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ABSTRACT

The escalating incidence of antimicrobial resistance (AMR) among clinically relevant bacterial pathogens has intensi-
fied the search for novel chemotherapeutic scaffolds with improved efficacy and reduced susceptibility to existing
resistance mechanisms [1-4]. Among heterocyclic pharmacophores, the thiazole and triazole nuclei have independently
demonstrated broad-spectrum antimicrobial potential, and their molecular hybridisation has emerged as a promising
medicinal chemistry strategy for generating structurally novel lead compounds. This review consolidates literature on
thiazole—triazole and related hybrid derivatives, examining their design rationale, synthetic strategies (including click
chemistry), structure—activity relationships (SAR), and antimicrobial performance against drug-resistant Gram-positive
and Gram-negative bacterial strains, supported by quantitative data (MIC values and docking binding energies) and
molecular docking studies. The review concludes by identifying research gaps and future directions for rational design
of next-generation hybrids.
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INTRODUCTION burden of AMR due to weaker health systems and

o _ , _ limited diagnostic and surveillance capacity [5,6].
Antimicrobial resistance (AMR) is recognised by the

World Health Organization (WHO) as a top global l.Xgainst this backdrop, heter(.)(.:ycl?c °°mP (?unds con-
tinue to occupy a central position in medicinal chem-

istry owing to their structural versatility and broad
pharmacological profile [8-11]. Among these, the
thiazole ring (a five-membered heterocycle contain-

public health priority [1,3]. Bacterial AMR was asso-
ciated with an estimated 4.71 million deaths globally
in 2021, including 1.14 million deaths directly attrib-

utable to it [6], and cumulative AMR-related deaths ] : .
between 2020 and 2050 could reach 39.1 million in  1ng both nitrogen and sulfur) and the triazole ring (a
five-membered heterocycle containing three nitrogen

the absence of further policy intervention, with an o _
atoms) are privileged scaffolds found in numerous

additional 169 million lives potentially lost indirectly o o : .
to AMR-related complications [5]. The WHO Bacte- clinically approved antimicrobial and antifungal

rial Priority Pathogens List (BPPL), updated in 2024, agler?ts .[8’10’1547]' In recen.t years, molecular hy-
bridisation of thiazole and triazole pharmacophores

into a single molecular framework has attracted con-
siderable research interest, on the rationale that com-

reaffirms carbapenem-resistant Acinetobacter bau-
mannii and carbapenem/third-generation

cephalosporin-resistant Enterobacterales as critical o e i o
bining two bioactive scaffolds may yield synergistic

or complementary biological activity, improved target
binding, and reduced susceptibility to resistance
mechanisms [15,18,22].

priorities, and adds rifampicin-resistant Mycobac-
terium tuberculosis to the list [4,7]. Low- and middle-
income countries continue to bear a disproportionate
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This review consolidates current knowledge on thia-
zole—triazole and closely related hybrid derivatives
with a specific focus on their antimicrobial potential
against drug-resistant bacterial strains, covering de-
sign strategies, click-chemistry and conventional
synthetic approaches, structure—activity relationships,
quantitative antimicrobial and docking data, and
computational studies providing mechanistic insight
into their mode of action.

2. Antimicrobial Significance of the Thiazole Nu-
cleus

The thiazole ring is a core structural component of
several clinically important antimicrobial and anti-
fungal agents [8,9]. A structure—activity relationship
overview covering antimicrobial thiazoles clubbed
with various heterocycles (2017-2023) reports that
substitution pattern and the identity of the clubbed
heterocycle strongly influence antimicrobial potency,
reinforcing thiazole as a privileged scaffold for an-
timicrobial hybrid design [8]. A related review on
functionalised thiazoles (2021-2023) similarly sum-
marises synthetic methodologies, in vitro antimicro-
bial screening outcomes, and docking simulations for
thiazole-based heterocycles and their hybrids relative
to standard reference drugs [9].

