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Antimicrobial resistance (AMR) has become an alarming threat to the successful treatment of rapidly growing

bacterial infections because of the abuse and misuse of antibiotics. Traditional antibiotics bear many limitations

including restricted bioavailability, inadequate penetration and the emergence of antimicrobial-resistant

microorganisms. Recent advances in nanotechnology for the introduction of nanoparticles with fascinating

physicochemical characteristics have been predicted as an innovative means of defence against antimicrobial-

resistant diseases. The use of nanoparticles renders several benefits including improved tissue targeting, better

solubility, improved stability, enhanced epithelial permeability and minimal side effects.
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1. Introduction

The tremendous increase in antibiotic resistance among pathogenic microorganisms is a major hazard to human

wellness. Antibiotics can be regarded as the organic compounds that suppress the growth of or kill bacterial cells,

thereby preventing infections caused by pathogenic bacteria . Antibiotics are considered as vital in practically

every major therapeutic field, including serious surgeries, notably the transplantation of organs, premature newborn

treatment, and chemotherapy medication in cancer patients, which could not be achieved without adequately

avoiding and treating bacterial infections . The most frequently used antibacterial medications are β-lactam

antibiotics; yet, because of growing bacterial resistance, several drugs of this class have loosened their clinical

effectiveness . Furthermore, using antibiotics at higher doses during treatment promotes the emergence of

multidrug resistance (MDR), rendering antibiotic therapy ineffective against pathogenic bacteria . However,

another important factor that contributes to the development of MDR in bacteria is the uses of sub-lethal doses of

antibiotics, wherein bacteria gain resistance to drugs without being killed. Incorrect and excessive antibiotic

administration, insufficient diagnosis, and advanced resistance mechanisms accrued by microorganisms can all

lead to collapses of therapeutic efficiency . Biofilm-associated illnesses which have become tolerant to current

antibiotic treatments leading to scarcity of efficient therapeutic alternatives have become a serious matter of

concern nowadays. Besides these, the other contributing factors for increased AMR include the widespread use of

antibiotics in the field of agriculture as well as in dairy and poultry industries, a lack of novel medications, massive

regulatory hurdles, incorrect prescriptions, etc. . The inadequate effectiveness of traditional antibiotics,

whether due to extended-spectrum β-lactamases (ESBLs) or through other resistance pathways, necessitates the

innovation of novel therapeutic remedies with enhanced activities. Furthermore, combating infections using as low
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a dose as possible might serve as the most efficient approach to fight against diseases caused by MDR bacteria

. While developing new antimicrobial compounds to fight drug-resistant bacteria is extremely difficult, it is also

extremely crucial and necessary in the interim. Chemical alteration in antibiotic structures to combat antimicrobial

resistance as well as the synthesis of novel antibiotics with high efficiency is arduous and is typically not

economically viable. To render antibiotic therapy more efficient and cost-effective, the antibiotic dose must be

reduced while the stability must be enhanced .

Recent advances in medical research introduced novel antibiotics and advanced clinical therapies that can

effectively tackle pathogenic microorganisms . The application of nanomaterials in the domain of antibiotic drug

delivery offers the potential for significant improvements in the clinical effectiveness of antibacterial treatment. In

comparison to traditional medications, nanoformulations for the administration of antibiotics along with infectious

site targeting provide several advantages, which comprise enhanced tissue targeting, prolonged antibiotic half-life,

raised solubility, gained greater stability, increased permeability to epithelial cells, and limited side effects .

Recently, nanoparticles (NPs) (having a particle size between 1 and 100 nm) have come into the limelight as a

revolutionary approach for treating deadly diseases caused by bacteria. Moreover, metallic NPs functionalised with

antibiotics offer promising nanoplatforms for fighting against bacterial resistance.

