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ABSTRACT:

The bioactive compound-capped metal nanoparticles (MNPs) synthesis has gained significance as a
rationally designed approach to enhance antimicrobial activity against the multidrug-resistant
pathogens. Though bioactive molecules have unique biological activity, MNPs such as silver, zinc
oxide and copper possess physiochemical properties like high surface reactivity, ROS production,

compounds, Stability,membrane permeability, etc. Together, these hybrid systems show an emergence of combined action

Biocompatibility,
Controlled release,
Multitarget
antimicrobial,
Biofilms, Hybrid.

mechanisms such as improved cell uptake, targeted membrane disruption, higher oxidative stress and
blockage of crucial metabolic and genetic activities. Functionalization of the MNP surface with
natural compounds, phytochemicals, peptides, or antibiotics also improves stability, biocompatibility,
and controlled release, allowing the use of lower effective doses while reducing toxicity. Studies have
shown that hybrid nanomedicines are superior to individual components and exhibit broad-spectrum
activity against Gram-positive and Gram-negative bacteria, biofilms, and resistant strains. Hence, this
review discusses about bioactive compounds and metal nanoparticles individually and its integrative
formulations as an effective multitarget antimicrobial strategy with great potential for therapeutic,
biomedical, and environmental applications.

1. INTRODUCTION

lactamase (ESBL). Bacterial penicillin-binding proteins
(PBPs) usually are responsible for gram-positive

Microbial infections are a major cause of chronic
infections and mortality. According to Shabnam
Sharmin, infectious diseases are a group of illnesses or
conditions that directly impact human health and are
brought on by harmful microorganisms (bacteria,
viruses, fungi, protozoa, and parasites) [1]. Because of
their potent effects and affordability, antibiotics have
long been preferred treatment for microbial infections.
However, a number of studies have directly
demonstrated that the widespread use of antibiotics has
resulted in the formation of microbial strains that are
resistant to many drug [2]. For example, the effectiveness
of f-lactam antibiotics (such as penicillin,
cephalosporins, and monobactams) against Gram-
negative bacteria has decreased due to an increase in
bacteria testing positive for extended-spectrum f-