Primary synthetic studies support these trends: a se-
ries of thiazole derivatives bearing hydrazone and
bromothiophene moieties, characterised by 'H NMR,
3C NMR and HRMS, showed the most significant
antibacterial activity for two lead compounds in agar
diffusion assays, with one compound displaying MIC
values of 125, 250 and 500 pg/mL against represen-
tative Gram-positive, Gram-negative and fungal
strains respectively [12]. Separately, a two-step syn-
thesis of thiazole derivatives (yields up to 98%) iden-
tified individual lead compounds with significant
activity against Staphylococcus aureus (compared
with ampicillin) and Klebsiella pneumoniae (com-
pared with gentamicin), supported by DFT and in-
silico ADMET evaluation [13]. Molecular docking
analyses in these and related studies have frequently
implicated fungal lanosterol 14a-demethylase as a
plausible target underlying thiazole antifungal activity
[14].
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3. Antimicrobial Significance of the Triazole Nu-
cleus

The 1,2,3-triazole and 1,2,4-triazole rings are widely
regarded as versatile bioisosteres in drug design, val-
ued for metabolic stability, hydrogen-bonding capac-
ity, and ease of synthesis via copper-catalysed azide—
alkyne cycloaddition (CuAAC, 'click chemistry') for
1,2,3-triazoles [24,26,27]. A comprehensive review
of 1,2,3-triazole hybrids as antibacterial agents (2000
—2019) reports several derivatives with potency com-
parable to first-line antibacterial agents against both
drug-sensitive and drug-resistant pathogens, with
well-documented SAR guiding further hybrid devel-
opment [16]. 1,2,4-Triazole derivatives have similarly
been evaluated extensively for antibacterial activity
using standard agar disc-diffusion methods against
Gram-positive and Gram-negative reference strains,
with particular emphasis on resistant strains including
MRSA and VRE, and antitubercular potential in se-
lected series [17].

4. Rational Design of Thiazole-Triazole Hybrids

Molecular hybridisation in medicinal chemistry in-
volves the covalent linkage of two or more pharma-
cophoric units, often via a spacer or bridging group,
to achieve improved or dual biological activity. Re-
ported design strategies for thiazole—triazole and re-
lated hybrids include:

e Direct fusion of the thiazole and triazole rings
through a common atom or bond, as in thiazolo-
triazole (fused bicyclic) systems [21].

e Linkage via a methylene, acetamide, thioether, or
oxygen bridge between the two heterocyclic units
[19].

e Incorporation of a third pharmacophoric element
— coumarin, thiadiazole, quinoline, chalcone, or
chromene — to form multi-component hybrid
scaffolds [18,20,22,23,25].

e Click-chemistry-based conjugation of a 1,2,3-tri-
azole core with benzimidazole, imidazole,
chromene-glucose, or fluoroquinolone
(ciprofloxacin) partners via CuAAC [24,26-28].

e Substitution with electron-withdrawing groups (—
F, —Cl, —Br, —CF3, —-NO2, —CN) on the aromatic
periphery, associated with enhanced antimicro-
bial potency in benzimidazole—triazole hybrid
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systems and extendable to thiazole—triazole de-
sign [15].

Reviews of benzimidazole—triazole hybrid systems,
which share design logic closely related to thiazole—
triazole hybrids, report that certain electron-with-
drawing substituents and additional heterocyclic rings
(including thiazole itself) on the core scaffold increase
antimicrobial activity, and that a sulfur- or oxygen-
containing bridge connecting the two ring systems
generally enhances potency further [15]. These find-
ings provide a rational structural framework extend-
able to the design of novel thiazole—triazole hybrid
candidates.

