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ABSTRACT 

Antibiotic resistance is a global problem for which a solution is urgently needed. Since the 1928 

discovery of antibiotics by Alexander Fleming, these pharmacologically active molecules have 

been increasingly used resulting in the emergence of the phenomenon also known as antibiotic 

resistance. This problem could lead by 2050 to more than 10 million deaths which will exceed 

the 8.2 million deaths given by cancer. It can be seen, in any case, that an antibiotic, sooner or 

later will lose its effectiveness given to the development of resistance. In addition, the problem 

arises from the inappropriate use of antibiotics due to the fact that, in many cases, are 

administered wrongly, when there is no need, or because the patient does not comply with the 

treatment prescribed by the doctor (be it a doctor or a vet); in developing countries, the problem 

arises when drugs are not available and therefore expired ones are administered or drugs are 

sold over the counter. In addition, the problem may also manifest from inadequate use of 

antibiotics in livestock animals, which, for both therapeutic and preventive reasons, leads to an 

increasingly critical situation as the selection of pathogens resistant to any antibiotic molecule 

is encouraged. Another key point inherent in antibiotic resistance is the ability of bacteria to 

form a biofilm, which correspond to an aggregation of microorganisms that are strategically 

used as a form of protection against antibiotics. This makes the work of antibiotics, especially 

conventional ones, more difficult; therefore, alternative therapies need to be developed as soon 

as possible. In addition to these, antibiotic resistance can also be combated with an approach 

that is called "One Health," which involves interdisciplinary collaboration and cooperation. It 

promotes the idea that to ensure good health and well-being of people, animals, and 

environment, the health professions involved must also collaborate by making more targeted 

and just use of antibiotics in both human and animal therapy. 

To solve the problem given by antibiotic resistance, we can no longer rely solely on the use of 

antibiotics but must focus on the discovery of alternative therapies. Scientists have been active 
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in working on as many innovative therapies as possible, those that have been brought forward 

are those that employ bacteriophages, nanoparticles, and antimicrobial peptides. These used 

singly or together with the use of antibiotics could lead, if not to a resolution of the problem, at 

least to a breakthrough.  
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RIASSUNTO 

L’antibiotico resistenza è un problema globale per il quale urge trovare, in tempi rapidi una 

soluzione. Dalla scoperta degli antibiotici, avvenuta del 1928 da Alexander Fleming, questi 

sono stati sempre più utilizzati con la conseguente comparsa del fenomeno altresì noto come 

antibiotico resistenza. Questo problema potrebbe portare, entro al 2050 a più di 10 milioni di 

decessi che supereranno gli 8.2 milioni di decessi riportabili a forme tumorali. È possibile 

constatare, in ogni caso, che un antibiotico, prima o poi perderà la sua efficacia data dallo 

sviluppo di resistenza (adattamento biologico del microrganismo come linea di difesa). Il 

problema sorge, inoltre, dall’inadeguato utilizzo degli antibiotici che molte volte, vengono 

somministrati erroneamente, quando non vi è necessità, o perché il paziente non rispetta la cura 

prescritta dal medico oppure nei paesi in via di sviluppo il problema sorge nel momento in cui 

i farmaci non sono disponibili e dunque vengono somministrati quelli scaduti oppure vengono 

venduti farmaci “sotto banco” (senza alcuna indicazione terapeutica). In più, il problema può 

derivare anche da un inadeguato utilizzo di antibiotici negli animali da reddito, che, sia per 

motivi terapeutici che per motivi preventivi, portano a una situazione sempre più critica in 

quanto si favorisce la selezione di patogeni resistenti ad ogni molecola antibiotica. Altro 

elemento fondamentale inerente all’antibiotico resistenza è la capacità dei batteri di formare il 

biofilm, ovvero un’aggregazione di microrganismi che viene usata come forma di protezione 

dagli stessi. Ciò rende più difficoltoso il “lavoro” degli antibiotici, soprattutto quelli 

convenzionali; per questo motivo è necessario sviluppare terapie alternative. Oltre a queste, 

l’antibiotico resistenza può anche essere combattuto con un approccio che viene definito “One 

Health” che prevede una collaborazione interdisciplinare. Promuove l’idea che per assicurare 

una buona salute e il benessere di persone, animali e ambiente, le professioni sanitarie (medicina 

umana come pure medicina veterinaria) devono collaborare anche facendo un uso più mirato e 

corretto degli antibiotici sia in terapia umana che animale.  
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Per risolvere il problema dato dall’antibiotico resistenza non ci si può più solamente appoggiare 

all’utilizzo degli antibiotici ma è necessario concentrarsi sulla scoperta di terapie alternative. 

Gli scienziati si sono alacremente attivati per lavorare su più terapie innovative possibili, quelle 

che sono state portate avanti sono quelle che impiegano i batteriofagi, le nanoparticelle e i 

peptidi antimicrobici. Questi utilizzati singolarmente o in associazione all’uso di antibiotici 

potrebbero portare, se non alla risoluzione del problema, almeno a una svolta.  
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INTRODUCTION 

Since their discovery, antibiotics have proved to be a breakthrough in medicine and the 

treatment of infections and diseases. Unfortunately, the misuse of these life-saving drugs has 

led to the development, by bacteria themselves, of resistance to antibiotic activity causing what 

can be considered a global problem, namely antibiotic resistance or AMR.  

The purpose of this paper is to bring attention to the development of alternative therapies to the 

use of antibiotics and to raise awareness of the moderate and conscious use of drugs. 

The first chapter will discuss antibiotics, their discovery, and their development. It will 

focus on to the main classes of antibiotics including b-lactams, which are the most widely used 

products. the most important antibiotic discovered and used is penicillin, which is, indeed, part 

of the b-lactam antibiotics. Further antibiotic class is the macrolides which were discovered in 

1952 and have a broader spectrum of action than the penicillins; of this class the most widely 

used molecule is azithromycin. The third and final class is represented by the tetracyclines  

In the second chapter, the problem of antibiotic resistance (AMR) will be addressed, 

highlighting what are the main causes that lead to the occurrence of this problem, among which 

overuse, inadequate prescription, and livestock use (by consuming the meat of these animals, 

people can acquire microorganisms that may or may not be pathogenic but still exhibit antibiotic 

resistance) are recognized. AMR is certainly a process that occurs naturally by bacteria, but the 

main source of the problem of uncontrollable AMR dispersal is overuse. Attention has been 

paid to the development of biofilms by bacteria that result in antibiotic resistance; of a certain 

interest is the abuse of antibiotics during the COVID-19 pandemic which further contributed to 

the dispersion of AMR . One of the ways to fight AMR is definitely that given by the "One 

Health" perspective where all sanitary disciplines (human and veterinary medicine) must 

coordinate to solve the problem. 
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The third and final chapter will examine various possible alternative therapies including 

the use of bacteriophages, antimicrobial peptides, and nanoparticles (silver, zinc, titanium, and 

iron). 
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1. WHAT IS AN ANTIBIOTIC? 

 

The introduction of antibiotics into clinical (Figure 1) use was arguably the greatest medical 

breakthrough of the 20th century. [1, 2] 

Figure 1 - Timeline showing the decade new classes of antibiotics reached the clinic. The antibiotics are colored 
per their source: green = actinomycetes, blue = other bacteria, purple = fungi, and orange = synthetic. At the bottom 
of the timeline are key dates relating to antibiotic discovery and antimicrobial resistance, including the first reports 
of drug-resistant strains methicillin-resistant S. aureus (MRSA), vancomycin-resistant enterococci (VRE), 
vancomycin-resistant S. aureus (VRSA) and plasmid-borne colistin resistance in Enterobacteriaceae. [1] 

The term antibiotic was coined from the word „antibiosis‟ which means, literally, „against life‟. 

In the past, antibiotics were considered to be organic compounds produced by one 

microorganism which are toxic to other microorganisms. [3, 4] 

An antibiotic is a substance produced by a microorganism, capable of killing others; 

they are often used to treat or prevent bacterial diffusion and next infections. They can be 

considered as life-saving treatments that transformed medicine; it all started with the discovery 
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of penicillin by Alexander Fleming in 1928. Indeed, it has been estimated that the widespread 

availability of antibiotics has added 30 years to human life expectancy in developed countries. 

[5, 6] 

The use of antibiotic-producing bacteria to prevent disease stretches back millennia, with 

traditional poultices of moldy bread being used to treat open wounds in Serbia, China, Greece, 

and Egypt more than 2000 years ago. An Anglo-Saxon recipe from 1000 years ago was also 

recently shown to kill MRSA (methicillin-resistant Staphylococcus aureus). [1, 7] 

Many antibiotics show a broad spectrum of activity which means that they can be 

effective against both Gram-positive and Gram-negative bacteria. Since the discovery of these 

drugs, there has been a question asked: “What is an ideal antibiotic?”. While specific 

circumstances may vary, philosophically, an ideal antibiotic is an antibacterial agent that kills 

or inhibits the growth of harmful bacteria in a host regardless of site of infection without 

affecting beneficial microbes (gut/skin flora) or causing undue toxicity to the host with low 

potential for resistance. [5] 

Whatever the scenario, an antibiotic would eventually lose its effectiveness due to the 

development of resistance, whether it was optimal or not. Unlike drugs used to treat non-

infectious diseases, antibiotics have a short effective life due to the resistance developed. As a 

result, an ideal antibiotic will never last forever and will eventually need to be replaced with a 

newer one when the old one stops working. 

Between 2000 and 2010, worldwide consumption of antibiotics by humans increased by 36%, 

with Brazil, Russia, India, China, and South Africa (BRICS) accounting for three-quarters of 

this increase despite collectively representing only 40% of the world’s population. [8] 

Antibiotic consumption in hospitals is increasing rapidly in China, which accounted for 57% of 

the increase in hospital sales of antibiotics in the BRICS countries. The pattern of antibiotic 

consumption has shifted towards newer broad-spectrum antibiotics, including cephalosporins, 

broad-spectrum penicillin, and fluoroquinolones. [6] 
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Since their clinical implementation eight decades ago, antibiotics have become the foundation 

of modern medicine. However, their continued efficacy is threatened by the global 

dissemination of antibiotic-resistance determinants, driven in large part by improper use of 

antibiotics in clinical, community, and agricultural settings. [9] To develop effective next-

generation antibacterial therapies, it is imperative that we gain a more thorough understanding 

of how bacteria respond to antibiotics and leverage this understanding toward the development 

of treatments that expand drug efficacy beyond the current state of the art. [10] 

Three hypotheses can be used to describe antibiotic effectiveness in bacterial metabolism: 

1.  Antibiotics alter the metabolic state of bacteria, which contributes to the resulting death 

or stasis.  

2. The metabolic state of bacteria influences their susceptibility to antibiotics.  

3. Antibiotic efficacy can be enhanced by altering the metabolic state of bacteria.  

It is believed that these postulates unify decades of independent observations into a 

mechanistically coherent framework, which will allow for the more rational development of 

antibiotics and synergistic therapeutic combinations going forward. [10] 

There is an immediate requirement for new antibiotics due to the threat given by the rise 

of highly resistant microorganisms, but the discovery of new antibiotics is becoming 

increasingly difficult. Natural product discovery is now plagued by the dereplication problem, 

wherein the same molecules are being repeatedly discovered. [11] Novel approaches to 

antibiotic discovery are needed to increase the rate at which new antibiotics are identified and 

simultaneously decrease the associated cost of early lead discovery. [12]  

Three different approaches have been applied for effective drug discovery programs: 

1. Historically, substances, crude extracts, or purified chemicals were screened for 

biological activity mostly in whole cell assays without knowing the drug target. Only 

after an active substance has been identified, serious efforts have been made to analyze 

the target and the mode of action of the compound. 
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2. Another approach in identifying new drug substances is denominated as chemical 

screening, which aims to identify novel, chemically diverse molecules without 

considering their biological activity. The substances used in this approach can originate 

from biological sources (such as metabolites produced by microorganisms) or chemical 

libraries.  

