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ABSTRACT

Infections resulting from antibiotic-resistant bacteria (ARB) represent a major global health concern of our
era. Alongside the development of novel antibiotics, the identification of antibiotic-resistant
microorganisms and the exploration of alternatives to current medications present viable strategies to
address antibiotic resistance. This analysis consolidates the most promising solutions for combating ARB
that are currently in development. These strategies encompass: (a) the discovery of novel antibiotics through
the modification of existing compounds; (b) the enhancement of the efficacy of current antibiotics via
metabolic stimulation or the implementation of advanced delivery systems; and (c) the emergence of novel
alternatives to traditional antibiotics includes bacteriophages and endolysins, anti-biofilm compounds,
probiotics, nanomaterials, vaccines, and antibody-based therapies. Preclinical and clinical investigations
indicate that these treatments possess significant potential against antibiotic-resistant microorganisms.

Certain ARB items are anticipated to be commercially accessible in the imminent future.
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INTRODUCTION
The discovery of penicillin by Alexander Fleming in 1928 marked a pivotal turning point in the

history of modern medicine, revolutionizing the fight against bacterial diseases, previously a
leading cause of death worldwide. With the introduction of penicillin as the first effective antibiotic
into clinical use, mortality rates from bacterial infections declined significantly, leading to the
development of new generations of antibiotics. This achievement improved the quality of

healthcare and reduced the burden of many serious infections [1].

Antibiotic resistance (AMR) is one of the major health challenges facing humanity today.
Resistance arises primarily as a result of the excessive and inappropriate use of antibiotics in
human medicine and agriculture, coupled with weak control and prescription systems in many
countries[2]. In 2017, the World Health Organisation published a list of twelve bacteria classified
as problematic due to their resistance to numerous widely available antibiotics. The encompassed

bacteria include

Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacteriaceae , Enterococcus faecium,
Staphylococcus aureus, Helicobacter pylori, Campylobacter spp., Salmonella spp., Neisseria
gonorrhoeae, Streptococcus pneumoniae, Haemophilus influenzae, and Shigella spp.

(fluoroquinolone-resistant) [3].

Molecularly, bacteria develop several strategies to defend themselves against antibiotics, such
as producing degradative enzymes (such as B-lactamases), modifying drug target sites, enhancing
the extracellular release of antibiotics, and reducing cell wall permeability. These mechanisms are
often transmitted via mobile genetic elements such as plasmids, and resistance mutates rapidly and

affects several species of bacteria in different environments[4].

This resistance poses a threat that goes beyond traditional antibiotics. Simple diseases, such as
urinary tract infections or wounds, become difficult and costly to treat. Advanced medical

procedures, such as organ transplantation and chemotherapy, also rely on the effectiveness of
effective antibiotics, while increased resistance can render these procedures ineffective. A

multitude of scientists globally are currently concentrating on devising methods to address
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antibiotic-resistant bacteria (ARB) to avert the potential unavailability of effective antibiotics in
clinical settings in the future. This review examines the recent advancements in efforts to address
the rise of antimicrobial-resistant bacteria (ARB) are documented in the literature, emphasizing
commendable chemical, microbiological, and immunological procedures (Figure 1)[5]. This
review aims to highlight the latest innovations in the treatment of antibiotic-resistant bacterial
infections by reviewing developments in improved drugs, strategies to modify traditional
antibiotics, and non-drug alternatives such as immunotherapies, bacteriophages, nanocomposites,
and plant extracts, in addition to analyze the effectiveness of these new approaches and compare
them with the current challenges facing modern medicine in combating multiresistant bacterial

strains, with the goal of providing a comprehensive view of future trends in this vital field.
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Figure 1. Strategies for combating antibiotic-resistant bacterial infections [5].
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2. The Global Burden of Antibiotic Resistance on Public Health

The magnitude of antibiotic resistance is now widely recognized as one of the greatest
challenges to public health worldwide. The World Health Organization (WHO) declared
antimicrobial resistance (AMR) a top ten global public health threat in 2019. A comprehensive
analysis published in The Lancet estimated that in 2019 alone, approximately 4.95 million deaths
were associated with bacterial AMR, with 1.27 million of them directly attributable to resistant
infections [6].

Geographically, the burden is unequally distributed. Sub-Saharan Africa and South Asia report
some of the highest mortality rates due to resistant infections, often exacerbated by poor healthcare
infrastructure, limited access to diagnostics, and inadequate surveillance systems [7]. In high-
income countries, although robust antibiotic stewardship programs have been implemented, the
problem persists due to factors such as hospital-acquired infections, multidrug-resistant organisms
(MDROs), and an aging population with frequent antibiotic exposure[8].

The economic consequences of antibiotic resistance are equally alarming. The World Bank
(2017) warned that if current trends continue, the global economy could experience a cumulative
loss of $100 trillion by 2050, primarily due to increased healthcare costs, loss of productivity, and
reduced agricultural output. Moreover, the pressure on healthcare systems is growing, as resistant
infections require more expensive and toxic alternative treatments, extended hospital stays, and
intensive care resource[9].

3. THE MOST PROMISING SOLUTIONS FOR COMBATING ARB THAT

ARE CURRENTLY IN DEVELOPMENT
3.1 Discovery of New Antibiotics
The majority of multinational pharmaceutical firms have reduced their investments in the research
and development of novel antibiotics. Nonetheless, research teams in hospitals or academic
institutions beyond the industry continue to contribute to the pipeline aimed at addressing ARB.
3.1.1 Modifying old antibiotics

Modifying old antibiotics is one of the most effective strategies for combating antibiotic
resistance, especially given the slow and costly process of developing entirely new drug molecules.
This approach relies on redesigning or improving the molecular structure of known antibiotics,
with the goal of restoring their effectiveness or enhancing their pharmacological properties to
overcome the resistance mechanisms developed by bacteria[8].

This strategy is based on the principle that many classic antibiotics, despite losing their
effectiveness against some resistant strains, still possess potent and effective molecular cores. By
chemically modifying these molecules, we can inactivate resistant bacterial enzymes, enhance
drug permeability across the bacterial cell membrane, or reduce the bacteria's ability to excrete the
antibiotic via efflux pumps[10]. Omadacycline, a semisynthetic derivative of tetracycline,
possesses changes at the C-7 and C-9 positions of the tetracycline D-ring, allowing it to circumvent
prevalent tetracycline resistance mechanisms, including as tetracycline-specific efflux pumps and
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ribosome protection, which helps to overcome the resistance mechanisms that bacteria develop
against it, FDA approved in 2018 for CAP and ABSSSI [11].