2951

bacteria's resistance to P-lactam antibiotics. All beta-
lactam antibiotics are linked by PBPs [3]. In fact, some
strains have developed resistance to almost every
antimicrobial agent that is widely used. A notorious case
is methicillin-resistant Staphylococcus aureus (MRSA),
which is resistant not only to methicillin (developed to
combat penicillinase-producing S. aureus) but also to
aminoglycosides, macrolides, tetracyclines,
chloramphenicol, and lincosamides [4]. Similarly, some
fungal organisms, like Aspergillus and Candida spp.,
show multi-drug resistance to the azole group of drugs
like fluconazole, clotrimazole, itraconazole, and
voriconazole. Chloroquine is a malaria drug that shows
resistance by the Plasmodium falciparum parasites [5].
Therefore, development of novel antimicrobial
compounds or modification of the available ones to
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combat resistant pathogens is urgently needed. So, to
overcome this antimicrobial resistance, much research
has focused on isolating certain bioactive molecules from
plants such as Thymoquinone, Thymol, Berberine,
Curcumin, Catechins, and Tannins, which are some of
the bioactive compounds isolated from plants that are
studied to have antimicrobial activity. These bioactive
molecules are nowadays used as an important drug to
overcome microbial infection. In general, administering
these bioactive antimicrobial agents in their free form has
a number of drawbacks, such as a lack of site-specific
delivery and the possibility that the compound would
break down or be eliminated before it reaches the target.
Additionally, when large dosages of therapeutic
substances are administered using traditional drug
delivery techniques (such as oral, inhalation, or
injection), there is a higher chance of systemic toxicity.
Thus, scientists seek to overcome these limitations using
various approaches [6]. As a result, nanotechnology
came into the field to overcome all these drawbacks.
Nanoparticles (NPs), sometimes known as invisible
particulate matter, are extremely important in modern
research. They have a diameter of between 1- 100
nanometers (nm). They are a special delivery and
antibacterial agent in various ways because of their high
surface area to volume ratio [1]. There are various
nanoparticles for targeted drug delivery, including
liposomes, polymeric nanoparticles, dendrimers, and
inorganic  nanoparticles [7]. These biomedical
nanotechnology systems are significantly enhancing the
therapeutic effects of traditional medications and could
potentially alter the effectiveness of antibiotics that are
currently available in the market [8]. Lipid nanocarriers
(LNCs) have been shown to enhance the effectiveness of
current bioactive medications and are regarded as
appealing antimicrobial carriers due to their
biocompatibility and adaptability. Even though bioactive
compounds incorporated nanoparticles are being used,
metal and metal oxide-based nanoparticles are also been
synthesized and used as better antimicrobial agents. For
example, certain metals such as silver, gold, copper,
titanium, zinc and their oxide form are used as
antimicrobial agents by producing nanoparticles form it.
Since, this nanoparticle includes metals it can cause
toxicity to the human body, not only that using of pure
drug in a nano-formulation for targeted drug delivery for
antimicrobial activity can also have some side effects in
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human. So, in order to reduce the toxicity and to
overcome these issues researchers are nowadays
studying the hybridization of metal nanoparticle and
bioactive compounds in a nano formulation and they
proved that these hybridization of compound had shown
the synergetic effects and reduced side effects. so, this
review examines the potential benefits of hybrid
nanoparticles in treating antibiotic resistance by targeting
resistant microorganisms and improving therapeutic
efficacy while resolving issues such as toxicity,
scalability, and regulatory barriers. It highlights recent
developments and potential future possibilities for
incorporating hybrid nanoparticles into antimicrobial
strategies.

2.ANTI-MICROBIAL DRUGS AND
ANTIMICROBIAL RESISTANCE- OVERVIEW

Antimicrobial resistance remains a significant concern
worldwide for carbapenemase-producing
Enterobacterales (CPE) [9]. The most common
carbapenemases found in carbapenemase-producing
Enterobacteriaceae (CPE) in Europe and the United
States are described as Klebsiella pneumoniae
carbapenemases (KPC) [10]. Although metallo-f-
lactamase (MBL) are widespread globally, in India, MBL
was predominantly found in New Delhi. Carbapenem-
resistant Gram-negative bacteria (CRGN) are a major
cause of death; they are becoming increasingly prevalent
and can lead to bloodstream infections. [11] and they are
less susceptible to beta-lactamase inhibitors such as
avictam, vaporbactam and relebactam. The combination
of ceftazidime-avibactam (CZA) and aztreonam (ATM)
has been found to reduce the risk of death compared to
regimens containing colistin [12]. Also, according to
existing guidelines, it is recommended as a first-line
treatment against MBL [13].

The main purpose of ceftazidime—avibactam in
combination with aztreonam is to treat severe infections
caused by metallo-B-lactamase—producing carbapenem-
resistant Enterobacterales like Escherichia coli and
Klebsiella. Ceftazidime—avibactam (2.5g) is
administered intravenously every 8 hours, in
combination with aztreonam (2 g) intravenously every 8
hours. Nafithromycin is used for bacteria infection of the
lungs and the respiration system like community-
Acquired bacteria pneumonia. It is administered at a dose
of 800mg orally once daily. Rezafungin is used for first