3. In contrast to chemical screening, the target-oriented screening aims to identify 

compounds that hit a known and validated molecular target. Thereby, the target 

represents a cellular or molecular structure involved in the pathology of interest that the 

drug-in-development is meant to act on. Different attributes of the target have to be 

taken into account. [13] 

The primary drawback of these approaches was the high number of metabolites that were 

continually found. It is assumed that most of the molecules have been already discovered and 

only a few new metabolites are left to be identified. The inability of many bacteria to be 

cultivated under standard laboratory settings is a major barrier to the identification of new 

species. A wide variety of previously uncultivable bacteria can now be grown, thanks to several 

fresh and ground-breaking cultivations techniques that have emerged in recent years. 

In addition to the progress in finding new secondary metabolites, also new ideas came up, and 

old strategies were revived, which may help in the search for novel compounds or in their more 

effective application. 

- In order to overcome the resistance problem, compounds that do not kill the pathogen 

but only prevent its pathogenic action may be used. This will reduce the pressure on the 

pathogen to acquire mutations, which will allow it to survive in the presence of the drug. 

This approach that we could define as the creation of an "anti-virulent" state can be used 

in combination with "classical" antibiotics. 
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- Another strategy to reduce the occurrence of resistance is the development of new drug 

combinations. This has been proven to be successful in the treatment of tuberculosis and 

HIV but is not a routine procedure in other medicating infections. 

- Many of the most effective drugs used in human therapy have more than one target in 

the bacterial cell. A criterion for the future selection of drug candidates may be, 

therefore, the interaction with more than one target. The newly emerging research field 

of ‘cell biology of antibiotic action’ will deliver a deeper understanding on the mode of 

action of many antibiotics. This should enable the development of new approaches for 

the search for novel antibiotics. 

- According to recent predictions, Gram‐negative pathogens will constitute a major threat 

in the future. Although Gram‐positives presently cause the majority of deaths in clinics, 

a greater arsenal is required to combat Gram‐negatives. A critical step which prevents 

the application of many compounds in Gram‐negatives is the passage across the outer 

membrane. Here, the combination of known antibiotics with substances, which 

permeabilize the outer membranes, may help. Alternatively, antibiotics can be 

combined with siderophore structures that promote the uptake. This ‘trojan horse’ 

strategy has successfully been applied in model systems. [13] 

Undoubtedly, we will require new antibiotics in the future, and the best source is likely to be 

natural products o alternative therapies (such as bacteriophages, active peptides). Worldwide, 

scientists will eventually develop new technologies, and this will result in the discovery of new 

metabolites in the next years. While academics have largely been the source of developing these 

new tools and technologies, academia and industry will need to collaborate to produce the vast 

quantities of chemicals necessary to create an antibiotic that is effective enough to be used in 

hospitals.  

The Gram-positive bacteria consists of a cytoplasmic membrane surrounded by a tough 

and rigid mesh called a cell wall. In contrast, Gram-negative bacteria consist of a thin cell wall 
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that is surrounded by a second lipid membrane called outer membrane (OM). The space 

between the OM and cytoplasmic membrane is referred as periplasm (Figure 2). The OM is an 

additional protective layer in Gram-negative bacteria and prevents many substances from 

entering the bacterium. The cell wall is a tough layer that gives bacterium a characteristic shape 

and prevents it from osmotic and mechanical stresses. The cytoplasmatic membrane prevents 

ions from flowing into or out of the cell and maintains the cytoplasmatic and bacterial 

components in a defined space. [14] 

Figure 2 – Structure of bacterial cell envelope [14] 

The different cell walls allow identifying Gram-negative and Gram-positive bacteria through 

Gram staining. Compared to Gram-negative bacteria, Gram-positive bacteria have thicker and 

more robust cell walls because they contain more peptidoglycan (PNG). The PNG is located 

near the cell exterior. The decolorizing agent, typically ethanol, used for washing after the dye 

has been employed is crucial. The PNG on the wall condenses and dehydrates when the excess 

dye is removed with ethanol, preserving the complex that produces the color. As a result, Gram-

positive bacteria acquire their distinctive purple color, but Gram-negative bacteria, whose PNG 

content is lower, are unable to hold onto the dye complex. 
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There are various classifications and categories for antibiotics, but the most popular ones are 

based on their chemical structures, modes of action, and spectrum of activity. There are other 

classification schemes as well.  

 

1.1 BETA-LACTAMS 
 

Members of this class of antibiotics contain a 3-carbon and 1-nitrogen ring that is highly 

reactive (Figures 3 and 4). They interfere with proteins essential for synthesis of bacterial cell 

wall, and in the process either kills or inhibits their growth. More succinctly, certain bacterial 

enzymes termed penicillin-binding protein (PBP) are responsible for cross-linking peptide units 

during synthesis of peptidoglycan. Members of beta-lactam antibiotics are able to bind 

themselves to these PBP enzymes, and in the process, they interfere with the synthesis of 

peptidoglycan resulting to lysis and cell death. [3, 15] 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 – Chemical structure of beta-
lactam structure. Core structure of penicillin 
(top) and cephalosporins (bottom). [16] 

 

 

Figure 4 – Chemical structure of a 
beta-lactam ring. [17] 
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1.1.1 Penicillin 
 

Penicillins are the first antibiotic that has ever been discovered in 1928 by Alexander Fleming. 

Particularly Penicillin G was the first ever produced. Although Penicillin G was discovered by 

Alexander Fleming in the 1920s, it took the efforts of several other workers such as Ernst Chain, 

Edward Abraham, Norman Heatley, and Howard Florey in 1945 to understand the cultural 

requirements of the fungus and its clinical effectiveness. [3]  

Although Penicillin G was originally discovered and isolated from the fungus Penicillum 

notatum by Fleming, a close relative Penicillun chrysogenum is the preferred choice of source. 

[3] Penicillin G has a narrow antimicrobial spectrum. It is active with respect to Gram-positive 

bacteria (Staphylococcus, Streptococcus, and Pneumococci) and Bacillus anthracis, while 

Gram-negative bacteria are resistant to it. [18] Another Gram-negative bacteria sensitive to 

Penicillin G is Treponema pallidum which causes syphilis.  

A great concern is the Staphylococcus aureus which is Penicillin G resistant. The basis of S. 

aureus resistance to Penicillin G was elucidated by Kirby in 1944, [19] who demonstrated the 

capacity of bacterial enzymes to hydrolyze the b-lactam ring of Penicillin G, inactivating it. 

These enzymes were denominated b-lactamases. [19] The first semi-synthetic penicillin with 

clinical efficacy against Penicillin G-resistant S. aureus was methicillin. [3] Methicillin cannot 

be taken orally by men because it is unstable in acidic conditions, and it is not absorbed by 

them. Gram-negative bacteria’s outer membrane resists its easy diffusion. S. aureus methicillin-

resistant (MRSA) should be regarded as potentially resistant to additional penicillin and 

cephalosporins.  
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1.1.2 Cephalosporins 
 

In terms of both structure (Figure 5) and method of action, cephalosporins, and penicillin are 

comparable; they are among the most often recommended and used antibiotics. The first known 

member of this group of antibiotics was first isolated by Guiseppe Brotzu in 1945 from the 

fungus Cephalosporium acremonium. Although the drug was first isolated by Guiseppe Brotzu, 

it was Edward Abraham who got the credit to patent it having been able to extract the 

compound. [3] 

Cephalosporins are alternative b-lactam antibiotics, which are highly effective and commonly 

used for mild to severe infectious diseases. [20]  

 

Figure 5 – Structure of Cephalosporins [21] 

Semi-synthetic cephalosporins are broadly active against both Gram-positive and Gram-

negative bacteria, and they are synthesized based on the bicyclic nucleus consisting of a six-

membered dihydrothiazine ring attached to a beta-lactam ring. Two carbons of the 

cephalosporin scaffold, C3, and C7, confer a huge possibility for introducing variable side 

chains that significantly extend antibacterial activities as well as enhance the structural stability 

against beta-lactamases.  

Cephalosporin C (CPC) was the first cephalosporin antibiotic compound isolated. [20] CPCs 

are crucial for preventing and treating infectious disorders that affect skin, ears, and bones, as 

well as urinary and upper respiratory infections.  
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Their subdivision is based on the target organisms, and they go from 1st to 5th generation 

according to their effectiveness against Gram-negative bacteria.  

 

1.1.3 Monobactams 
 

The discovery of this antibiotic was found in Chromobacterium violaceum. In this case, as 

opposed to regular b-lactams, the b-lactam ring is positioned alone and not bonded to another 

ring (Figure 6). 

 

Figure 6 – Structure of Monobactams. [22] 

Aztreonam is the only monobactam that is marketed and only works against aerobic Gram-

negative bacteria (e.g., Pseudomonas). Aztreonam has been used alone or in combination with 

other antibiotics to treat a wide variety of infections, which include urinary tract infections, 

lower respiratory infections, intra-abdominal and gynecological infections, and skin/ soft tissue 

infections. [23] 

 

1.1.4 Carbapenems 
 

Carbapenems represent one of the most important classes of b-lactam antibiotics. They have a 

penicillin-like five-membered ring, but the sulfur at C-1 in the five-membered ring is replaced 

with a carbon atom, and a double bond between C-2 and C-3 is introduced. [24] 
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(Figure 7) They are relatively resistant to hydrolysis by most b-lactamases, being able in some 

cases to act as slow substrates or inhibitors of b-lactamases. They penetrate the outer 

membranes of Gram-negative bacteria through porin channels and target penicillin-binding 

proteins. They have broad-spectrum antibacterial activity against a variety of Gram-negative 

and Gram-positive pathogens. [18, 25] 

 

Figure 7 – Structure of Carbapenem [25] 

This group of antibiotics was discovered in 1976. Due to the advent of b-lactamase in bacteria, 

before this, in the late 1960s, penicillin’s efficacy was seriously endangered. Resistance to 

penicillin was given to bacteria via bacterial b-lactamases. This circumstance prompted 

researchers to start a broad search for b-lactamase inhibitors. The breakthrough came precisely 

in 1976 when olivanic acid (produced by Gram-negative Streptomyces claveligerus) was found 

to be a b-lactamase inhibitor. Sadly, olivanic acid was not chemically stable, so researchers had 

to keep working until they found two more beta-lactamase inhibitors: clavulanic acid and 

thienamycin (according to reports, is regarded as the original “carbapenem” and sets the pattern 

for all subsequent carbapenems). 

Carbapenems occupy a very important place in our fight against bacterial infections. This is 

because they can resist the hydrolytic action of the b-lactamase enzyme. Among the several 

hundreds of known b-lactams, carbapenems possess the broadest spectrum of activity and 

greatest potency against Gram-positive and Gram-negative bacteria. As a result, they are often 
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called “antibiotics of last resort” and are administered when patients with infections become 

gravely ill or are suspected of harboring resistant bacteria. [26] 

 

Examples classes of carbapenem are:  

1. Imipenem: a broad spectrum effective against aerobic and anaerobic pathogens, usually 

taken orally and active in low concentrations, with minimal allergy side effects.  

2. Meropenem: a broad spectrum effective against non-fermentative Gram-negative bacilli 

particularly against acquired infections.  

3.  Ertapenem: a broad spectrum with limited activity against non-fermentative Gram-

negative bacilli. [3, 27] 

 

1.2 MACROLIDES 
 

1952 saw the discovery and isolation of the first antibiotic in this class isolated from 

Streptomyces. They have a wider spectrum of antibiotic activity than penicillins and are often 

administrated to patients allergic to penicillin. [28] Macrolide antibiotics are classified 

according to the size of the macrocyclic lactone ring as being either 12‐, 14‐, 15‐, or 16‐

membered ring macrolides. (Figure 8) Most macrolides contain amino sugar and/or neutral 

sugar moieties connected to the lactone ring via a glycosylic bond. [29]  
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Figure 8 - Macrolide structures. First generation: 12‐membered (methymycin), 14‐membered (pikromycin, 
erythromycin, oleandomycin, and lankamycin), and 16‐membered (carbomycin, niddamycin, and tylosin), all-
natural products. Second generation: 14‐membered (clarithromycin, roxithromycin, flurithromycin dirithromycin) 
and 15‐membered (azithromycin). The red color indicates modifications inserted in the erythromycin molecule to 
generate the second generation of 14‐ and 15‐membered macrolides. [29] 

Generally speaking, Gram-positive bacteria are the target of macrolide antibiotic action, with 

Gram-negative bacteria showing relatively sporadic activity. This group of antibiotics is quite 

effective against Staphylococcus and Streptococcus. Although macrolides display excellent 

antibacterial activity, their generally poor bioavailability, unpredictable pharmacokinetics, and 

low stability in the acidic pH of the stomach prompted early searches for new derivatives with 

improved properties. [29] 

Five erythromycin byproducts have been created and sold: 

- Dirithromycin. 

