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ABSTRACT 

Microbial infections have been the leading cause of death throughout history. This was changed when antibiotics were 

discovered, causing an increase in life expectancy from 48 years to 72 years. However, this golden era might end very 

soon. Bacteria have evolved resistance against antibiotics using different pathways. Therefore, restrictive policies about 

using antibiotics should be implemented by the healthcare system to prevent the further spread of bacterial resistance. 

However, these policies might not be enough without discovering or synthesizing new antibiotics. Antibiotics synthesis or 

discovery is a lengthy, tedious multistage process. Moreover, the development of bacterial resistance against any newly 

developed antibiotics takes around 10 years. Therefore, there is a need to find another strategy to retain the current available 

antibiotics activity against micro-organisms. Nanotechnology is a cutting-edge science that has been emerged few decades 

ago, it is concerned with producing fibers or particles in the nanometer scale. In literatures, nanoparticles were shown to 

improve the drug solubility, bioavailability, modify drug pharmacokinetics, increase drug stability, target drug into certain 

sites and moreover, were proven to overcome some developed resistance mechanisms against anticancer drug (e.g. Efflux 

mechanism). Recently, nanotechnology techniques have been applied to combat microbial infections and they were proven 

to be able to overcome the bacterial developing resistance mechanism.  In this review, we are presenting a historical 

background of antibiotics and discussing some bacterial developed resistance mechanisms as well as stating different nano-

based formulations that were developed and proved to be effectively potentiate the antibiotic activity against some resistant 

micro-organisms. 
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INTRODUCTION 
 

Infectious diseases are one of the leading causes 

of morbidity and mortality worldwide 1,2. Bacterial 

infections are treated primarily by antibiotics, but over 

the last few decades, bacteria have developed microbial 

resistance to most antibiotics (ABs) available in the 

market3. This will led eventually to the emergence of pan 

drug-resistant (PDR) organisms4. PDR bacterial 

pathogens ,also known as superbugs, are resistant to all 
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known Abs and were identified in more than one country 

since 20085,6. World health organization (WHO) and the 

center for disease and control prevention (CDC) pay 

much attention to the increased resistance developed by 

bacteria towards antibiotics 6,7. Lack of effective ABs 

might render minor surgeries  life- threatening 

intervention and be the leading death1,8 worldwide as 

seen with the current pandemic COVID-19 infection 9,10. 

Many resistant mechanisms developed by 

bacteria were identified such as (1) enzyme inactivation, 

(2) reduction of cell permeability, (3) alteration of the 

target active site and (4) increased ABs efflux due to 

efflux pumps over-expression. Additionally, some 

phenotypic features might be charctersing some bacterial 

strains such as biofilm formation and quorum sensing, 

this render them more resistant to the action of ABs7,11.  

Considering the above, it is clear that the 

current ABs are not enough to control microbial 

infections, however, developing a new nucelus of 

antibiotic cannot be considered as a solution for the 

current disaster, not only because it is a time consuming 

and expensive process but also, the time frame for 

bacteria developing resistant to any newely developed 

ABs is around 10 years  3,12,13. Therefore, there is a high 

demand to find alternative strategies to combat infectious 

diseases caused by bacteria. Nanotechnology is a cutting-

edge science that is interested in production of fibres 14–

16 and particles 17–22in the nanometer scale  Nanoparticles 

(NPs) are particles have a size range from 10 to 1000 nm 
19,23 and they are considered as a promising and effective 

strategy to combat microbial infections and their 

developed resistance 20,24. This review explores the 

recent literature in this area, discusses the main causes 

and mechanisms of bacterial resistance and how NPs can 

provide a solution for these problems while using 

conventional ABs. 

 

The fight against infections throughout history 

Until the last century, infections have been the 

leading cause of death throughout history. Pharos and 

Greece realized the benefit of using fungi to cure 

infections (2650-2600 BC) 25. After that, physicians used 

unexplainable savage methods to cure infections like 

bloodletting 26. In modern history, until the nineteenth 

century, infections were cured with a bizarre collection 

of chemicals, including ammonia, lithium or even 

Sulphur. Until the beginning of the twenty century, Paul 

Ehrlich innovated the concept of chemotherapy and 

creating anti-infective drugs. He developed the first 

synthetic arsenic-based drugs, Salvarsan, in 1910 27. 

Salvarsan was the first AB ever used to treat syphilis 

more than 100 years ago. He concluded the use of 

Salvarsan as an anti-infective from dyes that stained only 

bacterial cells.  Later, Sir Fleming noted the growth of 

mould in a contaminated Petri-dish. Surprisingly, 

something suspended the growth of bacteria in that Petri-

dish. Later he discovered Penicillin (Pen) after studying 

this incidence28. The pen is naturally produced from 

fungi in a process known as antibiosis. Antibiosis is the 

ability of microorganisms to produce chemicals to kill 

other microorganisms29. The production of Pen by 

antibiosis had some limitations such as further 

purification steps are required to be given to patients 30. 

Upon discovery of the chemical structure of Pen by 

Dorothy Hodgkin31, Pen was manufactured chemically 

on a large scale1,27,32 and was able to control many 

infectious diseases. Pen was considered a magic bullet 

that cured many previously incurable diseases33. The Pen 

was a simple and safer solution to cure infectious 

diseases that were previously fatal. 

During 1940-1960 (the golden era of ABs), 

scientists discovered many other ABs produced by 

micro-organism through antibiosis 29 as presented in 

Table 1 and Figure 2. Astonishingly, 64% of the 

discovered ABs are only found in Filamentous 

actinomycetes 3,13. These classes of ABs are still in 

clinical use after more than 50 years. 

Later on, many synthetic or semi-synthetic ABs 

were discovered and introduced to the clinical field42. 

Synthetic or semi-synthetic ABs are chemically derived 

from natural ABs. Synthetic or semi-synthetic ABs have 

a higher potency with lower doses and side effects. 

Quinolones are the fourth most used class of ABs after 

Penicillins, Macrolides and Cephalosporins in the US 

outpatients, and they are synthetic43.  

The most used semi-synthetic AB in outpatients 

is Azithromycin (AZI)43. AZI is a large molecule of 15 

membered ring invented by Slobodan Dokic in 1980 and 

patented in 1981. AZI structure is shown in Figure 1. 

Pliva and Pfizer owned the license for mass production 

worldwide44,45. 

 

 

 
Figure 1. Structure of AZI 

 

 

AZI was semi-synthesized from erythromycin 

(ER) to overcome ER disadvantages45. ER has a very 

short half-life of 1.5 to 2 hours. On the other hand, AZI 

has a longer half-life up to days in lung tissues. AZI 

attach to the 50S subunit in the bacterial ribosome. That 

leads to the inhibition of translation of mRNA and 

protein synthesis. The higher activity of AZI is due to the 

superior pharmacodynamics properties of AZI over ER. 
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Table 1. Examples of different ABs with their natural source 

Bacterial Fungal 

Antibiotic Source Antibiotic Source 

Mupirocin Pseudomonas fluorescens34 Penicillins Penicillium chrysogenum28 

Polypeptides Bacillus Brevis35 Cephalosporins Acremonium chrysogenum36 

Macrolides Saccharopolyspora erythraea37 Fusidic acid Fusidium coccineum38 

Tetracyclines Streptomyces aureofaciens39   

Polymyxins Paenibacillus polymyxa40   

Chloramphenicol Streptomyces venezuelae41   

 

 

 

 

Figure 2. The timeline of discovering ABs and development of bacterial resistance 3,13 
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AZI has a large volume of distribution. Although serum 

concentration (conc) remains low, it concentrates readily 

within tissues. AZI is distributed 200 times higher in lung 

tissue than the serum. AZI higher activity is related to its 

intracellular activity. AZI has a broad-spectrum activity 

against Gram-positive and Gram-negative bacteria, 

including Bordetella pertussis and Legionella species. 

Also, AZI is active against Mycoplasma pneumoniae 

and Treponema pallidum. Also, studies concluded that 

AZI has antiviral activity in cystic fibrosis 46. These 

advantages lead to the high use of AZI in the  

medical field. 

However, creating new synthetic ABs is a 

complicated process that consumes a tremendous amount 

of money and time. Unfortunately, the potency of the 

new AB would diminish within ten years due to bacterial 

resistance (BR), as shown in Figure 2 3,13. Without a 

practical solution of BR, the results will be globally 

catastrophic. So, first, we need to understand the flaw in 

conventional ABs, so we can develop strategies to 

overcome BR. 

 

Mechanisms of ABs 

ABs kill bacteria through the inhibition of 

essential cellular processes. AB can attack a single target 

in the bacteria as presented in Figure 3 and Table 2 such 

as: cell membrane, cell wall, protein synthesis or 

bacterial enzymes 11,47–49. Single process suppression 

increases the possibility of bacteria developing resistance 

against ABs 50. Also, ABs are only bactericidal when 

used in a conc higher than the minimum inhibitory 

concentration (MIC). 

 

 

 

Figure 3. Mechanisms of antibiotics against bacteria; 

antibiotics can attack different sites in the bacteria 

resulting in their death such as: Cell wall (A) Cell 

membrane (B), 50S subunit (C), 30S subunit (D), RNA 

polymerase (E), DNA Gyrase (F) and Folate synthesis (G). 

 

 

The development of bacterial resistance  

Bacteria accomplish resistance in three steps at 

least: 1) gaining of resistance genes by microbes,  

2) resistance genes expression, 3) selection for microbes 

with resistance genes59.  