The use of nanomaterials in medicine has also historical importance in India. Bhasmas, which have been utilised

as Ayurvedic medicines in India to cure a variety of diseases including cancer, were discovered to contain NPs of

alloys, sulphides, metals and metal oxides . Nanomaterials possess promising potential to be used in the field

of drug delivery, medical imaging and disease diagnosis, considering their high surface area as well as their small

size effect. Among the diverse range of nanomaterials, NPs like AgNPs, AuNPs, ZnONPs and CuONPs have been

receiving specific attention because of their easy and simple synthesis procedure, higher biocompatibility and

versatile physicochemical properties that can be easily altered by stimulating parameters like temperature, pH, light

and reaction time . NPs exhibit the tremendous potential to serve as drug carriers and can be easily

functionalised by incorporating bioactive compounds, drug molecules, antibiotics, polymers, antibacterial peptides,

etc. for the enhancement of antimicrobial activity to combat AMR . Polymer-functionalised NPs have

offered immense promises in the field of novel drug carrier and delivery systems owing to their great potential for

protecting as well as improving the bioavailability and release rate of encapsulated drug molecules thereby

contributing to the reduction in toxic impacts . Because of their flexible physical characteristics, NPs serve as a

versatile system for medicinal applications. The small size of the nanomaterials imparts a high surface-to-volume

ratio, which promotes the binding of several antibacterial agents in order to produce multivalent nanomaterials

against pathogenic bacteria . More importantly, many NPs demonstrate inherent antimicrobial characteristics by

inhibiting biofilm formation, activating reactive oxygen production, and interfering with bacterial cell membranes as

well as with proteins and DNA within the bacterial cell . Several metal NPs, such as Ag, Au, Cu, Zn, Ce, Mg, Pd,

Ti, etc., and metal oxide NPs, such as ZnO, CuO, NiO, Al O  TiO and Fe O , as well as their functionalisation

through conjugation with other compounds, have been reported to demonstrate antibacterial properties against

various pathogenic bacteria . Compared to the pure AuNPs, the conjugated or functionalised AuNPs

demonstrate better antimicrobial properties . Since NPs do not exhibit a specific mechanism of action

unlike antibiotics, these are especially advantageous in combating bacterial resistance . Recent studies revealed

[7]

[11]

[12]

[13][14]

[1][15]

[16][17][18]

[19][20][21]

[21]

[7]

[16]

2 3 3 2

[16][22][23][24][25]

[19][20][21]

[1]



Antibiotics-Coated Gold Nanoparticles to Combat Antimicrobial Resistance | Encyclopedia.pub

https://encyclopedia.pub/entry/54829 3/11

that AuNPs do not impart any toxic effects in human cells; hence, AuNPs have captured the interest of modern

biomedical researchers . AgNPs are also used in medicinal therapies. Although AgNPs are easy to synthesise,

cost effective and possess inherent antimicrobial property, their cytotoxicity due to the release as well as

aggregation of Ag ions in the body from AgNPs has restricted their utilisation in nanomedicine. However, the higher

biocompatibility ease of synthesis and inertness of the AuNPs make them suitable for use in medicinal therapies.

High cost is the major disadvantage associated with AuNPs . The higher biocompatibility, nontoxicity, high

rates of absorption and powerful light scattering allow them to be used in versatile fields, such as electronics,

sensors, catalysis, drug delivery, drug carriers and other biomedical applications, including delivery of genes,

molecular imaging, targeted drug administration, plasmonic bio-sensing, tissue engineering, colorimetric sensing,

cancer treatment, diagnostics and photo-induced therapy . Recently, AuNPs were employed to administer

numerous antibiotics belonging to different classes that included carbapenems, polymyxins, tetracycline,

cephalosporin, glycopeptide, cephalosporin, aminoglycoside, penicillin and cephalosporin . However,

numerous limitations are associated with modern as well as conventional antibiotic medication therapy, including

limited bioavailability, the emergence of antibiotic-resistant bacteria, poor penetration power, insufficient drug

concentrations at specific infection sites, adverse side effects, a higher frequency of administration, and poor

patient compliance. Therefore, AuNP-conjugated drug delivery systems provide a superior and revolutionary

approach to eradicating the disadvantages associated with the use of antimicrobial drug therapy, because of their

large surface-to-volume ratio, photostability, ability to target biofilms, potential for organ as well as cellular

targeting, strong interaction and their penetration through the bacterial cell wall . The conjugation of antibiotic

drug molecules with AuNPs significantly enhances their antimicrobial properties. The conjugation of antibiotic drugs

with AuNPs leads to the enhanced bioavailability and biocompatibility of the drugs. This can also enhance the

interaction as well as penetration power of the drug molecules though the bacterial cell wall. The electrostatic

attraction between the negatively charged bacterial cell wall and the cationic behaviour of the antibiotic-loaded

AuNPs enhances the interaction as well as penetrating power of the drug molecules through the bacterial cell wall.

