 25.05,
24.97, 17.15, 14.12; MS (m/z); 307.43 (M+, 69.61%).

3.1.13 1-(1-(4-(4-Hydroxyhex-1-yn-1-yl)phenyl)-5-methyl-
1H-1,2,3-triazol-4-yl)ethan-1-one 13. Yellow oil (265 mg, 83%);
1H NMR (DMSO-d6); d 8.13 (d, J= 8.2 Hz, 2H), 7.54 (d, J= 8.2 Hz,
2H), 5.72 (brs, 1H), 3.66–3.61 (m, 1H), 2.65 (s, 3H), 2.23 (s, 3H),
1.99–1.97 (m, 2H) 1.51 (d, J= 7.9 Hz, 2H), 1.18 (t, J= 8.1 Hz, 3H);
13C NMR (DMSO-d6); d 200.29, 155.75, 148.32, 137.12, 132.21,
126.90, 117.71, 99.52, 86.19, 59.29, 32.07, 29.15, 25.32, 17.46,
16.19; MS (m/z); 297.36 (M+, 88.31%).

3.1.14 1-(1-(4-(3-Hydroxy-3-methylbut-1-yn-1-yl)phenyl)-5-
methyl-1H-1,2,3-triazol-4-yl)ethan-1-one 14. Yellow oil (245 mg,
81%); 1H NMR (DMSO-d6); d 8.13 (d, J = 8.4 Hz, 2H), 7.54 (d, J =
8.4 Hz, 2H), 5.44 (brs, 1H), 2.65 (s, 3H), 2.23 (s, 3H), 1.51 (s, 6H);
13C NMR (DMSO-d6); d 204.01, 153.41, 144.96, 139.98, 133.65,
132.94, 130.04, 118.73, 117.85, 116.82, 95.76, 81.63, 64.36,
33.88, 26.96 18.65; MS (m/z); 283.33 (M+, 72.45%).

3.1.15 1-(1-(4-((1-Hydroxycyclohexyl)ethynyl)phenyl)-5-
methyl-1H-1,2,3-triazol-4-yl)ethan-1-one 15. Yellow oil (270 mg,
78%); 1H NMR (DMSO-d6); d 8.12 (d, J = 8.2 Hz, 2H), 7.81 (d, J =
© 2024 The Author(s). Published by the Royal Society of Chemistry
8.2 Hz, 2H), 6.23 (brs, 1H), 2.65 (s, 3H), 2.26 (s, 3H), 2.18–1.51
(m, 10H); 13C NMR (DMSO-d6); d 198.18, 137.20, 136.12, 132.23,
131.93, 126.93, 117.66, 93.05, 87.29, 58.38, 37.26, 29.23, 25.74,
25.19, 17.68, 16.25; MS (m/z); 323.33 (M+, 61.61%).

3.1.16 1-(5-Methyl-1-(4-(phenylethynyl)phenyl)-1H-1,2,3-
triazol-4-yl)ethan-1-one 16. Brown oil (210 mg, 65%); 1H NMR
(DMSO-d6); d 8.19 (d, J = 8.2 Hz, 2H), 8.16 (d, J = 8.2 Hz, 2H),
7.85–7.44 (m, 5H), 2.67 (s, 3H), 2.25 (s, 3H); 13C NMR (DMSO-
d6); d 197.72, 139.02, 137.13, 135.85, 132.24, 131.88, 129.36,
127.01, 122.72, 117.77, 117.74, 91.01, 89.84, 25.34, 17.50; MS (m/
z); 301.35 (M+, 48.51%).
3.2 Synthesis of 1-(5-methyl-1-(4-substituted aryl)-1H-1,2,3-
triazol-4-yl)ethan-1-one (17–18)

3.2.1 General procedure
3.2.1.1 Synthesis of 1-(5-methyl-1-(4-((trimethylsilyl)ethynyl)

phenyl)-1H-1,2,3-triazol-4-yl)ethan-1-one 4a. To dry DME (25 mL)
in a sealed tube, compound 4 (1 mmol, 1 equiv.), appropriate
alkynes (2 mmol, 2 equiv.), triethylamine (3 mL), and potassium
carbonate (2 mmol, 2 equiv.) were added. Aer the reaction
mixture was purged with dry nitrogen gas for 10 min, dichloro
bis(triphenyl phosphine) palladium(II) (5% mole) and copper(I)
iodide (7.5% mole) were added. The sealed tube was then
placed in an oil bath and stirred at 110 °C for 24 h. Aer cooling
to room temperature, the reactionmixture was extracted 3 times
by ethyl acetate (20 mL). The organic materials were then
concentrated under reduced pressure. The crude materials were
puried by silica gel ash column chromatography using
hexane-ethyl acetate (9 : 1). The yield was 500 mg (94%).