http://www.jchr.org/

Journal of Chemical Health Risks

www.jchr.org

JCHR (2026) 16(3), 2951-2962 | ISSN:2251-6727

line initial therapy for candidemia/IC except for central
nervous system, urinary tract infection or eye. Three
echinocandins were previously approved by the Food
and Drug Administration (FDA), all of which are
available only as intravenous (IV) formulations dosed
once daily [14]. The following susceptible
microorganisms are responsible for causing community-
acquired bacterial pneumonia (CABP) in adults, for
which lefamulin is recommended as a treatment:
Streptococcus pneumoniae, Staphylococcus aureus. The
in vitro antibacterial profile of lefamulin covers a wide
range of prevalent bacterial pathogens that are
responsible for skin and skin structure infections as well
as respiratory tract and sexually transmitted infections.
It's a semi-synthetic antibacterial drug that may be taken
intravenously (IV) or orally. 150 mg intravenously
administered over 60 minutes (repeated doses every 12
hours); 2 hours after or an hour before eating, take 600
mg orally (every 12 hours for multiple doses) [15].
Cefiderocol drug used for emerging option for
bloodstream infection for potent against NDM and other
MBLs. It is administered at a dose of 2 g intravenously
every 8 hours, infused over 3 hours [11]. Meropenem and
Vaborbactam is treatment of complicated urinary tract
infections, including pyelonephritis, caused by
susceptible Escherichia coli, Klebsiella pneumoniae,
or Enterobacter cloacae species complex. Meropenem—
vaborbactam was administered as 2 g/2 g intravenously
every 8 hours, infused over 3 hours, with dose adjustment
based on renal function. Imipenem/cilastatin/relebactam
is used for complicated urinary tract infection, and

complicated intra-abdominal infections, and

pyelonephritis caused by gram-negative bacteria. It is
recently approved by anti-infective combination of a f3-
lactam and a new B-lactamase inhibitor [16]. Plazomicin
is a broad spectrum aminoglycoside antibiotic that is
usually used iv to treat moderate-to-severe
pyelonephritis or urinary tract infections. Although there
is not much clinical use of plazomicin, it has not been
linked to any incidences of clinically significant liver
damage or elevated serum enzyme levels during
treatment. Under the brand name Zemdri, plazomicin, it
is sold in solution in 10-mL single-dose vials containing
500 mg (50 mg/mL), having been authorized for usage in
the US in 2018. Adults usually get an intravenous
infusion of 15 mg/kg every 24 hours for 4-7 days [16].
Table 1 represents Food and Drug Administration (FDA)
approved by New antibiotic and antibiotic combination
for clinical use in infection caused by Multi drug
resistance (MDR) Bacteria.
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Figure 1 Mechanism of Anti-microbial resistance

Tablel: Food and Drug Administration (FDA) approved by New antibiotic and antibiotic combination for clinical

use in infection caused by MDR Bacteria.