5. Synthetic Approaches Reported in the Litera-
ture

Across the reviewed literature, thiazole—triazole and
related hybrids have typically been synthesised
through the following routes:

e Cyclocondensation of hydrazide/thiosemicar-
bazide intermediates to form the triazole or thia-
diazole ring, followed by coupling to a pre-
formed thiazole unit via an acetamide or thioether
linker [19,20].

e Hantzsch-type cyclisation of a-haloketones with
thioamide/thiourea derivatives to construct the
thiazole ring [12,13].

e Copper (I)-catalysed azide—alkyne cycloaddition
(CuAAC, click chemistry) to regioselectively
form 1,4-disubstituted 1,2,3-triazoles, applied to
benzimidazole [24], glucose-chromene [25],
isatin-phenolic  [26], imidazole [27], and
ciprofloxacin [28] conjugates, reported to offer
mild reaction conditions, high yield, good sub-
strate scope and short reaction times [25].

e Structural confirmation of synthesised com-
pounds using IR, 'H NMR, *C NMR, mass
spectrometry and, in several studies, elemental
analysis or DFT-based structure validation
[12,13,24,27].

Several recent studies emphasise click chemistry
specifically for its mild, high-yielding, and func-
tional-group-tolerant character, making it a particu-
larly attractive route for rapid generation of triazole-
hybrid compound libraries for antimicrobial screening
[24,25,29-31].
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6. Antimicrobial Activity Against Drug-Resistant
Strains: Literature Findings

A series of triazole—thiadiazole hybrid derivatives
bearing an acetamide linker exhibited potent activity
against Escherichia coli, with the most active com-
pound showing an MIC of 3.90 pg/mL, alongside
moderate antifungal activity against resistant Candida
strains; in silico ADMET profiling indicated
favourable drug-likeness and low predicted car-
diotoxicity for the lead compound [19].

Quinoline—thiazole hybrids displayed potent antibac-
terial and antibiofilm activity specifically against
multidrug-resistant staphylococcal infections, includ-
ing MRSA, methicillin-susceptible S. aureus
(MSSA), and vancomycin-resistant S. aureus (VRSA)
[22]. Triazolo-thiadiazole derivatives in another study
demonstrated antibacterial activity exceeding that of
reference drugs ampicillin and streptomycin against
all tested bacterial strains, including resistant isolates,
and antifungal activity up to eighty-fold higher than
ketoconazole for certain compounds; selected deriva-
tives also inhibited Pseudomonas aeruginosa biofilm
formation with potency comparable to ampicillin
[20].

Chalcone-triazole hybrids screened against WHO
priority-list resistant bacterial strains showed that
several derivatives potentiated the activity of co-ad-
ministered antibiotics in resistant strains, suggesting a
possible adjuvant role via inhibition of bacterial efflux
pump mechanisms and biofilm formation [23]. In the
click-chemistry domain, 1,2,3-triazole/benzimidazole
hybrids showed enhanced antibacterial activity
against Pseudomonas aeruginosa, Staphylococcus
aureus and Candida albicans, with a lead compound
also showing favourable Lipinski/Swiss-ADMET
drug-likeness  parameters [24]. Triazole-fused
chromene—glucose conjugates identified a lead com-
pound with an MIC of 25 pg/mL against both E. coli
and S. aureus, correlating with strong in-silico DNA-
gyrase inhibition [25]. Ciprofloxacin-linked 1,2,3-tri-
azole conjugates, evaluated against nine pathogenic
Gram-positive and Gram-negative strains (including
clinical isolates), were highlighted as a hybrid strategy
intended to reduce anticipated resistance emergence
relative to the parent fluoroquinolone [28].

Collectively, these findings indicate that thiazole- and
triazole-containing hybrid scaffolds are capable of
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both direct antimicrobial action and resistance-mod-
ulating (adjuvant) activity, reinforcing the therapeutic

7. Quantitative Summary of Reported Antimicro-
bial and Docking Data

versatility of this compound class. Table 1 and Table 2 consolidate quantitative findings

