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Antibiotics are regarded as a miracle in the medical field as it prevents disease caused by pathogenic bacteria.

Since the discovery of penicillin, antibiotics have become the foundation for modern medical discoveries. However,

bacteria soon became resistant to antibiotics, which puts a burden on the healthcare system. Methicillin-resistant

Staphylococcus aureus (MRSA) has become one of the most prominent antibiotic-resistant bacteria in the world

since 1961. MRSA primarily developed resistance to beta-lactamases antibiotics and can be easily spread in the

healthcare system. Thus, alternatives to combat MRSA are urgently required. Antimicrobial peptides (AMPs), an

innate host immune agent and silver nanoparticles (AgNPs), are gaining interest as alternative treatments against

MRSA. Both agents have broad-spectrum properties which are suitable candidates for controlling MRSA. Although

both agents can exhibit antimicrobial effects independently, the combination of both can be synergistic and

complementary to each other to exhibit stronger antimicrobial activity. The combination of AMPs and AgNPs also

reduces their own weaknesses as their own, which can be developed as a potential agent to combat antibiotic

resistance especially towards MRSA. 
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1. Introduction

Antibiotics are one of the outstanding discoveries in the medical field in treating infectious diseases caused by

pathogenic bacteria. Before the antibiotic discovery era, the lethality and death rate caused by pathogenic

microorganisms was high until the accidental rediscovery of penicillin in 1928 by Alexander Fleming . This

rediscovery grants the exploration of other types of antibiotics such as sulphonamides, lipopeptides,

aminoglycosides, fluoroquinolones, and many more . Antibiotics also allow modern medical technology to exist

as it aids in preventing infection in chemotherapy and various surgical wounds.

Although antibiotics give significant advantages in treating diseases caused by pathogenic bacteria, Alexander

Fleming warns of the danger of uncontrolled antibiotic usage where resistance can be developed. The warning

appeared to be true as Escherichia coli started to exhibit antibiotic resistance (AR) towards penicillin in 1940 . Up

until this day, antibiotic resistance has been a significant threat in the healthcare system as more bacteria

developed resistance towards various classes of antibiotics. It is predicted that, by 2050, AR related death may

reach 10 million per year .
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A recent comprehensive report released in The Lancet  stated that 4.95 million AR associated death and 1.27

million AR attributed death were estimated from 204 countries in 2019. Highest AR related death can be found in

Western Sub-Saharan Africa with estimated 27.3 AR attributed death per 100,000 and 114.8 AR associated death

per 100,000. Meanwhile, the lowest death can be found in Australasia where only 6.5 AR attributed deaths per

100,000 and 28 AR associated deaths per 100,000. The same report also lists out six pathogenic bacteria that

cause the most death in 2019 . In order of the number of deaths, E. coli, S. aureus, K. pneumoniae, A.

baumannii, and P. aeruginosa caused 929,000 AR attributed deaths and 3.57 million AR associated deaths.

Methicillin-resistant Staphylococcus aureus (MRSA) is an antibiotic-resistant type of S. aureus that is generally

resistant towards beta-lactam antibiotics such as penicillin (methicillin and oxacillin) and cephalosporin . Beta-

lactam inhibits the bacterial growth by halting the cell wall synthesis process . MRSA generally overcomes

the beta-lactam effects by producing beta-lactamase and altering the binding site for cell wall synthesis .

The current clinically approved method to treat MRSA infection involves different antibiotic classes such as

vancomycin and teicoplanin . These glycopeptide antibiotics act on the bacterial cell wall similar to beta-

lactam, but it utilises different target by binding to the peptidoglycan side chain, which prevents peptidoglycan

crosslinking . However, the newer MRSA strain started to exhibit resistance towards glycopeptide

antibiotics, which makes it difficult to treat the infection . Other types of antibiotics such as mupirocin,

clindamycin, fusidic acid, and co-trimoxazole also used a second line option in treating MRSA . However, these

antibiotics can only be prescribed when there is no other alternative available due to the risk of resistance .

Thus, alternatives to treat MRSA without the use of different classes of antibiotics are greatly needed.