First, bacteria gain resistance to single or 

multiple drugs through horizontal gene transfer through 

either transformation, conjugation, or transduction60. 

Also, bacteria can acquire resistance genes by 

spontaneous mutation of existing genes 61. Multiple drug 

resistance occurs when a bacterial cell with one type of 

drug resistance gene develops another kind of drug 

resistance gene. Second, microbes express the resistance 

gene in response to AB drug. Third, resistance becomes 

widespread when selecting microbes that express 

resistance genes against the antimicrobial drug. This 

selection process favors resistant bacterium. Finally, 

developing resistance occurs whenever microbes are 

exposed to the AB, yet not eradicated (either by the AB 

itself or by the microbicidal effects of the AB itself or by 

microbiostatic effects of the AB followed by killing by 

the host's immune system gene 60,62. 

 

Causes of bacterial resistance  

1. Poor patient compliance plays a significant role in 

conducting this process where there is a high chance of 

developing resistant bacteria, upon application of ABs 

either for a shorter or longer time than it should be 

administrated62. Poor patient compliance leads to BR in 

the case of microbiostatic drugs, which inhibit but do not 

kill microbes completely, more than microbicidal drugs. 

As it allows some microbial cells to live and form 

resistance when exposed to the AB  63. When a patient on 

an AB misses scheduled doses or takes an insufficient 

number of doses, this will increase the chance of 

acquiring AB resistance because the offending microbes 

are exposed to the AB but not wholly killed 64. Poor 

patient compliance with short elimination half-lives 

drugs is a problem because these drugs have small dosing 

intervals, and the number of required doses for achieving 

MIC is high 64. Even when patients are given the correct 

number of doses at the right times, there are still chances 

favoring AB resistance due to events within each  

dosing interval 64. 

 

2. Misuse of ABs 

Since the discovery of Penicillin in 1928, ABs 

are extensively used in various diseases. Even if it is not 

clinically needed. On the other hand, the overuse of ABs 

is the main reason for resistance evolution. Many 

epidemiological studies linked the ABs high 

consumption to the existence of resistant  

bacterial strains. 

 

3. Inconvenient prescribing and drugs regulations 

The unnecessary prescribing of antibiotics is 

also the main drive of bacterial resistance. Studies claim 

that in 30% to 50% of cases in the US, the AB of choice 

or the duration of therapy is inappropriate3. Also, many  

http://aprh.journals.ekb.eg/


ISSN:  2357-0547 (Print)  Review Article / JAPR / Sec. C 

ISSN:  2357-0539 (Online) Abo-zeid et al., 2021, 5 (3), 312-326 

http://aprh.journals.ekb.eg/ 

316 

Table 2. Classes of ABs, their target and the primary mechanism of resistance 

Target Class Example Mechanism of resistance Reference 

Cell wall Beta lactams Amoxicillin 
Enzymes, target modification and 

permeability barrier 
51 

cell wall Carbapenems Meropenem Enzymes, efflux and permeability barrier 52 

cell wall Glycopeptides Vancomycin target modification 53 

cell membrane Lipopeptides Daptomycin target modification 54 

DNA enzymes Quinolones Ciprofloxacin efflux and target modification 55 

RNA enzymes Rapamycin Rifabutin enzymes, efflux and target modification 51 

30S subunit Aminoglycosides Amikacin enzymes, efflux and target modification 51 

30S subunit Tetracycline Doxycycline enzymes, efflux and target modification 51 

50S subunit Oxazolidinones Linezolid efflux and target modification 51 

50S subunit Macrolides Azithromycin enzymes, efflux and target modification 56 

50S subunit Chloramphenicol Chloramphenicol enzymes, efflux and target modification 57 

Folate synthesis Sulfonamides Sulfadiazine enzymes, efflux and target modification 58 

Folate synthesis Trimethoprim Trimethoprim permeability barrier and target modification 51 

 

 

 

third world countries have no strict laws to control the 

use of AB. This situation has a fundamental role in 

increasing resistance. Strictly controlled guidelines of 

prescribing have to be applied worldwide. The local 

authorities would monitor these guidelines 65.  

 

4. The high use of ABs in the agriculture and cattle 

industry 

In the whole world, ABs are highly used as 

growth supplements in the cattle and plant industry. 80% 

of the ABs produced in the US is estimated to be used in 

the cattle industry3. ABs have a beneficial role in the 

overall health of cattle, with a higher yield. However, the 

overuse of ABs increases the chance of bacterial 

resistance. Also, resistant bacteria in cattle can be 

transferred to humans through food. In addition, a small 

dose of ABs is consumed in food, which will increase the 

chance of bacterial resistance. 

Moreover, up to 90% of the used ABs will reach 

the soil through animals' urine and stool. Besides, the use 

of ABs in agriculture affects the nature of bacteria in the 

soil. ABs' strict regulations in health care systems have 

to be conducted and monitored through governments66. 

 

5. Recently, many pharma companies suspended their 

pursuit to discover or invent in developing new ABs. Due 

to the low profit margin of ABs. Depending on two facts, 

first, ABs are described as an acute disease for only a 

short period. Second, microbial resistance will arise 

inevitably for the new AB. Eventually, the need for the 

new AB will decrease soon. In financial meaning, the 

expected profit from AB sales does not equal the 

anticipated economic profit from drugs treating chronic 

diseases like hypertension. Patients take an 

antihypertensive agent for an extended period, and no 

resistance mechanism might arise soon for the 

antihypertensive mechanism of action67. Hopefully, the 

threat of bacterial resistance and the new governmental 

regulations would revive the research for new ABs42,68. 

 

Bacterial resistance pathways 

Bacteria resist AB through either cellular 

mechanisms or phenotypic feature as shown in Figure 4 

 

 

Figure 4. The cellular mechanisms of bacterial resistance 

 

 

Cellular mechanisms of BR 

Decrease intracellular concentration of ABs 

Decreased uptake and/or increased efflux of AB 

from the microbial cell 69 are two essential resistance 

mechanisms. Reduced uptake of AB and/or use of 

transmembrane efflux pumps that prevent the conc of 

ABs from increasing to toxic levels within the microbial 

cell. Many bacteria are MDR through decreased uptake 
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and/or increased efflux of ABs. For example, the low 

sensitivity of Pseudomonas aeruginosa to antibiotics is 

due to efflux 62. Gram-negative bacteria like 

Pseudomonas aeruginosa and Escherichia coli have an 

outer membrane surrounding a periplasmic space 

surrounding a peptidoglycan cell wall. The multidrug 

efflux pump of Pseudomonas aeruginosa consists of an 

inner membrane antiporter bound to the periplasmic area, 

which is linked to an outer membrane channel protein 70. 

Pseudomonas aeruginosa becomes multidrug-resistant 

due to a mutation in the regulatory protein that usually 

represses efflux proteins-coding genes, leading to 

overexpression in efflux proteins70.  

Gram-negative bacteria have an outer 

membrane surrounding a periplasmic space (which 

contains a peptidoglycan cell wall) that covers an inner 

membrane. In contrast, Gram-positive bacteria have a 

peptidoglycan cell wall surrounding only a single plasma 

membrane. Gram-negative bacteria are less susceptible 

to Penicillin due to the extra outer barrier. That extra 

layer acts as a barrier for Penicillin to reach its site of 

action 60,62,70. Bacteria can express resistance genes that 

cause overexpression of efflux to specific types of ABs, 

including Tetracyclines, Sulfonamides, Quinolones, 

Aminoglycosides, Chloramphenicol, Macrolides, and 

Streptogramins 51,62,70. 

 

Target site modification 

Resistance against Macrolides, 

Aminoglycosides, Tetracyclines, Linezolid, and 

Rifampin can be due to resistance genes coding for 

altered AB binding sites. For example, the binding site 

of macrolides is located on the 50s ribosomal subunit 71. 

Each member of the family of Erm (Erythromycin 

resistance methylase) resistance genes codes for an N-

methyltransferase which methylates an adenine of 50S 

ribosomal subunit that is near the binding site of 

Macrolides. The methylation blocks binding by 

Macrolides, so resistance against Macrolides is obtained. 

Erm resistance genes are located on plasmids or 

transposons 70. Another approach of target site 

modification, bacteria resist Sulfonamides through up-

regulation of the target enzyme (Di-dihydropteroate 

synthase). 

 

Enzymes 

Covalent modification of the AB molecule 

inactivates its antimicrobial activity. Microbes can 

express drug resistance genes that code for degenerative 

enzymes. Covalent modification of the drug is 

considered a resistance mechanism against Beta-lactams, 

Aminoglycosides, Chloramphenicol, Tetracyclines, 

Macrolides, Quinolones, etc. For example, beta-

lactamases hydrolyze the beta-ring of Beta-lactams, 

thereby inactivating the antibiotic activity of the beta-

lactam molecule and becoming beta-lactam resistant. In 

addition, bacteria can express resistance genes that cause 

overexpression of efflux to specific types of ABs, 

including Tetracyclines, Sulfonamides, Quinolones, 

Aminoglycosides, Chloramphenicol, Macrolides, and 

Streptogramins51,62,70. 

 

Phenotypic feature causing resistance 

Biofilms are formed by bacteria exposed to very 

high conc of ABs, thus causing chronic infections despite 

antibiotic treatment. Biofilms can be elaborated as five 

steps: 1) First, proteins from the human host (blood or 

tissues proteins) attach to a solid or liquid surface, 

forming a conditioning film layer. 2) planktonic bacterial 

cells attract and attach to the conditioning film through 

electrostatic, hydrophobic, or London dispersion forces. 

