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The emergence of drug resistance can lead to increased mortality and morbidity as treatment efficacy declines,
and there is an urgent need to explore novel antibacterial compounds with enhanced effectiveness against drug-
resistant bacteria, particularly resistant biofilms. Curcumin, with its antimicrobial activity, can be a potential safe
agent; however, studies on its efficacy against resistant biofilm are limited. This study, therefore, aims to explore the
potential of curcumin and/or its novel derivatives against a spectrum of resistant biofilm-related pathogens, including
bacteria, fungi, and human pathogens. Another study objective is to investigate the effectiveness of the high-yielding
Lakadong turmeric (LKD)-derived curcumin for its antibacterial effects and the ability to inhibit biofilm formation
in Gram-positive and Gram-negative bacteria using in-vitro assays. A molecular docking study was used to select
the most potential binding interaction between the selected protein structure and ligand molecule for the potential
efficacy of curcumin against resistant biofilms. Lakadong-derived curcumin-loaded nano gels (LKD-Cur Nanogel)
were prepared and tested for antibacterial (zone-inhibition) and biofilm formation (scanning confocal microscope)
activity against Staphylococcus aureus and Pseudomonas aeruginosa. Furthermore, Curcumin derivatives were
studied in-silico for potential effectiveness against a spectrum of resistant biofilms. The in-silico results showed
that curcumin and/or its novel derivatives exhibited high selectivity toward a range of targeted proteins compared to
curcumin. Moreover, LKD-Cur Nanogel exhibited significant anti-bacterial activity with an increased mean zone of
inhibition compared to positive control. The biofilm formation assay illustrated that LKD-Cur Nanogel effectively
disrupted established bacterial biofilms (both for P. aeruginosa and S. aureus) grown on microtiter plates at a
concentration of 1,000 pg/ml compared to the control. Therefore, it can be concluded that curcumin and/or its newly
modified derivatives could hold promising antibacterial activity targeting diverse biofilm-associated pathogens based
on the in-silico and in-vitro study. Moreover, it can be concluded that LKD-derived curcumin nanogels have good
antibacterial and antibiofilm efficacy.

INTRODUCTION evolution of organisms has led to the rise of multidrug-resistant
The use of antibiotics has provided defense against organisms that are now resistant to most, if not all, antibiotic
potentially fatal bacterial infections for over a century. However, classes. These organisms are usually called extensively drug-

widespread and inappropriate antibiotic use combined with the
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resistant or pan-resistant. There are differences in antibiotic
usage patterns worldwide based on factors such as healthcare
practices, prescribing habits, accessibility to healthcare,
and regulatory policies [1-4]. The emergence of antibiotic
resistance also threatens life-saving medical advances such as
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primarily because antibiotic-resistant bacteria increase the risk
of serious and life-threatening sepsis [5]. In addition, bacterial
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biofilm communities also contribute to antibiotic resistance.
A biofilm is a complex community of bacteria adhered to
surfaces and containing a variety of bacterial colonies and
single-cell types. It contains a matrix of extracellular polymeric
substances, including environmental deoxyribonucleic acid
(DNA), proteins, and polysaccharides. As a result of this
complex structure, biofilms are highly resistant to antibiotics,
making them a major cause of persistent infections, especially
in healthcare settings involving indwelling medical devices [6].
The bacteria within biofilms display reduced susceptibility to
antimicrobial treatments [7]. They also play a crucial role in
developing and persisting antibiotic resistance in various multi-
drug resistant (MDR) pathogens, including the Acinetobacter
baumannii. It contributes to its resistance phenotype by
providing a physical barrier that hinders the penetration and
efficacy of antibiotics. Interestingly, A. baumannii has the
highest biofilm formation rate among pathogens, reaching
approximately 90% [8—10]. Besides these, other pathogen
factors, mainly the outer membrane protein A (ompA),
biofilm-associated protein (bap), chaperon-usher pilus (csu) or
others, contribute to the adherence, communication, invasion,
cytotoxicity, and biofilm production [11-13]. Most antibiotics
introduced in recent decades are modified versions of those
discovered in the 1980s. To respond to the growing problem of
antimicrobial resistance, one of the forward-looking strategies
involves revitalizing the effectiveness of existing antibiotics
against bacterial pathogens [14—16]. There is a growing body
of research on using natural compounds to reverse antibiotic
resistance. By combining antibiotics with natural products, it
is possible not only to overcome resistance but also to reduce
the required dosage, thereby minimizing associated side effects
[17-20]. Subsequently, there is a need for novel treatment
approaches to address infections associated with biofilms.