3.2.1.2 Deprotection step to synthesis 1-(1-(4-ethynylphenyl)-5-
methyl-1H-1,2,3-triazol-4-yl) ethan-1-one 4b. To dry methanol (10
mL) in a 25 mL round ask compound 4a (300 mg, 1.07 mmol)
and anhydrous potassium carbonate (70 mg, 0.5 mmol) were
added. The reaction mixture was stirred at room temperature for
1 h until an off-white precipitate formed, and then concentrated
under reduced pressure. It was then quenched with very dilute
hydrochloric acid and extracted with diethyl ether, and then
dried over anhydrous MgSO4. The solvent was evaporated under
reduced pressure. The yield was 200 mg (88%).

3.2.2 1-(5-Methyl-1-(4-(p-tolylethynyl)phenyl)-1H-1,2,3-
triazol-4-yl)ethan-1-one 17. To dry DME (10 mL) in a 25 mL
sealed tube compound 4b (200 mg, 0.88 mmol), 4-bromoto-
luene (151 mg, 0.88 mmol), and triethylamine (2 mL) were
added. Aer the reaction mixture was purged with dry nitrogen
gas for 10 min, dichlorobis(triphenylphosphine)palladium(II)
(31 mg, 0.44 mmol) and copper(I) iodide (13 mg, 0.66 mmol)
were added. The sealed tube was then placed in an oil bath and
stirred at 120 °C for 24 h. Aer cooling down to room temper-
ature, the reaction mixture was passed through Celite, followed
by chloroform (2 × 50 mL). The organic materials were then
concentrated under reduced pressure. The crude materials were
puried by silica gel ash column chromatography using
hexane-ethyl acetate (7 : 3). The yield, physical properties and
spectral data of the isolated puried product are listed below.

Brown oil (190 mg, 67%); 1H NMR (DMSO-d6); d 8.19 (d, J =
8.2 Hz, 2H), 8.16 (d, J = 8.2 Hz, 2H), 7.85–7.44 (m, 4H), 2.67 (s,
RSC Adv., 2024, 14, 39977–39994 | 39987
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3H), 2.25 (s, 3H), 2.16 (s, 3H); 13C NMR (DMSO-d6); d 199.03,
155.79, 152.25, 148.44, 139.26, 137.13, 129.36, 127.01, 122.72,
117.77, 117.74, 91.01, 89.79, 25.34, 23.61, 17.50; MS (m/z);
315.38 (M+, 77.51%).

3.2.3 1-(5-Methyl-1-(4-(thiophen-3-ylethynyl)phenyl)-1H-
1,2,3-triazol-4-yl)ethan-1-one 18. Brown oil (200 mg, 73%); 1H
NMR (DMSO-d6); d 8.30 (d, J = 8.2 Hz, 1H), 7.92 (d, J = 8.2 Hz,
2H), 7.78 (s, 1H), 7.73 (d, J= 8.2 Hz, 2H), 7.03 (d, J= 8.2 Hz, 1H),
2.60 (s, 3H), 2.32 (s, 3H); 13C NMR (DMSO-d6); d 191.07, 158.72,
142.58, 136.89, 132.47, 131.38, 129.30, 127.79, 127.52, 126.43,
125.49, 98.00, 82.92, 30.89, 18.65; MS (m/z); 307.37 (M+,
74.51%).

3.2.4 2-(1-(5-Methyl-1-(4-(alkynyl)phenyl)-1H-1,2,3-triazol-
4-yl)ethylidene)hydrazine-1-carboximidamide 19–32. General
procedure: phenyltriazol-acetyl derivatives 5–18 (1 equiv.) were
dissolved in absolute ethanol (10 mL), and concentrated
hydrochloric acid (0.2 mL) and aminoguanidine hydrochloride
(2 equiv.) were added. The reaction mixture was heated under
reux for 4 h. The solvent was concentrated under reduced
pressure, then poured into crushed ice and neutralized with
potassium carbonate to pH 9–10, and the formed precipitated
solid was collected by ltration and washed with copious
amounts of water. Crystallization was from DCM to afford the
desired products as solids. The yield, physical properties and
spectral data of the isolated puried product are listed below.