Third, bacterial cells divide and attract other planktonic 

bacterial cells, thus increasing the population of bacterial 

cells. 3) Irreversible attachment is formed once the 

number of bacterial cells rises above a certain threshold. 

Through quorum sensing, these bacterial cells enhance 

the expression of genes that causes synthesis and 

secretion of a matrix consisting of extra-cellular 

polymeric substance (EPS). The EPS matrix is the reason 

for biofilm resistance, having the following features. 

First, the EPS matrix accumulates and surrounds the 

population of bacterial cells. Besides, this EPS matrix 

consists of polysaccharides, proteins, and DNA. Second, 

the EPS matrix collects minerals, blood proteins, and 

debris from the surrounding environment. Third, the EPS 

matrix is well hydrated, and it's up to 95% H2O60,62,72–75. 

The EPS matrix acts as a barrier to intact AB 

molecules' diffusion. This EPS matrix protects the 

bacterial population from the high conc of different ABs, 

often leading to chronic infections despite antibiotic 

treatment. Therefore, bacteria in biofilms are 1000 times 

more resistant to ABs than planktonic bacteria. AB 

molecules are much less likely to reach bacteria located 

deep within the EPS matrix and more likely to reach 

superficially located bacterial cells 76,77. EPS matrix 

promotes the formation of new AB resistance 

mechanisms. The EPS matrix decreases the conc of AB 

in bacterial cells, exposing them to sub MIC without 

decreasing that conc abruptly to 0 60,62,72–75,78. 

 

Novel strategies 

Governments or companies can finance 

research projects for developing new ABs. Also, 

governments have to conduct and control new protocols, 

guidelines and regulations to stop the emerging of new 

BR79. However, Bacteria could eventually develop BR 

for the new discovered AB. ABs that work on multiple 

sites of the bacteria can be a promising solution too. But 

searching for new, more effective ABs is very costly and 

time-consuming. Therefore, we need to develop new 

strategies to combat infections. These strategies have to 

revive the conventional ABs and decrease the emerging 
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of BR. Nanoparticles (NPs) could be a safer, cheaper and 

more accessible solution for now. As NPs have 

exceptional chemical and physical features that can help 

to overcome BR. 

 

Nanoparticles 

Paul Ehrlich is considered to be the first to 

implement the concept of targeted delivery systems. He 

named these targeted delivery systems “ magic bullets”, 

that could greatly improve drug therapy since 1954 80. 

However, the first research using NPs was for 

vaccination purposes by Peter Speiser in 1970 80. Since 

then, NPs have been extensively used for many research 

purposes. NPs can have versatile chemical and physical 

features depending on many factors. The building blocks 

of the NPs materials and the synthesis conditions are the 

main affecting factors. NPs have proven a higher activity 

as anticancer therapy. Besides, the FDA has already 

approved many anticancer, antifungal and antiviral NPs 

medications81. In literature, nanotechnology is applied to 

treat many types of diseases and overcome many side 

effects associated with the application of medication 81. 

Moreover, nanoparticles were reported to combat 

infectious diseases in many ways such as (1) 

encapsulation or conjugation of ABs such as polymyxin 

B in Liposomal NPs to avoid the efflux mechanism. 

When liposome fuses with the bacterial cell membrane, 

it releases a high amount of AB into the bacteria without 

being detected by the efflux pumps73,82,83. (2) some other 

NPs such as metal-based NPs were reported to produce 

reactive oxygen species that can attack multiple sites in 

the micro-organism and thus reducing the possibility of 

bacteria developing resistance 20. Deliver ABs to 

intracellular pathogens (liposomes) and increase the conc 

of AB at the site of action24,73,84–86. (3) packaging 

multiple antimicrobial drugs in the same NPs, is a robust 

approach to competing for resistance 83,87. These 

approaches will be discussed in this review as follows: 

 

1. Nanoparticles with multiple simultaneous 

mechanisms of action against microbes 

Metal-based NPs are highly active as 

antibacterial NPs due to the multiple simultaneous 

mechanisms of action that they have. Metal-based NPs 

can damage cell membranes, photo kill bacteria, generate 

reactive oxygen species, disturb the ion homeostasis and 

damage protein, genes or enzyme12,50 

There are different types of metal-based NPs, 

each of which uses multiple mechanisms to kill and/or 

inhibit the growth of microbes, making the development 

of drug resistance unlikely78. Bismuth-containing nano-

particles (Bi NPs) combined with X-ray treatment can 

treat resistant bacteria 88.  In a recent study by Brown et 

al., Au NP with ampicillin bound to its surface (Au NP-

AMP) killed MDR bacteria, including MRSA, 

Pseudomonas aeruginosa, Enterobacter aerogenes, and 

Escherichia coli K-12. Au NP-AMP probably had 

multiple mechanisms of antibacterial action, implying a 

low likelihood of the development of Au NP-AMP 

resistance. All bacteria tested express beta-lactamase and 

are resistant to ampicillin alone. Brown and colleagues 

rationalized that bacteria cannot carry out endocytosis 

and cannot take up Au NP by itself 89. However, 

ampicillin can cross the cell envelopes of Gram-positive 

and Gram-negative bacteria and therefore have 

antimicrobial activity against both. Thus, ampicillin on 

the surface of Au NP allows Au NP-AMP to reach the 

bacterial cell wall. Brown et al suspect that at least two 

mechanisms of antibacterial action are at work. First, the 

presence of multiple ampicillin molecules on the surface 

of Au NP allows the Au NP-AMP to overwhelm the high 

conc of beta-lactamase expressed by these bacteria. 

Second, Au NP-AMP inhibits the transmembrane pump 

that catalyzes drug efflux from the bacterial cell 89. 

 

2. Multiple antimicrobial agents packaged within 

the same NP 

Multiple antimicrobial compounds can be 

packaged in the same NP. It is doubtful that bacteria can 

develop resistance to the various agents within these 

NPs90. It would require multiple simultaneous gene 

mutations in the same bacterial cell. Also, using various 

drugs within the same nanoparticle can result in a higher 

potency, higher antimicrobial efficacy, and overcome 

existing mechanisms of drug resistance in microbes 

relative to single drug use 73,83,87. Most examples include 

two agents packaged within the same nanoparticle. For 

instance, vancomycin encapsulated in chitosan NP is 

effective against vancomycin-resistant S. aureus 

(VRSA) 73. Au NP capped with vancomycin (Au Van 

NPs) had activity against vancomycin-resistant 

Enterococcus (VRE) and against Escherichia coli that 

was 64 times higher than vancomycin alone 73. In another 

study, Au NPs coated with ciprofloxacin had increased 

potency against VRE 73. 

 

3. Nanoparticles that overcome decreased uptake 

and increased efflux of the drug by bacteria 

Liposomes and dendrimers can overcome the 

resistance mechanisms of decreased uptake and 

increased efflux of drug from the bacterial cell. A 

liposome is composed of one or more lipid bilayers 

forming a sphere-shaped vesicle. Each of these bi-layers 

contains amphipathic lipid, often phosphatidylcholine, 

and commonly includes cholesterol to increase the 

rigidity of the membrane82,83. The lipid bilayer of a 

liposome  fuses quickly with the microbial cell's plasma 

membrane, causing a rapid release of its content of 

antimicrobial agent into the microbial plasma membrane 

or cytoplasm 83,82,73. AZI was reported before to have a 

higher potency when encapsulated in liposomes, as 

shown in Table 3 91. 
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Table 3. Previous studies on AB-NPs using safe carriers, and the efficacy against tested pathogens 

Antibiotic used Carrier Organism tested against  Result  Reference 

Doxycycline methacrylate / Polymeric Enterococcus faecalis Inhibit biofilm 98 

Enrofloxacin 
hyaluronic acid/chitosan / 

Polymeric 
Staphylococcus aureus Increased potency 99 

Vancomycin PLGA / Polymeric 

vancomycin-intermediate and 

methicillin-resistant 

Staphylococcus aureus 

Higher potency against 

MRSA 
92 

Rifampicin 
alginate/chitosan / 

Polymeric 

methicillin-sensitive and resistant 

Staphylococcus aureus 
Higher potency 100 

Ofloxacin 
polycaprolactone / 

Polymeric 
Escherichia coli Increased activity  101 

Vancomycin chitosan / Polymeric Staphylococcus aureus Higher potency 102 

Sparfloxacin and 

Tacrolimus 
PLGA / Polymeric 

Pseudomonas aeruginosa and 

Staphylococcus aureus 

Anti-infective and anti-

inflammatory both in-

vitro and in vivo 

103 

Rifapentine PLGA / Polymeric Mycobacterium tuberculosis Higher potency 104 

Doxycycline or 

Vancomycin 

cationic or zwitterionic 

lipids and PLGA / SL NPs 

methicillin-resistant 

Staphylococcus aureus and 

Mycobacterium smegmatis 

Higher entrapment 

longer duration 
94 

Clarithromycin chitosan / Polymeric 
Streptococcus aureus and 

Pseudomonas aeruginosa 
Higher potency 105 

Ciprofloxacin and 

Azithromycin 
PLGA / Polymeric Pseudomonas aeruginosa 

Reduced biofilm 

formation 
106 

Azithromycin Liposomes / Phospholipids 
Bacillus subtilis and Pseudomonas 

aeruginosa 
Higher potency 91 

 