Recent scientific development showed some promising potential in inhibiting MRSA through the usage of

antimicrobial peptides (AMPs) and silver nanoparticles (AgNPs). These two agents exhibit broad-spectrum

antimicrobial properties, which makes them the suitable candidates to combat MRSA threat . AMPs are

naturally occurring molecules that can be found in all types of life, which are involved in innate immunity defense

. AMP mainly takes action on the bacterial membrane, and it can be simplified into two mechanisms of action:

membranolytic and non-membranolytic action . Membranolytic action can be defined as direct AMP action

on the bacterial membrane, which greatly alters its structural integrity . Meanwhile, non-membranolytic

action is when AMPs were internalised into the cells without causing major damage to the membrane, but it targets

the vital intracellular components . AgNPs are metallic nanoparticles that have unique physicochemical

properties including optical, thermal, electrical and high electrical conductivity in comparison to its bulk form due to

its nano size . Their enhanced antimicrobial properties mainly contributed with their large surface area per

volume area, which allows more antibacterial contact with the pathogenic bacteria , , . Despite their

excellent antimicrobial properties, AMPs are susceptible to proteolytic degradation, their production and purification

can be costly sometimes. AgNPs also tend to aggregate and oxidise which limits their antibacterial properties.

Thus, the combination of AMPs and AgNPs overcome these limitations by enhancing their antibacterial properties

and covering each agent weaknesses.

2. Methicillin-Resistant Staphylococcus aureus
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Staphylococcus aureus is Gram-positive bacteria with round shape morphology that commonly can be found in the

body as a part of its microbiota. Despite it acting commensally on the human body, it can be opportunistic bacteria

since it can cause skin infections and food poisoning. Methicillin-resistant Staphylococcus aureus (MRSA) is an

antibiotic-resistant strain of S. aureus that are mainly resistant to beta-lactam antibiotics. MRSA was first identified

in 1961 in United Kingdom just a year after methicillin was introduced to treat S. aureus infection . Despite

methicillin no longer being used clinically, the term methicillin-resistant is still used to reflect S. aureus resistance

towards commercial antibiotics such as beta-lactams antibiotics including oxacillin. According to World Health

Organization (WHO) and the Centers for Disease Control and Prevention (CDC), MRSA has been a big and

serious threat on the pathogenic bacteria watch list respectively . According to recent systematic analysis in

the Lancet in 2019, MRSA alone caused more than 100,000 deaths . Originally, MRSA are common in the

healthcare setting, and this type of MRSA is often dubbed as healthcare-associated or hospital-acquired MRSA

(HA-MRSA) . The infection can be spread through direct contact with an infected wound or contaminated hands.

Untreated infection can cause serious bloodstream infections, surgical site infections, sepsis and pneumonia .

Other types of MRSA are community-associated (CA-MRSA) and livestock-associated MRSA (LA-MRSA) .

Beta-lactam antibiotics act on the bacterial cell wall by binding to the penicillin-binding protein (PBP), which is

responsible for the crosslinking of N-acetylmuramic acid (MurNAc) and N-acetylglucosamine (GlcNAc) . This

crosslinking will form a cell wall that protects the bacteria from external threats. MurNAc subunits have

pentapeptide chains attached to it, typically with a sequence of l-Ala-γ-d-Glu-l-lysine (or -meso-diaminopimelic

acid)-d-Ala-d-Ala . Beta-lactam antibiotics such as penicillin, cephalosporin, carbapenem and monobactams

have a beta-lactam ring which shared similar structural homology to d-Ala-d-Ala of the pentapeptide chain .

The d-Ala-d-Ala substrate is responsible for the PBP binding site for crosslinking, and this similarity causes beta-

lactam antibiotics bind to PBP, causing the crosslinking between the glycan stands to be halted . The binding

between beta-lactam and PBP causes the build-up of peptidoglycan precursors which trigger autolytic digestion of

old peptidoglycan by hydrolase . Without the production of new peptidoglycan, the structural integrity of the cell

wall is significantly disrupted and led to cell damage due to high internal osmotic pressure .

