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A bacterium becomes resistant due to the transfer of genes encoding antibiotic resistance. Bacteria constantly mutate;
therefore, their defense mechanisms change constantly. Nanotechnology plays a key role in antimicrobial resistance due
to materials modified at the nanometer scale, allowing large numbers of molecules to assemble to have a dynamic
interface. These nanomaterials act as carriers, and their design is mainly focused on introducing the temporal and spatial
release of the payload of antibiotics. In addition, they generate new antimicrobial modalities for the bacteria, which are not
capable of protecting themselves.
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| 1. Introduction

The application of scientific knowledge to manipulate and control matter predominantly in the nanoscale to make use of
size and structure dependent properties, and phenomena distinct from those associated with individual atoms or
molecules, or extrapolation from larger sizes of the same material I, which consist of the ability to synthesize,
manipulate, and modify materials below 100 nanometers [ABI4IE has postulated as nanotechnology a fundamental
discipline in scientific and technological advances in different areas, such as medicine and the pharmaceutical industry, to
provide solutions for various existing problems in these areas.

It is considered that a nanostructured material must have dimensions within 1 to 100 nm BI& However, in medicine, these
values can range up to 200 nm in diameter 2. Among these materials, the use of nanoparticles (NPs) stands out metallic,
bimetallic, metal oxide, and magnetic [EI11120],

The use of metallic and metal oxide NPs has been increasing due to the chemical and physical intrinsic properties
acquired by NPs synthesized 1. Depending on their application, the optical, catalytic, and electrical behavior, mechanical
and chemical stability 121131 a5 well as morphology and patrticle size, can be controlled 24, which makes them suitable for
the pharmaceutical industry.

Metallic NPs allow the possibility of interacting at biomolecular levels 12 This improves detection, treatment, and
monitoring of pathologies, through the specific targeting of cells and tissues. In addition, it helps with the administration of
drugs, evaluation of diseases, and treatment of degenerative conditions 8], which makes them promising materials for
directing chemotherapeutic drugs.

The pharmaceutical and medical industry was presented with one of the biggest problems worldwide since 2015, when
the World Health Organization (WHO) declared the increase of antimicrobial resistance by pathogenic bacteria as a
priority to study. The WHO published in 2017 a list of pathogens with the highest risk worldwide (Table 1) 12, These
bacteria are resistant to antibiotics and have been classified based on various criteria, such as mortality and resistance
prevalence, among others, classifying them as critical, high, and medium priority (8],

Table 1. The official list of pathogen bacteria with declared priority by the WHO. Adapted with permission from WHO
(permission 387722) 14,



Priority Pathogenic Bacteria Antibiotics for Which There is Resistance

Acinetobacter baumannii

Pseudomonas aeruginosa Carbapenem
Critical Enterobacteriaceae
Mycobacteria Carbapenem and 3rd generation cephalosporins
Mycobacterium tuberculosis 3rd generation cephalosporins

Enterococcus faecium
Vancomycin and methicillin

Staphylococcus aureus

Helicobacter pylori Vancomycin
High
Campylobacter Clarithromycin
Salmonella spp. Fluoroquinolones
Neisseria gonorrhoeae 3rd generation fluoroquinolone
Streptococcus pneumoniae
Medium Haemophilus influenza Non-sensible to penicillin

Shigella spp. Ampicillin and fluroquinolones

Antimicrobials are organic small molecules (they vary in size at angstrom level) that prevent the development of
pathogenic microorganisms, which are generally used in bacteria. Antimicrobial agents can be divided into three groups
according to their characteristics: disinfectants, antiseptics, and those for clinical-therapeutic use 199 the latter are known
as antibiotics capable of reducing and controlling the presence of bacteria that have invaded the patient’s body.

Before the use of antibiotics, the mortality rate caused by pathogenic bacteria was high 8. However, at the end of the
19th century and the beginning of the 20th century, antibiotics began to be studied. This led to the discovery of penicillin,
using it clinically in 1930, together with sulfamide. These antibiotics were effective against Gram-positive and Gram-
negative bacteria 22, Unfortunately, the capacity of these antibiotics to treat infectious diseases caused by bacteria has
not been enough, and this represents a danger for the population 241,

Excessive and uncontrolled use of antibiotics have generated resistance to antimicrobials by bacteria, as well as the
spread of resistant bacteria in hospitals, and have become some of the most important problems in recent years (22,