3.2.5 2-(1-(5-Methyl-1-(4-(pent-1-yn-1-yl)phenyl)-1H-1,2,3-
triazol-4-yl)ethylidene)hydrazine-1-carboximidamide 19. Off-
white solid (95 mg, 78%); mp. 205–207 °C; 1H NMR (DMSO-
d6); d 8.10 (d, J = 8.4 Hz, 2H), 7.50 (d, J = 8.4 Hz, 2H), 5.72 (brs,
2H), 5.52 (brs, 2H), 2.67 (s, 3H), 2.64 (t, J = 7.1 Hz, 2H), 2.25 (s,
3H), 1.64 (m, 2H), 1.05 (t, J = 7.6 Hz, 3H); 13C NMR (DMSO-d6);
d 160.31, 148.33, 138.22, 137.09, 135.73, 132.04, 126.85, 124.03,
117.59, 92.34, 81.16, 25.31, 22.14, 21.15, 17.47, 13.86; MS m/z
(%): 323 (M+, 39.55); purity via HPLC = 98.07%; anal. calc. for:
C17H21N7 (323): C, 63.14; H, 6.55; N, 30.32%; found: C, 63.09; H,
6.48; N, 30.49%.

3.2.6 2-(1-(5-Methyl-1-(4-(4-methylpent-1-yn-1-yl)phenyl)-
1H-1,2,3-triazol-4-yl)ethylidene)hydrazine-1-carboximidamide
20. Yellowish-white solid (90 mg, 71%); mp 195–197 °C, 1H
NMR (DMSO-d6); d 8.10 (d, J = 8.4 Hz, 2H), 7.50 (d, J = 8.6 Hz,
2H), 5.71 (brs, 2H), 5.51 (brs, 2H), 2.64 (s, 3H), 2.38 (d, J =

7.6 Hz, 2H), 2.23 (s, 3H), 1.92–1.85 (m, 1H), 1.04 (d, J = 7.6 Hz,
6H); 13C NMR (DMSO-d6); d 160.33, 155.68, 138.22, 137.10,
135.05, 132.86, 124.04, 117.55, 91.36, 81.90, 28.26, 28.11, 25.32,
22.31, 17.47; MS m/z (%): 337 (M+, 55.75); purity via HPLC =

99.33%; anal. calc. for: C18H23N7 (337): C, 64.07; H, 6.87; N,
29.06%; found: C, 64.13; H, 6.92; N, 29.10%.

3.2.7 2-(1-(1-(4-(Hex-1-yn-1-yl)phenyl)-5-methyl-1H-1,2,3-
triazol-4-yl)ethylidene)hydrazine-1-carboximidamide 21. White
solid (100 mg, 79%); mp 199–201 °C, 1H NMR (DMSO-d6); d 8.09
(d, J = 8.4 Hz, 2H), 7.49 (d, J = 8.6 Hz, 2H), 5.74 (brs, 2H), 5.55
(brs, 2H), 2.64 (s, 3H), 2.47 (t, J = 7.1 Hz, 2H), 2.24 (s, 3H), 1.61–
130 (m, 4H), 0.93 (t, J = 7.2 Hz, 3H); 13C NMR (DMSO-d6);
d 160.29, 155.68, 138.20, 137.09, 135.70, 132.05, 126.84, 124.05,
117.59, 92.52, 80.97, 31.04, 28.35, 25.31, 22.13, 17.48, 14.36; MS
m/z (%): 337 (M+, 59.75); purity via HPLC = 99.33%; anal. calc.
39988 | RSC Adv., 2024, 14, 39977–39994
for: C18H23N7 (337): C, 64.07; H, 6.87; N, 29.06%; found: C,
64.13; H, 6.92; N, 29.10%.