MRSA overcomes this detrimental effect by producing beta-lactamase, an enzyme to break down the antibacterial

effect of beta-lactam antibiotics and production of the mecA gene, which changes the penicillin-binding protein

(PBP) confirmation. Beta-lactamase is an enzyme produced by bacteria to counteract the effects of beta-lactam

antibiotics. This enzyme hydrolyses beta-lactam in the periplasmic space, thus deactivating it before PBP

interaction . Beta-lactamase production in staphylococci is controlled by the repressor BlaI and the sensor protein

BlaR1 . The genes encoding beta-lactamase, the blaZ-blaR1-blaI genes, are repressed by BlaI is from

transcribing beta-lactamase when beta-lactam is absent . Once beta-lactam is presented, the transmembrane

sensor, BlaR1, covalently binds to it and irreversibly acylated at its active site serine. This will activate the

intracellular zinc metalloprotease domain of BlaR1 and cause BlaI that are bound to blaI-blaRI operator to

proteolytically cleave and dissociate from its binding site . The dissociation allows blaZ to be upregulated and

transcribed beta-lactamase enzyme. The produced beta-lactamase enzyme later hydrolyses beta-lactam antibiotic

by hindering it from binding with PBP . Thus, the peptidoglycan synthesis of the bacteria can be initiated as

usual.
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In MRSA, the PBP responsible for the peptidoglycan cross-linking is altered to novel penicillin-binding protein 2a

(PBP2a), which has a lower binding affinity to beta-lactam antibiotics . The resistance arose from the mecA

gene located in the staphylococcal cassette chromosome mec (SCCmec), and this resistance gene can be passed

to other populations through horizontal gene transfer . Upon acquiring the mecA gene, it will be localized in the

S. aureus chromosome. The production of PBP2a is controlled by MecI repressor and transmembrane MecR1

sensor protein . In the absence of beta-lactam antibiotics, MecI represses mecA gene expression by binding to

the promoter region of mec operon . In the presence of beta-lactam antibiotics, the antibiotic binds to the

MecR1 sensor protein. It triggers autolytic activation of the metalloproteinase domain in the cytoplasm part of

MecR1, causing signal transduction to be activated . The latter caused the MecI repressor to be proteolytically

cleaved from its binding site, and this allows the expression mecA to produce PBP2a . The PBP2a production

allows the peptidoglycan wall synthesis to continue without the interaction of beta-lactam antibiotics due to its low

binding affinity to the antibiotic . Interestingly, the mec operon shared a similar structure and function with the

bla operon, which produces beta-lactamase . This similarity allows the Blal repressor to bind to the mec

operon to repress mecA transcription .

3. Antimicrobial Peptides (AMPs) and Silver Nanoparticles
(AgNPs) Combination on MRSA or MSSA

Despite AMPs and AgNPs having their own weaknesses on their own, the combination of these two, or sometimes

with the addition of polymer, enhances its antibacterial properties while greatly reducing their toxicity effects.

Synergistic effect in terms of stronger antibacterial activity of these two agents can also be observed once they are

administered together.

A study by Jin et al. utlises AMPs, Tet-213 and AgNPs that are loaded onto porous silicon microparticles . Tet-

213 is a 10 amino acid peptide (sequence: KRWWKWWRRC) that possesses broad spectrum activity due to the

presence of thiol group and, with the combination of AgNPs, the antimicrobial effect increases drastically. The

presence of porous silicon microparticles (PSiMPs) acts as a carrier for effective delivery of the antimicrobial agent

to the infected site . PSiMPs was chosen due to its tunable pore size, biocompatibility and decompatibility.

However, PSiMPs only dissociate in an alkaline condition as it is normally acidic during the early stage of infection

. Despite the carrier only being able to dissociate in alkaline conditions, the presence of ROS also allows

PSiMPs be to be dissociated easily. When ROS is high during the wound infection, it allows the carrier to be

disintegrated and releases silver ions from AgNPs together with Tet-213. The acidic condition also allows a gradual

release of AgNPs-AMPs, which allows more effective and stable antimicrobial action. For the combination of these

agents, the MIC value was greatly reduced to 2 mg/mL in comparison to AgNPs-PsiMPs (2.5 mg/mL) and AMPs-

PsiMPs (>5 mg/mL) on S. aureus . In-vitro testing on mouse fibroblast (NIH3T3) cells and human immortal

keratinocyte (HaCaT) showed low toxicity effects as this complex does not affect the cells’ proliferation. This