This facilitates the release of the antibiotic drug molecules within the bacterial cell and interacts with the bacterial

cellular matrix causing the death of bacteria . Indeed, AuNPs are effective for the transformation of various

ineffective antibiotics into Au nanoformulations with strong antimicrobial properties . However, the efficient

incorporation of a specific antibiotic drug molecule on the surface of the AuNPs requires a variety of strategies,

including physical absorption, electrostatic relations, coupling processes and Au-S and Au-N linkages . Different

physical, chemical and biological methods, including green synthesis, for the fabrication of AuNPs have been

reported. Among these, chemical colloidal synthesis, which involves the use of a metal precursor as well as a

reducing and a stabilising agent, is one of the most frequently employed methods for the synthesis of AuNPs .

Special emphasis has been put on the development of bioactive and antibiotic-coated AuNPs exhibiting enhanced

antimicrobial attributes to combat pathogenic bacteria and biofilms, as well as their activities and physicochemical

features. A schematic representation of the synthesis of antibiotic-coated AuNPs and their interaction with bacterial

cells to combat AMR is demonstrated in Figure 1.
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Figure 1. Synthesis of antibiotic-coated AuNPs and their interaction with the bacterial cell to combat AMR.

2. AMR—A Global Threat

The World Health Organization (WHO) has recognised AMR as one of the leading global hazards to human health

and development. It falls among the top ten public health threats worldwide . The escalating growth and

dissemination of antibiotic-resistant organisms and the inadequate efficacy of antimicrobial drugs make the

treatment of antimicrobial infection challenging, leading to elevated fatality rates and huge monetary expenses 

. With the current scientific revolutions, antibiotics have become a wonderful gift to the livestock and human

healthcare professions to aid in the cure of bacterial infections as well as other disorders. Before the 1950s,

antibiotics were frequently employed in both human health and animal husbandry due to their low cost and few

side effects . However, the serious problem of drug resistance has arisen as a result of the decades-long

widespread use of antibiotics. The discovery of β-lactam antibiotics provided a temporary solution to the problem,

but disappointingly, this did not endure for long with the first instance of methicillin-resistant Staphylococcus aureus

(MRSA) identified in the UK in 1961 . The ability of a specific microbe to avoid the pharmacological

mechanism of action linked to antibacterial medications and then go on living is known as antibacterial resistance.

The growing number of drug-resistant microorganisms has been strongly attributed to the inappropriate application

of broad-spectrum antibiotics. Klebsiella pneumoniae is a multi-drug resistant (MDR) bacteria that causes several

types of hospital-acquired illnesses and epidemics, including septicaemia, urinary tract infections and pneumonia

. It has developed resistance against carbapenem and tigecycline, which is the most effective as well as a last-

resort antibiotic for treating K. pneumoniae. Due to the secretion of the β lactam enzymes like carbapenemases

and extended-spectrum β-lactamases, K. pneumoniae is capable of hydrolysing a wide range of broad-spectrum β-

lactam antibiotics . Salmonella spp. responsible for diseases like bacteremia, gastroenteritis, paratyphoid and

typhoid have become fluoroquinolone-resistant . Infections like pneumonia, tuberculosis and gonorrhoea
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become challenging to cure since medications are becoming less effective towards these diseases because of

their increased resistance of bacteria. Moreover, ESBLs have now developed resistance to several antibiotic

classes, including aminoglycosides, tetracyclines, cotrimoxazole, quinolones and trimethoprim, further limiting

therapeutic choices for clinicians . Multidrug resistance has emerged as a global threat and is accelerating

rapidly. Nowadays, MDR has become more prevalent in both pathogenic as well as non-pathogenic bacterial

strains and is primarily attributed to gene acquisition and/or alteration in the target genes of antibiotics . Besides

these, the antibiotic resistance of bacteria was regarded as one of the major economic burdens for the world .