In recent years, there has been a notable increase in
research focusing on exploring the therapeutic potential of
traditional medicinal herbs and their bioactive compounds
to tackle these challenges [21]. Studies exploring the
antibiofilm effects of plant phenolics have unveiled promising
findings. These natural compounds derived from plants have
demonstrated the capacity to disrupt and modulate bacterial
regulatory mechanisms, thereby impeding the formation and
development of biofilms [22]. Curcumin, derived from the
plant Curcuma longa, is a bioactive compound renowned for
its antimicrobial characteristics. Curcumin exhibits a wide-
ranging antibacterial effect, encompassing various bacteria,
including those that have developed resistance to conventional
antibiotics. Nevertheless, most research studies have primarily
focused on examining the antibacterial effects of curcumin
against standard strains of bacteria; however, reports on its
efficacy against resistant bacterial biofilms are limited [23].
Given this context, the present study uses molecular docking
techniques to explore the potential of curcumin and/or its
novel derivatives against various biofilm-related pathogens,
namely selected protein structures bacteria, fungi, and human
pathogens. The efficacy against resistant biofilm using selected
protein structures of Staphylococcus aureus, A. baumannii,
Escherichia coli, Candida albicans, and P. aeruginosa as
receptors have been studied using curcumin as ligand.

Lakadong turmeric (LKD), grown in Meghalaya
(India), is one of the highest curcumin-yielding turmerics in
the world. Despite claims of high yield, there needs to be more
scientific reports on curcumin isolated from LKD. Moreover,
the clinical application of curcumin as an antibacterial is
limited due to its poor solubility. In our earlier study, we
isolated the curcumin from the LKD rhizome by successive
extraction followed by isolation of the Chloroform extract by
column chromatography. This isolated curcumin was purified,
characterized by fourier-transform infrared spectroscopy
(FTIR), nuclear magnetic resonance (NMR), differential
scanning calorimeter (DSC), high-performance thin layer
chromatography (HPTLC), MS, and high-performance liquid
chromatography (HPLC), and was loaded into poly (lactic-
co-glycolic acid) (PLGA) nanosuspensions-based carbopol
Nanogel. These Cur-NS Nanogel were evaluated for their
potential anti-inflammatory and wound-healing activity in
rats [24]. In the present study, therefore, the anti-bacterial and
biofilm formation in Gram-positive and negative bacteria have
been studied for these Lakadong-derived cur-nanogels through
in-vitro assay.

METHODOLOGY

Selection and preparation of protein

The crystal structure of the selected targets was
based on the association with bacteria, fungi, and human
pathogens. The website research collaboratory for structural
bioinformatics [Protein Data Bank(PDB); https://www.rcsb.
org/] was utilized to access this valuable resource and retrieve
the structural information of the receptor molecule from the
database. The selected protein structures with the PDB ID were
7C7U (S. aureus; biofilm associated protein-BSP domain),
4QGG (S. aureus subsp. aureus MRSA252; Thymidylate
kinase); 6FJY (4. baumannii; CsuC); 3TD4 (A. baumannii,
Outer membrane protein omp38); 6B8Y (Homo sapiens; TGF-
beta receptor type-1); 6F86 (E. coli O157:H7; DNA gyrase
subunit B); 6CJS (C. albicans SC5314; Heat shock protein
90 homolog); SOE3 (P aeruginosa PAOI1; Anthranilate--
CoA ligase), and 4HZS5 (Enterococcus faecalis V583; DNA
topoisomerase IV, B subunit), respectively. Discovery Studio
2022 was used to remove the water molecules and heteroatoms
in the crystal structure to prevent potential interference during
docking. Also, polar hydrogen was added and saved in .pdb
format.