AgNPs-AMPs-PSiMPs combination also exhibits low toxicity and faster wound healing on rats infected with S.

aureus . The faster wound healing contributed with the release of silicon ions in the complex, with the help of

AgNPs and AMPs to reduce the bacterial infection in the wound. Note that silicon ions promote wound healing by

[35]

[12]

[10]

[10][35]

[12]

[10]

[7][35]

[7][12]

[10]

[41]

[41][42]

[43]

[41]

[41]



Antimicrobial Peptides-Silver Nanoparticles for Methicillin-Resistance Staphylococcus aureus | Encyclopedia.pub

https://encyclopedia.pub/entry/25465 5/10

activating the epidermal growth factor receptor (EGFR), epidermal growth factor (EGF) and extracellular signal-

related kinase (ERK) signaling pathway .

A star conjugated PCL-b-AMPs nanocomposite was also used in stabilising AgNPs and enhancing antimicrobial

activity of it with the help of AMPs . Star conjugated PCL-b-AMPs consist of polycaprolactone (PCL) and

polypeptide (Phe -stat-Lys ), which are later loaded with AgNPs. This complex is relatively stable at room

temperature for three months with any sign of aggregations. In this case, PCL-b-AMPs penetrate the negatively

charged membrane since this complex is positively charged. This penetration allows AgNPs to be released in the

cytoplasm and the deactivating of vital cellular components. This complex managed to exhibit enhanced inhibition

on S. aureus (27.6 mm) when compared to the combination of PCL-b-AMPs (19.1 mm) and AgNPs (12.7 mm)

alone. A low MIC value (4 µg/mL) is also observed when PCL-b-AMPs with AgNPs is tested on MRSA . This

suggests that a synergistic effect of AMPs and AgNPs allows higher inhibition on the bacterial growth. A damaged

membrane was also observed on MRSA, which later led to cell death . This complex also showed no sign of

resistance even after 21 passage exposure with a sub-lethal MIC value of the complex when tested on the wild

type S. aureus . It also showed low cytotoxicity towards normal mouse fibroblast cells (L929) as it managed to

retain up to 80% of cell viability after 48 h. The PCL-b-AMPs managed to reduce AgNPs toxicity by only releasing it

to the target site besides from their biocompatibility.

Polymersomes, which are polymeric biocompatible vesicle, were also used for an effective synergistic antimicrobial

effect of AMPs and AgNPs . PR-39 peptide was utilised in the polymeric compound as it is effective towards

inhibiting bacterial growth. Originally, porcine PR-39 peptide could not translocate across the bacterial membrane

as MRSA produces protease which degrades the AMPs. For the addition of polymersomes and AgNPs, the MRSA

growth was totally eradicated under 23 h . Polymersomes and AgNPs allow the complex to translocate the cells

and release the antimicrobial agent to inhibit the bacterial growth. From the scanning electron microscopy,

apparent damage on MRSA membrane can be observed, which led to cell death . A low toxicity level toward

CCL-110 human dermal fibroblast (HDF) cell lines can be observed since the coating reduces the toxicity effects of

AgNPs and stabilises AMPs .

A combination of protegrin-1 AMPs and gelatinized coated AgNPs also greatly enhances its antimicrobial properties

as it exhibits low MIC value (6 µg/mL) in comparison to AgNPs (48 µg/mL) and AMPs (8.5 µg/mL) treatment alone

. It is said that this complex limits MRSA growth by membrane permeabilisation (possibly through the toroidal

pores model) . The same study also combines AgNPs with another type of AMPs, Indolicidin . This

combination also exhibits excellent antimicrobial properties as its MIC value to inhibit MRSA is 12 µg/mL. The MIC

value for indolicidin alone on MRSA 40 µg/mL is relatively high in comparison to the AgNPs-Indolicidin complex.