Lack of access to conventional antibiotics, however, will result in costlier medication, extended hospital exposure,

prolonged treatment period, higher treatment expenses due to the need for intensive care and, ultimately, life-

threatening harm . The widespread usage of antibiotics during the COVID-19 pandemic has fuelled the issue of

antimicrobial resistance. Antibiotics, antiviral and antipyretic medications that have been used erratically to treat

COVID-19 have led to the emergence of AMR .

3. Bacterial Resistance Mechanisms

There are four primary mechanisms including the inactivation of drug molecules, target modification, limiting drug

uptake and the development of efflux pumps through which bacteria can develop resistance towards antibiotics 

. Some strategies adopted by bacteria to develop resistance against antibiotics are represented in Figure 2.

Figure 2. Bacterial approaches towards antibacterial resistance.

3.1. Inactivation of the Drug
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In severe cases, bacteria acquire resistance through their direct interaction with the antibiotics via hydrolysis or the

transfer of a chemical moiety including adenyl, acetyl and phosphoryl groups . A wide range of Gram-positive

and Gram-negative bacteria develop resistance to certain antibiotics through the secretion of enzymes that have

the ability to bring out chemical modifications to the antibacterial compound. Among these, β-lactamases are the

most prominent, which can demolish the drug molecule by hydrolysing the amide linkage of the β-lactam ring,

rendering it ineffective. The most common biochemical reactions catalysed by modifying enzymes include

acetylation, phosphorylation and adenylation .

3.2. Target Modification

Bacteria can modify the target of the antibiotic through protection, mutation and posttranslational modification .

Point mutations within the gene generating the target site, enzymatic transformations of the target and evading the

original site are the primary components of target site alteration. Evading the original site, bacteria create new

targets that resemble the original but are not exact replicas of it. As a result, antibiotics will be unable to inhibit the

metabolic processes accomplished by newly developed equivalent targets .

3.3. Limiting Drug Uptake

The primary surface membrane component found in practically all Gram-negative bacteria is lipopolysaccharide

(LPS), which is crucial to the outer membrane’s structure as well as its functionality . The presence of this

LPS layer provides a barrier to a large number of antibacterial agents. However, for Gram-positive bacteria, the

outer membrane is absent. The presence of the outer membrane in the Gram-negative bacteria is the primary

reason for the development of resistance towards a wide range of antibiotics. Modifications in this outer membrane,

such as the mutation of porins or the alteration of hydrophobic properties, can impart resistance . Hence,

bacterial infections caused by Gram-negative bacteria are difficult to cure compared to Gram-positive bacterial

infections. In Gram-negative bacteria, drug molecules penetrate the cell through porin channels. Bacteria can

impede drug uptake by reducing the porin channels or by mutations that lead to alterations in the selectivity of the

porin.

3.4. Development of Efflux Pump

Genes producing efflux pumps are found chromosomally in bacteria. Transmembrane proteins called efflux pumps

enable bacteria to exchange or evacuate antibiotic compounds from their cells, which helps the bacteria to survive

. These are the bacteria’s self-defence mechanisms. Based on structure as well as energy sources, there are

five major families of efflux pumps, which include the ATP binding cassette family, small multidrug resistance family,

resistance–nodulation–cell division family, multidrug and toxic compound extrusion family and major facilitator

superfamily .

4. Synthesis of Antibiotic-Coated AuNPs
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A variety of physical, chemical or green synthesis techniques could be employed for the synthesis of AuNPs. The

most frequently employed physical methods for the fabrication of AuNPs are laser ablation and evaporation–

condensation . The fundamental steps in the chemical synthesis method of AuNPs involve the formation of Au

through the reduction of Au  ions by the action of a reducing agent followed by stabilisation via capping agents .