In the United States alone, according to the Centers for Disease Control and Prevention (CDC), the first report on threats
by antimicrobial resistance was published in 2013. This report mentions that, in the U.S., at least 2 million people contract
an infection by bacteria resistant to antibiotics, and at least 23,000 people died because of this 22, However, in 2019, an
increase to 2.8 million infected patients by resistant bacteria was reported, of which more than 35,000 people died every
year. Thus, producing an economic impact of more than 4.6 billion dollars annually in the United States alone 24,



| 2. Antibiotics

Antibiotics are antimicrobial drugs capable of reducing and controlling the presence of bacteria that have invaded the

tissues of a subject. Antibiotics are grouped into classes according to their chemical structure, effect, spectrum, and action
mechanism [251[261(271(28]

2.1. By Chemical Structure

According to their chemical structure, the antibiotics can be grouped as B-lactam antibiotics, macrolides, aminoglycosides,
and tetracycline antibiotics 29,

2.2. By Effect

This group corresponds to those that caused the death of the most sensitive microorganism, in the bacteria growth phase
(bactericidal) or those that inhibit bacterial growth (bacteriostatic) B9,

2.3. By Spectrum

This classification is divided into three branches: the broad spectrum, the limited spectrum, and the narrow spectrum.
When talking about broad spectrum antibiotics, it emphasizes that the drug acts on a wide range of bacteria which can be
Gram-positive and Gram-negative. Limited spectrum antibiotics are those acting only against Gram-positive or Gram-
negative cocci, as well as Gram-positive bacilli and spirochetes, as is the case with penicillin. Lastly, narrow spectrum
antibiotics, which attack only a very small sector of bacteria 21,

2.4. By the Mechanism of Action

The classification of antibiotics according to their mechanism is divided into four main ones which consist of inhibiting cell
wall synthesis, protein synthesis, nucleic acid synthesis, and antimetabolites.

According to Murray et al. U, in Medical Microbiology, antibiotics for inhibiting cell wall synthesis are the penicillins,

cephalosporins, carbapenems, and cephamycins, since they bind to penicillin-binding proteins (PBP) and enzymes
responsible for peptidoglycan synthesis. On the other hand, vancomycin, such as the other antibiotics, usually damages
the cell wall; however, the mechanism of vancomycin is to inhibit the cross-linking of the peptidoglycan layers, such as
cycloserine, thus causing cell death. Bacitracin is responsible for inhibiting the cytoplasmic membrane of the bacterium,
as well as the movement of peptidoglycan precursors. Antibiotics of the polymyxin family often damage the bacterial
membrane (28],

In the case of inhibiting protein synthesis, in Murray et al. B, drugs, such as aminoglycosides, are used because they are
responsible for the premature release of peptide chains from the 30S ribosome. Likewise, tetracyclines damage proteins
by preventing polypeptide elongation in the 30S ribosome. Antibiotics of the macrolide, ketolide, clindamycin,
oxazolidinone, and streptogramins groups are responsible for preventing protein synthesis and polypeptide elongation on
the 50S ribosome.

The groups of quinoline, rifampicin, rifabutin, and metronidazole are antibiotics that usually impair nucleic acid synthesis,
i.e., their mechanism of action is given by binding the DNA gyrase subunit, preventing transcription by binding DNA
dependent RNA polymerase 11,

Finally, according to Murray et al. B, antibiotics of the sulfonamide, dapsone, and trimethoprim families are responsible
for damaging the metabolic pathways of bacteria, as they tend to inhibit dihydropteroate synthase and dihydrofolate
reductase, which triggers the folic acid synthesis disruptions.

| 3. Antimicrobial Resistance

Antimicrobial resistance (AMR) is a natural phenomenon of bacteria 22 that develops thanks to its intrinsic evolutionary
nature, as well as its easy and rapid adaptability to various environments (331 However, the abuse and excessive use of
antibiotics has given bacteria the ability to create greater resistance to antimicrobials [B4IS5I[S6]S7](38]391[40)41]  \which
translates into the lack of ability of antibiotics to inhibit the growth of pathogens 2. This has alerted public health
organizations worldwide and has led to major regulated and controlled antibiotic administration measures, to improve
treatments in patients [431[44],



Resistance levels can vary greatly according to the groups of bacteria. Susceptibility and resistance are generally
measured as a function of the minimum inhibitory concentration (MIC), which is the minimum concentration of the drug
that will inhibit bacteria growth 2!, Susceptibility is a range of the average MICs for any given drug in the same bacterial
species. If the average MIC for a species is in the resistant part of the range, such species are considered to have intrinsic
resistance to that drug. Bacteria can also acquire resistance genes from other related organisms, and the level of
resistance will vary according to the species and the genes acquired [48147],