This complex acted on MRSA by self-translocating into the cells by forming an apparent pore on the membrane

and interacting with nucleic acid, which halts the DNA synthesis . Low haemolytic activity can be observed

when the complex was tested with human erythrocytes. However, more optimisations are required as they showed

a cytotoxicity effect towards cancerous and normal cell lines, which grants in vivo assessment to elucidate the

actual toxicity.
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A novel composite of AgNPs and designed AMPs P-13 (amino acid sequence: KRWWKWWRRCECG) were tested

against S. aureus (ATCC 25923) . Based on the MIC values, this composite manages to inhibit bacteria

effectively at lower concentration (7.8 ± 0.05 µg/mL) compared to AgNPs and AMPs alone with 7.8 ± 0.05 µg/mL

and >500 ± 0.04 µg/mL, respectively. Interestingly, with the addition of P-13 to AgNPs, a drastic toxicity reduction

can be observed on mouse fibroblast cells (NIH-3T3) . This addition allows AMPs to stabilise AgNPs and reduce

its cytotoxicity effect in comparison to AgNPs alone. It is proposed that this complex inhibits bacteria growth by

adhesion to the bacteria through electrostatic force and was internalised into the cell reacting with vital cellular

components. This causes cellular leakage out of the cell, which led to cell death .

Another study by Li et al. developed multifunctional peptide (MFP)-coated silver nanoparticles as an alternative to

combat antibiotic resistance . AMPs tachyplesin-1 and target peptide N-ac-PGP-PEG were combined to adsorb

AgNPs through electrostatic interaction. This complex was proven to be effective at inhibiting S. aureus and MRSA

growth with MIC values of 8 µg/mL and 16 µg/mL, respectively . Despite the MIC for vancomycin, an antibiotic

control in this experiment is much lower than the complex (2 µg/mL); this complex was proven to be a promising

agent to inhibit the bacterial growth with future optimisations.

The AMP@PDA@AgNPs nanocomposite was created through polymerisation to inhibit biofilm formation by S.

aureus . PDA was added as a delivery agent, which allows more effective AMPs and AgNPs delivery to the

target site. This allows more effective internalisation into the cell to exhibit its antimicrobial activity. This

nanocomposite showed no cytotoxicity effect even at a high concentration (400 µg/mL) when tested on human

embryonic kidney (HEK293T) cells. To inhibit S. aureus growth, only a concentration of 25 μg/mL was required,

which is much lower than the concentration used in the cytotoxicity assessments. This complex also managed to

reduce biofilm formed by the bacteria by reducing the expression of biofilm forming genes (las I and rh II, fim H)

.

References

1. Hutchings, M.I.; Truman, A.W.; Wilkinson, B. Antibiotics: Past, Present and Future. Curr. Opin.
Microbiol. 2019, 51, 72–80.

2. Nicolaou, K.C.; Rigol, S. A Brief History of Antibiotics and Select Advances in Their Synthesis. J.
Antibiot. 2018, 71, 153–184.

3. Abraham, E.P.; Chain, E. An Enzyme from Bacteria Able to Destroy Penicillin. Nature 1940, 146,
837.

4. Dixit, A.; Kumar, N.; Kumar, S.; Trigun, V. Antimicrobial Resistance: Progress in the Decade since
Emergence of New Delhi Metallo-β-Lactamase in India. Indian J. Community Med. Off. Publ.
Indian Assoc. Prev. Soc. Med. 2019, 44, 4–8.

[49]

[49]

[27][49]

[50]

[50]

[51]

[51]



Antimicrobial Peptides-Silver Nanoparticles for Methicillin-Resistance Staphylococcus aureus | Encyclopedia.pub

https://encyclopedia.pub/entry/25465 7/10

5. Lv, J.; Deng, S.; Zhang, L. A Review of Artificial Intelligence Applications for Antimicrobial
Resistance. Biosaf. Health 2021, 3, 22–31.

6. Murray, C.J.; Ikuta, K.S.; Sharara, F.; Swetschinski, L.; Robles Aguilar, G.; Gray, A.; Han, C.;
Bisignano, C.; Rao, P.; Wool, E.; et al. Global Burden of Bacterial Antimicrobial Resistance in
2019: A Systematic Analysis. Lancet 2022, 399, 629–655.

7. Kirmusaolu, S. MRSA and MSSA: The Mechanism of Methicillin Resistance and the Influence of
Methicillin Resistance on Biofilm Phenotype of Staphylococcus Aureus. In The Rise of Virulence
and Antibiotic Resistance in Staphylococcus aureus; Enany, S., Crotty Alexander, L.E., Eds.;
InTech: Hong Kong, China, 2017; ISBN 978-953-51-2983-7.