Antibiotic / Antibiotic Multidrug Year of Class MOA
Combination resistance Bacteria | sanction
Delafloxacin Methicillin-Resistant 2017 Fluoroquinolone Inhibition of DNA gyrase and
Staphylococcus bacterial DNA topoisomerase
aureus IV halts DNA replication
[17].
Lasculfloxacin Methicillin-Resistant 2019 Fluoroquinolone Inhibition of bacterial DNA
Staphylococcus topoisomerase IV and DNA
aureus gyrase (topoisomerase 1),
thereby interfering with DNA
replication [18].
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Alalevonadifloxacin Methicillin-Resistant 2020 Fluoroquinolone By stopping bacterial DNA
Staphylococcus topoisomerase IV and DNA
aureus gyrase (topoisomerase II), one
may upset DNA replication
[19].
Meropenem/Vaborbactam Carbapenem- 2017 B-Lactam Inhibition of cell wall
Resistant (Carbapenem) / synthesis by blockage of PBPs
Enterobacterales Boronate p- (BLI protects from
lactamase inhibitor inactivation by class A B-
lactamases) [20].
Imipenem/Relebactam Carbapenem- 2019 B-Lactam By inhibiting cell wall
Resistant (Carbapenem) / production through
Enterobacterales Diazabicyclooctane obstruction of PBPs (BLI
B-lactamase protects against inactivation
inhibitor by class A B-lactamases) [21].
Aztreonam/Avibactam Carbapenem- 2025 B-Lactam Interruption of cell wall
Resistant (Monobactam) / creation by obstruction of
Enterobacterales Diazabicyclooctane PBPs; avibactam prevents
B-lactamase from class A and D f3-
inhibitor lactamases [22].
Cefepime/Enmetazobactam | Extended-Spectrum 2024 B-Lactam Blocking of PBPs inhibits cell
p-Lactamase— (Cephalosporin) / wall synthesis; by this way,
producing Penicillanic acid BLI protects from ESBL-type
Enterobacterales sulfone B- B-lactamases [23].
lactamase inhibitor
Meropenem/Nacubactam Carbapenem- 2019 B-Lactam Inhibition of cell wall
Resistant (Carbapenem) / synthesis by blockage of PBPs
Enterobacterales Diazabicyclooctane | (BLI protects from class A, C,
B-lactamase and some D B-lactamases)
inhibitor [24].
Eravacycline Carbapenem- 2018 Tetracycline At site A of the 30S ribosomal
Resistant subunit, inhibition of protein
Enterobacterales synthesis [25].
Omadacycline Methicillin-Resistant 2018 Tetracycline At position A of the 30S
Staphylococcus ribosomal subunit, inhibition
aureus of protein synthesis [26].
Cefiderocol CR-E, CR-PA, CR- 2019 B-Lactam Siderophore-mediated
AB (Cephalosporin) entrance through iron
transport systems next
inhibition of cell wall
synthesis [27].
Plazomicin Carbapenem- 2018 Aminoglycoside Distortion of the 30S
Resistant ribosomal subunit results in
Enterobacterales aberrant protein synthesis and
membrane permeability [28].
Sulbactam/Durlobactam Carbapenem- 2023 B-Lactam—3- PBP3 inhibition of cell wall
Resistant lactamase inhibitor | creation protects against class
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Susceptible

Acinetobacter / A, C, and D B-lactamases
baumannii Diazabicyclooctane [29].
B-lactamase
inhibitor
Pretomanid Pre-Extensively 2019 Nitroimidazole Respiratory chain toxicity
Drug-Resistant suppression and mycolic acid
Mycobacterium synthesis inhibition decrease
tuberculosis intracellular ATP [30].
Contezolid Methicillin-Resistant 2021 Oxazolidinone Prevention of 708 initiation
Staphylococcus complex formation thus
aureus inhibits protein synthesis at
the 50S ribosomal subunit
[31].
Lefamulin Penicillin-Non- 2019 Pleuromutilin Inhibition of protein

production at the peptidyl
transferase center of the 50S
ribosome unit [15].

3. DRUG DELIVERY STRATEGIES FOR
ANTIMICROBIAL AGENTS
3.1 LIPID-BASED NANOPARTICLES

Nanoparticles made from lipids have been extensively
researched and crafted for applications in the
antimicrobial activity. Lipid- based nanocarriers similar
as liposomes, solid lipid nanoparticles(SLN), and
nanostructured lipid carriersq(NLC) are wused to
effectively deliver a variety of drug [32]. Liposomes are
spherical lipid vesicles made up of amphiphilic lipid
molecules with a bilayer membrane structure. The
liposome contains a hydrophilic core as well as a
hydrophobic exterior. Consequently, liposomes can
deliver both hydrophilic and lipophilic medications by
hybridization them in their internal aqueous core and
lipid bilayer membrane configuration, respectively.
Furthermore, liposome delivery improves the stability of
the bactericidal agent by preventing its degradation.
Adsorption, endocytosis, lipid exchange, and liposome
fusion with the bacterial cell membrane are some of the
ways that the two surfaces can interact [33]. Researchers
are interested in fusogenic liposomes because they may
be attached to membranes of bacteria and improve the
efficiency of antimicrobial drug delivery. By using a
combined mechanism, fusogenic liposomes break down
the bacterial membrane, release their helpful payload,
and eradicate the bacterial cells [34].
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With a solid lipid core held up by surfactants, SLNs are
comparatively amorphous structures made up of
separated bilayers. SLNs are suitable for the delivery of
lipophilic medications due to the structure of their lipid
particle core. The stability of the medication is enhanced,
and SLNs can be scaled up for large-scale industrial
production [35]. The hydrophilic drug's application in
SLN is limited, though. NLC was developed to overcome
the hydrophilic drug's SLN restriction. The NLC system
uses liquid lipids to preserve the structure, allowing for a
two-phase drug release profile that includes a rapid
release at the beginning and a sustained release.