When referring to intrinsic resistance, it means that bacteria can be naturally resistant to some antibiotics 48 and this is
due to the particular characteristics of each bacterium, which depend on its structure and function ¥2. That is when the
composition and chemical structure of the antibiotic is unable to penetrate or react with the structure of the bacterial
membrane. An example of this type of resistance is Pseudomonas aeruginosa because it has a membrane with low
permeability, and this makes it naturally resistant to most antimicrobials BABL5253]

On the other hand, bacteria can also acquire various AMR mechanisms either by gene transfer mechanisms or by
biochemical mechanisms [24. Among the genetic mechanisms are the chromosomal and extra chromosomal mutation 22!,
which is called acquired resistance 28, This type of AMR is due to the evolutionary pressure that bacteria develop against
the attack of antibiotics, changing their genome through genomic mutation or by cellular selection. This exchange of
genes is carried out through transformation, transduction, or conjugation 1,

Mutations develop after excessive exposure to antibiotics, which provides pathogens with strong resistance mechanisms
and, therefore, greater virulence, which complicates drug treatment against bacterial infections and can result in a greater
complication 4.,

The biochemical mechanisms of AMR can occur due to the modification of the antibiotic bacterial target, but the enzymes
that modify antibiotics are only capable of affecting certain antimicrobials 244, The enzymatic inactivation of
antimicrobial drugs is when there are mutations in genes that can encode porin proteins around the bacterial membrane
to slow down the action of antibiotics. Another biochemical mechanism is the flow pump system that can expel
antimicrobial drugs without being damaged and the reduction of intracellular concentrations because of the decrease in
permeability and flow (28153,

AMR can be caused not only by chromosomal or extrachromosomal mutations but also by cross-transfer. This means that
a bacterium resistant to one antibiotic or a family of antibiotics, in particular, when encountering another antibiotic or
another group of antibiotics with a similar chemical structure, will likely recognize such structure and create this immunity
to this new family of antimicrobials [69[611(62],

| 4. Nanotechnology Applied to Antimicrobial Resistance

Nanotechnology currently plays a key role in scientific and technological advances in medicine and the pharmaceutical
industry, this concerns the use of materials controlling their size and shape . In these senses, the nanoparticles (NPs)
are particulate materials on a nanometric scale that allow modifying both the physical and chemical properties of
materials, as well as their morphology and size, which ranges from 1 to 100 nm [63I64l65] The smaller and more spherical
the NPs are, the greater the surface-volume ratio is achieved, which helps to enhance the chemical and biological
activities of the NPs (881671,

The NPs which have been used for different applications B8589 such as drug administration, photo ablation therapy,
biological imaging, applications in biosensors, and even as an alternative to reduce antimicrobial resistance, have stood
out with great relevance QA2

These applications include the use of NPs as antimicrobial components on advanced materials for medical devices as
catheters walls, valves, stents, and a surface that could be found inside or outside the body or could be designed for in
vivo therapies. The development of advanced materials includes the use of FezO,4 functionalized with chitosan and
lysozyme to produce a coating for producing biofilm-resistance surfaces 2. The NPs designed for in vitro applications
include their use as a drug administration; in these applications, the NPs can load with different molecules as an essential
oil, such as the ZnONPs have been loaded with Citronella essential oil 24 or Oxide-Silica Core-Shell with essential oil 2=,
both with antimicrobial activity. In addition, Fe,O3NPs have been used as carrier paclitaxel and B-cyclodextrin 8 or
PdNPs capping with polyvinylpyrrolidone load with quercetin (84, and Silica Core-Shell Au 4 for Cancer Therapy.

NPs can be classified as metallic, metal oxide, bimetallic, and magnetic [BIIZ8I79] |t has been demonstrated that this type
of particle can obtain antimicrobial properties so that, when increasing the surface area of the particles, a greater contact



area with microorganisms is generated [L2IBABLIE2] ths enhancing its antimicrobial activity.

As well as acting as antibacterial agents that can cause alterations in the bacterial membrane, metallic, bimetallic, and
metal oxide NPs usually produce reactive oxygen species (ROS) by releasing metallic ions that alter the cellular
components of bacteria (€384 and the smaller nanoparticles are the damage created by them will be greater because
they tend to be better absorbed on the bacterial surface. This is because, in some cases, the NPs have a positive surface
charge that facilitates the union with the negative charge on the surface of bacteria Z2[83IE8] | jkewise, the photodynamic
and photothermic effects of NPs generate a greater impact as antimicrobial agents (Figure 1), which is directly related to
the release of metallic ions and ROS [€],
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Figure 1. Action mechanism of inorganic nanoparticles. Created with BioRender.com (accessed on 17 November 2021).