3.2.8 2-(1-(1-(4-(Oct-1-yn-1-yl)phenyl)-5-methyl-1H-1,2,3-
triazol-4-yl)ethylidene)hydrazine-1-carboximidamide 22. Light
brown solid (95 mg, 77%): mp. 206–208 °C; 1H NMR (DMSO-d6);
d 8.09 (d, J = 8.4 Hz, 2H), 7.48 (d, J = 8.4 Hz, 2H), 5.72 (brs, 2H),
5.52 (brs, 2H), 2.64 (s, 3H), 2.47 (t, J = 7.2 Hz, 2H), 2.23 (s, 3H),
1.60–130 (m, 8H), 0.91 (t, J = 7.6 Hz, 3H); 13C NMR (DMSO-d6);
d 160.35, 155.67, 138.21, 137.73, 135.73, 132.03, 126.85, 127.04,
117.53, 92.52, 81.01, 31.23, 28.60, 25.23, 22.50, 19.20, 17.46,
14.40; MS m/z (%): 365 (M+, 66.15); purity via HPLC = 98.61%;
anal. calc. for: C20H27N7 (365): C, 65.73; H, 7.45; N, 26.83%;
found: C, 65.81; H, 7.62; N, 26.61%.

3.2.9 2-(1-(1-(4-(3,3-Dimethylbut-1-yn-1-yl)phenyl)-5-
methyl-1H-1,2,3-triazol-4-yl)ethylidene) hydrazine-1-
carboximidamide 23. Beige solid (105 mg, 83%); mp 201–
203 °C, 1H NMR (DMSO-d6); d 8.10 (d, J = 8.4 Hz, 2H), 7.46 (d, J
= 8.4 Hz, 2H), 5.72 (brs, 2H), 5.52 (brs, 2H), 2.64 (s, 3H), 2.23 (s,
3H), 1.32 (s, 9H); 13C NMR (DMSO-d6); d 160.36, 155.67, 138.14,
137.09, 135.80, 132.04, 126.76, 123.90, 117.49, 100.27, 79.41,
31.22, 28.14, 25.31, 17.47; MSm/z (%): 337 (M+, 88.43); purity via
HPLC = 99.74%; anal. calc. for: C18H23N5 (337): C, 64.07; H,
6.87; N, 29.06%; found: C, 64.13; H, 6.92; N, 29.10%.

3.2.10 2-(1-(1-(4-(Cyclopropylethynyl)phenyl)-5-methyl-1H-
1,2,3-triazol-4-yl)ethylidene)hydrazine-1-carboximidamide 24.
Yellow solid (97 mg, 82%); mp 205–207 °C, 1H NMR (DMSO-d6);
d 8.08 (d, J = 8.4 Hz, 2H), 7.47 (d, J = 8.4 Hz, 2H), 5.72 (brs, 2H),
5.53 (brs, 2H), 2.64 (s, 3H), 2.23 (s, 3H), 1.61–1.55 (m, 1H), 0.94–
0.89 (m, 2H), 0.79–0.75 (m, 2H); 13C NMR (DMSO-d6); d 159.50,
154.52, 137.27, 136.23, 134.86, 131.23, 125.96, 123.10, 116.67,
94.81, 75.23, 24.47, 16.62, 8.11, 0.50; MS m/z (%): 321 (M+,
87.13); purity viaHPLC= 98.23%; anal. calc. for C17H19N7 (321);
anal. calc. for: C17H19N7 (321): C, 63.53; H, 5.96; N, 30.51%;
found: C, 63.63; H, 6.02; N, 30.10%.

3.2.11 2-(1-(1-(4-(Cyclopentylethynyl)phenyl)-5-methyl-1H-
1,2,3-triazol-4-yl)ethylidene)hydrazine-1-carboximidamide 25.
Brown solid (90 mg, 69%); mp 210–212 °C, 1H NMR (DMSO-d6);
d 8.09 (d, J = 8.6 Hz, 2H), 7.48 (d, J = 8.6 Hz, 2H), 5.74 (brs, 2H),
5.56 (brs, 2H), 2.93–2.85 (m, 1H), 2.64 (s, 3H), 2.23 (s, 3H), 2.02–
1.57 (m, 8H); 13C NMR (DMSO-d6); d 160.33, 155.67, 138.12,
137.08, 135.69, 132.02, 126.80, 124.07, 117.56, 96.45, 80.47,
33.95, 30.58, 25.31, 25.10, 17.47; MS m/z (%): 349 (M+, 55.63);
purity via HPLC = 96.24%; anal. calc. for: C19H23N7 (349): C,
65.31; H, 6.63; N, 28.06%; found: C, 65.43; H, 6.72; N, 27.90%.