- Clarithromycin. 

- Flurithtromicyn. 

- Roxithromycin. 

- Azithromycin. 
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With azithromycin being the most used in this antibiotic class.  

 

1.2.1 Azithromycin 
 

Azithromycin (AZM) is a second-generation, broad-spectrum, synthetic macrolide antibiotic 

used to treat a wide range of bacterial and mycobacterial infections of respiratory and skin 

infections. [30] 

Since its discovery, it has been FDA-approved for respiratory tract infections such as 

pneumonia, genitourinary infections such as chlamydia, and enteric infections such as typhoid, 

and has also been extensively studied with malaria. [31] The World Health Organization 

(WHO) lists azithromycin as one of the safest drugs for any national health system. [32, 33]  

Indeed, over the last several decades, its administration for respiratory diseases [34, 35] has 

resulted in few short-term side effects relative to other antibiotics, even in pregnant women and 

children. [36] Results from a recent trial for COVID-19 further indicate that azithromycin is 

not only safe, but a more clinically effective drug candidate against the disease compared to 

hydroxychloroquine, with all azithromycin monotherapy patients displaying signs of recovery. 

[37] 

It has an intriguing range of anti-viral and anti-inflammatory properties, and it has been used as 

a treatment in previous coronavirus diseases during the epidemics of severe acute respiratory 

syndrome (SARS) in 2003 and Middle East respiratory syndrome (MERS) in 2012. [30] Has 

therefore been used to treat SARS-CoV-2, which causes coronavirus-19 disease (COVID-19). 
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1.3 TETRACYCLINES 
 

Tetracycline antibiotics are well known for their broad spectrum of activity, spanning a wide 

range of Gram-positive and -negative bacteria, spirochetes, obligate intracellular bacteria, as 

well as protozoan parasites. The first tetracyclines were natural products derived from the 

fermentations of actinomycetes. Chlortetracycline, produced by Streptomyces aureofaciens, 

and marketed as Aureomycin, was first reported by Benjamin Duggar at Lederle Laboratories 

in 1948 and approved for clinical use that same year. [38, 39] 

According to how they were created, the members of this class of antibiotics, are divided into 

various generations (Figure 9): 

1. First generation: obtained by biosynthesis. 

a. Tetracycline; 

b. Oxytetracycline; 

c. Chlortetracycline; 

d. Demeclocycline; 

2. Second generation: obtained by semi-synthesis. 

a. Doxycycline; 

b. Meclocycline; 

c. Lymecycline; 

d. Minocycline; 

e. Methacycline; 

f. Rolitetracycline. 

3. Third generation: obtained from total synthesis. 

a. Tigecycline. 
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Figure 9 - Chemical structures of clinically used tetracyclines and development candidates. Tetracycline 
structures are labeled with generic names; trade names and year of discovery are indicated within parentheses. 
The core structure rings (A–D) and carbons (1–12) are labeled in the chemical structure of tetracycline using the 
convention for tetracycline carbon numbering and ring letter assignments. [38] 

Their target of antimicrobial activity in bacteria is the ribosome. Patients are advised to take 

tetracyclines at least two hours before or after meals for better absorption. All tetracyclines are 

recommended for patients above eight years because the drugs have been shown to cause teeth 

discoloration among patients below this age and can be used in treating malaria, elephantiasis, 

amoebic parasites, and rickettsia. [3, 40] 
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2 ANTIBIOTIC RESISTANCE (AMR: ANTIMICROBIAL RESISTANCE) 

 

Antibiotic resistance has been described as one of the greatest global threats of the 21st century. 

[41, 42] In the last two decades, antimicrobial resistance is considered a global health and 

development threat. WHO (World Health Organization) has declared that AMR (Antimicrobial 

Resistance) is one of the top 10 global public health threats facing humanity. [43] 

Infectious diseases are rising again, especially those that can’t be treated employing already-

known antibiotics. Infectious pathogens can evolve and therefore over time, many have 

developed resistance to the currently prescribed and newly developed antibiotics. [44] 

Antibiotic resistance has become a critical threat to the global population, and being increased 

drastically over the past years, reaching a sort of “pre-antibiotic era” again. There is concern 

that antibiotic may lose their effectiveness over the next years due to a combination of both 

self-medication and irrational prescription and use of these therapeutic agents, which has led to 

the development of multi-resistant bacterial strains, and in fact, some of them are resistant to 

all available antibiotics. [45]  

However, saying that we might go back to a pre-antibiotic era is a hyperbolic forcing. History 

never comes back again, and we will never be back to the dark ages of deadly infections. Not 

only antibiotics are responsible for the decline in infectious diseases, in fact, infectious diseases 

started declining much before the discovery of antimicrobial agents, because of the progress of 

hygiene-ecology and social welfare. [46] Progresses in medicine can control in our days most 

of these host processes. In fact, many severe infectious diseases can now be treated without the 

need of antibiotics. In modern Western countries, in our developed world, a world of wonders, 

there is a dominant “culture of fear” which takes the form of the Alexis de Tocqueville (1805–

1859) paradox: “plus tout va bien, plus on a peur” or “the better things are, the more fear we 

have.” [47]  
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Fear unavoidably has some undesirable side effects. As has been demonstrated, fear is a societal 

construct that tends to fix the worst expectations; it creates a misleading analogy by 

differentiating between dangerous situations and those that are only scary. The perpetuation of 

dread in the absence of clear remedies reflects poorly on scientific efforts, the issue of antibiotic 

resistance has been discussed for many decades without a possible solution. 

Fear doesn’t have only negative aspects, for example, it promotes human quick analysis of 

microbial threats, as with AIDS or the COVID-19 pandemics, but it also undoubtedly helped 

to stimulate antibiotic development. Fear improves social and organizational cooperation, and 

certainly fear of antibiotic resistance has significantly contributed to the interaction of scientists 

all around the world. Fear raises our awareness not to stop progress in any sense for the profit 

of a single humanity. [47] The European Centre for Disease Prevention and Control (ECDC) 

reported that, each year, 25.000 people die from infections caused by multi-resistant bacteria 

and also added that these microorganisms’ cost about 1.5 billion euros in extra healthcare 

services and productivity losses per year to Europe. [45, 48] 

But there's more in a perspective view: some reviews estimated that antimicrobial resistance 

(AMR) could cause 10 million deaths a year by 2050 (Figure 10). 

 

Figure 10 – Deaths attributable to AMR every year compared to other major causes of death. [49] 
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In recent decades, an increase in the use of antibiotics has been observed. This is mainly 

due to a growth in the number of people requiring medical care; because of the elderly 

population’s rising, there is an increase in chronic diseases and healthcare-associated infections, 

also called nosocomial infections, which is a planetary health problem.  

Self-medication represents an important factor that contributes to an intensification of the 

problem, and this leads to an overuse of drugs; another issue is represented by the incorrect use 

by the population. Additionally, the misuse of antibiotics in livestock, whether for therapeutic, 

preventative, or even growth-promoting objectives, makes the situation even direr since it 

encourages the selection of commensal and pathogenic bacteria resistant to any antibiotic 

molecule.  

Summarizing, these are the predominant causes of AMR: 

1. Overuse. Lack of information and diagnostic criteria are major causes of the abuse of 

these drugs. Recent data show that at least 58% of the children with diagnostic of flu 

syndromes (of viral origin) received antibiotics.  

2. Inadequate prescription. Studies show errors in the choice of drug and treatment time of 

about 30–50% of the employment of antibiotics. [50] 

3. Use in livestock. The use of antibiotics in meat production (animal products chain) has 

been regarded as largely responsible for the increase in bacterial resistance indicators. 

[51] By eating the meat of those animals, the human being acquires these 

microorganisms, pathogenic or not, but which carry resistance genes, exposing humans 

to infections untreatable with antibiotics. [45, 50] 

Although antimicrobial resistance (AMR) is a natural process, the public health emergency due 

to the uncontrolled spread of this phenomenon depends primarily on the overuse of antibiotics. 

[52, 53]. Fleming himself winning the Nobel Prize for medicine in 1945, stated that anyone 

who plays with penicillin without thinking about the consequences is morally responsible for 

the death of anyone who dies from an infection caused by a penicillin-resistant microorganism. 
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But the overuse can’t be considered the only cause of AMR; in addition to this aspect, there is 

a variety of factors involved such as poor infection control in clinics and hospitals, poor 

community hygiene, accumulations of antibiotics in the environment (especially in waters), and 

their heavy use in the animal industry.  

Both developing countries and industrialized countries are equally affected by this issue, 

therefore it is fundamental analyzing the aspects with a Planetary Health perspective. Even 

though it is difficult to get accurate numbers regarding antibiotic resistance it is predicted that 

resistant infections will cause by 2050 approximately 10 million deaths per year (compared to 

a hypothetical 8 million deaths attributable to neoplastic problems). 

One of the issues regarding developing countries is that there is almost no surveillance and few 

biosecurity tools; several nations lack effective quality control procedures to guarantee that the 

given antibiotics are of the highest caliber. It has been demonstrated that using pediatric 

antibiotics that had beyond their expiration date resulted in increased rates of resistance 

compared to using new medications. Utilizing expired drugs increases resistance rates by a 

factor ranging from 2 to 6. Toward the end of the product’s shelf life, many of them are 

rebranded and gifted rather than sold. 

Another important matter regards the clinical misuse of antibiotics. It has been shown that 

proper diagnostic methods are often not utilized when treating infections and therefore 

antibiotics are prescribed when not necessary. [44] Microbiological bacterial culture and drug 

sensitivity tests are rarely done in many developing countries (susceptibility test according to 

Kirby Bauer, E-test or MIC). Other diagnostic tests used to confirm infection are uncommon 

and unreliable, and therefore, many clinicians only rely on clinical signs and symptoms rather 

than the recommended laboratory tests. Consequently, there is an increased use of broad-

spectrum antibiotics, which in turn breeds resistance because it selects for resistant organisms 

within the normal intestinal flora which may be harmless at index antibiotic administration but 

can transfer resistance to future pathogenic infections. [44, 54] 
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On the other hand, in developed nations for example, for routine operations such as surgery or 

organ transplants, prophylactic antibiotics are frequently used. Moreover, patients facing 

chemotherapy are given antibiotics as a preventative measure which weakens the person’s 

immunity. Hospital-acquired infections (nosocomial infections) remain one of the major 

sources of antibiotic-resistant infections in developed countries. Antibiotics are used 

extensively in hospitals to not just treat patients with bacterial infectious diseases but also 

prophylactically to reduce the risk of infections during procedures and surgeries. [44] It has 

been discovered that switching up the used antibiotics from one category to another can reduce 

the likelihood of resistance developing by relieving the organisms’ dependence on a single 

antibacterial agent.  

Drug resistance is bred for example in the United States by similar variables to those in 

developing countries, such as inappropriate prescribing by physicians and low adherence from 

patients. Many people without insurance and those who are below the poverty level obtain 

antibiotics from unreliable sources. Self-medication is considered another issue in developed 

countries, furthermore circa 17% of patients have taken “left-over” drugs when experiencing a 

sore throat.  

 The aforementioned problem referred to the use of antibiotics in food-producing animals 

(production chain) can also be handled in terms of developed countries. Antibiotics are not just 

used to treat illnesses, but also as a preventive measure against infections and as non-therapeutic 

means of promoting animal growth (fortunately European legislation has prevented this use). 

Nearly 7–9 million medically important drugs and 4–6 million nonmedically important drugs 

were sold annually for use in food-producing animals since 2009, in which medically important 

drugs refer to the FDA’s guidelines for industry use of medications important for human 

medical therapy. [44, 55] 

The large use of antibiotics in animals employed for food production as well as the transmission 

to humans of antibiotic-resistant species is very concerning.  
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The first use of antibiotics in food animals was during the final phases of the Second World 

War, when accessibility to lyophilized preparations of penicillin was allowed for veterinarians 

owing to its abundant production at the time to cater for war casualties. [56, 57] 

Prior diagnosis of infection before treatment with antibiotics is recommended in food animals 

[58, 59], and the use of these drugs responsibly in animals for medical reasons is essential for 

the general well-being of animals. [56] This must be done to stop the spread of zoonotic 

diseases. 