NPs sizes are largest than antibiotics which allow the use of these as carriers of antibiotics or other small molecules as
antibodies or chemotherapeutic agents 8],

References

1. Econom, D.E. NORMA MEXICANA NMX-R-80004-1-SCFI-2013 Nanotecnologias—\Vocabulario—Parte 1: Conceptos
Béasicos Nanotechnologies—Vocabulary—Part 1: Core Terms, Direccion General de Normas (DGN); Direccion General
de Normas (DGN): Cuauhtémoc, México, 2013.

2. Bayda, S.; Adeel, M.; Tuccinardi, T.; Cordani, M.; Rizzolio, F.; Baeza, A. The History of Nanoscience and
Nanotechnology: From Chemical-Physical Applications to Nanomedicine. Molecules 2020, 25, 112.

3. Kandi, V.; Kandi, S. Antimicrobial properties of nanomolecules: Potential candidates as antibiotics in the era of multi-
drug resistance. Epidemiol. Health 2015, 37, €2015020.

4. Salomoni, R.; Léo, P.; Montemor, A.; Rinaldi, B.; Rodrigues, M. Antibacterial effect of silver nanoparticles in
Pseudomonas aeruginosa. Nanotechnol. Sci. Appl. 2017, 10, 115-121.

5. NNI. Nanotechnology. Available online: www.nano.gov (accessed on 15 March 2021).

6. Yougbare, S.; Chang, T.-K.; Tan, S.-H.; Kuo, J.-C.; Hsu, P.-H.; Su, C.-Y.; Kuo, T.-R. Antimicrobial Gold Nanoclusters:
Recent Developments and Future Perspectives. Int. J. Mol. Sci. 2019, 20, 2924.

7. Contera, S.; Bernardino de la Serna, J.; Tetley, T.D. Biotechnology, nhanotechnology and medicine. Emerg. Top. Life Sci.
2020, 4, 551-554.

8. Allahverdiyev, A.M.; Kon, K.V.; Abamor, E.S.; Bagirova, M.; Rafailovich, M. Coping with antibiotic resistance: Combining
nanoparticles with antibiotics and other antimicrobial agents. Expert Rev. Anti. Infect. Ther. 2011, 9, 1035-1052.

9. Roy, J.; Chandra, S.; Maitra, S. Nanotechnology in castable refractory. Ceram. Int. 2019, 45, 19-29.

10. Peigneux, A.; Oltolina, F.; Colangelo, D.; Iglesias, G.R.; Delgado, A.V.; Prat, M.; Jimenez-Lopez, C. Functionalized
Biomimetic Magnetic Nanoparticles as Effective Nanocarriers for Targeted Chemotherapy. Part. Part. Syst. Charact.
2019, 36, 1900057.



11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

Kuo, Y.-L.; Wang, S.-G.; Wu, C.-Y.; Lee, K.-C.; Jao, C.-J.; Chou, S.-H.; Chen, Y.-C. Functional gold nanoparticle-based
antibacterial agents for nosocomial and antibiotic-resistant bacteria. Nanomedicine 2016, 11, 2497-2510.

Kumari, A.; Singla, R.; Guliani, A.; Yadav, S.K. Nanoencapsulation for drug delivery. EXCLI J. 2014, 13, 265-286.

Menon, S.; Rajeshkumar, S.; Kumar, V. A review on biogenic synthesis of gold nanoparticles, characterization, and its
applications. Resour. Technol. 2017, 3, 516-527.

Kim, B.Y.S.; Rutka, J.T.; Chan, W.C.W. Nanomedicine. N. Engl. J. Med. 2010, 363, 2434-2443.

Blecher, K.; Nasir, A.; Friedman, A. The growing role of nanotechnology in combating infectious disease. Virulence
2011, 2, 395-401.

Ratner, B.D. Biomaterials: Been There, Done That, and Evolving into the Future. Annu. Rev. Biomed. Eng. 2019, 21,
171-191.

OMS. Global Priority List of Antibiotic-Resistant Bacteria to Guide Research, Discovery, and Development of New
Antibiotics. Available online: https://www.who.int/medicines/publications/WHO-PPL-Short_Summary_25Feb-
ET_NM_WHO.pdf?ua=1 (accessed on 25 February 2020).

Li, B.; Webster, T.J. Bacteria antibiotic resistance: New challenges and opportunities for implant-associated orthopedic
infections. J. Orthop. Res. 2017, 36, 22-32.