3.2.12 2-(1-(1-(4-(Cyclohexylethynyl)phenyl)-5-methyl-1H-
1,2,3-triazol-4-yl)ethylidene)hydrazine-1-carboximidamide 26.
Brown solid (98 mg, 72%); mp 216–218 °C. 1H NMR (DMSO-d6);
d 8.08 (d, J = 8.2 Hz, 2H), 7.48 (d, J = 8.2 Hz, 2H), 5.77 (brs, 2H),
5.60 (brs, 2H), 2.64 (s, 3H), 2.24 (s, 3H), 1.87–1.28 (m, 11H); 13C
NMR (DMSO-d6); d 160.27, 155.68, 138.16, 137.09, 135.67,
132.07, 126.81, 124.02, 117.57, 96.20, 80.97, 32.66, 29.36, 25.83,
25.29, 24.69, 17.49; MSm/z (%): 363 (M+, 59.67); purity viaHPLC
= 98.97%; anal. calc. for: C20H25N7 (363): C, 66.09; H, 6.93; N,
26.98%; found: C, 66.21; H, 7.02; N, 26.87%.

3.2.13 2-(1-(1-(4-(4-Hydroxyhex-1-yn-1-yl)phenyl)-5-methyl-
1H-1,2,3-triazol-4-yl)ethylidene) hydrazine-1-carboximidamide
27. Yellow solid (105 mg, 79%); mp 222–224 °C. 1H NMR
© 2024 The Author(s). Published by the Royal Society of Chemistry
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(DMSO-d6); d 8.11 (d, J = 8.1 Hz, 2H), 7.53 (d, J = 8.1 Hz, 2H),
5.72 (brs, 1H), 5.52 (brs, 2H), 5.44 (brs, 2H), 3.66–3.61 (m, 1H),
2.65 (s, 3H), 2.23 (s, 3H), 1.99–1.97 (m, 2H) 1.51 (d, J = 7.9 Hz,
2H), 1.18 (t, J = 8.1 Hz, 3H); 13C NMR (DMSO-d6); d 160.36,
155.73, 152.21, 148.32, 137.12, 135.88, 132.21, 126.90, 117.71,
98.62, 89.88, 59.29, 32.07, 29.15, 25.32, 17.46, 16.19; MSm/z (%):
353 (M+, 75.63); purity via HPLC = 98.16%; anal. calc. for:
C18H23N7O (353): C, 61.17; H, 6.56; N, 27.74%; found: C, 61.25;
H, 6.62; N, 27.64%.

3.2.14 2-(1-(1-(4-(3-Hydroxy-3-methylbut-1-yn-1-yl)phenyl)-
5-methyl-1H-1,2,3-triazol-4-yl)ethylidene) hydrazine-1-
carboximidamide 28. Yellow solid (99 mg, 77%); mp 219–
221 °C. 1H NMR (DMSO-d6); d 8.13 (d, J = 8.6 Hz, 2H), 7.54 (d, J
= 8.4 Hz, 2H), 5.72 (brs, 2H), 5.52 (brs, 2H), 5.45 (brs, 1H), 2.65
(s, 3H), 2.23 (s, 3H), 1.51 (s, 6H); 13C NMR (DMSO-d6); d 160.36,
155.73, 148.32, 137.12, 135.88, 132.21, 126.90, 122.72, 117.71,
89.88, 70.29, 59.29, 29.15, 25.32, 17.46; MS m/z (%): 339 (M+,
85.53); purity via HPLC = 99.21%; anal. calc. for: C17H21N7O
(339): C, 60.16; H, 6.24; N, 28.89%; found: C, 60.26; H, 6.37; N,
28.77%.

3.2.15 2-(1-(1-(4-((1-Hydroxycyclohexyl)ethynyl)phenyl)-5-
methyl-1H-1,2,3-triazol-4-yl)ethylidene) hydrazine-1-
carboximidamide 29. Brown solid (110 mg, 77%); mp 223–
224 °C. 1H NMR (DMSO-d6); d 8.12 (d, J = 8.2 Hz, 2H), 7.81 (d, J
= 8.2 Hz, 2H), 6.22 (brs, 1H), 6.02 (brs, 4H), 2.65 (s, 3H), 2.26 (s,
3H), 2.20–1.15 (m, 10H); 13C NMR (DMSO-d6); d 159.81, 155.76,
152.52, 149.00, 137.20, 136.12, 132.23, 126.93, 117.66, 93.05,
87.29, 58.38, 37.26, 29.23, 25.19, 21.47, 17.68, 16.25; MSm/z (%):
379 (M+, 79.67); purity via HPLC = 99.01%; anal. calc. for:
C20H25N7O (379): C, 63.30; H, 6.64; N, 25.84%; found: C, 63.41;
H, 6.72; N, 25.77%.