Increasing antibiotic efficacy while offering protection
against metabolic elimination and fusogenicity is one
advantage of liposomal antimicrobial nanocarriers. The
requirement for deep killing to stop infection recurrence
is one of the more difficult parts of clinical infection
therapy. To help destroy bacteria that many
antimicrobials cannot reach because they hide in
mammalian cells, it is also worthwhile to look into the
possibility of developing antimicrobial
nanocarriers.

liposomal

3.2 DENDRIMER

Dendrimers are molecules that are shaped like stars and
have many branches. They are made up of three parts:
the central core, the inner dendritic structure and the
outer surface groups. Dendrimers have a defined three-
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dimensional structure with available groups that can
attach to other things, which makes it easier to predict
how they will interact with antibiotics. Dendrimers can
carry drugs that're either hydrophilic or lipophilic.
Attached to the outer surface groups, dendrimers are
good at mimicking cell membranes, which makes them a
good way to deliver drugs. They can help drugs dissolve
better and get into the body easily and they can release
the drugs in a controlled way [35]. Dendrimers can be
used to deliver antibiotics. It can even be used to create
coatings that resist bacteria. They can also be used as
antibiotics on their own attacking cells or toxins. This is
because dendrimers are shaped like balls and have
groups on their surface which allows them to interact
with bacteria in a powerful way. Some dendrimers,
called glycodendrimers are very specific which can
target specific bacteria. Others, called dendrimers are
broader and can attack many types of bacteria [36]. They
can be used alone or with drugs to create a powerful
antibiotic. There are also dendrimers, which are a mix of
cationic and hydrophobic residues. These work by
destroying membranes but are more selective than other
types of dendrimers. Even though dendrimers are
promising there is still a lot to learn about them. Many of
the studies that have been done far have only looked at a
small number of chemical structures and more research
is needed to understand how the structure of dendrimers
affects their activity [37]. This means that there are
opportunities for further study and development of
dendrimers as antimicrobial agents. Dendrimers are an
interesting area of research and scientists are still
learning about the many ways that dendrimers can be
used to fight bacteria and deliver drugs. Dendrimers have
the potential to be a tool in the fight against bacterial
infections and more research, on dendrimers is needed to
fully understand their potential [38].

3.3 POLYMERIC NANOPARTICLES

Antibiotic conjugated polymeric nanoparticles for
multidrug-resistant bacteria have been the subject of
extensive research [39]. Antibiotic-carrying polymeric
nanoparticles have been created using natural and
synthetic polymers that are biocompatible and
biodegradable. Covalent and non-covalent bonds have
been used to attach bactericidal agents to the surface of a
polymer or to encapsulate them in the interior of a
polymeric core.

2956

Along with providing drug protection through steric
hindrance, these polymeric nanoparticles are usually
modified to release the drug in response to stimuli [40].
Polymeric nanoparticles use both passive and active
targeting to deliver the antibiotic to bacterial cells. The
polymer increases the porosity of the bacterial membrane
by causing structural disruptions when it interacts with
cell membranes which is passive targeting. By binding
with a specific antibody and aptamer enhancement a
bacterial infection protein, the polymer engages in active
targeting, which allows the drug to enter the bacterial
cells. Antimicrobial polymeric nanoparticles are
innovative alternatives to traditional antibiotics because
of their natural antimicrobial properties [41]. Antibiotic
combined nanoparticles of polymers for multidrug-
resistant organisms have been the subject to multiple
studies [39].