Vancomycin is extensively utilized to address infections caused by E. faecium or methicillin-
resistant S. aureus (MRSA), although its efficacy has diminished due to the prevalence of
vancomycin-resistant strains in hospitals and communities[12]. To address vancomycin resistance,
the Boger laboratory at the Scripps Research Institute has dedicated over a decade to altering the
fundamental structure of vancomycin, ultimately producing a series of synthetic analogues known
as the maxamycins group (Figure 2), which exhibit significant bactericidal activity against
vancomycin-resistant E. faecium (VRE) and S. aureus (VRSA) isolates [13]. This research group
has devised a scalable atroposelective total synthesis method for vancomycin analogues that
significantly decreases the number of steps needed and improves the overall yield, facilitating the
production of amounts required for preclinical evaluation [14, 15].
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Figure 2. Strategies used to extract new antibiotics.
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4. IMPROVED EFFICACY OF EXISTING ANTIBIOTICS

Improving the effectiveness of existing antibiotics is a crucial strategy to address the growing
challenges associated with bacterial resistance to antibiotics, which threatens the effectiveness of
many clinical treatments. Given the limited discovery of new antibiotics, interest has emerged in
developing scientific and technical methods to enhance the effectiveness of currently available
antibiotics, whether by improving their pharmacological properties or redirecting their use against

resistant strains [2].
4.1 Metabolism Stimulation of Bacterial Pathogens

Stimulating metabolism in pathogenic bacteria is an emerging and unconventional strategy for
combating bacterial infections, especially those resistant to antibiotics[16]. Unlike the traditional
approach of directly inhibiting or killing bacteria, this strategy is based on the principle of
stimulating certain metabolic pathways within the bacterial cell to make them more susceptible to
antibiotics, or to trigger intrinsic mechanisms that lead to their death[17].However, this concept is
still largely experimental and has not yet reached clinical translation. It is primarily explored in
laboratory and preclinical studies, where it shows promising potential but requires further

validation in human applications.

Numerous studies have shown that modifying bacterial metabolism is a highly effective
approach to enhancing the effectiveness of antibiotics[18] . To achieve this goal, two metabolic-
based regulatory strategies are available: (1) enhancing metabolic pathways that increase bacterial
susceptibility to antibiotics, and (2) inhibiting metabolic pathways that increase antibiotic

resistance[19].

One prominent application of this concept is forcing bacteria out of metabolic dormancy, a state
adopted by some strains, such as bacteria within biofilms, or bacteria "resting™ within the host to
evade the effects of antibiotics[20]. In this state, the metabolic rate is very low, reducing the

effectiveness of most antibiotics, which require an active cell to be effective [21].

In addition, recent research has shown that enhancing certain metabolic pathways, such as the

TCA cycle or NADH production, can increase the accumulation of free radicals (ROS) within the
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cell, leading to damage to DNA and proteins, and ultimately leading to bacterial cell death[16].
Certain chemicals and nutrients, such as amino acids or simple sugars (glucose, mannitol), can be
used to stimulate these pathways and enhance bacterial sensitivity to antibiotics[22]. In study [22]
noted that a kanamycin-resistant strain of Edwardsiella tarda exhibited a deficiency in L-alanine
and glucose relative to the wild-type strain. These metabolites significantly enhanced kanamycin
absorption and toxicity via the stimulation of the TCA cycle and the augmentation of the proton-
motive force (Figure 3). The increased intracellular concentration of kanamycin likely surpassed
the resistance threshold established by spontaneous suppressor mutations. Comparable
potentiation procedures were employed in other research, consistently concluding that ARB might
be regulated by antibiotics in conjunction with diverse metabolites from glycolysis, the TCA cycle,

and amino acid metabolism [23].

One practical application of this strategy has been tested in Staphylococcus aureus and
Escherichia coli, where combining metabolic stimulants with traditional antibiotics such as
ampicillin and gentamicin showed significant improvements in antibacterial efficacy, even against
resistant strains. This was attributed to increased antibiotic flow into the cell due to the stimulated

metabolic activity and increased energy consumption[24].
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Figure 3. Methods to enhance the efficacy of existing antibiotics

4.2. Antibiotic Delivery Systems

Antibiotic delivery systems are a prominent innovation aimed at improving the effectiveness of
antibacterial treatments, particularly in light of the growing bacterial resistance to traditional
antibiotics. These systems rely on advanced technologies to improve drug distribution, reduce side
effects, and increase the local concentration of the drug at the site of infection, enhancing the
therapeutic effect and limiting harmful effects on healthy tissue. Prominent among these systems
are nanocarriers, which include liposomes, polymeric nanoparticles, and gold and silver
nanoparticles, studies have shown that loading antibiotics onto polymeric nanoparticles improved
the efficacy of vancomycin against methicillin-resistant Staphylococcus aureus (MRSA), while
reducing the required dose and minimizing nephrotoxicity[25] .
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Liposomes are lipid-based nanocarriers that were introduced as medication delivery devices in the
1970s. Recent significant advancements in liposome technology have rekindled interest in their
application as effective antibiotic delivery systems for antimicrobial-resistant bacteria (ARB)[26,
27].

The FDA approved the antibiotic-liposome medication Arikayce in 2018 for the treatment of
lung illness caused by bacteria from the M. avium complex[28]. Due to their structural similarity
to bacterial cell membranes, liposomes possess a unique ability to fuse with the bacterial
membrane, allowing large quantities of antibiotics to be transported directly into the bacterial cell.
This property is at the heart of an innovative technology known as liposome-bacterial fusion,
which offers a promising solution to the challenges of non-enzyme-dependent antibiotic resistance
in many clinical strains of Pseudomonas aeruginosa. The resistance of these strains is often due to
reduced specific permeability of the outer membrane, the activity of counter-efflux pumps, or both.
(Figure 3)[29]. Furthermore, this technology also offers the potential to address resistance patterns
associated with enzyme-mediated antibiotic degradation by encapsulating antibiotics within
liposomes to protect them from enzyme inhibition[30] . Moreover, studies have shown that
encapsulating the antibiotic piperacillin within liposomes composed of phosphotidylcholine and
cholesterol helped protect it from degradation by beta-lactamase enzymes secreted by some
Staphylococcus spp. This reflects the potential of liposome-based delivery systems to maintain
antibiotic efficacy for longer periods and reduce the need for dose increases, contributing to
improved therapeutic response and reduced side effects associated with conventional treatment
[31, 32].