Although the occurrence of ARMs is possibly naturally happening in some cases, certain farm 

management practices can help control the load of ARMs acquired by animals. For example, 

the correlation between ARMs prevalence in cattle and animal management, including different 

farm characteristics, feeding practices, and farm hygiene were the most investigated factors.  

The size of the livestock farm seems to be directly related to the prevalence of antibiotic 

resistance (AMRs). 

Another critical farm management practice is its hygienic-sanitary level. Isolating sick animals, 

burying deceased cattle, and cleaning drinking water troughs more than once a month are 

practices that are associated with a lower prevalence of CRB (cefotaxime-resistant bacteria). 

[60] 

Another issue can be denoted for wildlife species and not only for food animals. Migratory 

birds, serve as potential reservoirs of ARMs and have a critical role in spreading ARMs 

globally. [61, 62] 

Even though antibiotics are not administrated, wild animals can pick up resistance mechanisms 

through interactions with the environment, which may contain medications and is home to many 

species. For example, bacteria can develop a resistance to antibiotics since they are created 

naturally by microbes. Another problem is given by the fact that the irrigation water used for 

forage, sometimes, comes directly from hospitals. The antibiotics and their metabolites 

continue their transmission dynamically among surface water, groundwater, and soil, which 
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contributes to the promotion of ARMs in the environment resulting in the increasing exposure 

of ARMs to wildlife. [61] 

A method to prevent possible antibiotic resistance transmission between wildlife and livestock 

is through the regulation of wildlife population growth, as this can increase the number of AMR 

carriers in both wildlife and livestock populations.  

 

2.1 BIOFILM 
 

One of the strategies employed by bacteria to exert their antimicrobial activity corresponds to 

their ability to form biofilms. Biofilms are surface-attached bacteria encased in a self-produced 

extracellular polymeric matrix. The hallmark of the biofilm lifestyle is increased resistance to 

a wide range of stressors including the immune system, disinfectants, and antibiotics. The 

mechanisms underlying this resistance are extremely complex. [63, 64]  

To develop a relationship with the host, to show resistance towards hostile external conditions, 

and to cope with the known antibiotics and other environmental cues, the microorganisms have 

evolved to form a protective cover around themselves. [65] Biofilm formation contributes 

towards the development of antibiotic resistance and the formation of persistent cells which are 

responsible for the unmanageable persistence of microbial infections. [66, 67]  

In biofilms, extracellular polymeric substances (EPS) play a vital role in the formation of 

physical and social interactions, an enhanced rate of gene exchange, and antimicrobials 

tolerance. [68] EPS consist of cellulose, alginates, poly-N-acetyl glucosamine, extracellular 

teichoic acid, proteins, lipids, nucleic acids, phospholipids, polysaccharides, extracellular 

DNA, and other organic compounds. [69] About 90% of biofilms biomass is comprised of EPS 

that contribute to the resemblance of the “mushroom-like” structure. [70] Besides, the 
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mechanical firmness of biofilms is attributed to the viscoelastic features of the EPS matrix. [71, 

72]  

Biofilm is a heterogeneous structure comprising mainly of microbial cells (10–25%) and a self-

produced EPS matrix (75–90%). [67, 73] 

EPS forms a scaffold that holds the biofilm together and, thus, helps in cell-to-cell 

communication and provides adhesion and cohesion forces required for biofilm formation. EPS 

helps in nutrient cycling, maintaining the availability of deoxyribonucleic acid (DNA) for 

horizontal gene transfer (HGT), and acts as a protective barrier against oxidizing biocides, 

antibiotics, ultraviolet radiations, desiccation, and host immune defense system. [67, 74] 

The fundamental components of EPS could be considered polysaccharides, extracellular 

proteins, extracellular DNA, surfactants, lipids, and water.  

A multi-layer defense system is constituted in biofilm by the formation of persistent cells, 

development of adaptive stress responses, very less antibiotic penetration, limited nutrition, less 

growth, and metabolic activity [75], and inactivation of antimicrobials within the components 

of the EPS matrix. [67, 64] 

Structural and physiological change takes place after cells have been attached to conditioned 

surfaces. Structural polymeric substances produced are acting as a sort of barrier [76] and 

prevent the entrance of antibiotics and sanitizer agents. [77] Within the biofilm, the bacterial 

cell’s growth is very slow, and it generates cells that may withstand harsh circumstances such 

as exposure to antibiotics and other biocidal molecules. 

As per the reports of the National Institutes of Health (NIH), about 65% and 80% of microbial 

and chronic infections, respectively, are caused by microbial biofilms, infecting both tissues 

and medically implanted devices. [67] Breast implants, ventricular shunts, tissue fillers, 

ventricular-assisted devices, contact lenses, catheters, joint prostheses, urinary catheters, 

orthopedic implants, pacemakers, mechanical heart valves, defibrillator, vascular grafts, 
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endotracheal tubes, voice prostheses, etc. are some examples of medically implanted devices 

often infected by microbial biofilms. [67, 78] 

Furthermore, different sectors of the food industry, viz. poultry, dairy, ready-to-eat, 

aquaculture, etc., are severely affected by biofilm-producing microorganisms resulting in food 

spoilage, disease outbreaks, and deaths. [67, 79] 

Biofilm production can be influenced by a variable number of factors such as: surface 

conditions, chemical and physical growth factors, cellular structures, and any other challenges. 

[77] 

Biofilm formation (Figure 11) requires four stages: 

1. Attachment. Planktonic bacteria adhering to surfaces initiate the process that leads to 

biofilm formation, which is thought to be a crucial stage in the development of the freely 

moving microbes into a built-up community composition. During the early stages of 

formation, microorganisms are loose and reversibly connected to surfaces. Following 

that, bacteria tend to adopt a flattened orientation on surfaces and pursue permanent 

adhesion, creating resistance to a variety of physical conditions that prevent the 

formation of biofilms. 

2. Growth. Soon after the successful adhesion of microorganisms to the surfaces, the 

adhered microorganisms start multiplication and aggregation within self-produced EPS 

leading to the microcolony formation in presence of a high concentration of c-di-GMP 

(Bis-(3ʹ-5ʹ)-cyclic dimeric guanosine monophosphate).  

3. Maturation. EPS plays a crucial role in biofilm maturation as it helps in microbial 

attachment to surfaces, stabilizing the 3-D structure of the biofilm, grouping cells 

together, protecting from various stresses like host immune system response, 

antimicrobials, oxidative damage, and metallic cations, but also encapsulating signaling 

molecules required for quorum sensing, metabolic products, and enzymes. [80] A 

mature biofilm may acquire a “mushroom” or “tower” shape structure in which 
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microorganisms are arranged as per aero-tolerance and metabolism rate. [81] A mature 

biofilm is a three-layered structure: inner regulating layer, middle microbial basement 

layer, and outer layer inhabited by the planktonic form of microorganisms that are ready 

to exit the biofilm. [82] 

4. Dispersion. Finally, matured biofilm ruptures actively (motility and EPS degradation–

dependent dispersion) or passively (physical factors like liquid flow-dependent 

dispersion) to disperse the microorganisms to start a new cycle of biofilm formation.  

 

Figure 11 – Biofilm formation in bacteria. [83] 

Biofilm is highly resistant to conventional antibiotics, so there is an urgent requirement to 

develop alternative potent therapeutic solutions to overcome the problem and improve 

healthcare, food safety, and other industrial sectors. [67, 79] 

The study of various biofilm model systems enhances the knowledge regarding the 

biofilm biology and physiology. The biofilms are studied using both in-vivo and in-vitro model 

systems. In-vitro biofilm model systems are broadly classified into 3 major types including 

closed or static models, open or dynamic models and microcosms. The most frequently used 

closed model systems are microtiter plate-based model systems which uses static and batch 

growth conditions. [84] In this model, there is no flow of media, product, or waste materials 

into or out of the reactor, so the experimental conditions change gradually in the wells like 
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accumulation of signaling components, increase of bacterial population, and depletion of 

nutrients in media. [85] Many tests can be run simultaneously because it is needed a little 

number of reagents.  

Among the open and dynamic models, flow displacement biofilm model is most commonly 

used to study biofilms. [85] This model allows the addition of nutrients and the discharge of 

waste products in contrast to the prior method.  

Both in-vitro and in-vivo systems can be turned into a microcosm by using the same medium 

and creating an artificial environment to assess cell metabolism and behavior. Apart from this, 

there exists an ex-vivo model system, which deals with the tissues and organs extracted from 

organisms for further analysis and experimentation in artificial environment. This model can 

be useful to monitor the bacterial colonization and progression in the given tissue or organ. To 

validate the simplified results provided by the in-vitro model studies, certain in-vivo model 

system studies should be performed. To address various therapeutic and diagnostic challenges 

the studies of mammalian models closer to the humans is necessary. [85]  

Since biofilm formation contributes to bacterial pathogenicity and resistance toward antibiotics, 

there must be certain strategies to deal with this problem. Recently, Wu and his staff have 

reported the use of foreign bodies as a major cause of increase in biofilm infections. [86] So, to 

treat such biofilm-associated infections it is imperative to remove the indwelling medical 

equipment followed by replacement with new uninfected ones along with sensitive and 

aggressive administration of antibiotics. Moreover, the implant removal should be timed 

properly so that the new or replaced implant does not get infected when inserted into the 

patient's body. In cases where removal is not possible, a long-term administration of antibiotics 

is recommended so as to avert the biofilm from growing. According to the previous reports, the 

premature biofilms can be treated more effectively with antibiotics than that of the mature 

biofilms. [85] 
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The antibiotic used for the treatment of biofilms should be legitimately selected on the basis of 

sensitivity as well as the capacity to penetrate properly through the biofilm matrix. [85, 86] 

AMR is higher in biofilm-associated bacteria than in planktonic microorganisms. 

Consequently, using a combination of therapies is better than using only one antibiotic. Using 

multiple therapies can be an advantage since the various agents can function differently. Every 

anti-biofilm molecules have their specific modes of action, but a single molecule may follow 

more than one mechanism. [85] 

Information regarding the mechanism of action provides better understanding about the nature 

of biofilms, which can be further used to develop new and successful drug molecules with the 

previously known target of action. This can bring about improvement in the efficacy of the 

previously known drugs. It can be achieved either by making suitable modifications or by using 

combinatorial therapy which includes the previously reported less effective drug against 

bacterial infections along with the potent anti-biofilm agents thereby raising the activity of the 

antibiotics. [85] 

 

2.2 ANTIBIOTIC RESISTANCE AND COVID-19 
 

On 11 March 2020, the WHO announced the COVID-19 pandemic. [87] The disease known as 

COVID-19 or SARS-2 spread rapidly from Wuhan City, China, to the rest of the globe. [88] 

As of early July 2022, roughly 547,901,157 COVID-19 cases and 6,339,899 deaths have been 

officially reported; while, actually (as of May 16, 2023) the confirmed cases are 765.903.278 

(in Europe 276.136.217) and the death are 6.927.378. [89]  

COVID-19 infection is a viral disease -untreatable by antibiotics, but the viral respiratory 

infections clinically progressed to bacterial pneumonia- the bacterial superinfection and other 

nosocomial infections- requiring antibiotic administration.	Initial reports of Wuhan Pulmonary 
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Hospital, China, published in ‘The Lancet,’ show an approximate 50% secondary bacterial 

infection occurrence rate in COVID-19 casualties. [90, 91, 92] 

During the COVID-19 pandemic, there were improper uses of antibiotics either in 

healthcare institutions or in communities, which in turn played a role in the increase in AR. [93, 

94, 95] 

It has been documented that about 72% of COVID-19-admitted patients were treated with 

antimicrobials, whereas solely 8% of these patients had bacterial or fungal co-infection. [93] 

Additionally, different antibiotics have been explored or suggested to cure COVID-19 patients, 

e.g., azithromycin. [93, 94] Both the worry and the improper use of antibiotics directly impact 

access to antibiotics without a prescription, particularly in low- and middle-income countries 

that have a weak system of antibiotic control. In this correlation, Zavala-Flores and his research 

team, reported that nearly 69% of COVID-19 patients stated that they had used antibiotics 

(namely, ceftriaxone and azithromycin) before being admitted to the hospital. [95, 96] 

Overall, more than one-half of COVID-19 patients may receive an i.v. antibiotic and this 

number can be higher in patients with severe disease. 