During the chemical synthesis procedures, different chemicals were used as reducing and capping agents. The

synthesis of AuNPs from vitamins, enzymes, microbes and plant extracts using green solvents is the prime focus of

green synthesis methods. The green synthesized, antibiotic-loaded nanomaterials serve as a fascinating and

significantly effective alternative for the treatment of disease caused by the microbes as they reduce or avoid the

use of any hazardous compounds, thereby reducing side effects . AuNPs may exhibit various colours

depending on their shape, size, aggregation level and surrounding environment because of the surface plasmon

resonance. A variation of colour from light pink to dark purple can appear owing to the localised surface plasmon

resonance (SPR), which is further associated with the size and shape of the NPs . AuNPs exhibit a SPR band

between 500 and 550 nm . However, the facile surface functionalisation of AuNPs makes it easier to conjugate

versatile bioactive compounds or ligands with AuNPs which significantly enhances the functionality of the NPs. The

incorporation of antibiotic drug molecules on the surface of AuNPs is a recent innovation and is reported to be

highly efficient in combating bacterial resistance toward traditional antibiotics. In most of the studies, the antibiotic-

coated AuNPs were fabricated using chemical methods. Antibiotics are able to adhere to the surface of AuNPs by

means of their different functional groups, including amino, carboxylic, hydroxyl and thiols, resulting in the surface

modification of AuNPs leading to the enhancement in the antibacterial activity of the system . Temperature,

reaction time and pH are the imminent factors that significantly affect the properties of the AuNPs. Recently, in

2023, Halawani et al. evaluated the effect of the concentration of precursor salt, temperature, reaction time and pH

on the synthesis of amoxicillin-conjugated AuNPs . They have reported that with an increase in the

concentration of the precursor salt from 1 mM to 5 mM, the absorption spectra become more intense, showing a

blue shift and revealing the decreased size of the synthesized AuNPs. Further increasing the concentration beyond

5 mM leads to aggregation and precipitation of the NPs indicating a decrease in stability. Time also possesses a

crucial role in the synthesis of NPs. An increase in the absorption peak was reported up to 1 h; however, further

increasing the reaction time showed a decrease in the intensity of the absorption spectra. They have reported that

the ideal pH for the synthesis of AuNPs is 6.

References

1. Khandelwal, P.; Singh, D.K.; Poddar, P. Advances in the Experimental and Theoretical
Understandings of Antibiotic Conjugated Gold Nanoparticles for Antibacterial Applications.
ChemistrySelect 2019, 4, 6719–6738.

2. Davies, J.; Davies, D. Origins and Evolution of Antibiotic Resistance. Microbiol. Mol. Biol. Rev.
2010, 74, 417–433.

[46] 0

+ [7]

[25][47]

[7][48]

[48]

[49]

[50]



Antibiotics-Coated Gold Nanoparticles to Combat Antimicrobial Resistance | Encyclopedia.pub

https://encyclopedia.pub/entry/54829 8/11

3. Kalhapure, R.S.; Suleman, N.; Mocktar, C.; Seedat, N.; Govender, T. Nanoengineered Drug
Delivery Systems for Enhancing Antibiotic Therapy. J. Pharm. Sci. 2015, 104, 872–905.

4. Cars, O.; Hedin, A.; Heddini, A. The global need for effective antibiotics—Moving towards
concerted action. Drug Resist. Updates 2011, 14, 68–69.

5. Ali, S.; Perveen, S.; Shah, M.R.; Zareef, M.; Arslan, M.; Basheer, S.; Ullah, S.; Ali, M. Bactericidal
potentials of silver and gold nanoparticles stabilized with cefixime: A strategy against antibiotic-
resistant bacteria. J. Nanoparticle Res. 2020, 22, 201.

6. Rocca, D.M.; Silvero, C.M.J.; Aiassa, V.; Cecilia Becerra, M. Rapid and effective photodynamic
treatment of biofilm infections using low doses of amoxicillin-coated gold nanoparticles.
Photodiagn. Photodyn. Ther. 2020, 31, 101811.

7. Rizvi, S.M.; Lila, A.S.; Moin, A.; Hussain, T.; Kamal, M.A.; Sonbol, H.; Khafagy, E.-S. Antibiotic-
Loaded Gold Nanoparticles: A Nano-Arsenal against ESBL Producer-Resistant Pathogens.
Pharmaceutics 2023, 15, 430.