Smart biopolymer-based systems use biomaterials such as chitosan, alginate, or gelatin, which
are biodegradable and highly biocompatible. These systems allow for prolonged local delivery,
making them suitable for treating chronic infections such as osteomyelitis or bacterial biofilms,

which are difficult to reach with traditional antibiotics alone[33, 34].
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5. Developing Alternatives to Antibiotics

With the growing threat of bacterial resistance to traditional antibiotics, there is an urgent need to
develop effective and safe alternatives that can replace or enhance the effectiveness of traditional
antibiotics[35]. This approach aims to reduce selective pressure on bacteria and prevent the
development of resistant strains[35]. Potential alternatives include Phage therapy,
immunotherapies, antimicrobial peptides (AMPS), bacteriophages, plant extracts, nanocomposites,

and strategies to modify microbiome balance, as illustrated in (Figure 4)[36] .
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Figure 4. Alternatives to antibiotics
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5.1Phage therapy

Research into bacteriophages began in the early 20th century and has attracted significant
interest due to their ability to accurately identify and kill target bacteria without affecting the body's
beneficial microbes. They are characterized by their aggressive lytic cycle, where they bind to
bacteria, insert their genetic material, and replicate within them until they lyse and release new

copies of phages[37].

Phages execute their lytic cycle through several stages, primarily by employing endolysins,
enzymes that lyse bacteria by degrading peptidoglycan [38]. Endolysins can be engineered for
selectivity towards several species of Gram-negative and Gram-positive bacteria. A study
identified four recombinant endolysins capable of efficiently lysing one hundred Gram-negative
bacterial pathogens, including multidrug-resistant Klebsiella pneumoniae, Salmonella,
Pseudomonas aeruginosa, Escherichia coli, Acinetobacter baumannii, and Enterobacter species

strains[39].

Historically used as an alternative treatment before the advent of antibiotics, phages continue to
be used clinically in countries such as Georgia and Russia. They have been used experimentally
to combat resistant bacteria such as Klebsiella pneumoniae and Pseudomonas aeruginosa,
resulting in significant reductions in bacterial numbers and significant improvements in animal

models (such as rats and mice), with a survival rate of up to 100% after just a single dose[39].

Phages also demonstrated a high ability to penetrate the biofilm (the biological margins that
protect bacteria) and dismantle its matrix thanks to special enzymes known as lysins or
polymerases (enzybiotics), which enhances the effectiveness of treatment, especially when

combined with antibiotics[40].

5.2 Biofilm

Biofilms are one of the most significant challenges in treating chronic bacterial infections, as
they provide a protected environment that inhibits the effectiveness of antibiotics and promotes
bacterial resistance to treatment[41]. This process typically begins with bacterial adhesion to

surfaces, a pivotal step in biofilm formation, making targeting this early stage a promising strategy
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for prevention and treatment. Among the most prominent molecules that have demonstrated
effectiveness in this context are mannosides, which bind to the bacterial adhesion receptor FimH,
present in pathogenic Escherichia coli. Laboratory and animal studies have demonstrated their

ability to inhibit biofilm formation and prevent cell invasion[42].

Other adhesion components, such as antigen 43 and curli fibrils, also play a key role in anchoring
bacteria to surfaces. This has led to the development of compounds such as FNO75 and BibC®,
which inhibit curli fibril biosynthesis by inhibiting vital intracellular pathways. Furthermore, anti-
biofilm peptides have emerged as innovative solutions, the most notable of which are IDR-1018,
DJK-5, and DJK-6, which degrade ppGpp, a regulatory nucleotide that plays a key role in

resistance to nutritional stress and antibiotics[43].

Phages—specifically, the enzymes they secrete, such as depolymerases—have also
demonstrated an effective ability to degrade the outer polymers that make up biofilms, helping to
dismantle this protective structure, as observed in the inhibition of Acinetobacter baumannii

colonization on medical surfaces[44].

Another recent trend is the use of aptamers, short DNA or RNA molecules designed to
selectively bind to bacterial surface components such as flagella or surface sugars. Some have been
shown to have a remarkable ability to inhibit biofilm formation, especially when combined with
drug delivery vehicles such as liposomes carrying antibiotics[45] . Together, these techniques
represent a multi-pronged approach to combating biofilm infections, a promising step in the face

of the growing challenges of resistance to traditional antibiotics.
5.3Probiotics

Probiotics are defined as beneficial live microorganisms, usually Lactobacillus or
Bifidobacterium strains, administered to the host at appropriate concentrations to promote
microbial balance and achieve health effects[46]. Probiotic supplementation has become widely
accepted as a general health support option, despite limited conclusive evidence regarding their
purported effects. Currently understood mechanisms suggest that probiotics exert their protective

effects by regulating immune responses, strengthening the intestinal epithelial barrier, competing
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with pathogenic microbes for nutrients, and directly secreting antibacterial compounds such as
bacteriocins[47].However, the probiotics provide health benefits, are not a direct replacement for
antibiotics, and being used in some cases, particularly for conditions like diarrhea and irritable

bowel syndrome[48].

The microbiome's ability to prevent the colonization and spread of pathogens is known as
"colonization resistance,” and it is one of the most important natural defense mechanisms enhanced
by probiotics[49]. For example, Bacillus subtilis, a common gut microbe used in probiotic
formulations, has been shown to produce bacitracin, which inhibits cell wall synthesis in Gram-
positive bacteria such as MRSA[50]. While bacitracin has been shown to be effective in this
context, a comparative clinical study demonstrated that mupirocin outperformed it in reducing
Staphylococcus aureus colonization in the nose. Additionally, B. subtilis produces fengycins,
lipopeptides that have been shown to be effective in disrupting the Agr system essential for
Staphylococcus aureus colonization, highlighting its potential as a preventative probiotic
option[51].