8. Vestergaard, M.; Frees, D.; Ingmer, H. Antibiotic Resistance and the MRSA Problem. Microbiol.
Spectr. 2019, 7, 18.

9. Nandhini, P.; Kumar, P.; Mickymaray, S.; Alothaim, A.S.; Somasundaram, J.; Rajan, M. Recent
Developments in Methicillin-Resistant Staphylococcus Aureus (MRSA) Treatment: A Review.
Antibiotics 2022, 11, 606.

10. King, D.T.; Sobhanifar, S.; Strynadka, N.C.J. The Mechanisms of Resistance to β-Lactam
Antibiotics. In Handbook of Antimicrobial Resistance; Berghuis, A., Matlashewski, G., Wainberg,
M.A., Sheppard, D., Eds.; Springer: New York, NY, USA, 2017; pp. 177–201. ISBN 978-1-4939-
0693-2.

11. Pandey, N.; Cascella, M. Beta Lactam Antibiotics. In StatPearls; StatPearls Publishing: Treasure
Island, FL, USA, 2021.

12. Kırmusaoğlu, S.; Gareayaghi, N.; Kocazeybek, S.B. Introductory Chapter: The Action
Mechanisms of Antibiotics and Antibiotic Resistance. In Antimicrobials, Antibiotic Resistance,
Antibiofilm Strategies and Activity Methods; Kırmusaoğlu, S., Ed.; IntechOpen: Hong Kong, China,
2019; ISBN 978-1-78985-789-4.

13. Cameron, D.R.; Jiang, J.-H.; Kostoulias, X.; Foxwell, D.J.; Peleg, A.Y. Vancomycin Susceptibility
in Methicillin-Resistant Staphylococcus Aureus Is Mediated by YycHI Activation of the WalRK
Essential Two-Component Regulatory System. Sci. Rep. 2016, 6, 30823.

14. Ahmed, M.O.; Baptiste, K.E. Vancomycin-Resistant Enterococci: A Review of Antimicrobial
Resistance Mechanisms and Perspectives of Human and Animal Health. Microb. Drug Resist.
2018, 24, 590–606.

15. Stogios, P.J.; Savchenko, A. Molecular Mechanisms of Vancomycin Resistance. Protein Sci. Publ.
Protein Soc. 2020, 29, 654–669.

16. Brown, N.M.; Goodman, A.L.; Horner, C.; Jenkins, A.; Brown, E.M. Treatment of Methicillin-
Resistant Staphylococcus Aureus (MRSA): Updated Guidelines from the UK. JAC-Antimicrob.
Resist. 2021, 3, dlaa114.



Antimicrobial Peptides-Silver Nanoparticles for Methicillin-Resistance Staphylococcus aureus | Encyclopedia.pub

https://encyclopedia.pub/entry/25465 8/10

17. Montravers, P.; Eckmann, C. Cotrimoxazole and Clindamycin in Skin and Soft Tissue Infections.
Curr. Opin. Infect. Dis. 2021, 34, 63–71.

18. Ciandrini, E.; Morroni, G.; Arzeni, D.; Kamysz, W.; Neubauer, D.; Kamysz, E.; Cirioni, O.; Brescini,
L.; Baffone, W.; Campana, R. Antimicrobial Activity of Different Antimicrobial Peptides (AMPs)
against Clinical Methicillin-Resistant Staphylococcus aureus (MRSA). Curr. Top. Med. Chem.
2018, 18, 2116–2126.

19. Ansari, M.A.; Alzohairy, M.A. One-Pot Facile Green Synthesis of Silver Nanoparticles Using Seed
Extract of Phoenix Dactylifera and Their Bactericidal Potential against MRSA. Evid. Based
Complement. Altern. Med. 2018, 2018, 1860280.

20. Baharin, N.H.Z.; Mokhtar, N.F.K.; Desa, M.N.M.; Gopalsamy, B.; Zaki, N.N.M.; Yuswan, M.H.;
Muthanna, A.; Dzaraly, N.D.; Abbasiliasi, S.; Hashim, A.M.; et al. The Characteristics and Roles of
Antimicrobial Peptides as Potential Treatment for Antibiotic-Resistant Pathogens: A Review. PeerJ
2021, 9, e12193.