Ligand preparation and structure

Curcumin was selected as a ligand for the docking
study and was extracted using the PubChem database (https://
pubchem.ncbi.nlm.nih.gov) (Fig. 1). The PubChem database
contains information about chemical substances and their
biological activities. The two-dimensional structure of a
specific compound was retrieved and saved as an structure data
file (SDF). Then, the structure was minimized using Marvin
Sketch (ChemAxon) software. The SDF format was converted
to the PDB format using the Open Babel software’s graphical
user interface (GUI), ensuring the compounds’ preparation for
docking prediction.
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Figure 1. The 2-D structure of Curcumin
(https://pubchem.ncbi.nlm.nih.gov).

Molecular docking

In the present work, the docking of the prepared
ligand with the selected proteins was conducted using Biovia
Discovery Studio 2022 (DS 2022) software. The docking
process employed the CDOCKER technique, renowned for
its precision in predicting ligand-protein interactions. The
binding energy for the ligand-protein complex was determined
following the docking study. Subsequently, an in situ ligand
minimization procedure was executed to enhance data accuracy
and refine the ligand structure. Utilizing a nonbond list radius of
14.0 enabled considering nonbonded interactions in estimating
binding energy. An examination of the binding posture and
ligand orientation within the active site was performed to
comprehend the exact interactions and mechanisms governing
ligand-protein binding [25].

Preparation and characterization of LKD-Cur nanogel

Cur-NS Nanogel from the isolated curcumin
was prepared by the method discussed in our earlier study
[24]. Briefly, the isolated curcumin was loaded into PLGA
nanosuspensions by nanoprecipitation method followed by
conversion to carbopol-based Nanogel. The nanogels were
characterized physicochemically in terms of pH, content,
spreadability, gel strength, viscosity, and drug permeation. The
optimized nanogel was then evaluated for its antibacterial and
antibiofilm activity. The isolated curcumin was obtained by
successive extraction by soxhlet using chloroform, hexane, ethyl
acetate, and methanol, followed by isolation and purification
of the Chloroform extract using column chromatography. This
was then characterized by FTIR, NMR, DSC, HPTLC, and MS,
and its purity was analyzed by HPLC [24].

Chemicals and bacterial culture

LKD curcumin isolated from our earlier study with
high purity (established from the NMR, MS, FTIR, XRD,

HPTLC, and HPLC studies) was used in the study [24]. The
positive control Ciprofloxacin (2 mg/ml) was procured from
SRL Chem-78079. The Microbial Type Culture Collection and
Gene Bank (MTCC): P. aeruginosa (MTCC3541) and S. aureus
(MTCC96) were used as bacterial cultures. All other chemicals
or reagents used for the study were obtained from verified
suppliers for carrying out the in-vitro assays.

Preliminary antimicrobial activity (anti-bacterial-zone
inhibition test)

The preliminary antimicrobial activity of curcumin
was determined using the Kirby-Bauer method, also known
as the zone inhibition method. The Mueller-Hinton Agar
(MHA) plates were prepared and inoculated with 100 pl of
bacterial culture (P. aeruginosa and S. aureus), adjusted to a
0.5 McFarland Unit, followed by placing the discs containing
10 pl of different concentrations (ranging from 0 to 100 mg/
ml). The solvent disc served as the vehicle control, while the
Ciprofloxacin disc (10 pg) served as the positive control. The
plates were then incubated for 24 hours at 37°C. Finally, the
antibacterial activity of the discs was assessed by measuring the
clarity of the inhibition zones around them. All the experiments
were performed in triplicate.