In addition to natural probiotics, a recent trend has emerged toward the use of genetically
engineered probiotics. A probiotic based on Escherichia coli Nissle 1917 was developed, equipped
with sensors and specific analysis devices. It was able to identify and kill Pseudomonas aeruginosa
bacteria by 99% and reduce biofilm formation by up to 90% in laboratory models. This efficacy
was also demonstrated in animal models[52]. These developments open up promising avenues for
the use of probiotics as a therapeutic agent for colonization resistance and infection prevention,

although their clinical use remains limited pending further testing and scientific validation[53].
5.4 Nanotechnology in Antimicrobial Therapy

Nanotechnology has revolutionized medicine, particularly in the development of new and
effective strategies to combat microbial infections, especially in light of the global increase in
resistance to traditional antibiotics[54]. Nanomaterials possess unique physical and chemical
properties, such as small size, high surface area, and the ability to directly interact with bacterial

cell walls, making them promising tools for designing innovative antimicrobials[55].
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Silver nanoparticles (AgNPs) have demonstrated potent activity against a wide range of Gram-
positive and Gram-negative bacteria, acting through multiple mechanisms including cell
membrane penetration, generation of ROS, and inhibition of essential proteins and enzymes in the
cell [56]. Gold nanoparticles (AuNPs) are also being used as smart antibiotic delivery systems,
improving drug concentration at the site of infection and reducing side effects[57]. These single-
element nanoparticles have antibacterial activity that is not targeted, whereas the development of
composite nanoparticles has the potential to boost specificity and lower the amount of damage
done to microbiota[58]. Gold nanocomposite particles with a narrow spectrum antibacterial
activity and a gram-positive antibacterial action were created [59]. These particles were derived
from amino sugars and were created to address the structural variations in the cell membrane
between gram-positive and gram-negative bacteria. Research indicated that nanoparticles
composed of graphene oxide-silver (GO-Ag) shown specific inhibitory effects on gram-negative
E. coli and gram-positive S. aureus[60] .  Hybrid nano-systems have also been developed that
combine conventional antibiotics with nano-materials, enhancing antibacterial efficacy and
reducing the likelihood of resistance development[61]. In addition to pharmaceutical applications,
nanotechnology is being used in the design of antibacterial biofilms, nano-wound dressings, and
biosensing systems for early detection of infections[62, 63]. However, despite these promising
results, concerns remain about the potential cytotoxicity of nano-materials and their unintended
effects on host tissues and beneficial microbes. The small size and high reactivity of nanoparticles,
which make them effective against pathogens, may also cause oxidative stress, inflammation, or
genotoxicity in human cells [64]. Furthermore, the environmental accumulation of nanoparticles,
especially silver and metallic nanoparticles, raises questions about their ecotoxicity and long-term
sustainability[65]. Despite the benefits of nanoparticles, further studies are needed on the safety

profiles of nanoparticles.
5.5 Immunotherapies and Immunomodulation

Immunotherapies are one of the most prominent emerging trends in modern medicine. They rely
on stimulating or modifying the patient's immune system to eliminate disease-causing agents,
whether cancer cells, pathogens, or chronic inflammatory conditions[66]. The concept of

immunotherapy focuses on the use of multiple tools, such as monoclonal antibodies, modified
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immune cells (such as CAR-T cells), and immunovaccines, to stimulate a specific and effective

immune response[67].

Immune modulation refers to the reprogramming of the immune system to achieve a delicate
balance between stimulation and suppression[68]. In some cases, immune activity can be enhanced
to fight infection or tumors, while in other cases (such as autoimmune diseases), excessive immune
activity must be suppressed to reduce tissue damage. Immunotherapies have shown significant
progress in several areas, most notably cancer treatment, where several immunotherapies, such as
checkpoint inhibitors, have been approved as first-line treatments. In contrast, immunomodulation
has emerged as an effective tool in treating chronic inflammatory diseases such as lupus and
multiple sclerosis, by modulating cytokine production or inhibiting pathologically active T
cells[69].

5.6 Natural Remedies and Plant Extracts

Natural remedies, particularly plant extracts, have gained increasing attention in research and
medicine as effective alternatives or complements to conventional antibiotics, especially in light
of the growing phenomenon of bacterial resistance. Medicinal plants contain a wide range of active
compounds such as flavonoids, phenols, alkaloids, and terpenoids, which have antibacterial, anti-

inflammatory, and antioxidant properties[70].

Numerous studies have shown that plant extracts such as garlic (Allium sativum)[71], ginger
(Zingiber officinale)[72-75], and cinnamon (Cinnamomum spp.)[76, 77] are capable of inhibiting
the growth of dangerous bacterial strains such as Staphylococcus aureus, Escherichia coli, and
Pseudomonas aeruginosa. This effectiveness is attributed to their ability to damage bacterial cell
membranes and interfere with vital intracellular processes such as protein and DNA synthesis[78].
In addition, some plant extracts have been shown to disrupt the quorum sensing system, which
bacteria use to communicate and form biofilms, making them more susceptible to treatment. Some
plant compounds also exhibit a synergistic effect with antibiotics, improving their effectiveness
and reducing the required dosage, thus limiting side effects and delaying the emergence of

resistance.
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CONCLUSION

Antibiotic resistance poses a multidimensional threat that challenges modern medicine, public
health, and global development. While the roots of the crisis lie in decades of antibiotic misuse
and scientific stagnation, solutions must be innovative, multidisciplinary, and systemic. The
following sections of this review will explore these emerging solutions in depth, assessing their
potential to reshape the treatment landscape for infectious diseases in an era where traditional

antibiotics alone are no longer sufficient.

Conflict of interests

There are non-conflicts of interest.

References

[1] M. I. Hutchings, A. W. Truman, and B. Wilkinson, "Antibiotics: past, present and future," Current
opinion in microbiology, vol. 51, pp. 72-80, 2019.

[2] A. Lawandi and S. S. Kadri, "Can financial rewards for stewardship in primary care curb antibiotic
resistance?," The Lancet Infectious Diseases, vol. 21, no. 12, pp. 1618-1620, 2021.

[3] D.Newman, "Old and modern antibiotic structures with potential for today’s infections," ADMET and
DMPK, vol. 10, no. 2, pp. 131-146, 2022.