 

Table 4. Comparison between the different types of NPs carriers and the relevant toxicity or inflammatory response to each one 

of them 

Type of NPs 
Side effect 

Reference 
Toxicity inflammation 

Liposomal No No 107 

Polycaprolactone No No 108 

Polyacrylate No No 74 

Silica moderate moderate 109 

PLGA Low No 110 

Chitosan Yes Yes 111 112 

Silver Yes Yes 113 114 

Gold No Yes 115 

ZnO Yes Yes 116 117 

Iron oxide Yes Yes 118 

TiO2 Yes Yes 119 

Copper Yes Yes 120 121 

 

 

 

4. NPs that combat intracellular bacteria  

NPs have also been used to combat intracellular 

bacteria by phagocytosis. NPs, including poly lactic-co-

glycolic acid (PLGA) NPs, are small enough to be 

phagocytosed by host phagocytes that contain 

intracellular microbes. Once PLGA NPs enter the host 

cell, NPs release AB, which combats these intracellular 

microbes 87,82,73. Vancomycin-PLGA NPs were more 

potent against methicillin-resistant Staphylococcus 

aureus92, as shown in Table 3. NPs can release a high 

conc of ABs inside infected host cells while maintaining 

the total dose of AB administered low82. NPs can combat 
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intracellular microbes in alveolar macrophages. 

Microbes can protect themselves from ABs by living 

intracellularly73. Attachment of mannose to 

nanoparticles containing antimicrobial drugs allows 

them to be efficiently targeted to alveolar macrophages, 

which heavily express mannose surface receptors73. 

Liposomes containing ciprofloxacin and conjugated with 

mannose were administered by the pulmonary route and 

had high selectivity for alveolar macrophages 73.  

 

5. NPs that deliver ABs to the site of infection 

Finally, NPs target antimicrobial agents to the 

site of infection, so achieving a higher conc of AB at the 

infected site, thereby overcoming existing resistance 

mechanisms with a minimal dose and adverse side-

effects 93. Ampicillin, conjugated with gold NPs, was 

active against MDR Isolates of Pseudomonas 

aeruginosa, Enterobacter aerogenes and Methicillin-

Resistant Staphylococcus aureus89. For nanoparticles 

targeting intracellular bacteria, NPs targeting the site of 

infection can release a high conc of antimicrobial drugs 

at the site of action while maintaining the total dose of 

medicine administered low. Doxycycline had a higher 

potency against intracellular pathogens when it was 

encapsulated in lipid polymer hybrid NPs94, as shown in 

Table 3. Again, the high local conc at the site of infection 

also kills the infecting bacteria before developing 

resistance. At the same time, the lower total dose 

minimizes the probability that bacteria outside the site of 

action of the nanoparticles produce drug resistance. NPs 

can be targeted to sites of infection either passively or 

actively. Passively-targeted NPs selectively undergo 

extravasation at sites of infection, where inflammation 

has led to increased blood vessel permeability. Actively 

targeted NPs have ligands (e.g. antibodies) that bind to 

receptors (e.g. antigens) at sites of infection. The 

antimicrobial action of nanoparticles can be activated by 

certain stimuli, such as low pH or reactive oxygen 

species (ROS). Drug release can be regulated and 

targeted at the site of action by magnetic guidance or 

radiofrequency 87.  

 

Limitation of NPs usage in the medical field 

Metallic, polymeric, liposomes and solid lipid 

(SL) NPs can be used in drug delivery systems. Metal-

based NPs were active against resistant bacteria in many 

previous studies 12,50. However, most metallic NPs can 

cause inflammation or cytotoxicity, as shown in Table 4 
95. On the other hand, polymeric, SL and liposomal NPs 

are relatively safe. Furthermore, there are no known side 

effects for polymeric, SL and liposomal NPs. Besides, 

FDA has previously approved nanomedicines from the 

relatively safe NPs carriers47,96,97. 

Many studies were conducted on ABs-NPs 

using polymeric, SL and liposomes as carriers, as shown 

in Table 3, where AB-NPs had a higher potency against 

bacteria than the plain AB alone. However, no studies 

have tested the activity of AB-NPs against MDR, XDR 

and PDR microorganisms. As many AB-NPs can 

represent a robust method to overcome resistance as they 

are both practical and safe. 

 

CONCLUSION 

 

BR is considered a global concern by the WHO 

and CDC. There are many reasons for BR that needs to 

be rectified by governmental actions. However, these 

actions would only delay the post ABs era. Inventing 

new ABs is another solution. But it is a very costly 

process. In addition, bacteria will evolve resistance for 

that new AB. More practical strategies have to be 

considered for a cheaper and more accessible solution. 

NPs are a promising solution, that has proven to be active 

against many MDR pathogens. Unfortunately, some NPs 

have safety issues that hindered the FDA from approving 

metal-based NPs. However, polymeric, SL and 

liposomal NPs are safe and have not been tested against 

MDR pathogens. We recommend testing the activity of 

relatively safe NPs against MDR pathogens. 

 

Conflict of interest 

The authors declare that there is no conflict of 

interest regarding the publication of this paper. 

 

REFERENCES 
 

1. Chain, E.; Florey, H.; Control, D. The Treasure 

Called Antibiotics. 2016, 14 (2), 56–57. 

2. Colzani, E. Beyond Morbidity and Mortality : The 

Burden of Infectious Diseases on Healthcare 

Services. 2019. 

3. Mobarki, N.; Almerabi, B.; Hattan, A. Antibiotic 

Resistance Crisis. Int. J. Med. Dev. Ctries. 2019, 40 

(4), 561–564. https://doi.org/10.24911/ijmdc.51-

1549060699. 

4. Magiorakos, A. P.; Srinivasan, A.; Carey, R. B.; 

Carmeli, Y.; Falagas, M. E.; Giske, C. G.; Harbarth, 

S.; Hindler, J. F.; Kahlmeter, G.; Olsson-Liljequist, 

B.; Paterson, D. L.; Rice, L. B.; Stelling, J.; 

Struelens, M. J.; Vatopoulos, A.; Weber, J. T.; 

Monnet, D. L. Multidrug-Resistant, Extensively 

Drug-Resistant and Pandrug-Resistant Bacteria: An 

International Expert Proposal for Interim Standard 

Definitions for Acquired Resistance. Clin. 

Microbiol. Infect. 2012. https://doi.org/10.1111/j. 

1469-0691.2011.03570.x. 

5. Adegoke, A. A.; Faleye, A. C.; Singh, G.; 

Stenström, T. A. Antibiotic Resistant Superbugs: 

Assessment of the Interrelationship of Occurrence in 

Clinical Settings and Environmental Niches. 

Molecules 2017, 22 (1). https://doi.org/10.3390/ 

molecules22010029. 

http://aprh.journals.ekb.eg/


ISSN:  2357-0547 (Print)  Review Article / JAPR / Sec. C 

ISSN:  2357-0539 (Online) Abo-zeid et al., 2021, 5 (3), 312-326 

http://aprh.journals.ekb.eg/ 

321 

6. Shader, R. I. Superbugs, Colistin, and Related 

Issues. Clin. Ther. 2016, 38 (8), 1773–1776. 

https://doi.org/10.1016/j.clinthera.2016.07.003. 

7. Baptista, P. V.; McCusker, M. P.; Carvalho, A.; 

Ferreira, D. A.; Mohan, N. M.; Martins, M.; 

Fernandes, A. R. Nano-Strategies to Fight Multidrug 

Resistant Bacteria-"A Battle of the Titans". Front. 

Microbiol. 2018, 9 (JUL), 1–26. 

https://doi.org/10.3389/fmicb.2018.01441. 

8. Runcie, H. Infection in a Pre-Antibiotic Era. J. Anc. 

Dis. Prev. Remedies 2015, 03 (02). 

https://doi.org/10.4172/2329-8731.1000125. 

9. Abo-Zeid, Y.; Ismail, N. S.; McLean, G. R.; Hamdy, 

N. M. A Molecular Docking Study Repurposes FDA 

Approved Iron Oxide Nanoparticles to Treat and 

Control COVID-19 Infection. Eur. J. Pharm. Sci. 

2020, 153 (April), 105465. https://doi.org/10.1016/j. 

ejps.2020.105465. 

10. Coronavirus (COVID-19) Deaths - Statistics and 

Research - Our World in Data 

https://ourworldindata.org/covid-deaths (accessed 

Jun 12, 2021). 

11. Reygaert, W. C. An Overview of the Antimicrobial 

Resistance Mechanisms of Bacteria. 2018, 4 (April), 

482–501. 

https://doi.org/10.3934/microbiol.2018.3.482. 

12. Sánchez-López, E.; Gomes, D.; Esteruelas, G.; 

Bonilla, L.; Lopez-Machado, A. L.; Galindo, R.; 

Cano, A.; Espina, M.; Ettcheto, M.; Camins, A.; 

Silva, A. M.; Durazzo, A.; Santini, A.; Garcia, M. 

L.; Souto, E. B. Metal-Based Nanoparticles as 

Antimicrobial Agents: An Overview. 

Nanomaterials 2020, 10 (2), 1–39. https://doi.org/ 

10.3390/nano10020292. 