Biofilm formation assay using scanning confocal microscope

An analysis of biofilm morphology investigated the
antibiofilm property of LKD-Cur Nanogel via an Inverted
laser scanning confocal microscope [ILSCM (ZEISS, LSM
900)] at 63x magnification. Briefly, the logarithmic growth
phase culture of the microbes [gram-positive (S. aureus) and
gram-negative (P. aeruginosa)] was adjusted to 0.5 McFarland
standard. From this, 1 ml of a 10-times diluted culture with a
0.5 McFarland standard was placed onto a coated coverslip
within a 50 mm petri plate. A control plate and a treated plate
were prepared separately.10 pl of this culture was introduced
onto a coated glass slide with 100 pl of medium. Afterward,
the slide was incubated for 24 to 48 hours at 35°C. Following
incubation, the slide was gently swirled to remove the medium,
leaving the biofilm behind. It was then rinsed with water and
air dried once more for 15 minutes, after which the coverslip
with the biofilm was allowed to air dry. The dried coverslip
containing the biofilm was then mounted on a slide using an
antifade mountant containing DAPI (a fluorescent dye), and
photos were captured.

Potential curcumin derivatives

A series of potential curcumin derivatives labeled
as CC(1-5) and depicted in Figure 2 were designed through
modifications made to the core structure of curcumin. These
derivatives were then subjected to an assessment of their
antibacterial activity against specific protein structures. These
protein structures were identified by their corresponding PDB
IDs: 7C7U, 4QGG, 6FJY, 3TD4, 6B8Y, 6F86, 6CJS, SOE3, and
4HZS.

The subsequent step involved conducting docking
evaluations for these curcumin derivatives using the Biovia
Discovery Studio 2022 (DS 2022) software. After performing
the docking simulations, the best binding poses for each ligand
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Figure 2. The 2-D structure of curcumin derivatives (CC1-5).
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Figure 3. Interaction of curcumin with the active binding site of protein (a)
7C7U and (b) 4QGG showing the 2-D diagram.
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Figure 5. Interaction of curcumin with the active binding site of protein (a)
6F86 and (b) 6CJS showing the 2-D diagram.
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Figure 4. Interaction of curcumin with the active binding site of protein (a)
6FJY and (b) 3TD4 showing the 2-D diagram.

Figure 6. Interaction of curcumin with the active binding site of protein (a)
5OE3 and (b) 4HZS5 showing the 2-D diagram.

Figure 7. Interaction of curcumin with the active binding site of protein (a)
6B8Y showing the 2-D diagram.

with the respective protein were identified. These binding poses
were evaluated in terms of their binding affinities, which were
quantified in units of Kcal/mol. The binding affinity indicates
how strong the interaction is between the ligand and the protein,
with lower values representing stronger binding.
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Table 1. Docking energy values (binding energy) of curcumin expressed in Kcal/mol.

Ligand Targeted protein hyljr:gﬂe)ﬁrb?)fn d Amino acid residues involved in hydrogen bonding Bil(lld(i:agl /:Ilell;ity

7C7U 6 LYS A: 699, ASP A:701, SER A: 363, LYS A: 415, LEU A: 364, ASP A:445 —66.4726

4QGG 4 SER A: 69, GLU A:37, ARG A:92, LYS A: 15 —95.6880

6FJY 2 GLUA: 214, LYS A: 179 —71.9690

3TD4 6 LYS A: 322, ARG A: 325, ASP A: 271, THR A: 236, ASN A: 237, THR A: 273 —105.5657

Cureumin 6B8Y 5 ASP A: 290, SER A: 287, GLY A: 286, LYS A: 232, LEU A: 278 —65.5752
6F86 6 GLY A: 77, ASP A: 73, THR A: 165, ARG A: 76, ASP A: 49, GLU A: 50 —69.9339

6CJS 2 ASN A: 95, LYS A: 47 —72.3199

SOE3 4 GLY A: 210, THR A: 304, GLY A: 279, ASP A: 382 —91.9388

4HZ5 2 GLY B: 80, ASN B: 49 —96.2582

S. aureus

P. aeruginosa

Figure 8. Anti-bacterial activity of curcumin against P. aeruginosa (MTCC
3541) and S. aureus (MTCC 96). The amount present per well is in pg. +ve:
Positive control (Ciprofloxacin).