[4] S. Aliabadi et al., "Effect of antibiotic stewardship interventions in primary care on antimicrobial
resistance of Escherichia coli bacteraemia in England (2013-18): a quasi-experimental, ecological,
data linkage study," The Lancet Infectious Diseases, vol. 21, no. 12, pp. 1689-1700, 2021.

[5] J. Ye and X. Chen, "Current promising strategies against antibiotic-resistant bacterial infections,"
Antibiotics, vol. 12, no. 1, p. 67, 2022.

[6] C.J.Murrayetal., "Global burden of bacterial antimicrobial resistance in 2019: a systematic analysis,"
The lancet, vol. 399, no. 10325, pp. 629-655, 2022.

[7] M. A. Salam et al., "Antimicrobial resistance: a growing serious threat for global public health," in
Healthcare, 2023, vol. 11, no. 13: MDPI, p. 1946.

[8] R.Ranjbar and M. Alam, "Antimicrobial Resistance Collaborators (2022). Global burden of bacterial
antimicrobial resistance in 2019: a systematic analysis," Evidence-based nursing, 2023.

[9] F. C. Lessa and D. M. Sievert, "Antibiotic resistance: a global problem and the need to do more,"
Clinical Infectious Diseases, vol. 77, no. Supplement_1, pp. S1-S3, 2023.

[10] J. Y. Wu, P. Srinivas, and J. M. Pogue, "Cefiderocol: a novel agent for the management of multidrug-
resistant Gram-negative organisms," Infectious diseases and therapy, vol. 9, pp. 17-40, 2020.

[11] J. A. Karlowsky, J. Steenbergen, and G. G. Zhanel, "Microbiology and preclinical review of
omadacycline," Clinical Infectious Diseases, vol. 69, no. Supplement_1, pp. S6-515, 2019.

Page | 208

ISSN: 2312-8135 | Print ISSN: 1992-0652

info@journalofbabylon.com | jub@itnet.uobabylon.edu.iq | www.journalofbabylon.com


mailto:info@journalofbabylon.com
mailto:jub@itnet.uobabylon.edu.iq
mailto:jub@itnet.uobabylon.edu.iq
https://www.journalofbabylon.com/index.php/JUB/issue/archive
https://www.journalofbabylon.com/index.php/JUB/issue/archive

JOURNAL OF UNIVERSITY OF
Article BABYLON Vol. 33 ; No. 3 | 2025

Eor Du‘r'e and AppheA Sciences (JUBPH.S)

\aidammtlivanidiant N

v .

T

Yy >

o

oy e

ey D T

v .

T

ey Sy vey v

oy D [T e

TY

[12] Z.-C. Wu, M. D. Cameron, and D. L. Boger, "Vancomycin C-terminus guanidine modifications and
further insights into an added mechanism of action imparted by a peripheral structural
modification," ACS infectious diseases, vol. 6, no. 8, pp. 2169-2180, 2020.

[13] Z.-C. Wu and D. L. Boger, "Maxamycins: durable antibiotics derived by rational redesign of
vancomycin," Accounts of chemical research, vol. 53, no. 11, pp. 2587-2599, 2020.

[14] M. J. Moore et al., "Next-generation total synthesis of vancomycin," Journal of the American
Chemical Society, vol. 142, no. 37, pp. 16039-16050, 2020.

[15] A. ). Flint and A. P. Davis, "Vancomycin mimicry: Towards new supramolecular antibiotics," Organic
& biomolecular chemistry, vol. 20, no. 39, pp. 7694-7712, 2022.

[16] J. Ye, Y. Su, X. Peng, and H. Li, "Reactive oxygen species-related ceftazidime resistance is caused by
the pyruvate cycle perturbation and reverted by Fe3+ in Edwardsiella tarda," Frontiers in
Microbiology, vol. 12, p. 654783, 2021.

[17] J. H. Yang et al., "A white-box machine learning approach for revealing antibiotic mechanisms of
action," Cell, vol. 177, no. 6, pp. 1649-1661. €9, 2019.

[18] X.-l. Zhao et al., "Glutamine promotes antibiotic uptake to kill multidrug-resistant uropathogenic
bacteria," Science Translational Medicine, vol. 13, no. 625, p. eabj0716, 2021.

[19] J.-z. Ye et al., "Alanine enhances aminoglycosides-induced ROS production as revealed by proteomic
analysis," Frontiers in microbiology, vol. 9, p. 29, 2018.

[20] W.Y. Chung, Y. Zhu, M. H. Mahamad Maifiah, N. K. Hawala Shivashekaregowda, E. H. Wong, and N.
Abdul Rahim, "Exogenous metabolite feeding on altering antibiotic susceptibility in Gram-negative
bacteria through metabolic modulation: a review," Metabolomics, vol. 18, no. 7, p. 47, 2022.

[21] K. R. Allison, M. P. Brynildsen, and J. J. Collins, "Metabolite-enabled eradication of bacterial persisters
by aminoglycosides," Nature, vol. 473, no. 7346, pp. 216-220, 2011.

[22] B. Peng et al., "Exogenous alanine and/or glucose plus kanamycin kills antibiotic-resistant bacteria,"
Cell metabolism, vol. 21, no. 2, pp. 249-262, 2015.

[23] M. Ferreira et al., "Liposomes as antibiotic delivery systems: a promising nanotechnological strategy
against antimicrobial resistance," Molecules, vol. 26, no. 7, p. 2047, 2021.

[24] J. H. Yang, S. C. Bening, and J. J. Collins, "Antibiotic efficacy—context matters," Current opinion in
microbiology, vol. 39, pp. 73-80, 2017.

[25] N.S.H.Too, N. C. W. Ho, C. Adine, N. G. lyer, and E. L. S. Fong, "Hot or cold: Bioengineering immune
contextures into in vitro patient-derived tumor models," Advanced drug delivery reviews, vol. 175,
p. 113791, 2021.

[26] R. Lima, F. S. Del Fiol, and V. M. Balcdo, "Prospects for the use of new technologies to combat
multidrug-resistant bacteria," Frontiers in pharmacology, vol. 10, p. 692, 2019.

[27] A. Gonzalez Gomez and Z. Hosseinidoust, "Liposomes for antibiotic encapsulation and delivery," ACS
infectious diseases, vol. 6, no. 5, pp. 896-908, 2020.