8. Teklu, D.S.; Negeri, A.A.; Legese, M.H.; Bedada, T.L.; Woldemariam, H.K.; Tullu, K.D. Extended-
spectrum beta-lactamase production and multi-drug resistance among Enterobacteriaceae
isolated in Addis Ababa, Ethiopia. Antimicrob. Resist. Infect. Control 2019, 8, 39.

9. Saha, M.; Sarkar, A. Review on Multiple Facets of Drug Resistance: A Rising Challenge in the
21st Century. J. Xenobiotics 2021, 11, 197–214.

10. Prestinaci, F.; Pezzotti, P.; Pantosti, A. Antimicrobial resistance: A global multifaceted
phenomenon. Pathog. Glob. Health 2015, 109, 309–318.

11. Haddada, M.B.; Jeannot, K.; Spadavecchia, J. Novel Synthesis and Characterization of
Doxycycline-loaded Gold Nanoparticles: The Golden Doxycycline for Antibacterial Applications.
Part. Part. Syst. Charact. 2018, 36, 1800395.

12. Hakemi-Vala, M.; Rafati, H.; Aliahmadi, A.; Ardalan, A. Nanoemulsions: A Novel Antimicrobial
Delivery System. In Nano-and Microscale Drug Delivery Systems; Elsevier: Amsterdam, The
Netherlands, 2017; pp. 245–266.

13. Yeh, Y.C.; Huang, T.H.; Yang, S.C.; Chen, C.C.; Fang, J.Y. Nano-Based Drug Delivery or
Targeting to Eradicate Bacteria for Infection Mitigation: A Review of Recent Advances. Front.
Chem. 2020, 8, 286.

14. Pizzolato-Cezar, L.R.; Okuda-Shinagawa, N.M.; Machini, M.T. Combinatory Therapy Antimicrobial
Peptide-Antibiotic to Minimize the Ongoing Rise of Resistance. Front. Microbiol. 2019, 10, 1703.

15. Khandelwal, P.; Poddar, P. Fluorescent metal quantum clusters: An updated overview of the
synthesis, properties, and biological applications. J. Mater. Chem. B 2017, 5, 9055–9084.



Antibiotics-Coated Gold Nanoparticles to Combat Antimicrobial Resistance | Encyclopedia.pub

https://encyclopedia.pub/entry/54829 9/11

16. 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, 1441.

17. Gholipourmalekabadi, M.; Mobaraki, M.; Ghaffari, M.; Zarebkohan, A.; Omrani, V.; Urbanska, A.;
Seifalian, A. Targeted Drug Delivery Based on Gold Nanoparticle Derivatives. Curr. Pharm. Des.
2017, 23, 20.

18. Wang, Z.; Dong, K.; Liu, Z.; Zhang, Y.; Chen, Z.; Sun, H.; Ren, J.; Qu, X. Activation of biologically
relevant levels of reactive oxygen species by au/g-c3n4 hybrid nanozyme for bacteria killing and
wound disinfection. Biomaterials 2017, 113, 145–157.

19. Zhao, Y.; Jiang, X. Multiple strategies to activate gold nanoparticles as antibiotics. Nanoscale
2013, 5, 8340.

20. Wadhwani, P.; Heidenreich, N.; Podeyn, B.; Bürck, J.; Ulrich, A.S. Antibiotic gold: Tethering of
antimicrobial peptides to gold nanoparticles maintains conformational flexibility of peptides and
improves trypsin susceptibility. Biomater. Sci. 2017, 5, 817–827.

21. Hussein, M.A.; Grinholc, M.; Dena, A.S.; El-Sherbiny, I.M.; Megahed, M. Boosting the antibacterial
activity of chitosan–gold nanoparticles against antibiotic–resistant bacteria by Punicagranatum L.
Extract. Carbohydr. Polym. 2021, 256, 117498.

22. Sinha, R.; Karan, R.; Sinha, A.; Khare, S.K. interaction and nanotoxic effect of zno and ag
nanoparticles on mesophilic and halophilic bacterial cells. Bioresour. Technol. 2011, 102, 1516–
1520.

23. Hemeg, H. Nanomaterials for alternative antibacterial therapy. Int. J. Nanomed. 2017, 12, 8211–
8225.

24. Dakal, T.C.; Kumar, A.; Majumdar, R.S.; Yadav, V. Mechanistic Basis of Antimicrobial Actions of
Silver Nanoparticles. Front. Microbiol. 2016, 7, 1831.