Table 2. Anti-bacterial potential of curcumin against selected human
pathogens.

Zone of inhibition diameter (mm)

Microorganisms Curcumin Positive control
uren (10 pg/disk)
P, aeruginosa MTCC 3541 9 £0.70 (1000 pg/disk) 30+£0.2
S. aureus MTCC 96 10 £ 0.1 (50 pg/disk) 26+0.2

RESULTS

Molecular docking study

The docking assessment was conducted to investigate
the binding interaction between the selected protein structures
(namely with the PDB IDs: 7C7U, 4QGG, 6FJY, 3TD4, 6BgY,
6F86, 6CJS, SOE3, 4HZS), and with the ligand molecule,
Curcumin. As shown in Figures 3-7, the curcumin molecule
successfully binds within the active binding pocket of the
selected protein with strong van der Waals forces. Among
the selected proteins, curcumin showed the highest binding
affinity (—105.5657 Kcal/mol) with the targeted protein 3TD4,
whereas the protein 7C7U showed the least affinity (—66.4726
Kcal/mol) (Table 1). Furthermore, on looking at the hydrogen
bond interaction, 3TD4 and 6F86 scored the highest number
of hydrogen bond interactions toward curcumin via six bonds,
whereas 6FJY, 6CJS, and 4HZ5 showed the least number of

Control 500 pg/ml 1000 pg/ml 2500 pg/ml

Pseudomonas a

aureus

Figure 9. Visualization of the biofilm inhibition of control and treated
(Curcumin; 500, 1,000, and 2500 png/ml) against P. aeruginosa and S.
aureus.

hydrogen bond interactions. The 2D results of the amino-acid
residues for the selected protein-curcumin interactions showing
the number of hydrogen bond interactions are tabulated in Table
1.

Preparation and characterization of LKD-Cur-nanogels

Homogenous Cur-nanogel was obtained from
nanosuspensions with size 150 + 50 nm and PDI 0.2 + 0.1. The
Cur-NS-nanogel showed satisfactory physical properties (in
terms of pH, gel strength, viscosity, and spreadability), drug
loading, and stability. Ex vivo permeation studies in rats showed
controlled permeation with steady-state flux of 21.28 £ 0.23 pg/
cm?*hr in 24 hours [24].

Anti-bacterial-zone inhibition test

The anti-microbial activity test revealed that LKD-
Cur Nanogel exhibits significant anti-bacterial activity against
P aeruginosaMTCC3541 with a mean zone inhibition of 9 +
0.70 mm [Mean =+ standard deviation (SD)] at an amount of
1,000 pg/disk and 10 + 0.1 (50 pg/disk) against S. aureus (Fig.
8; Table 2).

Biofilm formation assay

The biofilm formation assay depicted that LKD-
Cur Nanogel disrupted the established bacterial (both for P,
aeruginosa and S. aureus) biofilms (formed on microtiter
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Table 3. Docking energy values (binding energy) of curcumin derivatives and curcumin expressed in Kcal/mol against different targeted proteins.