Kumar, L.; Verma, S.; Vaidya, B.; Mehra, N.K. Nanocarrier-Assisted Antimicrobial Therapy against Intracellular
Pathogens; Chapter 13; Elsevier: Amsterdam, The Netherlands, 2017; pp. 293—-324. ISBN 9780323461528.

Hutchings, M.I.; Truman, A.W.; Wilkinson, B. Antibiotics: Past, present and future. Curr. Opin. Microbiol. 2019, 51, 72—
80.

Laxminarayan, R.; Duse, A.; Wattal, C.; Zaidi, A.K.M.; Wertheim, H.F.L.; Sumpradit, N.; Vlieghe, E.; Hara, G.L.; Gould,
I.M.; Goossens, H.; et al. Antibiotic resistance-the need for global solutions. Lancet Infect. Dis. 2013, 13, 1057-1098.

Feng, Q.; Huang, Y.; Chen, M.; Li, G.; Chen, Y. Functional synergy of a-helical antimicrobial peptides and traditional
antibiotics against Gram-negative and Gram-positive bacteria in vitro and in vivo. Eur. J. Clin. Microbiol. Infect. Dis.
2015, 34, 197-204.

CDC. Antimicrobial Resistance. Available online: https://www.cdc.gov/drugresistance/biggest-threats.html?
CDC_AA refVal=https%3A%2F%2Fwww.cdc.gov%2Fdrugresistance%2Fbiggest_threats.html (accessed on 15 March
2021).

CDC. Antibiotic Resistance Threats in the United States; U.S. Centers for Disease Control and Prevention: Atlanta, GA,
USA, 20109.

Eyler, R.F,; Shvets, K. Clinical Pharmacology of Antibiotics. Clin. J. Am. Soc. Nephrol. 2019, 14, 1080-1090.

Brunton, L.; Hilal-Dandan, R.; Knollmann BCMacDougall, C. Penicillins, cephalosporins and other 3-lactam antibiotics.
In Goodman & Gilman’s: The Pharmacological Basis of Therapeutics; Brunton, L., Hilal-Dandan, R., BC, K., Eds.;
McGraw-Hill Education: New York, NY, USA, 2017; pp. 1023-1038.

Lodise, T.P.; Lomaestro, B.; Drusano, G.L. Piperacillin-Tazobactam for Pseudomonas aeruginosa Infection: Clinical
Implications of an Extended-Infusion Dosing Strategy. Clin. Infect. Dis. 2007, 44, 357-363.

Koomanachai, P.; Bulik, C.C.; Kuti, J.L.; Nicolau, D.P. Pharmacodynamic modeling of intravenous antibiotics against
gram-negative bacteria collected in the United States. Clin. Ther. 2010, 32, 766-779.

Lingzhi, L.; Haojie, G.; Dan, G.; Hongmei, M.; Yang, L.; Mengdie, J.; Chengkun, Z.; Xiaohui, Z. The role of two-
component regulatory system in -lactam antibiotics resistance. Microbiol. Res. 2018, 215, 126-129.

Werth, B.J. Overview of Antibiotics. Available online:
https://www.msdmanuals.com/home/infections/antibiotics/overview-of-antibiotics (accessed on 3 March 2020).

Murray, P.R.; Rosenthal, K.S.; Pfaller, M.A. Bacteriology. In Medical Microbiology; Saunders, E., Ed.; Elsevier:
Amsterdam, The Netherlands, 2020; p. 872. ISBN 9780323673228.

Brown, E.D.; Wright, G.D. Antibacterial drug discovery in the resistance era. Nature 2016, 529, 336-343.

D'Costa, V.M.; King, C.E.; Kalan, L.; Morar, M.; Sung, W.W.L.; Schwarz, C.; Froese, D.; Zazula, G.; Calmels, F.;
Debruyne, R.; et al. Antibiotic resistance is ancient. Nature 2011, 477, 457-461.

Banin, E.; Hughes, D.; Kuipers, O.P. Editorial: Bacterial pathogens, antibiotics and antibiotic resistance. FEMS
Microbiol. Rev. 2017, 41, 450-452.

Luepke, K.H.; Suda, K.J.; Boucher, H.; Russo, R.L.; Bonney, M.W.; Hunt, T.D.; Mohr, J.F. Past, Present, and Future of
Antibacterial Economics: Increasing Bacterial Resistance, Limited Antibiotic Pipeline, and Societal Implications.
Pharmacother. J. Hum. Pharmacol. Drug Ther. 2017, 37, 71-84.



36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Chung, P.Y.; Khanum, R. Antimicrobial peptides as potential anti-biofilm agents against multidrug-resistant bacteria. J.
Microbiol. Immunol. Infect. 2017, 50, 405-410.