This high rate of antibiotic utilization for patients infected with SARS-CoV-2, particularly in 

severe COVID-19 cases, could be due to the following: 

1. As the prevalent presentations of SARS-CoV-2 infection (cough, fever, and radiological 

infiltrates) are also hallmarks of community-acquired bacterial pneumonia, clinicians 

empirically add a broad-spectrum antibiotic despite the suspicion of a viral origin.  

2. The anxiety and uncertainty regarding the COVID-19 outbreak as well as the absence 

of effective anti-SARS-CoV-2 treatments are potential drivers of widespread and 

excessive prescription of antibiotics. 

3. Co-bacterial, fungal, or secondary infection with COVID-19 is possible; however, it is 

difficult to differentiate between sole SARS-CoV-2 infection and co- or secondary 

infections. [97] 
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Clinicians are challenged with competing priorities: prescribing a broad enough spectrum 

antimicrobial to ensure the organism is sensitive, while at the same time avoiding the 

unnecessary use of antimicrobials, particularly those of last resort, when a more commonly used 

or narrower-spectrum antimicrobial would suffice. Inappropriate treatment in either direction 

has been associated with increased risk of mortality. [98, 99] 

The evolution of AMR in a population is determined by three components: emergence-, 

transmission-, and population-level infection burden. COVID-19 has the potential to affect all 

three of these components through the direct or indirect consequences of pandemic responses. 

Because a patient with COVID-19 can present with non-specific symptoms (e.g. fever and/or 

persistent cough), these could be mistaken for other diseases such as malaria [100] or 

tuberculosis (TB) [101], and vice versa. These overlapping symptoms may result in 

inappropriate prescribing or a lack of prescribing and misdiagnosis, depending on COVID-19 

prevalence. This could impact future drug resistance levels of other pathogens, as mentioned 

above. 

The importance of such bystander selection has already been seen following the widespread use 

of azithromycin for WHO-recommended mass drug administration campaigns for trachoma. 

[102] This is particularly relevant for COVID-19 as azithromycin has been proposed as a 

potential therapy. [103] 

In places where SARS-CoV-2 infections are prevalent, particularly considering the 

atypical symptoms, low-cost and quick diagnostics may help detect infections early and hence 

reduce the need for antibiotics. This could be crucial in low- and middle-income countries 

(LMIC) where antibiotics could be obtained without a prescription and where testing is 

prioritized over vaccinations, which may take longer to become more utilized. The question is 

whether the accessibility and cost of these tests will result in a significant reduction in the use 

of antibiotics. Furthermore, some of the current testing done on asymptomatic patients may 

result in a “false negative” result, leading to an inaccurate sense of security. 
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COVID-19 has marked an important change in the interactions of people, who have become 

more aware of various hygiene practices such as putting on a mask and washing hands 

frequently. These hygiene practices can prevent the spread of infectious diseases, including 

those that are resistant to antibiotics.  

The pandemic has brought to light the need for improved infection prevention, which, together 

with protocols, help minimize the risk of hospitalization. COVID-19 has facilitated wider 

awareness and reinforced the role of a global One Health approach. The application of the One 

Health approach has the potential to effectively combat COVID-19, [104] and this approach can 

be leveraged to tackle the rise of antimicrobial resistance. [105] 

 

2.3 ONE HEALTH AND ANTIBIOTIC RESISTANCE 
 

The issue regarding AMR can be faced under various aspects, one of these is what is the One 

Health perspective. One Health is defined as “the collaborative effort of multiple health science 

professions, together with their related disciplines and institutions working locally, nationally, 

and globally—to attain optimal health for people, domestic animals, wildlife, plants, and our 

environment”. [106] 

The origins of One Health are centuries old (the concept echoes the writings of ancient 

philosophers, in particular, as early as c.460-c.377 B.C., Hippocrates wrote that human health 

depends on the environment in his book “On Airs, Waters and Places”) and are based on the 

mutual dependency of humans and animals and the recognition that they share not only the 

same environment but also many infectious diseases. [107] It has been estimated that as many 

as 75% of human infectious diseases that have emerged or re-emerged in recent decades are 

zoonotic; that is, they originated in animals. [108, 109] 
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Calvin Schwabe, a veterinarian, coined a new term: “One Medicine” and it means that there are 

many similarities in both animal and human medicine. Moreover, many procedures done in 

veterinary can affect or benefit human health. More specifically, One Health promotes the idea 

that to ensure the long-term health and well-being of people, animals, and the environment, 

health professions must cooperate.  

Certain antibiotics or antimicrobials are only used for veterinary purposes because they may be 

hazardous to people, while others are only used in humans for conditions for which animals are 

not treated. Nonetheless, both humans and animals are exposed to most antimicrobials.  

In veterinary medicine, there are notable differences in the ways that antimicrobials are used in 

companion animals (e.g., dogs, cats, pet birds, horses) compared to food-producing animals. 

Antimicrobial use practices in companion animals are broadly like those in humans; that is, the 

drugs are mostly administered on an individual animal basis for the treatment of clinical 

infection, with some use for prophylaxis in individual animals, such as post-surgery. [110, 111] 

In the case of food animals, however, when some animals in a group are clinically infected and 

in need of antimicrobial therapy, for reasons of practicality and efficiency, the drugs are 

frequently administered through feed or water to the entire group (e.g., pens of pigs, flocks of 

broilers), even when most of the animals are not displaying signs of infection (in effect, 

prophylaxis). This is, however, now defined inappropriately by many in the animal health sector 

as “therapeutic” use. In addition, there is use in food animals similar to what happens in people, 

when antimicrobials are used to treat individual clinically sick animals (e.g., dairy cows with 

mastitis). [108, 112] 

The term “metaphylaxis” is used to describe a treatment done to a group, typically when 

administrated to a large group of animals at high risk of infection. On the other hand, is very 

uncommon to do a prophylactic administration of antimicrobials on people unless there is a 

case of very serious infections.  
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 Many in the industry justify group-level treatments as therapeutic when clinical 

infections are observed in at least some of the animals in the pen or flock, or prophylactic when 

there are no sick animals present, but they are at high risk of clinical bacterial infection due to 

exposure to infectious agents (e.g., mixing of animals from different sources), unsanitary or 

crowded conditions, or other factors (e.g., age, stress of transport). [108, 113] The antibiotic 

administration is recommended when the risk of prophylactic bacterial infection is high due to 

mixing of new animals, crowded or unsanitary conditions, the stress of transport, and age-

related factors. [114, 113]  

There are many discussions regarding the use of medications to promote the growth of food-

producing animals because they are administrated to a group of animals for a long period, 

contributing to antibiotic or antimicrobial resistance. Sometimes these growth promoters are 

used to hide a condition of poor health and hygiene; because of this the WHO (World Health 

Organization) supports the interruption of the use of antibiotics as growth promoters; Europe 

has already outlawed this practice. 

Recently, the World Organization for Animal Health (OIE) reported that 41% of 146 countries 

reporting on antimicrobial use in animals allow the use of antimicrobial growth promoters. This 

represents a reduction from 51% of 151 reporting countries in 2012. [108, 115] 

According to estimates, the global use of antibiotics was 131,000 tons in animal production 

during 2013, which is projected to increase to 200,000 tons in 2030. [114, 116] 

In 2014 an alliance was formed between OIE (Office International des Epizooties – World 

Organization for Animal Health), FAO (Food and Agriculture Organization of the United 

Nations), and WHO to improve global coordination and collaboration between disciplines: 

animal and public health, and food safety. It was then established that this issue must be 

resolved with the One Health approach. AMR was identified as a pressing danger that needed 

to be managed globally. 
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The usage of antibiotics, persistence of antibiotic residues, and presence of resistant bacteria in 

the human-animal-environment niches are associated with the One Health triad due to the 

interdependence of these pillars in the food chain and environment. [114] 

At the most basic level, everyone should understand the principles of basic hygiene to prevent 

the spread of infections, understand the need to follow the antimicrobial prescriber’s 

instructions for treatment and have a basic appreciation of the risks to themselves and others 

associated with antimicrobial use, in addition to the benefits [117, 118]. This applies to 

antimicrobial use in humans as well as animals. [108] 
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3 ALTERNATIVE STRATEGIES TO ANTIBIOTICS 

 

Finding new antibiotics is crucial in the ongoing battle against AMR. Even though antibiotics 

have been helpful for humanity, the capability of bacteria to rapidly evolve has made it urgent 

to find other options for the use of antibiotics. Some new strategies may be considered to be 

bacteriophages, antimicrobial peptides, and nanoparticles.  

 

3.1 BACTERIOPHAGES 
 

Bacteriophages were discovered by Frederick Twort and Félix d’Hérelle in 1915 and 1917, 

respectively. Since then, it has been suggested that the administration of these viruses could be 

used to treat bacterial infections (these phages kill bacteria specifically but cannot infect other 

kinds of organisms). [119] 

Bacteriophages, or phages, are viruses that only infect bacterial cells. [45] They are biological 

entities completely devoid of any metabolic machinery and thus are obligate intercellular 

parasites that require a bacterium to replicate themselves, through their genetic material, by 

taking over the biochemical machinery of the bacterial cells. [120, 121, 122, 45] Phage therapy 

is characterized by its specificity to single bacterial species and usually to a subset of strains 

within that species. [123] To be active against >90% of strains within a bacterial resistance to 

a single phage, mixtures (cocktails) of different phages, often more than ten phages, are used 

for therapy. [124] 

Bacteriophages can be used for the treatment of infections by various bacteria, ranging from 

Staphylococcus aureus, Pseudomonas aeruginosa, Shigella, and Salmonella (Table 1). [125] 
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Table 1 – Bacteriophages that are approved or are undergoing clinical trials for human use. [125] 

Product Company Condition Phase (status) 

ListShield  Intralytix Food industry (Listeria monocytogenes)  

Approved Food industry (E. coli) 

Approved 

EcoShield  Intralytix Food industry (Salmonella enterica) Approved 

SalmoShield  Intralytix Burn infections (Pseudomonas 

aeruginosa and E. coli) 

Approved 

ABPA01  AmpliPhi Chronic rhinosinusitis and cystic fibrosis 

(P. aeruginosa) 

Preclinical 

PHOSA  Multiple centres Treatment and prophylaxis of 

gastrointestinal infections (multiple 

organisms) 

Preclinical 

Phagesti  Biochimpharm Treatment and prophylaxis of bacterial 

purulent–inflammatory infections 

(multiple microorganisms) 

Approved 

Phagyo  Biochimpharm Treatment and prophylaxis of bacterial 

purulent–inflammatory infections 

(multiple microorganisms) 

Approved 

Phagedys  Biochimpharm Treatment and prophylaxis of dysentery 

(Shigella) 

Approved 

Phagetyph 

and Phagesal 

Biochimpharm Treatment and prophylaxis of enteric 

fever and salmonellosis (Salmonella) 

Approved 

Phagestaph  Biochimpharm Treatment and prophylaxis of bacterial 

purulent–inflammatory infections 

(Staphylococcus aureus) 

Approved 

Phagepy  Biochimpharm Treatment and prophylaxis of bacterial 

purulent–inflammatory infections (P. 

aeruginosa) 

Approved 

Pyo-Phage  Eliava Institute Urogenital infections; pyo-inflammatory 

gynecologic diseases; enteric infections; 

dysbacteriosis, surgical infections 

Approved 
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Intesti-Phage  

 

Micro-gen Bacterial dysentery; salmonellosis; 

dyspepsia; dysbacteriosis; enterocolitis, 

colitis 

Approved 

SES-Phage  

 

Eliava Pyo-inflammatory and enteric infections 

caused by staphylococci, streptococci, 

and enteropathogenic E. coli 

Approved 

ENKO-Phage  Eliava Pyo-inflammatory and enteric infections 

caused by Shigella, Salmonella, different 

types of E. coli, species of pathogenic  

staphylococci 

Approved 

Fersisi-Phage  Eliava Pyo-inflammatory and enteric infections 

caused by staphylococci and streptococci 

Approved 

ABSA01  AmpliPhi Chronic rhinosinusitis, bacteremia, 

endocarditis, prosthetic joint infections, 

osteomyelitis, diabetic foot ulcers (S. 

aureus) 

Phase I 

PhagoBurn  Multiple centres E. colior, P. aeruginosa burn wound 

infections 

PhaseI/II 

 

There are several challenges to the clinical use of phage treatment. These include the following 

ones: 

1. The prerequisite of selecting appropriate phages to achieve an significant range of 

activity and prevent the development of bacterial resistance.  