13. Hutchings, M. I.; Truman, A. W.; Wilkinson, B. 

ScienceDirect Antibiotics : Past , Present and 

Future. Curr. Opin. Microbiol. 2020, 51 (Figure 1), 

72–80. https://doi.org/10.1016/j.mib.2019.10.008. 

14. Burgess, K.; Li, H.; Abo-Zeid, Y.; Fatimah; 

Williams, G. R. The Effect of Molecular Properties 

on Active Ingredient Release from Electrospun 

Eudragit Fibers. Pharmaceutics 2018, 10 (3). 

https://doi.org/10.3390/pharmaceutics10030103. 

15. Song, K.; Wu, Q.; Qi, Y.; Kärki, T. Electrospun 

Nanofibers with Antimicrobial Properties. 

Electrospun Nanofibers 2017, No. 1, 551–569. 

https://doi.org/10.1016/B978-0-08-100907-

9.00020-9. 

16. Parwe, S. P.; Chaudhari, P. N.; Mohite, K. K.; 

Selukar, B. S.; Nande, S. S.; Garnaik, B. Synthesis 

of Ciprofloxacin-Conjugated Poly (L-Lactic Acid) 

Polymer for Nanofiber Fabrication and Antibacterial 

Evaluation. Int. J. Nanomedicine 2014, 9 (1), 1463–

1477. https://doi.org/10.2147/IJN.S54971. 

17. Xu, Y.; Goyanes, A.; Wang, Y.; Weston, A. J.; So, 

P. W.; Geraldes, C. F. G. C.; Fogg, A. M.; Basit, A. 

W.; Williams, G. R. Layered Gadolinium 

Hydroxides for Simultaneous Drug Delivery and 

Imaging. R. sciety Chem. 2018, 47 (9), 3166–3177. 

https://doi.org/10.1039/c7dt03729e. 

18. Abo-zeid, Y.; Williams, G. R.; Touabi, L.; Mclean, 

G. R. An Investigation of Rhinovirus Infection on 

Cellular Uptake of Poly (Glycerol-Adipate) 

Nanoparticles. Int. J. Pharm. 2020, 119826. 

https://doi.org/10.1016/j.ijpharm.2020.119826. 

19. Abo-zeid, Y.; Garnett, M. C. Polymer Nanoparticle 

as a Delivery System for Ribavirin: Do Nanoparticle 

Avoid Uptake by Red Blood Cells? J. Drug Deliv. 

Sci. Technol. 2020, 56 (January), 101552. 

https://doi.org/10.1016/j.jddst.2020.101552. 

20. Abo-zeid, Y.; Williams, G. R. The Potential Anti-

Infective Applications of Metal Oxide 

Nanoparticles: A Systematic Review. Wiley 

Interdiscip. Rev. Nanomedicine Nanobiotechnology 

2019, No. July, 1–36. https://doi.org/10.1002/ 

wnan.1592. 

21. Abo-zeid, Y.; Urbanowicz, R. A.; Thomsonb, B. J.; 

William L. Irvingb, A. W. T.; Garnett, M. C. 

Enhanced Nanoparticle Uptake into Virus Infected 

Cells: Could Nanoparticles Be Useful in Antiviral 

Therapy? Int. J. Pharm. 2018, 547, 572–581. 

https://doi.org/10.1016/j.ijpharm.2018.06.027. 

22. Abo-zeid, Y.; Mantovani, G.; Irving, W. L.; Garnett, 

M. C. Synthesis of Nucleoside-Boronic Esters 

Hydrophobic pro-Drugs: A Possible Route to 

Improve Hydrophilic Nucleoside Drug Loading into 

Polymer Nanoparticles. J. Drug Deliv. Sci. Technol. 

2018, 46, 354–364. https://doi.org/10.1016/j.jddst. 

2018.05.027. 

23. Garnett, M. C.; Kallinteri, P. Nanomedicines and 

Nanotoxicology: Some Physiological Principles. 

Occup. Med. (Chic. Ill). 2006, 56, 307–311. 

https://doi.org/10.1093/occmed/kql052. 

24. Lederberg, L. J.; Laureate, N. Nano-Based Solutions 

to Combat the Emerging Threat of Superbugs : 

Current Scenario and Future Prospects. Handb. Clin. 

Nanomedicine 2013, 15–21. 

25. Hegab, A. Antibiotic Apocalypse; Are We Ready? 

J. Dent. Heal. Oral Disord. Ther. 2016, 5 (3),  

260–261. 

https://doi.org/10.15406/jdhodt.2016.05.00153. 

26. Greenstone, G. The History of Bloodletting. B. C. 

Med. J. 2010, 52 (1), 12–14. 

27. Gelpi, A.; Glibertson, A.; Tucker, J. Magic Bullet: 

Paul Ehrlich, Salvarsan and the Birth of 

Venereology. Bone 2015, 23 (1), 1–7. 

https://doi.org/10.1136/sextrans-2014-

051779.Magic. 

28. Fleming, A. On the Antibacterial Action of Cultures 

of a Penicillium, with Special Reference to their Use 

in the Isolation of B. affluenza. Int. Zeitschrift fur 

Kernenergie 1929, 46 (4), 245–250. 

http://aprh.journals.ekb.eg/


ISSN:  2357-0547 (Print)  Review Article / JAPR / Sec. C 

ISSN:  2357-0539 (Online) Abo-zeid et al., 2021, 5 (3), 312-326 

http://aprh.journals.ekb.eg/ 

322 

29. Brunelt, J. Antibiosis from Pasteur to Fleming. 

1946, 461–462. 

30. Abraham, E. P.; Chain, E.; Fletcher, C. M.; Gardner, 

A. D.; Heatley, N. G.; Jennings, M. A.; Florey, H. 

W. Further Observations on Penicillin. Lancet 1941, 

238 (6155), 177–189. https://doi.org/10.1016/ 

S0140-6736(00)72122-2. 

31. Crowfoot, D.; Bunn, C. W.; Rogers-Low, B. W.; 

Turner, A. J. The X-Ray Crystallographic 

Investigation of the Structure of Penicillin. Chem. 

Penicillin 2015, 310–366. https://doi.org/10.2307/j. 

ctt183px0j.14. 

32. Hutchings, M.; Truman, A.; Wilkinson, B. 

ScienceDirect Antibiotics : Past , Present and 

Future. Curr. Opin. Microbiol. 2019, 51 (Figure 1), 

72–80. https://doi.org/10.1016/j.mib.2019.10.008. 

33. Rogers, J. P. A History of Penicillin : The Miracle of 

Medicine. Kansas State Univ. 2017, 1–28. 

34. Sutherland, R.; Boon, R. J.; Griffin, K. E.; Masters, 

P. J.; Slocombe, B.; White, A. R.; Al, S. E. T. 

Antibacterial Activity of Mupirocin ( Pseudomonic 

Acid ), a New Antibiotic for Topical Use. 1985, 27 

(4), 495–498. 

35. Ray, S.; Patel, N.; Amin, D. Brevibacillus. In 

Beneficial Microbes in Agro-Ecology; Elsevier, 

2020; pp 149–167. https://doi.org/10.1016/b978-0-

12-823414-3.00009-5. 

36. Hu, Y.; Zhu, B. Study on Genetic Engineering of 

Acremonium Chrysogenum, the Cephalosporin C 

Producer. Synth. Syst. Biotechnol. 2016, 1 (3), 143–

149. https://doi.org/10.1016/j.synbio.2016.09.002. 

37. Roberts, D. J. Erythromycin. In Encyclopedia of 

Toxicology: Third Edition; Elsevier, 2014; pp 453–

458. https://doi.org/10.1016/B978-0-12-386454-

3.00727-2. 

38. Nabi, B.; Rehman, S.; Baboota, S.; Ali, J. Natural 

Antileprotic Agents: A Boon for the Management of 

Leprosy. In Discovery and Development of 

Therapeutics from Natural Products Against 

Neglected Tropical Diseases; Elsevier, 2019; pp 

351–372. https://doi.org/10.1016/B978-0-12-

815723-7.00009-2. 

39. Pogue, J. M.; Dudley, M. N.; Eranki, A.; Kaye, K. 

S. Tetracyclines and Chloramphenicol. In Infectious 

Diseases; Elsevier, 2017; pp 1256-1260.e1. 

https://doi.org/10.1016/b978-0-7020-6285-

8.00146-5. 

40. Yu, Z.; Sun, Z.; Yin, J.; Qiu, J. Enhanced Production 

of Polymyxin E in Paenibacillus Polymyxa by 

Replacement of Glucose by Starch. Biomed Res. Int. 

2018, 2018. https://doi.org/10.1155/2018/1934309. 

41. Kumar, P. Pharmacology of Specific Drug Groups: 

Antibiotic Therapy. In Pharmacology and 

Therapeutics for Dentistry: Seventh Edition; 

Elsevier, 2017; pp 457–487. https://doi.org/10.1016/ 

B978-0-323-39307-2.00033-3. 

42. da Cunha, B. R.; Fonseca, L. P.; Calado, C. R. C. 

Antibiotic Discovery: Where Have We Come from, 

Where Do We Go? Antibiotics 2019, 8 (2). 

https://doi.org/10.3390/antibiotics8020045. 

43. Outpatient Antibiotic Prescriptions. United States, 

2016. Antibiotic Use. CDC https://www.cdc.gov/ 

antibiotic-use/data/report-2016.html#Figure1 

(accessed May 16, 2021). 

44. Tomišić, Z. B. Priča o Azitromicinu. Kem. u Ind. 

Chem. Chem. Eng. 2011, 60 (12), 603–617. 