21. Patrulea, V.; Borchard, G.; Jordan, O. An Update on Antimicrobial Peptides (AMPs) and Their
Delivery Strategies for Wound Infections. Pharmaceutics 2020, 12, 840.

22. Benfield, A.H.; Henriques, S.T. Mode-of-Action of Antimicrobial Peptides: Membrane Disruption
vs. Intracellular Mechanisms. Front. Med. Technol. 2020, 2, 610997.

23. Huan, Y.; Kong, Q.; Mou, H.; Yi, H. Antimicrobial Peptides: Classification, Design, Application and
Research Progress in Multiple Fields. Front. Microbiol. 2020, 11, 582779.

24. Mahlapuu, M.; Björn, C.; Ekblom, J. Antimicrobial Peptides as Therapeutic Agents: Opportunities
and Challenges. Crit. Rev. Biotechnol. 2020, 40, 978–992.

25. Frimodt-Møller, J.; Campion, C.; Nielsen, P.E.; Løbner-Olesen, A. Translocation of Non-Lytic
Antimicrobial Peptides and Bacteria Penetrating Peptides across the Inner Membrane of the
Bacterial Envelope. Curr. Genet. 2022, 68, 83–90.

26. Moravej, H.; Moravej, Z.; Yazdanparast, M.; Heiat, M.; Mirhosseini, A.; Moosazadeh Moghaddam,
M.; Mirnejad, R. Antimicrobial Peptides: Features, Action, and Their Resistance Mechanisms in
Bacteria. Microb. Drug Resist. 2018, 24, 747–767.

27. Seyfi, R.; Kahaki, F.A.; Ebrahimi, T.; Montazersaheb, S.; Eyvazi, S.; Babaeipour, V.; Tarhriz, V.
Antimicrobial Peptides (AMPs): Roles, Functions and Mechanism of Action. Int. J. Pept. Res.
Ther. 2020, 26, 1451–1463.

28. Zhang, Q.-Y.; Yan, Z.-B.; Meng, Y.-M.; Hong, X.-Y.; Shao, G.; Ma, J.-J.; Cheng, X.-R.; Liu, J.;
Kang, J.; Fu, C.-Y. Antimicrobial Peptides: Mechanism of Action, Activity and Clinical Potential.
Mil. Med. Res. 2021, 8, 48.



Antimicrobial Peptides-Silver Nanoparticles for Methicillin-Resistance Staphylococcus aureus | Encyclopedia.pub

https://encyclopedia.pub/entry/25465 9/10

29. Hoda Moravej; Zahra Moravej; Maryam Yazdanparast; Mohammad Heiat; Ali Mirhosseini;
Mehrdad Moosazadeh Moghaddam; Reza Mirnejad; Antimicrobial Peptides: Features, Action, and
Their Resistance Mechanisms in Bacteria. Microbial Drug Resistance 2018, 24, 747-767.

30. Amdadul Huq; Ashrafudoulla; M. Mizanur Rahman; Sri Renukadevi Balusamy; Shahina Akter;
Green Synthesis and Potential Antibacterial Applications of Bioactive Silver Nanoparticles: A
Review. Polymers 2022, 14, 742, 10.3390/polym14040742.

31. Mohammad Azam Ansari; Mohammad A. Alzohairy; One-Pot Facile Green Synthesis of Silver
Nanoparticles Using Seed Extract of Phoenix dactylifera and Their Bactericidal Potential against
MRSA. Evidence-Based Complementary and Alternative Medicine 2018, 2018, 1-9, 10.1155/201
8/1860280.

32. Nur Syakirah Rabiha Rosman; Noor Aniza Harun; Izwandy Idris; Wan Iryani Wan Ismail; Eco-
friendly silver nanoparticles (AgNPs) fabricated by green synthesis using the crude extract of
marine polychaete, Marphysa moribidii: biosynthesis, characterisation, and antibacterial
applications. Heliyon 2020, 6, e05462, 10.1016/j.heliyon.2020.e05462.