4. NANO FORMULATION OF BIOACTIVE
COMPOUNDS FOR ENHANCING
ANTIMICROBIAL ACTIVITY

Many bioactive compounds that show antimicrobial
activity have been formulated using nanocarriers for
better action. For instance, Thymol and carvacrol are the
two active phenolic ingredients from terpenoids group
that are detected in the essential oil extracted from
several plants. Studies have proved that these two
compounds have potent antibacterial activity by inducing
lipid peroxidation in the cell membrane of bacteria.
Liposomal encapsulation of essential oil has improved its
stability and dissolution, which has been proven by
several investigations [42]. Similarly, clove oil also
studied for its antimicrobial activity, in which the activity
of encapsulated clove oil shows more potential than the
free form. The MBC (Minimum Bactericidal
concentration) of clove oil was reached up to 5 mg/ml,
whereas with a liposomal clove concentration, it reached
up to 0.5 mg/ml only, and hence the antibacterial activity
of clove oil was enhanced by 10 times when clove oil
was carried on liposomes [43]. Likewise, bioactive
compounds extracted from the Melissa officinalis plant
show higher antibacterial activity when compared to the
free form, where the encapsulated one shows 4.68 pg/ml,
and for the free form, it is 9.375 pg/mL against
Staphylococcus aureus [44]. Like liposomes, there are
different nanocarriers that have been used for the
encapsulation of certain bioactive compounds for
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enhanced activity. Polymeric micelles are a type of
nanocarrier that are made from a certain polymer. The
plant Inula helenium L, which is rich in sesquiterpene
lactones have antimicrobial activity that has been studied
for inhibition of biofilm formation. In that research, they
mentioned that the bioactive extract of the plant Inula
helenium L, has shown potent antibacterial activity when
it is encapsulated with the polymeric micelles. These
encapsulated plant extract shows more inhibition of
biofilm formation when compared to the non-
encapsulated extract. The bioactive compound-loaded
polymeric micelles shows 50 % and 61.87% when it is
tested against P.aeruginosa and s.aureus which is higher
than the free form [45]. Dendrimer G4 Poloxamer
nanoparticles are another type of nanoparticle that has
been studied for antimicrobial activity against
methicillin-resistant Staphylococcus aureus. In this
study, the Dendrimer G4 Poloxamer loaded with
coumarin (DG4-polox-coumarin nanoparticles) shows
stronger antibacterial activity against MRSA than that of
the pure form. The DG4-polox-coumarin nanoparticles
show MIC at 1.12 pg/ml after 24 hrs. whereas, the free
form shows 4.17 ug/ml after 24 hrs [46]. Like
antibacterial activity, many studies have been done for
antifungal activity using bioactive compounds. For
instance, Curcumin is a bioactive compound that is
highly present in Turmeric. This compound, when tested
in free form against Candida albicans and Aspergillus
niger, has a MIC of 64 pg/ml and 128 pg/ml, but when it
is tested after loading in a lipid nanoparticle, it shows a
MIC of 8 pg/ml and 16 pg/ml against C.albicans and A.
niger. From this demonstration, researchers have
concluded that curcumin, when it is loaded in lipid
nanoparticles have potential antifungal activity
compared to free bioactive form [47].