2. Manufacturing phages under good manufacturing practices (GMP) and chemistry, 

manufacturing, and control (CMC) guidance. Some progress has been achieved when 

tackling the insurmountable challenge regarding CMC, especially production, stability, 

purity, and quality control. 

3. Considering phage biology in the design of phage treatment is a prerequisite of any 

successful approach. [126] Unique pharmacokinetics (PKs) and pharmacodynamics 

(PDs) of phages mean that dose-finding processes are challenging. The immense size 
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of phages when compared to small-molecule antibiotics results in a wide range of PK 

challenges and is the reason why many sites of infection are not accessible by phages. 

The concept of phage therapy is based on localized amplification in the presence of 

specific susceptible bacteria. High bacterial loads are necessary for amplification, and 

their localization is a complex pathophysiological issue. [127] 

4. Showing efficacy in clinical trials and thus gaining regulatory approval.  

5. Developing and implementing appropriate diagnostics are essential to support use in 

patients. [124] 

Phage treatment will likely not take over the role antibiotics play in more typical bacterial 

infections. However, synergy with antibiotics has been seen in vitro and animal models. [128] 

Therefore, phage therapy may be a promising adjunctive treatment in specific indications or 

salvage therapy for patients with infections not responding to any other treatment. [124] 

There are thought to be ten distinct bacteriophages for each bacterial cell, some of which are 

extremely specialized for their host and only recognize one type of receptor (monophage); 

others, instead, have a wider host range and recognize multiple types of receptors (polyphage). 

In several nations where the bacteriophage research and development centers were constructed 

specifically with phage therapy in mind, this therapy has been used during the past few decades 

to treat bacterial infections. The research carried out in these facilities led to outstanding clinical 

outcomes.  

 Phages have different infection processes and following bacterial infection, they may 

respond either in a lytic or lysogenic way, depending on their type (intrinsic biological 

characteristics). 

During a lytic replication cycle, a phage attaches to a susceptible host bacterium, introduces its 

genome into the host cell cytoplasm, and utilizes the ribosomes of the host for manufacturing 

its proteins. The host cell resources are rapidly converted to viral genomes and capsid proteins, 

which assemble into multiple copies of the original phage. As the host cell dies, it is either 
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actively or passively lysed, releasing the new bacteriophage to infect another available and 

susceptible host cell. [129] 

A promoter sequence in the phage genome initially attracts RNA polymerase to the site, and 

the transcription process results in the production of viral mRNA, which will be translated, 

leading to viral proteins’ synthesis; this step inhibits the transcription process of the host’s 

genome and stimulates the replication of the exogenous genetic material and enables the taking 

over and control of the bacterial cell mechanism, known as phagocytosis. Phage therapy seeks 

and employs particles of this kind.  

In the lysogenic replication cycle, the phage also attaches to a susceptible host bacterium 

and introduces its genome into the host cell cytoplasm. However, the phage genome is instead 

integrated into the bacterial cell chromosome or maintained as an episomal element where, in 

both cases, it is replicated and passed on to daughter bacterial cells without killing them. [129] 

In this instance, phage reproduction takes place at a later stage; the phage replicates without 

lysing the host, and the bacterium develops a resistance to attacks from other phages of the 

same strain, turning it into a lysogenic bacterium. This bacterium is distinguished by the 

presence of a prophage (inactive phage) integrated into its genome that persists in a latent state 

for numerous bacterial cell divisions. The prophage is activated following stress processes or 

cellular damage of the host, inducing its replication via a lytic pathway, after it exists in the 

bacterial genome. [45] 

The discovery and development of new antibiotics have decreased because of the large amount 

of time and money required, resulting in increasingly difficult clinical management of 

infections and, in some cases, infections that are impossible to treat. [130, 131, 132, 119]  

For this reason, phage therapy is considered a valid alternative to antibiotics because its 

mechanisms of action differ from that of antibiotics.  

Moreover, lytic bacteriophages have had an impact on the clinical treatment of multidrug-

resistant bacteria because of their capacity to naturally control bacterial populations. [133, 134] 
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These viruses provide novel advantages, such as the safe treatment of infections, as they are 

harmless to eukaryotic cells, do not cause harmful side effects, and demonstrate high host 

specificity. This is because they only replicate in the presence of bacteria causing the infection, 

thus reducing damage to the natural microflora. [119] 

 However, bacteriophage therapy has both advantages and disadvantages. In the first 

case, it can be said that this kind of therapy is an attractive antibacterial strategy in which a 

specific type of virus is used to inhibit or kill harmful bacteria. Bacteriophages exhibit a 

significant bactericidal effect by increasing the number of self-reproductions but only 

minimally disrupting the normal flora. [135]  

- Lytic bacteriophages render bacteria infected with them incapable of regaining vitality. 

As opposed to being bactericidal, some antibiotics, are bacteriostatic. Antibiotics may 

thereby encourage the emergence of bacterial resistance (susceptible bacterial 

populations do not perish instantaneously in the presence of bactericidal or above all 

bacteriostatic antibiotics).  

- Bacteriophage-based treatments come in a variety of shapes, including liquids, and tiny 

needles. It is possible to combine various bacteriophages to increase the antibiogram 

and produce a variety of antibacterial effects.  

- They can multiply while eradicating bacteria, this ability to reproduce benefits the 

treatment of pathogens.  

- Non-toxic nucleic acids and proteins make up the majority of bacteriophages. They can 

only infect a small number of pathogenic bacteria due to their host specificity, while the 

majority of normal tissues are unaffected.  

- They are ubiquitous in the environment and one of the most abundant entities on the 

planet and are very easy to isolate. [45] 

- Patients with allergies to antibiotics can safely be treated with phage therapy. 
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Phage therapy also carries a series of disadvantages such as: 

- At present, a potential problem with phage therapy is that specific phages can modify 

host bacteria to make them pathogenic. [136] Lysogenic phages can integrate their 

genome into the target bacteria so this becomes a symbiotic relationship because the 

phage doesn’t immediately kill the bacteria. Phages exist as bacterial components that 

form lysogens. Lysogen-infected bacteria do not die from infection. Bacterial lysogens 

tend to be resistant to the same lysogen infection and phage type. Even if the same type 

of phage later infects bacteria, it does not lead to bacterial death. [137, 135] It is 

therefore inferred that only lytic phages can be used for therapies. 

- Phages are unstable, which makes it difficult to produce, store, and manage them. The 

main difficulties may occur due to the structural instability of virions as well as an 

accelerated genetic variability in phage genomes both in vivo and in vitro. But not only, 

they may be subjected to harsh solvents, pressures, and temperatures during the current 

manufacturing process. To maintain their effectiveness, most phage products are kept 

in cold chains for storage stability; they must be kept at cryogenic temperatures in 

certain circumstances.  

- In the course of production or use, phages can develop and replicate themselves. Self-

renewal phages have the potential to produce significant long-term therapeutic effects 

by administering only one dose. [138] Although this ability might be key to the 

development of vaccine-like treatments for chronic diseases, self-renewal phages 

significantly complicate pharmacokinetics. [135] 

- It has to be defined which is the best route of administration, the optimal dose, the 

frequency of administration, and the average duration of treatment with these biological 

entities. 
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- Bacteria developed many different types of mechanisms that confer resistance to phages 

(in fact, the rapid appearance of phage-resistant bacterial variants is conceivable, which 

could hinder the favorable outcomes of the treatment itself). [45] 

The use of phages in food products for human consumption has been studied, more 

specifically in live animals. The number of naturally occurring bacteria and bacteriophages are 

likely to fluctuate during passage through animal bodies, and be influenced by diet, contact with 

other animals, and incidents of disease. This might suggest that a dynamic predator-prey 

relationship exists within animal populations and that animals could provide a valuable resource 

for the discovery of new bacteriophages against a range of pathogenic bacteria. Bacteriophages 

with broad host specificity are able to be isolated from the environment and be cultivated on a 

laboratory scale to demonstrable effect in agricultural animals. Application of this technology 

could mean a decreased disease load and animal death through infection might allow for 

reduced disruption to milk or meat production, and thus reduce the economic burden on farmers 

through the loss that would be associated with bacterial disease. However, it must be noted that 

repeat application of bacteriophages could lead to a specific host immune response. [139] An 

essential problem is the efficient transfer of bacteriophages into animal bodies. The phage needs 

to reach the required location, stay alive during delivery, and be present in large enough 

numbers to have an impact on the host microorganism population. Phages can be introduced in 

a live animal, but the most commonly used way is the oral one, either with food or water. This 

process can be used both to make the phage get to one single animal or as a metaphylaxis 

approach.  

Moreover, regarding meat products, phages have been used to reduce living bacterial cells.  

Key to the procedure is to ensure that the bacteriophages remain viable when applied post-

slaughter, and perhaps post-processing. The bacteriophages must remain viable during storage 

conditions in order to reduce the bacterial load. However, once this has been achieved, the 

delivery of viable bacteriophages to the human consumer is not necessarily required. [139] 
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Studies have found that higher temperatures facilitate lytic activity against bacteria leading to 

a reduction of cell numbers (using equivalent combinations of time and temperature); so by 

increasing the temperature, and reducing time, the treatment had the same result in terms of 

logarithmic decimal reduction of bacterial cells; but still it was found that at 4°C phages were 

able to induce the lysis of the cell. Research indicates that bacteriophage infection and 

reproduction require the presence of metabolically active host cells. To this end, the 

refrigeration of foods would appear to allow for bacteriophage infection of host cells, but at 

sub-optimal rates. Also of critical importance is the ratio of bacteriophage to host cell needed 

for the reduction of bacterial cell numbers. Studies agree that the use of a higher concentration 

of bacteriophages is optimal, but it must be noted that the studies published only usually refer 

to one to two species of bacteria. If such techniques are to be effective, then the use of 

bacteriophage cocktails is perhaps an avenue for further research, given the potential for foods 

to contain a range of bacterial pathogens from multiple sources. However, the selection of 

appropriate bacteriophages would be critical to the success of such an endeavor, requiring a full 

investigation of their host range. [139] Finally, it is important, to remember that the use of 

bacteriophages as biocontrol agents might mean that viable bacteriophages enter the human 

food chain post-cooking/processing, which presents several consumer health-related issues. 

[140] It is important to assess how cooking affects phage survival for each food item because 

research has long shown that environmental factors like temperature are essential to 

bacteriophage survival in food. DiGirolamo [141] and colleagues demonstrated that the 

temperatures used for cooking experimentally contaminated crabs were insufficient to 

inactivate the bacteriophage therein.  