3.2.16 2-(1-(5-Methyl-1-(4-(phenylethynyl)phenyl)-1H-1,2,3-
triazol-4-yl)ethylidene)hydrazine-1-carboximidamide 30. Light
brown solid (95 mg, 80%); mp 258–260 °C. 1H NMR (DMSO-d6);
d 8.19 (d, J = 8.4 Hz, 2H), 8.16 (d, J = 8.4 Hz, 2H), 7.85–7.44 (m,
5H), 5.78 (brs, 2H), 5.62 (brs, 2H), 2.67 (s, 3H), 2.25 (s, 3H); 13C
NMR (DMSO-d6); d 160.33, 155.79, 139.02, 137.13, 135.85,
132.22, 131.88, 129.27, 127.01, 122.92, 117.77, 117.74, 91.01,
89.84, 25.34, 17.50; MS (m/z); 357.42 (M+, 78.51%).; purity via
HPLC = 98.97%; anal. calc. for: C20H19N7 (357.42): C, 67.21; H,
5.36; N, 27.43%; found: C, 67.33; H, 5.49; N, 27.37%.

3.2.17 2-(1-(5-Methyl-1-(4-(p-tolylethynyl)phenyl)-1H-1,2,3-
triazol-4-yl)ethylidene)hydrazine-1-carboximidamide 31. Brown
solid (98 mg, 79%); mp 268–270 °C. 1H NMR (DMSO-d6); d 8.19
(d, J = 8.4 Hz, 2H), 8.16 (d, J = 8.4 Hz, 2H), 7.85–7.44 (m, 4H),
5.79 (brs, 2H), 5.62 (brs, 2H), 2.67 (s, 3H), 2.25 (s, 3H), 2.16 (s,
3H); 13C NMR (DMSO-d6); d 160.33, 155.79, 152.25, 148.44,
139.26, 137.13, 132.24, 131.88, 129.27, 127.01, 122.92, 117.77,
90.96, 89.79, 25.34, 23.61, 17.50; MS (m/z); 371.44 (M+, 88.54%);
purity via HPLC = 97.54%; anal. calc. for: C21H21N7 (371.45): C,
67.90; H, 5.70; N, 26.40%; found: C, 67.99; H, 5.82; N, 26.27%.

3.2.18 2-(1-(5-Methyl-1-(4-(thiophen-3-ylethynyl)phenyl)-
1H-1,2,3-triazol-4-yl)ethylidene) hydrazine-1-carboximidamide
32. Yellow solid (88 mg, 72%); 1H NMR (DMSO-d6); d 7.94 (d, J
= 8.2 Hz, 2H), 7.77 (d, J = 8.2 Hz, 2H), 7.62–7.17 (m, 3H), 5.79
(brs, 2H), 5.67 (brs, 2H), 2.60 (s, 3H), 2.33 (s, 3H); 13C NMR
(DMSO-d6); d 162.27, 160.19, 148.37, 143.15, 141.04, 136.74,
© 2024 The Author(s). Published by the Royal Society of Chemistry
135.28, 132.28, 127.83, 127.08, 126.70, 122.29, 98.00, 82.92,
18.70, 16.56; MS (m/z); 363.44 (M+, 78.31%); purity via HPLC =

97.11%; anal. calc. for: C18H17N7S (363.44): C, 59.49; H, 4.71; N,
26.98%; found: C, 59.54; H, 4.83; N, 26.77%.
3.3. Biological screening