45. Jelić, D.; Antolović, R. From Erythromycin to 

Azithromycin and New Potential Ribosome-

Binding Antimicrobials. Antibiotics 2016, 5 (3). 

https://doi.org/10.3390/antibiotics5030029. 

46. Schögler, A.; Kopf, B. S.; Edwards, M. R.; Johnston, 

S. L.; Casaulta, C.; Kieninger, E.; Jung, A.; Moeller, 

A.; Geiser, T.; Regamey, N.; Alves, M. P. Novel 

Antiviral Properties of Azithromycin in Cystic 

Fibrosis Airway Epithelial Cells. Eur. Respir. J. 

2015, 45 (2), 428–439. https://doi.org/10.1183/ 

09031936.00102014. 

47. Wu, Z. L.; Zhao, J.; Xu, R. Recent Advances in Oral 

Nano-Antibiotics for Bacterial Infection Therapy. 

Int. J. Nanomedicine 2020, 15, 9587–9610. 

https://doi.org/10.2147/IJN.S279652. 

48. Blair, J. M. A.; Webber, M. A.; Baylay, A. J.; 

Ogbolu, D. O.; Piddock, L. J. V. Molecular 

Mechanisms of Antibiotic Resistance. Nat. Publ. 

Gr. 2014, 13 (1), 42–51. https://doi.org/10.1038/ 

nrmicro3380. 

49. Kapoor, G.; Saigal, S.; Elongavan, A. Action and 

Resistance Mechanisms of Antibiotics: A Guide for 

Clinicians. J. Anaesthesiol. Clin. Pharmacol. 2018, 

34 (3), 46–50. https://doi.org/10.4103/joacp. 

JOACP. 

50. Abo-zeid, Y.; Williams, G. R. The Potential Anti-

Infective Applications of Metal Oxide 

Nanoparticles: A Systematic Review. Wiley 

Interdiscip. Rev. Nanomedicine Nanobiotechnology 

2020, 12 (2), 1–36. https://doi.org/10.1002/ 

wnan.1592. 

51. Davies, J. Origins and Evolution of Antibiotic 

Resistance. Microbiologia 1996, 12 (1), 9–16. 

https://doi.org/10.1128/mmbr.00016-10. 

52. Elshamy, A. A.; Aboshanab, K. M. A Review on 

Bacterial Resistance to Carbapenems: 

Epidemiology, Detection and Treatment Options. 

Futur. Sci. OA 2020, 6 (3). https://doi.org/10.2144/ 

fsoa-2019-0098. 

53. Renzoni, A.; Kelley, W. L.; Vaudaux, P.; Cheung, 

A. L.; Lew, D. P. Exploring Innate Glycopeptide 

Resistance Mechanisms in Staphylococcus Aureus. 

Trends Microbiol. 2010, 18 (2), 55–56. 

https://doi.org/10.1016/j.tim.2009.11.005. 

54. Tenover, F. C. Mechanisms of Antimicrobial 

Resistance in Bacteria. Am. J. Infect. Control 2006, 

http://aprh.journals.ekb.eg/


ISSN:  2357-0547 (Print)  Review Article / JAPR / Sec. C 

ISSN:  2357-0539 (Online) Abo-zeid et al., 2021, 5 (3), 312-326 

http://aprh.journals.ekb.eg/ 

323 

34 (5 SUPPL.). https://doi.org/10.1016/j.ajic. 

2006.05.219. 

55. Hooper, D.; Jacoby, G. Mechanisms of Drug 

Resistance: Quinolone Resistance David HHS 

Public Access. Physiol. Behav. 2014, 63 (8), 1–18. 

https://doi.org/10.1111/nyas.12830.Mechanisms. 

56. Leclercq, R. Mechanisms of Resistance to 

Macrolides and Lincosamides: Nature of the 

Resistance Elements and Their Clinical 

Implications. Clin. Infect. Dis. 2002, 34 (4), 482–

492. https://doi.org/10.1086/324626. 

57. Schwarz, S.; Kehrenberg, C.; Doublet, B.; 

Cloeckaert, A. Molecular Basis of Bacterial 

Resistance to Chloramphenicol and Florfenicol. 

FEMS Microbiology Reviews. 2004, pp 519–542. 

https://doi.org/10.1016/j.femsre.2004.04.001. 

58. Sköld, O. Sulfonamide Resistance: Mechanisms and 

Trends. Drug Resist. Updat. 2000, 3 (3), 155–160. 

https://doi.org/10.1054/drup.2000.0146. 

59. Pelgrift, R. Y.; Friedman, A. J. Nanotechnology as a 

Therapeutic Tool to Combat Microbial Resistance. 

Adv. Drug Deliv. Rev. 2013, 65 (13–14), 1803–

1815. https://doi.org/10.1016/j.addr.2013.07.011. 

60. Hajipour, M. J.; Fromm, K. M.; Akbar Ashkarran, 

A.; Jimenez de Aberasturi, D.; Larramendi, I. R. de; 

Rojo, T.; Serpooshan, V.; Parak, W. J.; Mahmoudi, 

M. Antibacterial Properties of Nanoparticles. 

Trends Biotechnol. 2012, 30 (10), 499–511. 

https://doi.org/10.1016/j.tibtech.2012.06.004. 

61. Ganjian, H.; Nikokar, I.; Tieshayar, A.; Mostafaei, 

A.; Amirmozafari, N.; Kiani, S. Effects of Salt 

Stress on the Antimicrobial Drug Resistance and 

Protein Profile of Staphylococcus Aureus. 

Jundishapur J. Microbiol. 2012, 5 (1), 328–331. 

https://doi.org/10.5812/kowsar.20083645.2375. 

62. Jayaraman, R. Antibiotic Resistance: An Overview 

of Mechanisms and a Paradigm Shift. Curr. Sci. 

2009, 96 (11), 1475–1484. 

63. Lara, H. H.; Ayala-Núñez, N. V.; del Turrent, L. C. 

I.; Padilla, C. R. Bactericidal Effect of Silver 

Nanoparticles against Multidrug-Resistant Bacteria. 

World J. Microbiol. Biotechnol. 2010, 26 (4), 615–

621. https://doi.org/10.1007/s11274-009-0211-3. 

64. Gao, P.; Nie, X.; Zou, M.; Shi, Y.; Cheng, G. Recent 

Advances in Materials for Extended-Release 

Antibiotic Delivery System. J. Antibiot. (Tokyo). 

2011, 64 (9), 625–634. https://doi.org/10.1038/ 

ja.2011.58. 

65. Aminov, R. I. A Brief History of the Antibiotic Era: 

Lessons Learned and Challenges for the Future. 

Front. Microbiol. 2010, 1 (DEC), 1–7. 

https://doi.org/10.3389/fmicb.2010.00134. 

66. Chang, Q.; Wang, W.; Regev-Yochay, G.; Lipsitch, 

M.; Hanage, W. P. Antibiotics in Agriculture and the 

Risk to Human Health: How Worried Should We 

Be? Evol. Appl. 2015, 8 (3), 240–247. 

https://doi.org/10.1111/eva.12185. 

67. Power, E. Impact of Antibiotic Restrictions: The 

Pharmaceutical Perspective. Clin. Microbiol. Infect. 

2006, 12 (SUPPL. 5), 25–34. https://doi.org/ 

10.1111/j.1469-0691.2006.01528.x. 

68. New Drug and Antibiotic Regulations | FDA 

https://www.fda.gov/science-research/clinical-

trials-and-human-subject-protection/new-drug-and-

antibiotic-regulations (accessed Jun 11, 2021). 

69. Knetsch, M. L. W.; Koole, L. H. New Strategies in 

the Development of Antimicrobial Coatings: The 

Example of Increasing Usage of Silver and Silver 

Nanoparticles. Polymers. 2011, pp 340–366. 

https://doi.org/10.3390/polym3010340. 

70. Poole, K. Mechanisms of Bacterial Biocide and 

Antibiotic Resistance. J. Appl. Microbiol. 

Symposium Supplement. 2002. https://doi.org/ 

10.1046/j.1365-2672.92.5s1.8.x. 

71. Hansen, L. H.; Mauvais, P.; Douthwaite, S. The 

Macrolide-Ketolide Antibiotic Binding Site Is 

Formed by Structures in Domains II and V of 23S 

Ribosomal RNA. Molecular Microbiology. 1999, pp 

623–631. https://doi.org/10.1046/j.1365-2958.1999. 

01202.x. 

72. Nkemnaso, O. C.; Chibueze, I. K. Advances in 

Industrial Biofilm Control with Nanotechnology - A 

Review. 2018, 4 (4), 41–59. 

73. Huh, A. J.; Kwon, Y. J. “Nanoantibiotics”: A New 

Paradigm for Treating Infectious Diseases Using 

Nanomaterials in the Antibiotics Resistant Era. J. 

Control. Release 2011, 156 (2), 128–145. 

https://doi.org/10.1016/j.jconrel.2011.07.002. 

74. Ren, H.; Huang, X. Polyacrylate Nanoparticles: 

Toxicity or New Nanomedicine? Eur. Respir. J. 

2010, 36 (1), 217–218. https://doi.org/10.1183/ 

09031936.00036110. 

75. Huang, L.; Dai, T.; Xuan, Y.; Tegos, G. P.; Hamblin, 

M. R. Synergistic Combination of Chitosan Acetate 

with Nanoparticle Silver as a Topical Antimicrobial: 

Efficacy against Bacterial Burn Infections. 