[28] O. Khan and N. Chaudary, "The use of amikacin liposome inhalation suspension (Arikayce) in the
treatment of refractory nontuberculous mycobacterial lung disease in adults," Drug design,
development and therapy, pp. 2287-2294, 2020.

Page | 209

ISSN: 2312-8135 | Print ISSN: 1992-0652

info@journalofbabylon.com | jub@itnet.uobabylon.edu.iq | www.journalofbabylon.com


mailto:info@journalofbabylon.com
mailto:jub@itnet.uobabylon.edu.iq
mailto:jub@itnet.uobabylon.edu.iq
https://www.journalofbabylon.com/index.php/JUB/issue/archive
https://www.journalofbabylon.com/index.php/JUB/issue/archive

JOURNAL OF UNIVERSITY OF
Article BABYLON Vol. 33 ; No. 3 | 2025

Eor Du‘r'e and AppheA Sciences (JUBPF)f)

\aidammtlivanidiant N

v .

T

Yy >

o

oy e

ey D T

v .

T

Cey STy

oy D [T e

T

[29] K. Jani, S. Mehta, R. Patel, B. Prajapati, and G. Patel, "Focused insights into liposomal
nanotherapeutics for antimicrobial treatment," Current Medicinal Chemistry, 2024.

[30] X. Wei et al., "Unleashing the power of precision drug delivery: Genetically engineered biomimetic
nanodrugs incorporating liposomal polypharmacy against multidrug-resistant bacteria," Chemical
Engineering Journal, vol. 497, p. 154515, 2024.

[31] Z. Wang et al., "Fusion between fluid liposomes and intact bacteria: study of driving parameters and
in vitro bactericidal efficacy," International journal of nanomedicine, pp. 4025-4036, 2016.

[32] R. Zhu et al., "Polymyxin B-Modified fosfomycin liposomes target gram-negative bacteria and exert
synergistic antibacterial effect," ACS omega, vol. 8, no. 48, pp. 45914-45923, 2023.

[33] T. K. Maji and D. Sharma, "Oral Delivery of Anti-Diabetic Drugs Using Bio-Based Polymeric
Nanoparticles: a Review of Recent Advances," Authorea Preprints, 2023.

[34] R. D. Sagare, F. S. Dasankoppa, H. N. Sholapur, M. Mahesh, and N. Nanjunda Swamy, "Versatile and
Emerging Applications of Halloysite Nanotubes: From Nanotechnology to Biomedicine and
Environmental Solutions," Biocomposite Nanomaterials and their Applications, pp. 301-311, 2024.

[35] M. R. T. Rahman, I. Fliss, and E. Biron, "Insights in the development and uses of alternatives to
antibiotic growth promoters in poultry and swine production," Antibiotics, vol. 11, no. 6, p. 766, 2022.

[36] T.Saha, T. D. A. Saha, and B. K. Tiwary, Alternatives to Antibiotics. Springer, 2022.

[37] B. Grygorcewicz et al., "Antibiotics act with vB_AbaP_AGCO01 phage against Acinetobacter baumannii
in human heat-inactivated plasma blood and Galleria mellonella models," International Journal of
Molecular Sciences, vol. 21, no. 12, p. 4390, 2020.

[38] D. Gutiérrez, L. Fernandez, A. Rodriguez, and P. Garcia, "Are phage lytic proteins the secret weapon
to kill Staphylococcus aureus?," MBio, vol. 9, no. 1, pp. 10.1128/mbio. 01923-17, 2018.

[39] N. P. Antonova et al., "Broad bactericidal activity of the Myoviridae bacteriophage lysins LysAm24,
LysECD7, and LysSi3 against Gram-negative ESKAPE pathogens," Viruses, vol. 11, no. 3, p. 284, 2019.

[40] D. V. Vasina et al., "Discovering the potentials of four phage endolysins to combat gram-negative
infections," Frontiers in Microbiology, vol. 12, p. 748718, 2021.

[41] C. Highmore et al., "Translational challenges and opportunities in biofilm science: a BRIEF for the
future," NPJ biofilms and microbiomes, vol. 8, no. 1, p. 68, 2022.

[42] M. K. Hospenthal and G. Waksman, "The remarkable biomechanical properties of the type 1
chaperone-usher pilus: a structural and molecular perspective," Microbiology spectrum, vol. 7, no. 1,
pp. 10.1128/microbiolspec. psib-0010-2018, 2019.

[43] F. Hemmati et al., "Novel strategies to combat bacterial biofilms," Molecular biotechnology, vol. 63,
no. 7, pp. 569-586, 2021.

[44] A. Latka, B. Maciejewska, G. Majkowska-Skrobek, Y. Briers, and Z. Drulis-Kawa, "Bacteriophage-
encoded virion-associated enzymes to overcome the carbohydrate barriers during the infection
process," Applied microbiology and biotechnology, vol. 101, pp. 3103-3119, 2017.

[45] P. Ommen, L. Hansen, B. K. Hansen, H. Vu-Quang, J. Kjems, and R. L. Meyer, "Aptamer-targeted drug
delivery for Staphylococcus aureus biofilm," Frontiers in cellular and infection microbiology, vol. 12,
p. 814340, 2022.

Page | 210

ISSN: 2312-8135 | Print ISSN: 1992-0652

info@journalofbabylon.com | jub@itnet.uobabylon.edu.iq | www.journalofbabylon.com


mailto:info@journalofbabylon.com
mailto:jub@itnet.uobabylon.edu.iq
mailto:jub@itnet.uobabylon.edu.iq
https://www.journalofbabylon.com/index.php/JUB/issue/archive
https://www.journalofbabylon.com/index.php/JUB/issue/archive

JOURNAL OF UNIVERSITY OF
Article BABYLON Vol. 33 ; No. 3 | 2025

Eor Du‘r'e and AppheA Sciences (JUBPH.S)

\aidammtlivanidiant N

v .

T

Yy >

o

oy e

ey D T

v .

T

ey Sy vey v

o =

7 D T

T

[46] M.T. El-Saadony et al., "The functionality of probiotics in aquaculture: An overview," Fish & shellfish
immunology, vol. 117, pp. 36-52, 2021.