3.3.1 Antibacterial assay. The minimum inhibitory
concentrations (MICs) of the tested compounds and control
drugs, linezolid, vancomycin and gentamicin (antibiotics), and
uconazole and 5-uorocytosine (5-FC) (antifungal drugs) were
determined using the broth microdilution method according to
Clinical and Laboratory Standards Institute guidelines.57 The
assay was conducted at the Department of Comparative
Pathobiology, College of Veterinary Medicine, Purdue Univer-
sity, West Lafayette, USA. The strains used are clinically relevant
bacterial strains (methicillin-resistant Staphylococcus aureus
(MRSA), Escherichia coli, Clostridium difficile and Neisseria
gonorrhea strains) and fungal strains (Candida albicans). S.
aureus and E. coli were grown aerobically overnight on tryptone-
soy agar plates at 37 °C. C. difficile agar was supplemented with
brain-heart infusion at 37 °C for 48 h. N. gonorrhea was grown
on Brucella broth supplemented with yeast extract, neopeptone,
hematin, pyridoxal and NAD for 24 h at 37 °C in the in presence
of 5% CO2. C. albicans was grown aerobically overnight on
a yeast peptone-dextrose agar plate (YPD) at 35 °C. A bacterial
solution equivalent to 0.5 McFarland standard was then
prepared and diluted in cation-adjusted Mueller-Hinton broth
(CAMHB) (for S. aureus and E. coli) to achieve a bacterial
concentration of approximately 5 × 105 CFU mL−1. C. difficile
was diluted in broth supplemented with brain heart infusion
and supplemented with yeast extract, hemin and vitamin K to
achieve a bacterial concentration of approximately 5 × 105 CFU
mL−1. N. gonorrhoea was diluted in Brucella broth supple-
mented with yeast extract, neopeptone, hematin, pyridoxal and
NAD to achieve a bacterial concentration of approximately 1 ×

106 CFUmL−1. C. albicanswas diluted in Roswell ParkMemorial
Institute medium (RPMI 1640) with glutamine and without
bicarbonate (GIBCO from Life Technologies, Green Island, NY,
USA) which was buffered to pH 7.0 with 0.165 M of [3-(N-mor-
pholino) propanesulfonic acid] (MOPS) (Dot Scientic Inc.,
Burton, MI, USA) to achieve a fungal concentration of about 1.5
× 103 CFU mL−1. Compounds and control drugs were added to
the rst row of the 96-well plates and serially diluted with the
corresponding media containing bacteria/fungi. Plates were
then incubated aerobically at 37 °C for 18–20 hours (for S.
aureus and E. coli). C. albicanswas incubated aerobically at 37 °C
for 24 hours. The minimal inhibitory concentration (MIC, mg
mL−1) referred to the lowest concentration of new compounds
that was required to completely arrest the growth of microbes.58

The minimal bactericidal concentration (MBC, mg mL−1)
referred to the lowest concentration of new compounds that was
required to completely kill microbes.59 All results are mean
values from at least three experiments.

3.3.2 MTT cytotoxicity evaluation. The MTT assay was per-
formed in VACSERA, Giza, Egypt to conrm the cell viability of
the two treated normal cell lines. Aneuploid immortal
RSC Adv., 2024, 14, 39977–39994 | 39989
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keratinocyte cells (HaCaT), and well-established normal bro-
blast cell lines (WI38) as well as neuro-HiB5 cells originally
derived from the embryonic (E16) Sprague-Dawley rat hippo-
campus were employed, using colorimetric activities of the
yellowMTT (3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyltetrazolium
bromide).60,61 See detailed description in the ESI data.†

3.3.3 Antibiolm screening. The biolm inhibitory activi-
ties of selected potent analogs at the corresponding MICs for
each compound were assessed against highly biolm forming
methicillin resistant Staphylococcus aureus (MRSA) (3.655),
Candida albicans (4.025) and Pseudomonas aeruginosa (3.198).
The biolm assay was carried out at the Department of Micro-
biology, Faculty of Pharmacy, Al-Azhar University, Cairo. Briey,
the freshly obtained seed culture was inoculated at a ratio of 1 :
100 in a 96-well micro-titer plate of polypropylene material. The
plate was covered and incubated at 37 °C for 24 h to culture the
biolms. Each experiment always had a negative control
(culture media only) and positive control (culture media with
inoculation 1%). All experiments were conducted in replicates
of three unless otherwise mentioned.62 Crystal violet assay was
performed to assess the biolm inhibiting activity of the
chemical compounds. For biolm inhibition assay the medium
and planktonic cells were discarded aer 24 h of static growth at
37 °C. Each well was rinsed thrice unless and until complete
removal of all media and planktonic cells. Adhered cells were
stained with 125 mL of crystal violet (0.1%) for 30 min at room
temperature. Then the crystal violet (CV) was washed out while
using d.H2O. The CV bound to biolm was re-solubilized in
30% acetic acid and its absorbance was measured at
550 nm.63–65 The change in the biolm was calculated as follows:

Biofilm change (%) = 1 − (OD of tested compound treated cells)/

(OD of tested compound untreated cells)

× 100.66

3.3.4 Haemolytic activity. The hemolytic activity was
assessed according to the method optimized by Gaspar and
coworkers.67,68 Ethylene diamine tetraacetic acid (EDTA), and
preserved peripheral human blood obtained from voluntary
donors were used on the same day for all experiments. Briey, the
erythrocytes were centrifugated at 1000×g for 10 min to separate
them from the serum and washed three times in a PBS solution.
The tested compound 29 and ciprooxacin were prepared in PBS
with a nal concentration of 64 mg mL−1. The assay was per-
formed in 96-well plates in which 100 mL per well of sample were
diluted with 100 mL of the erythrocyte suspension. The micro-
plates were incubated at 37 °C for 1 h followed by centrifugation
at 800×g for 10 min. The supernatant absorbance was measured
at 570 nm with a reference lter at 600 nm. The percentage of
hemolytic activity was calculated according to eqn (1):

Hemolytic activity (%) = (AbsS − AbsN/AbsP − AbsN) × 100

(1)

where AbsS is the average absorbance of the sample, AbsN is the
average absorbance of the negative control, and AbsP is the
39990 | RSC Adv., 2024, 14, 39977–39994
average absorbance of the positive control. All the compounds
were tested in triplicate.

3.3.5 Growth curve analysis. The antibacterial efficacy was
investigated using the growth-curve technique. Tests were
conducted on compound 29 at 2 × MIC and 4 × MIC, and 1%
DMSOwas used as a control. Then, the bacteria were le to grow
for a total of 0–3 h, 3–6 h, 9–12 h, 15–18 h, 21–24 h, and 24 h
while shaking at 200 rpm at 37 °C. The optical density at 600 nm
(OD600) of the supernatants was measured at many intervals
using a UV-Vis spectrophotometer. For every item, three
measurements were obtained in isolation. Using the above-
described experiment, the exponential growth rate of MRSA
was determined, plotting the optical density of the supernatant
at 600 nm (OD600) along the vertical axis and time along the
horizontal axis (ranging from 0 to 24 h).

3.3.6 SEM microscopic analysis. The antimicrobial action
of the novel scaffold was illustrated using scanning electron
microscopy (SEM).65 The most active fractions were mixed
with 0.5 McFarland standard of bacterial cells, and incubated
for 14 h in nutrient broth at 37 °C and 120 rpm. Untreated
bacteria are used as a control. For investigating the antimi-
crobial effect of new compound 29, all the treated and
untreated cells were harvested by centrifugation and washed
three times with 0.1 M sodium phosphate buffer solution (pH
7.2). For SEM observation, a thin lm of cells was smeared on
a silver stub. The samples were gold-covered by cathodic
spraying (Polaron gold). The morphology of the cells was
observed on a scanning electron microscope (Jeol JSM-
5400LV, USA). The SEM observation was carried out under
the following analytical conditions: EHT= 20.00 kV, WD = 9.5
mm, and signal A = SE1.69,70
3.4. Molecular docking and binding data studies

PBP2a from methicillin-resistant Staphylococcus aureus (PDB
ID: 1MWT) was used for docking simulations when covalently
bound to the PNAM drug. The newly synthesized compound 29
was docked into the active site of the ATP-pocket of the 1MWT
complex.71 Re-docking studies were performed for the crystal
structure 1MWT as a validation method. AutoDock tools72 were
used to process the enzyme. PyRx73 was used to perform the
docking. Discovery Studio Visualizer74 was used to visualize
and access the docking results. The AutoDock Tools package
was employed to generate the docking input les and to
analyze the docking results. A grid box size of 90 × 90 × 90
points with a spacing of 0.375 Å between the grid points was
generated that covered almost the entire protein surface.
Ligands were built by means of the AutoDock builder interface,
and their geometries were optimized with the CHARMM
forceeld75 and then prepared for docking calculations with
the Python scripts available in the Autodock package. For each
ligand 50 runs were performed, and the resulting poses were
clustered with 1.8 Å tolerance. Lamarckian GA was used for the
conformational space search with an initial population set to
150, and tness function evaluations set to 25, 000, 000. The
most abundant low energy clusters were selected for
analysis.76–80
© 2024 The Author(s). Published by the Royal Society of Chemistry
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