Antimicrob. Agents Chemother. 2011, 55 (7), 3432–

3438. https://doi.org/10.1128/AAC.01803-10. 

76. Ferreira, C.; Pereira, A. M.; Melo, L. F.; Simões, M. 

Advances in Industrial Biofilm Control with Micro-

Nanotechnology. Appl. Microbiol. 2010, No. 

December, 845–854. 

77. Knetsch, M. L. W.; Koole, L. H. New Strategies in 

the Development of Antimicrobial Coatings: The 

Example of Increasing Usage of Silver and Silver 

Nanoparticles. Polymers (Basel). 2011, 3 (1), 340–

366. https://doi.org/10.3390/polym3010340. 

78. Oyarzo JN, T. B. F. J. F. J. The Antimicrobial 

Efficacy of Sustained Release Silver–Carbene 

Complex-Loaded L -Tyrosine Polyphosphate 

Nanoparticles: Characterization, in Vitro and in 

http://aprh.journals.ekb.eg/


ISSN:  2357-0547 (Print)  Review Article / JAPR / Sec. C 

ISSN:  2357-0539 (Online) Abo-zeid et al., 2021, 5 (3), 312-326 

http://aprh.journals.ekb.eg/ 

324 

Vivo Studies. Biomaterials 2009, 23 (1), 1–7. 

https://doi.org/10.1016/j.biomaterials.2009.03.044. 

79. Bartlett, J. G.; Gilbert, D. N.; Spellberg, B. Seven 

Ways to Preserve the Miracle of Antibiotics. Clin. 

Infect. Dis. 2013, 56 (10), 1445–1450. 

https://doi.org/10.1093/cid/cit070. 

80. Kreuter, J. Nanoparticles-a Historical Perspective. 

Int. J. Pharm. 2007, 331 (1), 1–10. 

https://doi.org/10.1016/j.ijpharm.2006.10.021. 

81. Ventola, C. L. Progress in Nanomedicine: Approved 

and Investigational Nanodrugs. P T 2017, 42 (12), 

742–755. 

82. Chun-Ming Huang, Chao-Hsuan Chen, Dissaya 

Pornpattananangkul, Li Zhang, Michael Chan, 

Ming-Fa Hsieh,  and L. Z. Eradication of Drug 

Resistant Staphylococcus Aureus by Liposomal 

Oleic Acids. Nat. Biotechnol. 2009, 27 (12),  

1135–1137. 

https://doi.org/10.1016/j.biomaterials.2010.08.076.

Eradication. 

83. Zhang, L.; Pornpattananangkul, D.; Hu, C.-M.; 

Huang, C.-M. Development of Nanoparticles for 

Antimicrobial Drug Delivery. Curr. Med. Chem. 

2010, 17 (6), 585–594. https://doi.org/10.2174/ 

092986710790416290. 

84. Salouti, M.; Ahangari, A. Nanoparticle Based Drug 

Delivery Systems for Treatment of Infectious 

Diseases. Appl. Nanotechnol. Drug Deliv. 2014, No. 

July. https://doi.org/10.5772/58423. 

85. Smith, A. W. Biofilms and Antibiotic Therapy: Is 

There a Role for Combating Bacterial Resistance by 

the Use of Novel Drug Delivery Systems? Adv. 

Drug Deliv. Rev. 2005, 57 (10), 1539–1550. 

https://doi.org/10.1016/j.addr.2005.04.007. 

86. Lee, N. Y.; Ko, W. C.; Hsueh, P. R. Nanoparticles 

in the Treatment of Infections Caused by Multidrug-

Resistant Organisms. Front. Pharmacol. 2019, 10 

(October), 1–10. https://doi.org/10.3389/ 

fphar.2019.01153. 

87. Blecher, K.; Nasir, A.; Friedman, A. The Growing 

Role of Nanotechnology in Combating Infectious 

Disease. Virulence 2011, 2 (5), 395–401. 

https://doi.org/10.4161/viru.2.5.17035. 

88. Luo, Y.; Hossain, M.; Wang, C.; Qiao, Y.; An, J.; 

Ma, L.; Su, M. Targeted Nanoparticles for Enhanced 

X-Ray Radiation Killing of Multidrug-Resistant 

Bacteria. Nanoscale. 2013, pp 687–694. 

https://doi.org/10.1039/c2nr33154c. 

89. Brown, A. N.; Smith, K.; Samuels, T. A.; Lu, J.; 

Obare, S. O.; Scott, M. E. Nanoparticles 

Functionalized with Ampicillin Destroy Multiple-

Antibiotic-Resistant Isolates of Pseudomonas 

Aeruginosa and Enterobacter Aerogenes and 

Methicillin-Resistant Staphylococcus Aureus. Appl. 

Environ. Microbiol. 2012, 78 (8), 2768–2774. 

https://doi.org/10.1128/AEM.06513-11. 

90. Friedman, A. J.; Phan, J.; Schairer, D. O.; Champer, 

J.; Qin, M.; Pirouz, A.; Blecher-Paz, K.; Oren, A.; 

Liu, P. T.; Modlin, R. L.; Kim, J. Antimicrobial and 

Anti-Inflammatory Activity of Chitosan-Alginate 

Nanoparticles: A Targeted Therapy for Cutaneous 

Pathogens. J. Invest. Dermatol. 2013, 1231–1239. 

https://doi.org/10.1038/jid.2012.399. 

91. Solleti, V. S.; Alhariri, M.; Halwani, M.; Omri, A. 

Antimicrobial Properties of Liposomal 

Azithromycin for Pseudomonas Infections in Cystic 

Fibrosis Patients. J. Antimicrob. Chemother. 2015, 

70 (3), 784–796. https://doi.org/10.1093/ 

jac/dku452. 

92. Simon, A.; Morjeira, M.; Costa, I. Vancomycin-

Loaded Nanoparticles against Vancomycin 

Intermediate and Methicillin Resistant 

Staphylococcus Aureus Strains. 2D Mater. 2020. 

93. Leid, J. G.; Ditto, A. J.; Knapp, A.; Shah, P. N.; 

Wright, B. D.; Blust, R.; Christensen, L.; Clemons, 

C. B.; Wilber, J. P.; Young, G. W.; Kang, A. G.; 

Panzner, M. J.; Cannon, C. L.; Yun, Y. H.; Youngs, 

W. J.; Seckinger, N. M.; Cope, E. K. In Vitro 

Antimicrobial Studies of Silver Carbene 

Complexes: Activity of Free and Nanoparticle 

Carbene Formulations against Clinical Isolates of 

Pathogenic Bacteria. J. Antimicrob. Chemother. 

2012, 67 (1), 138–148. https://doi.org/10.1093/ 

jac/dkr408. 

94. Bose, R. J. C.; Tharmalingam, N.; Choi, Y.; 

Madheswaran, T.; Paulmurugan, R.; McCarthy, J. 

R.; Lee, S. H.; Park, H. Combating Intracellular 

Pathogens with Nanohybrid-Facilitated Antibiotic 

Delivery. Int. J. Nanomedicine 2020, 15, 8437–

8449. https://doi.org/10.2147/IJN.S271850. 

95. Labruère, R.; Sona, A. J.; Turos, E. Anti–

Methicillin-Resistant Staphylococcus Aureus 

Nanoantibiotics. Front. Pharmacol. 2019, 10 

(October), 1–24. https://doi.org/10.3389/ 

fphar.2019.01121. 

96. Bobo, D.; Robinson, K. J.; Islam, J.; Thurecht, K. J.; 

Corrie, S. R. Nanoparticle-Based Medicines: A 

Review of FDA-Approved Materials and Clinical 

Trials to Date. Pharm. Res. 2016, 33 (10), 2373–

2387. https://doi.org/10.1007/s11095-016-1958-5. 

97. Beltrán-Gracia, E.; López-Camacho, A.; Higuera-

Ciapara, I.; Velázquez-Fernández, J. B.; Vallejo-

Cardona, A. A. Nanomedicine Review: Clinical 

Developments in Liposomal Applications; Springer 

Vienna, 2019; Vol. 10. https://doi.org/10.1186/ 

s12645-019-0055-y. 

98. Arias-Moliz, M. T.; Baca, P.; Solana, C.; Toledano, 

M.; Medina-Castillo, A. L.; Toledano-Osorio, M.; 

Osorio, R. Doxycycline-Functionalized Polymeric 

Nanoparticles Inhibit Enterococcus Faecalis Biofilm 

Formation on Dentine. Int. Endod. J. 2021, 54 (3), 

413–426. https://doi.org/10.1111/iej.13436. 

http://aprh.journals.ekb.eg/


ISSN:  2357-0547 (Print)  Review Article / JAPR / Sec. C 

ISSN:  2357-0539 (Online) Abo-zeid et al., 2021, 5 (3), 312-326 

http://aprh.journals.ekb.eg/ 

325 

99. Liu, Y.; Chen, D.; Zhang, A.; Xiao, M.; Li, Z.; Luo, 

W.; Pan, Y.; Qu, W.; Xie, S. Composite Inclusion 

Complexes Containing Hyaluronic Acid/Chitosan 

Nanosystems for Dual Responsive Enrofloxacin 

Release. Carbohydr. Polym. 2021, 252 (July 2020), 

117162. https://doi.org/10.1016/j.carbpol. 

2020.117162. 