Curcumin derivatives/

curcumin 7C7U0 4QGG 6FJY 3TD4 6B8Y 6F86 6CJS 5OE3 4HZ5
CCl —74.2623 —82.9332 —59.6999 —-104.956 —89.2097 —82.5763 —88.1572 —89.9342 —-114.201
cC2 -87.1337 -133.195 —99.0434 —-149.822 -126.017 -125.224 -139.65 -95.9401 -124.877
CC3 -96.2491 —115.624 —75.7998 —75.6521 —95.3765 —-130.14 —101.465 —-108.182 —-106.213
CC4 -67.9124 -91.809 44.5634 -39.2592 -91.2946 —112.384 —88.5585 —63.4862 —69.1566
CCs —97.3205 —95.5398 192.816 -- —57.9398 —140.347 —-133.33 —87.5666 —-107.033

Curcumin —66.4726 —95.6880 —71.9690 —105.5657 —65.5752 —69.9339 —72.3199 -91.9388 —96.2582

Figures in bold indicate values with higher binding energy.

plates) at 1,000 pg/ml concentration compared with the control.
However, further curcumin concentration increase at 2,500 pg/
ml failed to eliminate the biofilms (Fig. 9) effectively.

Potential curcumin derivatives

The results of the modified curcumin derivatives
[CC(1-5)] revealed a successful binding within the active
binding pocket of the selected proteins with strong van der
Waals forces. All the curcumin derivatives showed a strong
binding affinity with all the selected proteins compared
to the curcumin parent molecule. Among all the curcumin
derivatives, CC2 showed an excellent binding affinity with the
highest number of the targeted proteins 4QGG, 6FJY, 3TD4,
6B8Y, 6CIJS, 4HZS, followed by CC5 (7C7U and 6F86) and
CC3 (50E3) (Table 3).

DISCUSSION

The data from docking studies aid in developing
novel multi-targeted medications that can be further explored
in pre-clinical and clinical investigations [26]. It has long been
recognized that plants contain bioactive compounds that can be
used in biomedicine to treat various illnesses. The World Health
Organization (WHO) has identified antimicrobial resistance
as a global health threat of major concern. Consequently,
the WHO prioritized antimicrobial resistance as a critical
research area and called for effective strategies to address this
global challenge [27]. Accordingly, this study aimed to screen
Curcumin and/or their novel derivatives and docked against
various biofilm-related pathogens, namely bacteria, fungi,
and human pathogens. Furthermore, the antimicrobial and
antibiofilm efficacy of LKD-Cur Nanogel prepared from earlier
studies was studied.

Herbal plant extracts may prevent pathogens from
attaching to biofilms, preventing the formation of biofilms.
This extract may help treat biofilm-related infections and
might be included in drug formulations to fight bacterial
infections caused by biofilms. Several plant extracts
containing phenolic compounds effectively counter biofilms’
effects [28,29]. The findings of our in-silico study shed light
on the potential therapeutic value of Curcumin, a bioactive
phenolic compound derived from C. /onga. Our investigation
revealed that Curcumin exhibited high selectivity toward a
range of targeted proteins, including 7C7U, 4QGG, 6FJY,
3TD4, 6B8Y, 6F86, 6CJS, 5SOE3, and 4HZS5. Importantly, the
docking simulations demonstrated strong binding interactions

and acceptable docking energy between Curcumin and these
proteins, primarily driven by hydrogen bond interactions.
Therefore, the confirmation of robust binding interactions
validates their functional activities and provides insights into
potential mechanisms of action. Bacterial biofilms, consisting
of communities of bacteria, form and envelop themselves
within an extracellular matrix commonly composed of
proteins. Infectious bacteria can modulate these proteins,
vital in developing bacterial biofilms [30]. In response to
environmental factors, acidic conditions, and low calcium
levels, the S. aureus Bap protein undergoes self-assembly,
forming functional amyloid aggregates that contribute to
constructing the biofilm matrix [31]. Another plausible
mechanism involves the utilization of thymidylate kinase
(PDB ID: 4QGG) due to its antibacterial properties. The Bap
protein (PDB ID: 7C7U) forms functional amyloid structures
and biofilm production. These enzymes are crucial in various
biological processes, including bacterial DNA replication,
resilience against antibiotics, and the immune system [32,33].
The bacterial enzymes Gyrase B (PDB ID: 6F86) and
Topoisomerase IV subunit B (PDB ID: 4HZS) are responsible
for modulating the DNA’s topological structure during
replication [34]. Furthermore, 4. baumannii (PDB ID: 6FJY,
3TD4), a major cause of healthcare-associated infections,
forms robust biofilms aided by CsuC pili and outer membrane
protein omp38. These revealed insights into bacterial
attachments to nonbiological surfaces via hydrophobic
interactions [35,36]. Considering C. albicans (PDB ID: 6CJS)
growing drug resistance, this makes heat shock protein 90
(Hsp90) homolog an attractive target for treating invasive
fungal infections [37]. Another opportunistic gram-negative
bacteria, P. aeruginosa (PDB ID: SOE3), is implicated in
acute and chronic nosocomial infections and often leads to
patient mortality due to its ability to form a biofilm, thereby
boosting drug resistance and increasing virulence [38]. Hence,
blocking these proteins could stop biofilm growth, and one
such approach can be achieved through the active principles
present in the plants for their anti-bacterial effects.