Cardenas, L.L.; Merchan, M.A.; Lépez, D.P. New antibiotics against bacterial resistance. Infectio 2019, 23, 382.

MacFadden, D.R.; McGough, S.F.; Fisman, D.; Santillana, M.; Brownstein, J.S. Antibiotic resistance increases with
local temperature. Nat. Clim. Chang. 2018, 8, 510-514.

Imran, M.; Das, K.R.; Naik, M.M. Co-selection of multi-antibiotic resistance in bacterial pathogens in metal and
microplastic contaminated environments: An emerging health threat. Chemosphere 2019, 215, 846—-857.

Aslam, B.; Wang, W.; Arshad, M.I.; Khurshid, M.; Muzammil, S.; Rasool, M.H.; Nisar, M.A.; Alvi, R.F.; Aslam, M.A.;
Qamar, M.U.; et al. Antibiotic resistance: A rundown of a global crisis. Infect. Drug Resist. 2018, 11, 1645-1658.

Frieri, M.; Kumar, K.; Boutin, A. Antibiotic resistance. J. Infect. Public Health 2017, 10, 369-378.

Troncoso, C.; Pavez, M.; Santos, A.; Salazar, R.; Barrientos, L. Implicancias Estructurales y Fisiolégicas de la Célula
Bacteriana en los Mecanismos de Resistencia Antibiética. Int. J. Morphol. 2017, 35, 1214-1223.

Bullington, W.; Hempstead, S.; Smyth, A.R.; Drevinek, P.; Saiman, L.; Waters, V.J.; Bell, S.C.; VanDevanter, D.R.;
Flume, P.A.; Elborn, S.; et al. Antimicrobial resistance: Concerns of healthcare providers and people with CF. J. Cyst.
Fibros. 2020, 20, 407-412.

Plusa, T.; Konieczny, R.; Baranowska, A.; Szymczak, Z. The growing resistance of bacterial strains to antibiotics. Pol.
Merkur. Lek. 2019, 47, 106-110.

Mobarki, N.; Almerabi, B.; Hattan, A. Antibiotic Resistance Crisis. Int. J. Med. Dev. Ctries 2019, 561-564.
Reygaert, W.C. An overview of the antimicrobial resistance mechanisms of bacteria. AIMS Microbiol. 2018, 4, 482-501.

Mandsberg, L.F.; Ciofu, O.; Kirkby, N.; Christiansen, L.E.; Poulsen, H.E.; Hgiby, N. Antibiotic Resistance in
Pseudomonas aeruginosa Strains with Increased Mutation Frequency Due to Inactivation of the DNA Oxidative Repair
System. Antimicrob. Agents Chemother. 2009, 53, 2483—-2491.

Kapoor, G.; Saigal, S.; Elongavan, A. Action and resistance mechanisms of antibiotics: A guide for clinicians. J.
Anaesthesiol. Clin. Pharmacol. 2017, 33, 300.

Ruddaraju, L.K.; Pammi, S.V.N.; Guntuku, G.S.; Padavala, V.S.; Kolapalli, V.R.M. A review on anti-bacterials to combat
resistance: From ancient era of plants and metals to present and future perspectives of green nano technological
combinations. Asian J. Pharm. Sci. 2020, 15, 42-59.

Nas, F. Mechanisms of Bacterial Antibiotics Resistance: A Review. J. Adv. Microbiol. 2017, 7, 1-6.

Partridge, S.R.; Kwong, S.M.; Firth, N.; Jensen, S.O. Mobile Genetic Elements Associated with Antimicrobial
Resistance. Clin. Microbiol. Rev. 2018, 31, e00088-17.

Majeed, H.T.; Aljanaby, A.A.J. Antibiotic Susceptibility Patterns and Prevalence of Some Extended Spectrum Beta-
Lactamases Genes in Gram-Negative Bacteria Isolated from Patients Infected with Urinary Tract Infections in Al-Najaf
City, Irag. Avicenna J. Med. Biotechnol. 2019, 11, 192-201.

Bassetti, M.; Vena, A.; Croxatto, A.; Righi, E.; Guery, B. How to manage Pseudomonas aeruginosa infections. Drugs
Context 2018, 7, 1-18.

Henrichfreise, B.; Wiegand, |.; Pfister, W.; Wiedemann, B. Resistance Mechanisms of Multiresistant Pseudomonas
aeruginosa Strains from Germany and Correlation with Hypermutation. Antimicrob. Agents Chemother. 2007, 51, 4062—
4070.