25. Sarma, P.P.; Barman, K.; Baruah, P.K. Green synthesis of silver nanoparticles using Murraya
koenigii leaf extract with efficient catalytic, antimicrobial, and sensing properties towards heavy
metal ions. Inorg. Chem. Commun. 2023, 152, 110676.

26. Manju, S.; Malaikozhundan, B.; Vijayakumar, S.; Shanthi, S.; Jaishabanu, A.; Ekambaram, P.;
Vaseeharan, B. Antibacterial, antibiofilm and cytotoxic effects of Nigella sativa essential oil coated
gold nanoparticles. Microb. Pathog. 2016, 91, 129–135.

27. Okkeh, M.; Bloise, N.; Restivo, E.; De Vita, L.; Pallavicini, P.; Visai, L. Gold Nanoparticles: Can
They Be the next Magic Bullet for Multidrug-Resistant Bacteria? Nanomaterials 2021, 11, 312.

28. Khanna, S.; Padhan, P.; Das, S.; Jaiswal, K.S.; Tripathy, A.; Smita, S.; Tripathy, S.K.; Raghav,
S.K.; Gupta, B. A Simple Colorimetric Method for Naked-eye Detection of Circulating Cell-free



Antibiotics-Coated Gold Nanoparticles to Combat Antimicrobial Resistance | Encyclopedia.pub

https://encyclopedia.pub/entry/54829 10/11

DNA Using Unlabelled Gold Nanoparticles. ChemistrySelect 2018, 3, 11541–11551.

29. Kukreja, A.; Kang, B.; Kim, H.O.; Jang, E.; Son, H.Y.; Huh, Y.M.; Haam, S. Preparation of gold
core-mesoporous iron-oxide shell nanoparticles and their application as dual MR/CT contrast
agent in human gastric cancer cells. J. Ind. Eng. Chem. 2017, 48, 56–65.

30. Ahangari, A.; Salouti, M.; Saghatchi, F. Gentamicin-gold nanoparticles conjugate: A contrast agent
for x-ray imaging of infectious foci due to Staphylococcus aureus. IET Nanobiotechnol. 2016, 10,
190–194.

31. Pourali, P.; Yahyaei, B.; Afsharnezhad, S. Bio-Synthesis of Gold Nanoparticles by Fusarium
oxysporum and Assessment of Their Conjugation Possibility with Two Types of β-Lactam
Antibiotics without Any Additional Linkers. Microbiology 2018, 87, 229–237.

32. Alafnan, A.; Rizvi, S.M.; Alshammari, A.S.; Faiyaz, S.S.; Lila, A.S.; Katamesh, A.A.; Khafagy, E.S.;
Alotaibi, H.F.; Ahmed, A.B. Gold Nanoparticle-Based Resuscitation of Cefoxitin against Clinical
Pathogens: A Nano-Antibiotic Strategy to Overcome Resistance. Nanomaterials 2022, 12, 3643.

33. Zong, T.-X.; Silveira, A.P.; Morais, J.A.; Sampaio, M.C.; Muehlmann, L.A.; Zhang, J.; Jiang, C.-S.;
Liu, S.-K. Recent Advances in Antimicrobial Nano-Drug Delivery Systems. Nanomaterials 2022,
12, 1855.

34. Tayeb, H.H.; Moqaddam, S.A.; Hasaballah, N.H.; Felimban, R.I. Development of nanoemulsions
for the delivery of hydrophobic and hydrophilic compounds against carbapenem-resistant
Klebsiella pneumoniae. RSC Adv. 2022, 12, 26455–26462.

35. Larsson, D.G.; Flach, C.F. Antibiotic resistance in the environment. Nat. Rev. Microbiol. 2021, 20,
257–269.

36. Sengupta, S.; Chattopadhyay, M.K.; Grossart, H. The multifaceted roles of antibiotics and
antibiotic resistance in nature. Front. Microbiol. 2013, 4, 47.

37. Alba, C.; Blanco, A.; Alarcon, T. Antibiotic resistance in Helicobacter pylori. Curr. Opin. Infect. Dis.
2017, 30, 489–497.