— MIC values and molecular docking binding ener-
gies — as reported in the primary studies discussed
above, to allow direct comparison across hybrid
classes. Figures 1-4 present the same literature-de-

rived data graphically.
Table 1: Reported in vitro antimicrobial activity of selected thiazole/triazole hybrid compounds against re-
sistant strains.
Hybrid class Lead com- Test organism Reported activity Ref.
y pound(s) g P )
Tnazole—thla.dlazole (ac- 7a/7b/ Te E. coli MIC3.90/7.81/31.25 [19]
etamide) ug/mL
Triazole—thiadiazole (ac- 7a C. krusei / C. albicans (re- Antifungal activity con- [19]
etamide) sistant) firmed (moderate)
Triazolo-thiadiazole (cy- Gram +ve / —ve resistant | More potent than ampicillin
. 2,3,6,7,19 . [20]
clised) panel & streptomycin
Tnazolo—th} adiazole (cy- Selected actives Resistant fungal strains Up to 80x more active than [20]
clised) ketoconazole
L . . Potent antibacterial & an-
Quinoline-thiazole Lead series MRSA / MSSA / VRSA tibiofilm activity [22]
Chalcone—triazole 12.457.9 WHO pr1or1Fy resistant Antlblqtlc-potentlatlng (ad- [23]
strains juvant) effect
1,2,3—Tr1azole/!3en21m1da— 4a-c (Iead 4b) P. aeruginosa, S. aureus, C. | Enhanced apt}bacterlal ac- [24]
zole (click) albicans tivity
Triazole-fused chromene— 24 E. coli/S. aureus MIC 25 ug/mL (both [25]
glucose (click) strains)
Thiazole (hydrazone-bro- 2e Gram +ve/—ve & fungal MIC 125 /250 / 500 pg/mL [12]
mothiophene) panel

Fig. 1. Reported MIC values of selected triazole-hybrid lead
compounds against E, coli / 5. aureus (literature-derived)
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Fig. 2. Distribution of reported MIC values across
thiazole/triazole hybrid compounds cited in this review
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Table 2: Reported molecular docking outcomes for triazole/thiazole hybrid compounds against proposed
antimicrobial targets.

Hybrid class Compound(s) Docking target Binding energy / outcome Ref.
Triazole—coumarin—thia- ) AG = —6.5 to —7.2 kcal/mol;
ole 12b, 12d, 12¢ | CYP121 (PDB: 4G2G) H-bond with GIn385 [18]
Triazolo-thiadiazole Active series E. coli MurB Predicted antibacterial target [20]
enzyme
Triazolo-thiadiazole Active series CYPs51 Predicted a ntifungal mecha- [20]
nism target
1,2,3-Triazole/benzimi- 4b DNA gyrase B (4duh); Superior binding affinity vs [24]
dazole (click) AcrB (4dx5) reference drug
Triazole-fused chromene 24j E. coli DNA-gyrase ~9.4 keal/mol [25]
—glucose
Triazole fused tetrahy- Lead com- | E. coli/ S. aureus receptor —8.7/-8.4 and —8.7/-9.1 [25]
drochromeno-isoindole pounds targets kcal/mol
N CrszaiefniaEol nybid compounds Againet bactera argets e Small, hydrophobic alkylamine substituents on
the hybrid scaffold significantly enhance antimi-
g7 crobial activity [19].
g-"' e Electron-withdrawing halogen substituents (—F, —
ol . .
S Cl, —Br) and trifluoromethyl/nitro groups gener-
z ally improve antimicrobial potency across related
W - triazole hybrid series [15]; halogen substitution

126120 24
vs CYF1Z1 ve E.col
151 DHA-gyrase [23]

Compourd A ¥
s E.call 5 5.aureus
gyrase [24] target [24]

‘Compeund B

wiEcoll  us5.aums
gyrase [23]

8. Composition of the Reviewed Literature

To characterise the scope of the literature synthesised
in this review, the primary and secondary sources
directly discussing thiazole-, triazole-, or hybrid-
scaffold antimicrobial chemistry (Sections 2—6) were
classified by hybrid/scaffold class, as summarised in
Figure 4.