Recent studies have demonstrated that bacteriophages can be administrated by either 

intraperitoneal or intravenous way; another way can be considered the topical one, where 

bacterial skin conditions can be treated with just a topical (local and external) application.  
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3.2 ANTIMICROBIAL PEPTIDES (AMP) 

Antimicrobial peptides are small peptides crucial for the innate immune response. Sometimes 

referred to as “host-defense peptides”, AMPs are ubiquitous in the epithelial barriers and 

systemic induced defenses of multicellular eukaryotes. [142] They are highly diverse within 

and across species, with most plant and animal genomes encoding 5 to 10 distinct AMP gene 

families that range in size from one to more than 15 paralogous genes. [143] At the moment 

there are more than 1700 AMPs known, they are made up of under 100 amino acids, and just 

one gene encodes them. They are synthesized during inflammation or in the presence of 

molecules produced by pathogenic agents. [144]  

Per their secondary structure and amino acid makeup, AMPs can be divided into four 

classes: 

1. Linear peptides. 

2. With a-helical structure. 

3. With a b-stranded structure. 

4. With a loop structure. 

The type of structure of AMPs is directly correlated to their size, mechanism of action, 

hydrophobicity, net charge, and polar angle. [145, 45] 

The galloping increase of bacterial resistance to chemical antibiotics and the possibility of these 

pharmaceutical compounds losing their effectiveness in the treatment of bacterial infections in 

the next five years exponentially increased the interest of both researchers and pharmaceutical 

industries in the application of AMPs as therapeutic antimicrobial agents. [146, 147, 148, 45]  

AMPs are considered potential drug candidates for the treatment of infections caused by 

otherwise untreatable microorganisms. [149, 150] The first AMP, gramicidin, was discovered 

in 1939 from the soil bacteria Bacillus brevis and showed in vitro and in vivo antibacterial 

activity against many Gram-positive bacteria. [151, 152, 153] 
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AMPs have a variety of reported modes of action, most of which involve direct pathogen 

killing, however, some AMPs also have the potential to kill indirectly by altering host immune 

responses. An important feature that sets AMPs apart from conventional antibiotics is their 

attack on multiple low-affinity targets such as bacterial membranes, which is thought to mitigate 

the development of antimicrobial resistance. [154, 153]  

The cell wall is a potential target for AMPs to recognize microbial cells. AMPs are acting on 

the cell wall and exert antibacterial effects mainly by affecting the synthesis of cell wall 

components and destroying the cell wall structure. (Figure 12) [155] 
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Figure 12 - Schematic presentation of the antibacterial mechanism of AMPs. Some AMPs act on cell membranes 
through different modes of action, increasing membrane permeability, leading to leakage of cell contents and 
cell death. Modes of action include barrel-stave, toroidal-pore, carpet models. Some AMPs act on the cell wall 
and exert antibacterial effects by affecting the synthesis of cell wall components and destroying the cell wall 
structure. Some AMPs enter the cell through direct penetration or endocytosis and exert anti-microbial effects 
by targeting the nucleus, organelles, present in fungi, or intracellular proteins. [155] 

 

AMPs biological function can be divided into the following aspects: 

- Direct bactericidal effect: AMPs directly kill microorganisms by acting on the microbial 

membrane or intercellular targets.  

- Antibiofilm activity: several studies have shown that AMPs have antibiofilm activity, 

whether the concentration is equal to or higher than the minimum inhibitory 

concentration (MIC) for corresponding planktonic cells or the concentration is lower 

than the MIC for corresponding planktonic cells. [156, 157] 
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- Immune system regulation: this mechanism includes the regulation of proinflammatory 

and anti-inflammatory responses, cell differentiation, wound healing, autophagy, and 

apoptosis. 

- When used in combination with traditional antibiotics, AMPs also show a synergic 

effect by promoting the absorption of antibiotics. [155] For example, a recent study on 

multidrug-resistant Gram-negative bacteria showed strong synergism between the 

antibiotic azithromycin – which showed no activity against Gram-negative bacteria in 

standard MIC tests – and the AMPs colistin and LL-37 [158, 143] (the only AMPs in 

the cathelicidin family that exists in the human body, produced by mainly epithelial 

cells and neutrophils). [155] 

The pharmacodynamics of AMPs reduces the probability of resistance evolution. [159] 

Contrary to many antibiotics, which can increase the rate of bacterial mutations by inducing 

bacterial stress responses, the majority of AMPs interact with the bacterial cell’s surface and 

do not directly cause bacterial mutations. AMPs kill faster than antibiotics - within minutes 

instead of hours [160] - allowing many fewer bacterial generations in which resistance could 

evolve. Because resistance to AMPs tends to be by nonspecific mechanisms, there may be fewer 

mutational routes by which resistance to AMPs can evolve [161] and lower likelihood of 

horizontal gene transfer that confers resistance. [162, 143]  

The wise use of synergic and potent AMP combinations that eradicate bacteria before resistant 

forms can evolve is most likely the most efficient strategy to prevent widespread, generic 

resistance to AMPs. These cocktails could occasionally be expertly crafted using information 

about the properties of the constituent ingredients known in advance. Of greater concern, 

evolved resistance to therapeutically applied AMPs could result in undesirable cross-resistance 

to endogenous host AMPs. [163] The only explicit test of this hypothesis has been carried out 

in the model insect Tenebrio [164, 165], in which some AMP-resistant S. aureus survived better 

in the host, albeit without showing increased virulence. However, similar experiments in a 
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mammalian system or with human AMPs are lacking. This is particularly concerning given that 

at least 11 of the AMPs that are currently under clinical trial are of human origin. [143] 

 Peptides exert their effect either by compromising the integrity of the bacterial cell wall 

or through interferences with intracellular metabolic processes. [166, 167] Also, peptides’ exact 

mechanisms of action against all pathogens are not the same. While the initiation of interaction 

depends solely on electrostatic forces, [168, 169] the effects AMPs exert on the membrane are 

dependent on the properties of the peptides. [170] 

In terms of how peptides work, there are typically two main processes to take into account: 

direct cell death by rupture of the cell membrane and immunomodulatory effect.  

In bacteria species, AMPs initiate cell disruption in three major steps: 

1. The attraction phase involves the interaction of the cationic peptides with the bacterial 

surface. The cationic peptide binds to the bacterial outer membrane surfaces using 

lipopolysaccharide as a receptor. Since the AMPs are positively charged, the attachment 

makes it displace cationic ions such as Ca2+ and Mg2+, causing a disruption of the outer 

membrane, allowing the AMPs to reach the intracellular target (negatively charged 

phospholipids). [171, 172] 

2. Attachment: it involves the penetration of the polysaccharides and their attachment and 

interaction with cellular targets such as the protective capsular coats. [171] 

3. Once successful in crossing the cell membrane, AMPs interact with the lipids in the 

cytoplasmatic membrane such as phosphatidylglycerol and cardiolipin, destabilizing the 

bonds of the phospholipids, resulting in disintegration or permeability. Furthermore, 

there is the insertion stage, where peptides position themselves within the membrane 

bilayer, leading to membrane thinning, curvature, and disruption of the membrane 

barrier. [173, 170] 

AMPs surely carry many advantages for example, they are more efficient than 

traditional antibiotics. They display their advantages over conventional antibiotics with the 
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broad-spectrum antibacterial, antifungal, and antivirus activities. [150, 174] They are also 

potent with rapid germ-killing ability and low bactericidal concentration, even effective on 

traditional antibiotic-resistant strains, and even have synergistic effects with typical 

antibiotics to neutralize endotoxin. [175, 150] Furthermore, these AMPs are safe with no 

toxic side effects or less, and hard to induce bacterial drug resistance compared to 

conventional antibiotics. [176, 177]  

They are small synthetic molecules with low cost, simple structure-activity relationship, and 

weak or low sensitization. [178, 179] They can be widely used in medical development. For 

instance, daptomycin, one of the AMPs, has been approved and marketed in 2003 as an anionic 

antibacterial peptide employed to treat skin infections caused by Gram-positive bacteria (Table 

2). This peptide even showed inhibitory effects on highly drug-resistant Typhoid bacillus and 

Staphylococcus aureus. Moreover, these peptides displayed their inhibitory ability to cancer 

cells. [150, 180] Many studies have demonstrated that cancer cells are more sensitive to AMPs 

than normal cells. Cancer cells may have changes to their membrane, cytoskeleton, or 

extracellular matrix due to their high metabolism. The lipid membranes are easily penetrated 

by these peptides, which then create ion channels or pores that eventually kill cancer cells or 

cause cell contents to seep out. These membrane-permeabilizing AMPs represent a potential 

new therapy against drug-resistant microbes that result in more morbidity and mortality and 

may be clinically applied as a strategy to overcome the frequent resistance of many common 

microbes to conventional antibiotics. [177] 
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Table 2 - The antimicrobial peptide drugs approved by Food and Drug Administration (FDA) [177] 

Drugs Trade names Antimicrobial 

activities 

Administrations In use 

Bacitracin Baciim Gram-positive 

bacteria 

Topical Localized skin and 

eye infections, 

wound infections. 

Dalbavancin Dalvance, 

Xydalba 

Gram-positive 

bacteria 

Intravenous Acute bacterial skin 

infections. 

Daptomycin Cubicin Gram-positive 

bacteria 

Intravenous Bacterial skin 

infections. 

Enfuvirtide Fuzeon Virus Subcutaneous HIV-1 infection. 

Oritavancin Orbactiv Gram-positive 

bacteria 

Intravenous Bacterial skin 

infection. 

Teicoplanin Targocid Gram-positive 

bacteria 

Intravenous & 

intramuscular 

Bacterial infections. 

Telaprevir Incivo, 

Incivek 

Virus Oral Hepatitis C. 

Telavancin Vibativ Gram-positive 

bacteria 

Intravenous Bacterial skin 

infection. 

Vancomycin Vancocin Gram-positive 

bacteria 

Oral & intravenous Bacterial infections. 

 

On the other hand, AMPs are easily deactivated by proteases and are therefore vulnerable to 

their action, which may provide a barrier to the systemic administration of AMPs. When given 

in high doses, AMPs can cause cytotoxicity in many host cells and may disrupt cell membranes. 

PH variations can also influence AMPs’ activities resulting in a loose of their activity. After 

several treatments, they could cause sensitivities and allergies.  
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 AMPs appear to be promising therapeutic drugs for different skin and soft tissue 

infections. They present a broad spectrum of antimicrobial activity, wound-healing promoting 

activities, such as angiogenesis, and induction of cell migration and proliferation, in addition to 

immune-modulatory activity. [181] As reported in Table 2, daptomycin (approved in 2003), 

telavancin (approved in 2014), and dalbavancin (approved in 2009) are used for injections 

against complicated skin, and skin structure infections caused by different Gram-positive 

bacterial infections. [182] Furthermore, AMPs with anti-tumor activity called anticancer 

peptides (ACPs), are new drugs that may overcome the problems associated with tumor 

resistance to conventional chemotherapy. In recent years, the number of natural AMPs that have 

antitumor activity has increased. [183, 184] 

 

3.3 NANOPARTICLES 
 

The field of nanotechnology has advanced exponentially in the last decade and many products 

containing nanoparticles are now used in various applications such as in food science, 

cosmetics, and pharmaceuticals. [185]  

Nanoparticles (NPs) are defined as particles with one dimension ranging between 1 and 100 

nm. NPs exhibit different properties depending on their size and surface functionalities. [186] 

The small size and large surface area account for the extensive use of NPs in various areas such 

as cosmetics, electronics, and both diagnostic and therapeutic medical applications. [187] NPs 

are used as pharmaceutical drug carriers with applications in both diagnostics and therapy field. 

These NPs, including polymeric NPs, nanoemulsions, liposomes, and solid NPs, are suggested 

to have potential clinical applications. Their clinical applicability depends on different 

parameters such as their physical and chemical properties, drug loading efficiency, drug release, 

and most importantly low or no toxicity of the carrier itself. [188, 189] 
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Advancement in the nanotechnology area offers synthesis of various nanosized 

inorganic/organic molecules having potential applicability in the fields of medicine, 

therapeutics, and diagnostics sectors [190] having a profound impact on human health 

improvement while nanoparticles are considered as innovative tools due to their inimitable 

physicochemical properties such as strength, durability, performance, and flexibility. These 

nanosized particles can be used as diagnostic agents, targeted drug delivery vehicles, 

noninvasive imaging technologies, oncology, dermatology, cardiovascular medications, and 

other chronic disease care. [191, 192] Development of these nanoparticles as antimicrobial 

compounds proves as a substitute approach to solve the problem related to antimicrobial 

resistance [191] as nanoparticles rely on entirely different mechanisms compared with 

traditional antibiotics. [193] 

When discussing nanomaterials fabrication, two main approaches can be distinguished: 

top-down and bottom-up. The top-down approach implies starting from larger structures and 

reducing their size by means of mechanical force and the aid of finer and finer tools until 

reaching dimensions in the nano range. [194, 195] These methods are preferred in industrial 

settings, as they can be easily scaled up and produce fine particles with fine particle-producing 

capacity and reproducibility. In opposition to top-down techniques, bottom-up processes 

assume the fabrication of nanoparticles through the growth and self-assembly of smaller 

components of atomic or molecular dimensions, conforming to a natural physical principle or 

an externally applied driving force. [195] Such methods are simple, rapid, energy-efficient, and 

cost-effective, being ideal options for laboratory-scale production of amorphous particles with 

reduced dimensions, narrow particle size distribution, increased solubility, and enhanced 

bioavailability. However, NPs obtained in this manner tend to agglomerate and might also 

present stability issues, while there are also several drawbacks associated with the fabrication 

processes. [194, 196] 
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A variety of physical, chemical, and biological fabrication methods are available for the 

synthesis of nanostructures (Table 3). [197] 

 

Table 3 – Classification of NP synthesis methods. [197] 

Synthesis approach Nature of involved process Examples of techniques 

 

Top-down approach 

 

Physical methods 

Ball milling, Laser ablation, 

Electron beam deposition, 

Sputtering, Aerosol spray. 