38. Kohler, V.; Vaishampayan, A.; Grohmann, E. Problematic Groups of Multidrug-Resistant Bacteria
and Their Resistance Mechanisms. In Antibacterial Drug Discovery to Combat MDR; Springer:
Berlin/Heidelberg, Germany, 2019; pp. 25–69.

39. Chaudhuri, A.; Martin, P.M.; Kennedy, P.G.; Andrew Seaton, R.; Portegies, P.; Bojar, M.; Steiner, I.
EFNS guideline on the management of community-acquired bacterial meningitis: Report of an
EFNS Task Force on acute bacterial meningitis in older children and adults. Eur. J. Neurol. 2008,
15, 649–659.

40. Poulin-Laprade, D.; Matteau, D.; Jacques, P.E.; Rodrigue, S.; Burrus, V. Transfer Activation of
SXT/R391 integrative and conjugative elements: Unraveling the SetCD Regulon. Nucleic Acids



Antibiotics-Coated Gold Nanoparticles to Combat Antimicrobial Resistance | Encyclopedia.pub

https://encyclopedia.pub/entry/54829 11/11

Res. 2015, 43, 2045–2056.

41. Afshinnekoo, E.; Bhattacharya, C.; Burguete-García, A.; Castro-Nallar, E.; Deng, Y.; Desnues, C.;
Dias-Neto, E.; Elhaik, E.; Iraola, G.; Jang, S.; et al. COVID-19 drug practices risk antimicrobial
resistance evolution. Lancet Microbe 2021, 2, E135–E136.

42. Blair, J.M.; Webber, M.A.; Baylay, A.J.; Ogbolu, D.O.; Piddock, L.J. Molecular mechanisms of
antibiotic resistance. Nat. Rev. Microbiol. 2014, 13, 42–51.

43. Chawla, M.; Verma, J.; Gupta, R.; Das, B. Antibiotic Potentiators against Multidrug-Resistant
Bacteria: Discovery, Development, and Clinical Relevance. Front. Microbiol. 2022, 13, 887251.

44. Blair, J.M.; Richmond, G.E.; Piddock, L.J. Multidrug Efflux Pumps in Gram-Negative Bacteria and
Their Role in Antibiotic Resistance. Future Microbiol. 2014, 9, 1165–1177.

45. Villagra, N.A.; Fuentes, J.A.; Jofre, M.R.; Hidalgo, A.A.; Garcia, P.; Mora, G.C. The carbon source
influences the efflux pump-mediated antimicrobial resistance in clinically important Gram-negative
bacteria. J. Antimicrob. Chemother. 2012, 67, 921–927.

46. Samanta, S.; Agarwal, S.; Nair, K.K.; Harris, R.A.; Swart, H. Biomolecular assisted synthesis and
mechanism of silver and gold nanoparticles. Mater. Res. Express 2019, 6, 82009.

47. Barman, K.; Chowdhury, D.; Baruah, P.K. Bio-synthesized silver nanoparticles using Zingiber
officinale rhizome extract as efficient catalyst for the degradation of environmental pollutants.
Inorg. Nano-Met. Chem. 2019, 50, 57–65.

48. Li, N.; Zhao, P.; Astruc, D. Anisotropic Gold Nanoparticles: Synthesis, Properties, Applications,
and Toxicity. Angew. Chem. 2014, 53, 1756–1789.

49. Fan, Y.; Pauer, A.C.; Gonzales, A.A.; Fenniri, H. Enhanced antibiotic activity of ampicillin
conjugated to gold nanoparticles on PEGylated rosette nanotubes. Int. J. Nanomed. 2019, 14,
7281–7289.

50. Halawani, E.M.; Alzahrani, S.S.; Gad El-Rab, S.M. Biosynthesis Strategy of Gold Nanoparticles
and Biofabrication of a Novel Amoxicillin Gold Nanodrug to Overcome the Resistance of
Multidrug-Resistant Bacterial Pathogens MRSA and E. Coli. Biomimetics 2023, 8, 452.

Retrieved from https://encyclopedia.pub/entry/history/show/123710