[47] P. Piewngam and M. Otto, "Probiotics to prevent Staphylococcus aureus disease?," Gut Microbes,
vol. 11, no. 1, pp. 94-101, 2020.

[48] P. Parichat and R. Pongsak, "Probiotics: Sources, selection and health benefits," Res J Biotechnol, vol.
18, p. 5, 2023.

[49] L. M. Fernandes de Oliveira et al., "Discovery of Staphylococcus aureus adhesion inhibitors by
automated imaging and their characterization in a mouse model of persistent nasal colonization,"
Microorganisms, vol. 9, no. 3, p. 631, 2021.

[50] P. Piewngam et al., "Pathogen elimination by probiotic Bacillus via signalling interference," Nature,
vol. 562, no. 7728, pp. 532-537, 2018.

[51] N. E. Soto, A. Vaghjimal, A. Stahl-Avicolli, J. R. Protic, L. I. Lutwick, and E. K. Chapnick, "Bacitracin
versus mupirocin for Staphylococcus aureus nasal colonization," Infection Control & Hospital
Epidemiology, vol. 20, no. 5, pp. 351-353, 1999.

[52] N. Saeidi et al., "Engineering microbes to sense and eradicate Pseudomonas aeruginosa, a human
pathogen," Molecular systems biology, vol. 7, no. 1, p. 521, 2011.

[53] Y. Gao et al., "Remotely controllable engineered bacteria for targeted therapy of Pseudomonas
aeruginosa infection," ACS Synthetic Biology, vol. 12, no. 7, pp. 1961-1971, 2023.

[54] N. Gupta, D. B. Rai, A. K. Jangid, and H. Kulhari, "Use of nanotechnology in antimicrobial therapy," in
Methods in microbiology, vol. 46: Elsevier, 2019, pp. 143-172.

[55] R. Trivedi et al., "Nanotechnological interventions of the microbiome as a next-generation
antimicrobial therapy," Science of The Total Environment, vol. 833, p. 155085, 2022.

[56] N. J. Alaallah, E. Abd Alkareem, A. Ghaidan, and N. A. Imran, "Eco-friendly approach for silver
nanoparticles synthesis from lemon extract and their anti-oxidant, anti-bacterial, and anti-cancer
activities," Journal of the Turkish Chemical Society Section A: Chemistry, vol. 10, no. 1, pp. 205-216,
2023.

[57] M. Fuller, H. Whiley, and I. K&per, "Antibiotic delivery using gold nanoparticles," SN Applied Sciences,
vol. 2, pp. 1-7, 2020.

[58] C. Su, K. Huang, H.-H. Li, Y.-G. Lu, and D.-L. Zheng, "Antibacterial properties of functionalized gold
nanoparticles and their application in oral biology," Journal of Nanomaterials, vol. 2020, no. 1, p.
5616379, 2020.

[59] D. Hu et al.,, "Surface-adaptive gold nanoparticles with effective adherence and enhanced
photothermal ablation of methicillin-resistant Staphylococcus aureus biofilm," ACS nano, vol. 11, no.
9, pp. 9330-9339, 2017.

[60] A. C. M. de Moraes, B. A. Lima, A. F. de Faria, M. Brocchi, and O. L. Alves, "Graphene oxide-silver
nanocomposite as a promising biocidal agent against methicillin-resistant Staphylococcus aureus,"
International journal of nanomedicine, pp. 6847-6861, 2015.

[61] J. Seaberg, H. Montazerian, M. N. Hossen, R. Bhattacharya, A. Khademhosseini, and P. Mukherjee,
"Hybrid nanosystems for biomedical applications," ACS nano, vol. 15, no. 2, pp. 2099-2142, 2021.

Page | 211

ISSN: 2312-8135 | Print ISSN: 1992-0652

info@journalofbabylon.com | jub@itnet.uobabylon.edu.iq | www.journalofbabylon.com


mailto:info@journalofbabylon.com
mailto:jub@itnet.uobabylon.edu.iq
mailto:jub@itnet.uobabylon.edu.iq
https://www.journalofbabylon.com/index.php/JUB/issue/archive
https://www.journalofbabylon.com/index.php/JUB/issue/archive

JOURNAL OF UNIVERSITY OF
Article BABYLON Vol. 33 ; No. 3 | 2025

Eor Du‘r'e and AppheA Sciences (JUBPH.S)

\aidammtlivanidiant N

v .

T

Yy >

o

oy e

ey D T

v .

T

ey Sy vey v

o =

7 D T

[62] T. I. Shabatina, O. I. Vernaya, and M. Y. Melnikov, "Hybrid nanosystems of antibiotics with metal
nanoparticles—novel antibacterial agents," Molecules, vol. 28, no. 4, p. 1603, 2023.

[63] P.T.Tabrizi, J. M. Lanao, C. Gutierrez-Millan, and C. I. Colino, "Hybrid nanosystems for the treatment
of infectious diseases produced by multidrug-resistant bacteria: A systematic review," View, p.
20240132, 2025.

[64] L. Xuan, Z. Ju, M. Skonieczna, P. K. Zhou, and R. Huang, "Nanoparticles-induced potential toxicity on
human health: applications, toxicity mechanisms, and evaluation models," MedComm, vol. 4, no. 4,
p. e327,2023.

[65] L. Paramo, A.Jiménez-Chavez, |. E. Medina-Ramirez, H. N. B6hnel, L. Escobar-Alarcén, and K. Esquivel,
"Biocompatibility evaluation of TiO2, Fe304, and TiO2/Fe304 nanomaterials: insights into potential
toxic effects in erythrocytes and HepG2 cells," Nanomaterials, vol. 13, no. 21, p. 2824, 2023.

[66] L. Kraehenbuehl, C.-H. Weng, S. Eghbali, J. D. Wolchok, and T. Merghoub, "Enhancing
immunotherapy in cancer by targeting emerging immunomodulatory pathways," Nature reviews
Clinical oncology, vol. 19, no. 1, pp. 37-50, 2022.

[67] M. Igbal Yatoo et al., "Immunotherapies and immunomodulatory approaches in clinical trials-a mini
review," Human vaccines & immunotherapeutics, vol. 17, no. 7, pp. 1897-1909, 2021.

[68] H. Dai, Q. Fan, and C. Wang, "Recent applications of immunomodulatory biomaterials for disease
immunotherapy," in Exploration, 2022, vol. 2, no. 6: Wiley Online Library, p. 20210157.