100. Scolari, I. R.; Páez, P. L.; Musri, M. M.; Petiti, J. P.; 

Torres, A.; Granero, G. E. Rifampicin Loaded in 

Alginate/Chitosan Nanoparticles as a Promising 

Pulmonary Carrier against Staphylococcus Aureus. 

Drug Deliv. Transl. Res. 2020, 10 (5), 1403–1417. 

https://doi.org/10.1007/s13346-019-00705-3. 

101. Salama, A. H.; AbouSamra, M. M.; Awad, G. E. A.; 

Mansy, S. S. Promising Bioadhesive Ofloxacin-

Loaded Polymeric Nanoparticles for the Treatment 

of Ocular Inflammation: Formulation and in Vivo 

Evaluation. Drug Deliv. Transl. Res. 2020. 

https://doi.org/10.1007/s13346-020-00856-8. 

102. Tao, J.; Zhang, Y.; Shen, A.; Yang, Y.; Diao, L.; 

Wang, L.; Cai, D.; Hu, Y. Injectable Chitosan-Based 

Thermosensitive Hydrogel/Nanoparticle-Loaded 

System for Local Delivery of Vancomycin in the 

Treatment of Osteomyelitis. Int. J. Nanomedicine 

2020, 15, 5855–5871. https://doi.org/10.2147/ 

IJN.S247088. 

103. Yang, Y.; Ding, Y.; Fan, B.; Wang, Y.; Mao, Z.; 

Wang, W.; Wu, J. Inflammation-Targeting 

Polymeric Nanoparticles Deliver Sparfloxacin and 

Tacrolimus for Combating Acute Lung Sepsis. J. 

Control. Release 2020, 321, 463–474. 

https://doi.org/10.1016/j.jconrel.2020.02.030. 

104. Liang, Q.; Xiang, H.; Li, X.; Luo, C.; Ma, X.; Zhao, 

W.; Chen, J.; Tian, Z.; Li, X.; Song, X. Development 

of Rifapentine-Loaded PLGA-Based Nanoparticles: 

In Vitro Characterisation and in Vivo Study in Mice. 

Int. J. Nanomedicine 2020, 15, 7491–7507. 

https://doi.org/10.2147/IJN.S257758. 

105. Bin-Jumah, M.; Gilani, S. J.; Jahangir, M. A.; Zafar, 

A.; Alshehri, S.; Yasir, M.; Kala, C.; Taleuzzaman, 

M.; Imam, S. S. Clarithromycin-Loaded Ocular 

Chitosan Nanoparticle: Formulation, Optimization, 

Characterization, Ocular Irritation, and 

Antimicrobial Activity. Int. J. Nanomedicine 2020, 

15, 7861–7875. https://doi.org/10.2147/ 

IJN.S269004. 

106. Lim, D.; Skinner, D.; Mclemore, J.; Rivers, N.; 

Elder, J. B.; Allen, M.; Koch, C.; West, J.; Zhang, 

S.; Ph, D.; Thompson, H. M.; Mccormick, J. P.; 

Grayson, W.; Cho, D.; Woodworth, B. A. In Vitro 

Evaluation of a Ciprofloxacin and Azithromycin 

Sinus Stent for Pseudomonas Aeruginosa Biofilms. 

2021, 10 (1), 121–127. https://doi.org/10.1002/ 

alr.22475.In. 

107. Huwyler, J.; Drewe, J.; Krähenbühl, S. Tumor 

Targeting Using Liposomal Antineoplastic Drugs. 

Int. J. Nanomedicine 2008, 3 (1), 21–29. 

https://doi.org/10.2147/ijn.s1253. 

108. Bansal, V.; Kumar, M.; Bhardwaj, A.; Brahmne, H. 

G.; Singh, H. In Vivo Efficacy and Toxicity 

Evaluation of Polycaprolactone Nanoparticles and 

Aluminum Based Admixture Formulation as 

Vaccine Delivery System. Vaccine 2015, 33 (42), 

5623–5632. 

https://doi.org/10.1016/j.vaccine.2015.08.076. 

109. Murugadoss, S.; Lison, D.; Godderis, L.; Van Den 

Brule, S.; Mast, J.; Brassinne, F.; Sebaihi, N.; Hoet, 

P. H. Toxicology of Silica Nanoparticles: An 

Update. Arch. Toxicol. 2017, 91 (9), 2967–3010. 

https://doi.org/10.1007/s00204-017-1993-y. 

110. Makadia, H. K.; Siegel, S. J. Poly Lactic-Co-

Glycolic Acid (PLGA) as Biodegradable Controlled 

Drug Delivery Carrier. 2011, 1377–1397. 

https://doi.org/10.3390/polym3031377. 

111. Park, M. R.; Gurunathan, S.; Choi, Y. J.; Kwon, D. 

N.; Han, J. W.; Cho, S. G.; Park, C.; Seo, H. G.; 

Kim, J. H. Chitosan Nanoparticles Cause Pre- and 

Postimplantation Embryo Complications in Mice. 

Biol. Reprod. 2013, 88 (4), 1–13. 

https://doi.org/10.1095/biolreprod.112.107532. 

112. Hu, Y. L.; Qi, W.; Han, F.; Shao, J. Z.; Gao, J. Q. 

Toxicity Evaluation of Biodegradable Chitosan 

Nanoparticles Using a Zebrafish Embryo Model. 

Int. J. Nanomedicine 2011, 6, 3351–3359. 

https://doi.org/10.2147/ijn.s25853. 

113. Recordati, C.; De Maglie, M.; Bianchessi, S.; 

Argentiere, S.; Cella, C.; Mattiello, S.; Cubadda, F.; 

Aureli, F.; D’Amato, M.; Raggi, A.; Lenardi, C.; 

Milani, P.; Scanziani, E. Tissue Distribution and 

Acute Toxicity of Silver after Single Intravenous 

Administration in Mice: Nano-Specific and Size-

Dependent Effects. Part. Fibre Toxicol. 2016, 13 

(1), 1–17. https://doi.org/10.1186/s12989-016-

0124-x. 

114. Cho, Y. M.; Mizuta, Y.; Akagi, J. I.; Toyoda, T.; 

Sone, M.; Ogawa, K. Size-Dependent Acute 

Toxicity of Silver Nanoparticles in Mice. J. Toxicol. 

Pathol. 2018, 31 (1), 73–80. 

https://doi.org/10.1293/tox.2017-0043. 

115. Bahamonde, J.; Brenseke, B.; Chan, M. Y.; Kent, R. 

D.; Vikesland, P. J.; Prater, M. R. Gold Nanoparticle 

Toxicity in Mice and Rats: Species Differences. 

Toxicol. Pathol. 2018, 46 (4), 431–443. 

https://doi.org/10.1177/0192623318770608. 

116. Wang, D.; Li, H.; Liu, Z.; Zhou, J.; Zhang, T. Acute 

Toxicological Effects of Zinc Oxide Nanoparticles 

in Mice after Intratracheal Instillation. Int. J. Occup. 

Environ. Health 2017, 23 (1), 11–19. 

https://doi.org/10.1080/10773525.2016.1278510. 

117. Gao, L.; Yang, S. T.; Li, S.; Meng, Y.; Wang, H.; 

Lei, H. Acute Toxicity of Zinc Oxide Nanoparticles 

to the Rat Olfactory System after Intranasal  

http://aprh.journals.ekb.eg/


ISSN:  2357-0547 (Print)  Review Article / JAPR / Sec. C 

ISSN:  2357-0539 (Online) Abo-zeid et al., 2021, 5 (3), 312-326 

http://aprh.journals.ekb.eg/ 

326 

Instillation. J. Appl. Toxicol. 2013, 33 (10), 1079–

1088. https://doi.org/10.1002/jat.2842. 

118. Feng, Q.; Liu, Y.; Huang, J.; Chen, K.; Huang, J.; 

Xiao, K. Uptake, Distribution, Clearance, and 

Toxicity of Iron Oxide Nanoparticles with Different 

Sizes and Coatings. Sci. Rep. 2018, 8 (1), 1–13. 

https://doi.org/10.1038/s41598-018-19628-z. 

119. Jia, X.; Wang, S.; Zhou, L.; Sun, L. The Potential 

Liver, Brain, and Embryo Toxicity of Titanium 

Dioxide Nanoparticles on Mice. Nanoscale Res. 

Lett. 2017, 12. https://doi.org/10.1186/s11671-017-

2242-2. 

120. Chen, Z.; Meng, H.; Xing, G.; Chen, C.; Zhao, Y.; 

Jia, G.; Wang, T.; Yuan, H.; Ye, C.; Zhao, F.; Chai, 

Z.; Zhu, C.; Fang, X.; Ma, B.; Wan, L. Acute 

Toxicological Effects of Copper Nanoparticles in 

Vivo. Toxicol. Lett. 2006, 163 (2), 109–120. 

https://doi.org/10.1016/j.toxlet.2005.10.003. 

121. Lee, I. C.; Ko, J. W.; Park, S. H.; Lim, J. O.; Shin, I. 

S.; Moon, C.; Kim, S. H.; Heo, J. D.; Kim, J. C. 

Comparative Toxicity and Biodistribution of 

Copper Nanoparticles and Cupric Ions in Rats. Int. 

J. Nanomedicine 2016, 11, 2883–2900. 

https://doi.org/10.2147/IJN.S106346. 

 

 

http://aprh.journals.ekb.eg/