The anti-microbial activity test of LKD-Cur Nanogel
was carried out using the Kirby-Bauer method (zone inhibition
method). Our findings showed that curcumin has substantial
antimicrobial potential (zone of inhibition) against P,
aeruginosa and S. aureus. The results demonstrate curcumin’s
ability to inhibit P aeruginosa growth, an opportunistic
pathogen associated with various infections, especially among
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immunocompromised patients. Similarly, S. aureus, a common
pathogen, causes a wide variety of infections, including infection
of the skin and respiratory system. The result of the study
aligns with the attributes of S. aureus in combating infections.
These are consistent with previous reports highlighting the
ability of curcumin’s antimicrobial action on various pathogens
[39,40]. This could be attributed to its mechanisms of action,
which include interfering with the essential cellular processes,
disrupting the cell membranes, and modulating bacterial gene
expression [41].

Forming a biofilm is one of the mechanisms by which
bacteria reduce their ability to resist antibiotics. The scanning
electron microscopy analysis of LKD-Cur nanogel-treated
bacterial cells revealed disruption of the established bacterial
biofilms (both for P. aeruginosa and S. aureus) at 1,000 pg/
ml concentration compared with the control. However, further
curcumin concentration increases at 2500 ug/ml showed
inconsistent results and failed to eliminate the biofilms
effectively. This indicated that curcumin had an inhibitory
effect on the biofilm formation of P. aeruginosa and S. aureus.
This might be due to disruption in bacterial attachments or
interference with the regulation of extracellular polysaccharides
(EPS) and extracellular DNA (eDNA), leading to biofilm
production cessation [42,43].

The results of the modified curcumin derivatives
[CC(1-5)] suggest excellent potency against different targeted
proteins with a strong binding affinity. These modified
curcumin ligands are well-settled inside the protein cavity.
They might be suitable candidates for treating infections
caused by pathogenic bacterial biofilms, thereby showing
better anti-biofilm efficacy than the parent molecule of
curcumin. However, it is important to acknowledge our
study’s limitations, particularly in validating these findings
concerning biofilm-associated pathogens through in-vitro
assays.

CONCLUSION

In conclusion, the in-silico and in-vitro study
demonstrates the promising therapeutic potential of Curcumin,
a bioactive phenolic compound derived from C. longa, in
targeting biofilm-related pathogens. Through strong binding
interactions and acceptable docking energy, curcumin exhibited
high selectivity toward several key proteins involved in biofilm
formation, including those responsible for bacterial DNA
replication and modulation of DNA topological structure. The
LKD-derived Curcumin nanogels showed good antibacterial
activity and effectiveness against biofilms formed by S. aureus
and P. aeruginosa. Moreover, the modified novel curcumin
derivatives exhibit robust binding and potential efficacy
against targeted proteins. Hence, LKD-derived curcumin
and its modified novel derivatives could be a new source of
antibacterial agents against different biofilm-related pathogens.
LKD-Cur Nanogel can be a promising approach for antibacterial
and antibiofilm therapy.
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