[69] Y. Peng et al., "Brain delivery of biomimetic phosphorus dendrimer/antibody nanocomplexes for
enhanced glioma immunotherapy via immune modulation of T cells and natural killer cells," ACS
nano, vol. 18, no. 14, pp. 10142-10155, 2024.

[70] P. Smruti, "A review on natural remedies used for the treatment of respiratory disorders," Int. J.
Pharm, vol. 8, pp. 104-111, 2021.

[71] F.Yunus and A. Suwondo, "Phytochemical compound of garlic (Allium sativum) as an antibacterial to
Staphylococcus aureus growth," in IOP Conference Series: Materials Science and Engineering, 2021,
vol. 1053, no. 1: IOP Publishing, p. 012041.

[72] O. M. Nagy, Z. H. El-Bayoumi, and R. R. Shawish, "Inhibitory Potential of The Essential Qils of Ginger
and Thyme Against S. aureus Isolated From Some Meat Products," Egyptian Journal of Veterinary
Sciences, pp. 1-7, 2024.

[73] J. ). Yang and F. Rahmawati, "Antimicrobial effects of various red ginger (Zingiber officinale) extract
concentrations on Escherichia coli bacteria," European Journal of Biotechnology and Bioscience, vol.
10, no. 2, pp. 63-67, 2022.

[74] A. Y. Rahi, "Antibacterial activity of Zingiber officinale alcoholic and aquatic extracts Against
Escherichia coli isolated from children with diarrhea In Al-Refaee hospital/lraq," Technium
BioChemMed, vol. 12, pp. 81-88, 2025.

[75] G. Brar, "Elemental composition and antibacterial efficacy of Moringa oleifera and Zingiber officinale
root powders against E. coli," University of Northern British Columbia, 2022.

[76] E. V. Ginting, E. Retnaningrum, and D. A. Widiasih, "Antibacterial activity of clove (Syzygium
aromaticum) and cinnamon (Cinnamomum burmannii) essential oil against extended-spectrum B-
lactamase-producing bacteria," Veterinary world, vol. 14, no. 8, p. 2206, 2021.

Page | 212

ISSN: 2312-8135 | Print ISSN: 1992-0652

info@journalofbabylon.com | jub@itnet.uobabylon.edu.iq | www.journalofbabylon.com


mailto:info@journalofbabylon.com
mailto:jub@itnet.uobabylon.edu.iq
mailto:jub@itnet.uobabylon.edu.iq
https://www.journalofbabylon.com/index.php/JUB/issue/archive
https://www.journalofbabylon.com/index.php/JUB/issue/archive

JOURNAL OF UNIVERSITY OF
Ar“ﬂle BABYLON Vol. 33 ; No. 3 | 2025

EOT’ Du‘r’e and AppheJ Sciences (JUBPHg)

Py D T T e f T

v .

T

Y >

TV

ey S\

oy D T S I

v .

T

Cey S~

'z =

1y 0 T

T

[77] R. L. Coseriu et al., "Antibacterial effect of 16 essential oils and modulation of mex efflux pumps gene
expression on multidrug-resistant Pseudomonas aeruginosa clinical isolates: is cinnamon a good
fighter?," Antibiotics, vol. 12, no. 1, p. 163, 2023.

[78] A. Benaissa et al., "Inhibition of Clinical Multidrug-Resistant Pseudomonas aeruginosa Biofilms by
Cinnamaldehyde and Eugenol From Essential Oils: In Vitro and In Silico Analysis," Chemistry &
Biodiversity, vol. 22, no. 5, p. 202402693, 2025.

Page | 213

ISSN: 2312-8135 | Print ISSN: 1992-0652

info@journalofbabylon.com | jub@itnet.uobabylon.edu.iq | www.journalofbabylon.com


mailto:info@journalofbabylon.com
mailto:jub@itnet.uobabylon.edu.iq
mailto:jub@itnet.uobabylon.edu.iq
https://www.journalofbabylon.com/index.php/JUB/issue/archive
https://www.journalofbabylon.com/index.php/JUB/issue/archive

JOURNAL OF UNIVERSITY OF
Article BABYLON Vol. 33 ; No. 3 | 2025

Eow Du‘r’e and AppheJ Sciences (JUBPHg)

dadAl
Gila ) U pae 8 i) alle aua B jaas (ARB) sl claliaall i glaal) U il e daslill s sandl Jidd
Aallad) 45000 Jilay GaLiKau 5 Ay guad) Chlaliaall A glad) dadal)l il paat Jid dana A pa Glaloas p gl

A anl) laliaal) o glie AnilSal e | sl Jslall Jalall 138 gand 4y sand) ulaliaal) o glie dallaal Al Cilnsi yin)
D () $Allad) LS pall Jaans DA (e Bagda A o Cilaliae LS (1) rcibaani) yiaY) o3a Jadii | shaill A J) 53y
Claliaall 3aaa iy ) seda (7) $eaiiia (e 55 dadail (Guadai ) an¥) Saiall DA G dilal) 4 gl ol dlLed
A sl ) gall s el garg )5 Ay sonll Apde S Balian LS ja s il s3] 5 Ll QY L Ley il 4 sl

Q\FF(W(‘..

iaii Ciladlall o3a o () Ay el Ji5 Ay el il Hall 55 saliaall alual) e daldl ciladlall 5 clalalll

1y T T

Cialimall e slie Clatia ny i O @dsiall (g A sad) Caliaall e sliall 28801 SIS M 5 S LS

ISSN: 2312-8135 | Print ISSN: 1992-0652

v .

B Al el (&G jlad dalie 4y guall
2o i) ULl i) 3kl g ey gall Culalinal) sdoalidal) culals)
<

oy D T S I

y .

T

Coy f ey Y

'z =

1y 0 T

T

info@journalofbabylon.com | jub@itnet.uobabylon.edu.iq | www.journalofbabylon.com

Page | 214


mailto:info@journalofbabylon.com
mailto:jub@itnet.uobabylon.edu.iq
mailto:jub@itnet.uobabylon.edu.iq
https://www.journalofbabylon.com/index.php/JUB/issue/archive
https://www.journalofbabylon.com/index.php/JUB/issue/archive