 

 

 

Bottom-up approach 

 

 

 

Chemical methods 

Co-precipitation, Thermal 

decomposition, Sol-gel, 

Microemulsion Sonochemical, 

Hydrothermal, Microwave-

assisted, Chemical reduction, 

Electrochemical, Solvothermal. 

  

Biological methods 

 

Bacteria-based, Plant-based. 
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3.3.1 Silver nanoparticles (AgNPs) 
 

Silver nanoparticles have been imposed as an excellent antimicrobial agent being able to 

combat bacteria in vitro and in vivo causing infections. Gram-positive and Gram-negative 

bacteria, including multidrug-resistant strains, are all covered by AgNPs’ antibacterial ability. 

AgNPs exhibit multiple and simultaneous mechanisms of action and in combination with 

antibacterial agents such as organic compounds or antibiotics, it has shown synergistic effect 

against pathogens bacteria. The characteristics of silver nanoparticles make them suitable for 

their application in medical and healthcare products where they may treat infections or prevent 

them efficiently. [198] 

Throughout history, silver in all of its forms has been used either alone or in conjunction with 

other technologies as an antimicrobial agent; due to its low cytotoxicity, it is known to be 

effective against a variety of both Gram-positive and Gram-negative bacteria. Because of the 

knowledge and evidence existing of the antibacterial activity of silver [199], with the emergence 

of nanotechnology, the exploration of the antibacterial capacity of AgNPs was an evident path. 

[198] 

Although AgNP is integrated into many areas, the exact mechanism explaining the particle 

formation is not fully uncovered yet. The traditional method for the synthesis of AgNP is to use 

physical and chemical approaches to produce nanoparticles with controlled and well-defined 

sizes and shapes. [200] Recently, the synthesis of AgNP through biological methods has been 

studied intensely. The biological method offers nanoparticles with high yield and stability 

compared to the conventional physical and chemical approach. [201] AgNP can be 

biosynthesized by bacteria, fungi, yeast, actinomycetes, and plant, thus avoiding the use of toxic 

substances and enabling further application in medical and pharmaceutical field. [202] The 

application of plants for the synthesis of AgNP has gained significant attention. [203] AgNPs’ 

mechanism of action is still not fully understood, but several theories could account for their 
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antibacterial, anti-inflammatory, and anti-cancer properties. It is known that nanoparticles have 

a large surface area that either penetrates the cell or attaches itself to the cell wall, [202] causing 

a disturbance in the membrane permeability making it porous, [204] and this action leads to a 

further leakage of cell content. Moreover, the appearance of pores on the membrane result in 

the diffusion of nanoparticles into the cell where it binds with sulfur and phosphorus-containing 

proteins, thus leading to the inactivation of proteins and DNA. [205, 203]  

Extremely interesting, in this regard is the work carried out by Professor Elviri of the University 

of Parma in collaboration with the Department of Veterinary Medicine Sciences. They created 

a formulation of silver nanoparticles (AgNP) and two natural polymers such as alginate (ALG) 

and nanocrystalline cellulose (CNC) which have been developed for 3D printing of scaffold. 

The antimicrobial activity of 3D-printed developed scaffolds has been determined as shown in 

Table 4. These exhibited a large interface surface area, improved mechanical strength, and the 

ability to promote antimicrobial actions and cytotoxic effects. 

 

Table 4 – Determination of antimicrobial activity of 3D-printed developed scaffolds. [206] 

SCAFFOLD 
Staphylococcus aureus                Pseudomonas aeruginosa 

Ø Inhibition Diameter (mm) 

ALG 0 0 0 0 

ALG/CNC 0 0 0 0 

ALG/CNC + AgNP (100 μg/mL) 6 6 6 6 

ALG/CNC + AgNP (10 μg/mL) 6 6 6 6 

ALG/CNC + AgNP (5 μg/mL) 0 0 0 0 

ALG/CNC + AgNP (1 μg/mL) 0 0 0 0 

 

Calcium alginate (ALG) is worldwide considered a highly absorbent, biocompatible and 

biodegradable hydrogel suitable for dressing purposes [207], it derives from seaweed, is 

generally regarded as safe and its known strength relies on the capacity to keep the wound 
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environment moist, favoring healing as well as the formation of granulation tissue and being 

easily removable with painless dressing changes. [208, 209] 

Crystalline nanocellulose (CNC) is a promising biomaterial derived from different cellulose 

sources by means of various processing methodologies. [210] The cellulose nanoparticles are 

characterized by elevated surface area and crystallinity, they have a very large elasticity 

modulus, and they have high strength, low toxicity and high biocompatibility.  

As for morphology, SEM (Scanning Electron Microscopy) images of ALG and ALG/CNC 

scaffolds exhibited rough homogeneous surfaces with optimal macro pore size, ranging from 

174 to 201 µm. (Figure 13 A,C) [206] 

 

Figure 13 - Scanning electron microscope images at different magnification of: (A) ALG 5% (w/v) scaffold (80×); 
(B) ALG 5% (w/v) scaffold (360×); (C) ALG/CNC (5% and 3% w/v) scaffold (80×); (D) ALG/CNC (5% and 3% w/v) 
scaffold cross section (80×). Energy-dispersive X-ray spectroscopy (EDS) map distribution and EDS spectrum 
of Ag in: (E) ALG 5% (w/v) scaffold (80×); (F) ALG/CNC (5% and 3% w/v) scaffold (80×). [206] 
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3.3.2 Zinc nanoparticles 
 

Zinc nanoparticles (ZnONPs) are an eco-friendly and biosafe material having a small size and 

high surface area. These NPs possess an attractive antimicrobial property due to the generation 

of ROS [H2O2 (hydrogen peroxide), OH− (hydroxyl radicals), and O2−2 (peroxide)] which 

behave as a major factor in cellular damage, enhancing the permeability of cell membrane, 

nanoparticles internalization due to proton motive force loss and toxic dissolved zinc ions 

uptake that lead to decrease in the activity of mitochondria and produce ROS compounds that 

cause cell death. [193] ZnONP has gained considerable attention out of all other nanoparticles 

because of its unique electronic, optical, and medicinal properties. [211] Zinc oxide 

nanoparticle is highly biocompatible and its electron transport kinetics rate is fast so, it's suitable 

to use as a biological membrane or for other biological applications. [212] Review literature 

clearly illustrates the antimicrobial activity of ZnONPs against a broad spectrum of pathogenic 

bacteria like Staphylococcus aureus, Streptococcus pyogenes, Escherichia coli, Klebsiella 

aerogenes, Pseudomonas aeruginosa, Proteus mirabilis, Mycobacterium tuberculosis, and 

Bacillus subtilis. [213] The functional relevance of the antibacterial efficacy of ZnO was 

discussed in the food packaging sector where they are used as antibacterial agents against food-

borne pathogens. [214, 193] 

3.3.3 Titanium nanoparticles 
 

Titanium dioxide (TiO2) nanoparticles (NPs) – also called titania [215] -, were first developed 

in the 1990s, and have been applied in numerous biomedical fields such as tissue engineering 

and therapeutic drug development. In recent years, TiO2-based drug delivery systems have 

demonstrated the ability to decrease the risk of tumorigenesis and improve cancer therapy. the 

detailed molecular mechanisms by which drug delivery to cancer cells alters sensing of gene 

mutations, protein degradation, and metabolite changes as well as its associated cumulative 
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effects that determine the microenvironmental mechanosensitive metabolism have not yet been 

clearly elucidated. 

Titanium dioxide (TiO2) is abundantly available in nature and possesses specific properties 

such as biocompatibility, lightness, high corrosion resistance, high thermal stability, low ion 

release, and non-magnetic properties. [216, 217, 218] The current bulk manufacturing of TiO2 

further allows its application in sunscreens, implants, and as a pigment in paint additives. 

Furthermore, titanium-based nickel alloys are widely used in surgical implants. [219, 220] 

Nanoscale titanium, with a size of less than 100nm, has recently been the subject of research 

aimed at the creation of biocompatible and non-toxic instruments. Nanoscale TiO2 particles 

offer special therapeutic qualities and have been used in numerous biomedical applications as 

a result. These NPs have been approved by the Food and Drug Administration (FDA) as safe, 

biocompatible, highly reactive, and chemically stable substances. It is estimated that the global 

annual production of TiO2NPs was 1,175,176 tons in 2012 [221] and it will reach up to 2.5 

million metric tons in 2050, which will convert nearly 100% of the total TiO2 market into nano. 

[222] Nanostructures of TiO2 have profound applications in the agriculture and food industry, 

food packaging, textile, energy, ceramics, cosmetics, medical devices, pharmacy, and 

theranostics of various diseases. [223, 224, 215] Thin film transparency, biological and 

chemical awareness, low toxicity, and excellent chemical stability are only a few of the traits 

of TiO2NPs that have led to their considerable research. The medical uses of TiNO2NPs, among 

others, are noteworthy and could significantly contribute to the expansion of the healthcare 

industry. For instance, the photocatalytic capability of photoexcited TiO2NPs illustrates the 

ability to significantly destroy cancer cells. TiO2NPs have also been regarded as an appealing 

antimicrobial agent. [225] Moreover, TiO2NPs are one of the increasingly used metal oxide 

NPs in biomedicine because of their antimicrobial activity. [226] 

The literature reports that the antibacterial activity of TiO2NPs against MRSA was investigated. 

A study was designed to evaluate the effect of TiO2NPs against biofilm formation by MRSA 
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using the tissue culture plate method. A total of 30 isolates were taken and out of them, 22 were 

involved in strong biofilm formation and 2 were weak in the formation of biofilm. The TiO2NPs 

(500μg/ml) inhibited the growth of both strong and weak MRSA, thus showing that the 

TiO2NPs are promising antibacterial candidates. [227, 215] 

3.3.4 Iron nanoparticles 
 

Iron nanoparticles (FeNPs) represent an additional class of antimicrobial materials that are 

usually inert when present in bulk form and did not possess antimicrobial properties. Several 

studies reported that by modifying their surfaces their anti-adherent as well as anti-bacterial 

properties get activated resulting in the abolition of both Gram-negative and Gram-positive 

bacterial biofilms. [228, 193] 

Superparamagnetic iron oxide nanoparticles (SPIONs) are also used. They are a special class 

of metal-oxide NPs with magnetic properties and excellent biocompatibility. Their shape, size, 

and magnetic nature enable them to kill microorganisms through the application of an external 

magnetic field, resulting in an increase of the therapeutic antimicrobial properties, especially 

when compared to conventional antimicrobial compounds. [229] The superparamagnetism is 

generated due to the reduced size of these nanoparticles which allow for a higher surface-to-

volume ratio, increasing the surface of the atoms. [230, 231] 
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CONCLUSION 

The purpose of this paper has been to bring to light the serious problem of antibiotic resistance 

which is continuing to spread globally both in developed and developing countries.  

The discovery and development of new alternative therapies to replace the use of antibiotics, 

which, however important and useful they have been, are becoming a problem for humans, 

animals, and the environment, is urgent.  

The prospect is to reduce or, at least, contain the problem of antibiotic resistance even with the 

use of the “One Health” policy and therefore pay attention not only to antibiotics in humans but 

also in livestock as once the animals are consumed, there is a possibility that antibiotic-resistant 

pathogens are also assimilated by humans. 

Deaths from antibiotic resistance are expected to be 10 million people by 2050, for this reason, 

it is imperative to find a solution to this problem as soon as possible.  

In addition to using the alternative therapies that have been discovered, one option for solving 

the problem of antibiotic resistance could be to educate and make people understand how to 

use antibiotics correctly while avoiding overuse and misuse.  

The hope is surely that the situation will improve and that with the cooperation of more areas, 

people, and medical staff the problem can become controllable again.  
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