Blair, J.M.A.; Webber, M.A.; Baylay, A.J.; Ogbolu, D.O.; Piddock, L.J.V. Molecular mechanisms of antibiotic resistance.
Nat. Rev. Microbiol. 2015, 13, 42-51.

Arzanlou, M.; Chai, W.C.; Venter, H. Intrinsic, adaptive and acquired antimicrobial resistance in Gram-negative
bacteria. Essays Biochem. 2017, 61, 49-59.

Yang, Y.; Mathieu, J.M.; Chattopadhyay, S.; Miller, J.T.; Wu, T.; Shibata, T.; Guo, W.; Alvarez, P.J.J. Defense
Mechanisms of Pseudomonas aeruginosa PAO1 against Quantum Dots and Their Released Heavy Metals. ACS Nano
2012, 6, 6091-6098.

Hancock, R.E.W.; Brinkman, F.S.L. Function of Pseudomonas Porins in Uptake and Efflux. Annu. Rev. Microbiol. 2002,
56, 17-38.

Bradford, P.A. Epidemiology of Bacterial Resistance. In Antimicrobial Resistance in the 21st Century; Springer
International Publishing: Cham, Switzerland, 2018; pp. 299-339. ISBN 978-3-319-78538-7.

Bockstael, K.; Aerschot, A. Antimicrobial resistance in bacteria. Open Med. 2009, 4, 141-155.



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Hasan Abusaiba, T.; AL-Harmoosh, R. Mechanisms of Antibiotics Resistance in Bacteria. Syst. Rev. Pharm. 2020, 11,
817-823.

Begum, S.; Begum, T.; Rahman, N.; Khan, R.A. A review on antibiotic resistance and way of combating antimicrobial
resistance. GSC Biol. Pharm. Sci. 2021, 14, 087-097.

Miller, K.P.; Wang, L.; Benicewicz, B.C.; Decho, A.W. Inorganic nanoparticles engineered to attack bacteria. Chem.
Soc. Rev. 2015, 44, 7787-7807.

Pifion-Castillo, H.A.; Martinez-Chamarro, R.; Reyes-Martinez, R.; Salinas-Vera, Y.M.; Manjarrez-Nevarez, L.A.; Mufioz-
Castellanos, L.N.; Lopez-Camarillo, C.; Orrantia-Borunda, E. Palladium Nanoparticles Functionalized with PVP-
Quercetin Inhibits Cell Proliferation and Activates Apoptosis in Colorectal Cancer Cells. Appl. Sci. 2021, 11, 1988.

Shrestha, A.; Kishen, A. Antibacterial Nanoparticles in Endodontics: A Review. J. Endod. 2016, 42, 1417-1426.

Bi, J.; Li, T.; Ren, H.; Ling, R.; Wu, Z.; Qin, W. Capillary electrophoretic determination of heavy-metal ions using 11-
mercaptoundecanoic acid and 6-mercapto-1-hexanol co-functionalized gold nanopatrticle as colorimetric probe. J.
Chromatogr. A 2019, 1594, 208-215.

Thakkar, K.N.; Mhatre, S.S.; Parikh, R.Y. Biological synthesis of metallic nanoparticles. Nanomed. Nanotechnol. Biol.
Med. 2010, 6, 257-262.

Brewer, M.; Zhang, T.; Dong, W.; Rutherford, M.; Tian, Z.R. Future Approaches of Nanomedicine in Clinical Science.
Med. Clin. N. Am. 2007, 91, 963-1016.

McNamara, K.; Tofail, S.A.M. Nanosystems: The use of nanoalloys, metallic, bimetallic, and magnetic nanopatrticles in
biomedical applications. Phys. Chem. Chem. Phys. 2015, 17, 27981-27995.

Kaweeteerawat, C.; Na Ubol, P.; Sangmuang, S.; Aueviriyavit, S.; Maniratanachote, R. Mechanisms of antibiotic
resistance in bacteria mediated by silver nanoparticles. J. Toxicol. Environ. Health Part. A 2017, 80, 1276-1289.

Li, X.; Xu, H.; Chen, Z.-S.; Chen, G. Biosynthesis of Nanoparticles by Microorganisms and Their Applications. J.
Nanomater. 2011, 2011, 270974.

Liu, J.; Qiao, S.Z.; Hu, Q.H.; Max Lu, G.Q. Magnetic Nanocomposites with Mesoporous Structures: Synthesis and
Applications. Small 2011, 7, 425-443.