5. METAL NANOPARTICLES FOR
ANTIMICROBIAL ACTIVITY

Even if we enhance the antimicrobial activity of
bioactive compounds by nanoformulation, these
compounds, When used in pure form, they have certain
negative effects and toxicity that change with dosage. To
overcome the drawbacks caused by bioactive
compounds, researchers have begun to work with metals
by synthesizing metal nanoparticles. Several studies
indicate the potent antibacterial properties of these metal
nanoparticles against bacteria that cause infections. For
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instance, the silver nanoparticles were synthesized and
studied against certain bacteria, such as Escherichia coli,
Klebsiella pneumoniae, Salmonella typhimurium, and
Salmonella enteritidis, which show a MIC and MBC of
7.8,3.9,3.9,3.9 ng/mland 7.8, 3.9, 7.8, 3.9 ng/ml. From
these experimental researchers have proved that the
silver nanoparticles have significant antibacterial activity
[48]. Likewise, in another study, the silver nanoparticles
have tested on S. aureus, S.epidermidis, B.subtilis and P.
aeruginosa, which shows MIC at 10.8, 9.74, 8.9, 12, and
9.85 pg/ml, showing significant antibacterial activity
when compared to standard antibiotics, such as
amoxicillin [49]. Not only silver, but also different
metals have been used to synthesize for antimicrobial
activity, such as copper, zinc, and many. The antifungal
activity of metal nanoparticles has been studied using
copper nanoparticles. These copper nanoparticles have
tested against some fungal strains such as Fusarium
solani, Neofusicoccum sp and Fusarium oxysporum,
which shows IRG (Inhibition of radial growth) at a
concentration of 0.75 mg/ml. In this concentration, 100%
of fungal radial growth has been inhibited. so, from this
demonstration, scientists conclude that this copper
nanoparticle has good antifungal activity [50]. Likewise,
zinc has also been studied for antimicrobial activity,
especially in bacteria and fungi. The antibacterial
effectiveness of zinc nanoparticles is studied against
strains such as B. subtilis, P. aeruginosa, S. aureus, and
E. coli. In this study, they have analyzed the structure of
these bacteria after exposing them to zinc nanoparticles,
in which they could see rupture of the bacterial cell wall.
From this experimental analysis scientist have proved
that the zinc nanoparticles have potent antibacterial
activity [51]. Similarly, this zinc nanoparticle has been
studied for antifungal activity using the strain C.
albicans, in which it shows a MIC of 80 pg/ml, which
proves that the zinc nanoparticle has effective antifungal
activity [52].

6. HYBRIDIZATION OF A BIOACTIVE
COMPOUND AND A METAL NANOPARTICLE
IN A NANOFORMULATION

Even though scientists synthesize metal nanoparticles to
overcome the dose-dependent toxic effects of bioactive
compounds, these metal nanoparticles also have similar
effects on humans. To achieve lower toxicity and higher
efficiency, researchers have focused on hybrid metal-
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bioactive compound-based nanoparticles. The main
focus of this study is to have each metal and bioactive
compound in a certain ratio and load them in a
nanocarrier, which will have both the compound in
minimal quantity, and thereby it will have an effective
antimicrobial with minimal toxicity when compared to
the previous formulation. Certain studies have proved
that these hybrid nanoparticles have effective
antimicrobial activity. For instance, the curcumin and
silver nanoparticles have been synthesized as a hybrid
that has been studied for its capacity to eliminate P.
aeruginosa and S. aureus. The demonstration proved that
the hybrid nanoparticle, which is curcumin and silver
loaded nanoparticles, produced the most potent
antibacterial activity when tested on its own, compared
to curcumin and silver nanoparticles [53]. Similarly, the
copper and tannins have made as a hybrid nanoparticle
and studied for HO free radical generating activity. The
ESR data of this study show that these tannin and copper
hybrid nanoparticles show high generation of the HO
free radical, and that mechanism can be utilized for
antimicrobial activity for wound healing. In this study,
they discussed that when this hybrid nanoparticle is
applied on wound, because of its high free radical-
generating ability, it can act on the microbial cell wall,
which are present on the wound, and thereby it prevents
the microbial infection [54].