Fig. 4. Distribution of cited studies in this review by
hybrid/scaffold class (n = 24 primary/secandary sources)

Other hybrids
{guineline, chalcone)

Triazole-thiazele |
thiadiazale hybrids

Triazole-only
reviews/derivatives

i
y

y
}y Thiazole-only
ﬁy' derivatives

1,2,3-Triazole click-chemistry
hybrids {various partners)

9. Structure—Activity Relationship (SAR)

Across the reviewed studies, several recurring SAR
trends emerge for thiazole- and triazole-containing
hybrids:
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on the phenyl ring (e.g., —Cl at the 4-position) has
similarly been linked to improved antimicrobial
activity in thiazole-imidazole systems [12].

e A sulfur- or oxygen-containing bridge linking the
two heterocyclic rings tends to enhance activity
relative to a direct carbon—carbon linkage [15].

e Incorporation of an additional aromatic or hete-
rocyclic moiety (coumarin, thiadiazole, quino-
line, chromene) often further increases potency,
particularly against resistant Gram-positive
strains such as MRSA [18,20,22,25].

These trends collectively provide a rational basis for
the design of new thiazole—triazole hybrid analogues
with optimised antimicrobial potential.

10. Molecular Docking and Mechanistic Insights

Computational docking studies have been widely
employed alongside in vitro screening to rationalise
the observed antimicrobial activity of thiazole- and
triazole-based hybrids. Docking against the antibac-
terial target CYP121 showed the most active triazole
—coumarin—thiazole hybrids exhibiting favourable
binding energies (approximately —6.5 to —7.2 kcal/
mol), forming key hydrogen-bonding, halogen, and =
—7 stacking interactions [18]. The bacterial enzyme
MurB has been identified as a probable antibacterial
target for triazolo-thiadiazole derivatives, while
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CYP51 (lanosterol 14a-demethylase) has been impli-
cated in the antifungal activity of related systems
[14,20]. Click-chemistry-derived 1,2,3-triazole/benz-
imidazole hybrids showed superior in-silico binding
affinity to DNA gyrase B and the multidrug trans-
porter AcrB compared with a reference drug [24],
while triazole-fused chromene—glucose conjugates
showed strong E. coli DNA-gyrase inhibition (bind-
ing energy —9.4 kcal/mol), correlating well with ob-
served in vitro potency [25].

These computational findings, when concordant with
in vitro biological results, strengthen the mechanistic
rationale for continued development of thiazole—tria-
zole hybrids as antimicrobial candidates and provide
a framework for structure-based design of future
analogues.

11. Research Gaps and Future Directions

Despite substantial progress, several gaps remain in
the existing literature on thiazole—triazole hybrids:

e Limited studies report activity against a broad
panel of clinically isolated (rather than
reference/ATCC) resistant strains, which would
better reflect real-world efficacy.

e Mechanistic studies combining docking with
complementary techniques (e.g., enzyme inhibi-
tion assays, molecular dynamics simulations)
remain relatively scarce for thiazole—triazole
hybrids specifically, as opposed to related triazole
hybrid classes.

e Comprehensive ADMET and toxicity profiling is
inconsistently reported across studies, limiting
comparative assessment of drug-likeness.

o Click-chemistry-based synthesis of true thiazole—
triazole (as opposed to benzimidazole-,
chromene-, or imidazole-triazole) hybrids re-
mains comparatively underexplored relative to
other 1,2,3-triazole conjugate classes.

Future research addressing these gaps — particularly
rationally substituted thiazole—triazole hybrids incor-
porating validated SAR trends, supported by robust in
silico target validation and evaluated against clini-
cally relevant resistant isolates — is likely to acceler-
ate identification of viable lead candidates for
antimicrobial drug development.
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CONCLUSION

Thiazole—triazole hybrid derivatives represent a
chemically versatile and pharmacologically promis-
ing class of compounds in the ongoing effort to
counter antimicrobial resistance. The molecular hy-
bridisation strategy, supported by consistent SAR
trends and corroborating molecular docking evidence,
offers a rational pathway for designing novel antimi-
crobial agents active against drug-resistant bacterial
strains. Continued interdisciplinary research combin-
ing synthetic chemistry (including click chemistry), in
vitro screening, and computational target validation
will be essential to translate this promising scaffold
class into clinically viable antimicrobial candidates.
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