Spirescu, V.A.; Niculescu, A.-G.; Slave, S.; Birca, A.C.; Dorcioman, G.; Grumezescu, V.; Holban, A.M.; Oprea, O.-C.;
Vasile, B.S.; Grumezescu, A.M.; et al. Anti-Biofilm Coatings Based on Chitosan and Lysozyme Functionalized
Magnetite Nanoparticles. Antibiotics 2021, 10, 1269.

Motelica, L.; Ficai, D.; Oprea, O.; Ficai, A.; Trusca, R.D.; Andronescu, E.; Holban, A.M. Biodegradable alginate films
with ZnO nanoparticles and citronella essential oil-a novel antimicrobial structure. Pharmaceutics 2021, 13, 1020.

Vasile, B.S.; Chircov, C.; Matei, M.; Neacs, I.A. Iron Oxide—Silica Core—Shell Nanoparticles Functionalized with
Essential Oils for Antimicrobial Therapies. Antibiotics 2021, 10, 1138.

Puiu, R.A.; Balaure, P.C.; Constantinescu, E.; Grumezescu, A.M.; Andronescu, E.; Oprea, O.C.; Vasile, B.S.;
Grumezescu, V.; Negut, |.; Nica, I.C.; et al. Anti-cancer nanopowders and maple-fabricated thin coatings based on
spions surface modified with paclitaxel loaded B-cyclodextrin. Pharmaceutics 2021, 13, 1356.

Isela Ruvalcaba Ontiveros, R.; Alberto Duarte Moller, J.; Rocio Carrasco Hernandez, A.; Esperanza Esparza-Ponce,
H.; Orrantia Borunda, E.; Deisy Gémez Esparza, C.; Manuel Olivares Ramirez, J. A Simple Way to Produce Gold
Nanoshells for Cancer Therapy. In Current Topics in Biochemical Engineering; IntechOpen: London, UK, 2019.

Khameneh, B.; Diab, R.; Ghazvini, K.; Fazly Bazzaz, B.S. Breakthroughs in bacterial resistance mechanisms and the
potential ways to combat them. Microb. Pathog. 2016, 95, 32—42.

Slavin, Y.N.; Asnis, J.; Héafeli, U.O.; Bach, H. Metal nanoparticles: Understanding the mechanisms behind antibacterial
activity. J. Nanobiotechnol. 2017, 15, 65.

AlMatar, M.; Makky, E.A.; Var, |.; Koksal, F. The Role of Nanoparticles in the Inhibition of Multidrug-Resistant Bacteria
and Biofilms. Curr. Drug Deliv. 2018, 15, 470-484.

Franci, G.; Falanga, A.; Galdiero, S.; Palomba, L.; Rai, M.; Morelli, G.; Galdiero, M. Silver Nanoparticles as Potential
Antibacterial Agents. Molecules 2015, 20, 8856-8874.

Nisar, P.; Ali, N.; Rahman, L.; Ali, M.; Shinwari, Z.K. Antimicrobial activities of biologically synthesized metal
nanoparticles: An insight into the mechanism of action. JBIC J. Biol. Inorg. Chem. 2019, 24, 929-941.

Abdal Dayem, A.; Hossain, M.; Lee, S.; Kim, K.; Saha, S.; Yang, G.-M.; Choi, H.; Cho, S.-G. The Role of Reactive
Oxygen Species (ROS) in the Biological Activities of Metallic Nanoparticles. Int. J. Mol. Sci. 2017, 18, 120.



84. Snezhkina, A.V.; Kudryavtseva, A.V.; Kardymon, O.L.; Savvateeva, M.V.; Melnikova, N.V.; Krasnov, G.S.; Dmitriev, A.A.
ROS Generation and Antioxidant Defense Systems in Normal and Malignant Cells. Oxid. Med. Cell. Longev. 2019,
2019, 6175804.

85. Gupta, A.; Mumtaz, S.; Li, C.-H.; Hussain, |.; Rotello, V.M. Combatting antibiotic-resistant bacteria using nanomaterials.
Chem. Soc. Rev. 2019, 48, 415-427.

86. Ulloa-Ogaz, A.L.; Pifién-Castillo, H.A.; Mufioz-Castellanos, L.N.; Athie-Garcia, M.S.; Ballinas-Casarrubias, M.D.L.;
Murillo-Ramirez, J.G.; Flores-Ongay, L.A.; Duran, R.; Orrantia-Borunda, E. Oxidative damage to Pseudomonas
aeruginosa ATCC 27833 and Staphylococcus aureus ATCC 24213 induced by CuO-NPs. Environ. Sci. Pollut. Res.
2017, 24, 22048-22060.

Retrieved from https://encyclopedia.pub/entry/history/show/40982