7. CELLULAR AND MOLECULAR
MECHANISMS OF ANTIMICROBIAL ACTIVITY
OF BIOACTIVE COMPOUNDS AND METAL
NANOPARTICLES

These natural substances have different mechanisms of
action that are unique and specific in directing their
antibacterial activity. The mechanisms of action of some
of these drugs involve the destruction of the microbial
cell membrane, which ultimately leads to the leakage of
cellular contents and the death of the microbes. The
mechanisms of action of some involve the suppression of
protein and DNA incorporation. Additionally, some
involve the disruption of vital enzymatic processes that
are essential to microbial life. It is intriguing to note that
the mechanisms of action of most of these drugs are not
well understood. However, future studies should aim at
utilizing different and innovative procedures to
understand the intricate mechanisms of action of the
antibacterial properties of these endophyte-derived

2958

substances The exploration and discovery of natural
antimicrobial substances derived from endophytes have
great potential in the development of novel antibiotics, as
indicated in the conclusion. Future studies could involve
the use of computers and other structural biology and
OMICS strategies to determine the bonds between these
substances and microbes. Thus, in conclusion, the
exploration and discovery of natural antimicrobial
substances derived from endophytes have great potential
in the development of novel antibiotics [55]. Among
other things, the mechanism of action of metallic
nanoparticles includes: (i) disruption of the cell walls,
resulting in their permeability due to the electrostatic
interaction between the positively charged nanoparticles
and the negatively charged molecules of the cell wall of
the microorganism, leading to the leakage of the cellular
content and the disruption of the membrane potential; (ii)
another mechanism involves the generation of toxic
ROS. The oxidative stress leads to the oxidation of the
glutathione, thereby disrupting the antioxidant defense
system of the bacteria against ROS. The overproduced
ROS leads to the disruption of the redox balance,
resulting in oxidative stress, affecting the membrane
lipids, the DNA, and the protein structure; (iii) an
additional mechanism involves the binding of the
nanoparticles to the intracellular components, among
other things, resulting in the damage of the DNA, the
proteins, and the inhibition of the enzymes. The DNA
may be damaged or sheared by the metallic
nanoparticles, thereby disrupting the cell division.
Moreover, the denaturation of the ribosomes leads to the
inhibition of the synthesis of the proteins. (iv) The
apoptotic cell death occurs finally due to the overall
effects of the processes mentioned above [56]. Hence the
combined cellular effect of bioactive and metal
nanoparticiles (Figure 2) will be the great solution for
anti biotic resistance along with reduced toxicity and
dose requirement.
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Figure 2 Mechanism of action hybridized Bio-active
metal nanoparticles in antimicrobial action.

8. CONCLUSION AND FUTURE PERSPECTIVE:

The use of antibiotics played a major role in those days
in curing microbial infections. After a certain number of
years, because of evolution and genetic variation, these
antibiotics become resistant towards certain microbial
organism which turns the microbes into multi-drug
resistant (MDR) strains. Because of this reason, many
problematic conditions have created, and many people
have died. So, to overcome this situation scientist have
developed a nano formulation of a drug obtained from a
plant, which is known as bioactive compounds that have
potent  antimicrobial activity. These bioactive
compounds, if we take as free form, will have less
bioavailability and a lack of site specificity. To overcome
this problem scientist have started to encapsulate the
bioactive drug into nanocarriers, which have increased
its activity. Likewise, metal nanoparticles have also been
synthesized to study antimicrobial activity to overcome
the drawbacks caused by the nano-formulated bioactive
compound, which shows good antimicrobial activity, but
still, since it is a metal, it shows toxicity in a dose-
dependent manner. So to overcome all these problems,
scientists focused to synthesized hybrid-based
nanoparticles in which the bioactive compounds and the
metal nanoparticles are encapsulated into a nanocarrier.
These hybrid formulations, as shown in a certain study,
are more effective than other formulations in reducing
toxicity and enhancing antimicrobial activity at minimal
concentrations. But there is not much study on this
hybrid-based nanoformulation, so much research has to
be done in this field to overcome the MDR strain and
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make the people more protective form the pathogenic
microbes.
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