33. Sang Hun Lee; Bong-Hyun Jun; Silver Nanoparticles: Synthesis and Application for
Nanomedicine. International Journal of Molecular Sciences 2019, 20, 865, 10.3390/ijms2004086
5.

34. Enright, M.C.; Robinson, D.A.; Randle, G.; Feil, E.J.; Grundmann, H.; Spratt, B.G. The
Evolutionary History of Methicillin-Resistant Staphylococcus Aureus (MRSA). Proc. Natl. Acad.
Sci. USA 2002, 99, 7687–7692.

35. Peacock, S.J.; Paterson, G.K. Mechanisms of Methicillin Resistance in Staphylococcus aureus.
Annu. Rev. Biochem. 2015, 84, 577–601.

36. World Health Organization. Global Priority List of Antibiotic-Resistant Bacteria to Guide Research,
Discovery, and Development of New Antibiotics; World Health Organisation: Geneva, Switzerland,
2017.

37. Centers for Disease Control and Prevention (U.S.). Antibiotic Resistance Threats in the United
States, 2019; Centers for Disease Control and Prevention (U.S.): Atlanta, GS, USA, 2019.

38. Hibbitts, A.; O’Leary, C. Emerging Nanomedicine Therapies to Counter the Rise of Methicillin-
Resistant Staphylococcus aureus. Materials 2018, 11, 321.

39. Siddiqui, A.H.; Koirala, J. Methicillin Resistant Staphylococcus aureus. In StatPearls; StatPearls
Publishing: Treasure Island, FL, USA, 2022.

40. Kapoor, G.; Saigal, S.; Elongavan, A. Action and Resistance Mechanisms of Antibiotics: A Guide
for Clinicians. J. Anaesthesiol. Clin. Pharmacol. 2017, 33, 300–305.



Antimicrobial Peptides-Silver Nanoparticles for Methicillin-Resistance Staphylococcus aureus | Encyclopedia.pub

https://encyclopedia.pub/entry/25465 10/10

41. Jin, Y.; Yang, Y.; Duan, W.; Qu, X.; Wu, J. Synergistic and On-Demand Release of Ag-AMPs
Loaded on Porous Silicon Nanocarriers for Antibacteria and Wound Healing. ACS Appl. Mater.
Interfaces 2021, 13, 16127–16141.

42. Jin, Y.; Duan, W.; Wo, F.; Wu, J. Two-Dimensional Fluorescent Strategy Based on Porous Silicon
Quantum Dots for Metal-Ion Detection and Recognition. ACS Appl. Nano Mater. 2019, 2, 6110–
6115.

43. Chen, X.; Wo, F.; Jin, Y.; Tan, J.; Lai, Y.; Wu, J. Drug-Porous Silicon Dual Luminescent System for
Monitoring and Inhibition of Wound Infection. ACS Nano 2017, 11, 7938–7949.

44. Li, B.; Tang, H.; Bian, X.; Ma, K.; Chang, J.; Fu, X.; Zhang, C. Calcium Silicate Accelerates
Cutaneous Wound Healing with Enhanced Re-Epithelialization through EGF/EGFR/ERK-
Mediated Promotion of Epidermal Stem Cell Functions. Burns Trauma 2021, 9, tkab029.

45. Awad, K.; Ahuja, N.; Fiedler, M.; Peper, S.; Wang, Z.; Aswath, P.; Brotto, M.; Varanasi, V. Ionic
Silicon Protects Oxidative Damage and Promotes Skeletal Muscle Cell Regeneration. Int. J. Mol.
Sci. 2021, 22, 497.

46. Zhen, J.-B.; Kang, P.-W.; Zhao, M.-H.; Yang, K.-W. Silver Nanoparticle Conjugated Star PCL- b -
AMPs Copolymer as Nanocomposite Exhibits Efficient Antibacterial Properties. Bioconjug. Chem.
2020, 31, 51–63.

47. Bassous, N.J.; Webster, T.J. The Binary Effect on Methicillin-Resistant Staphylococcus aureus of
Polymeric Nanovesicles Appended by Proline-Rich Amino Acid Sequences and Inorganic
Nanoparticles. Small 2019, 15, 1804247.

48. Zharkova, M.S.; Golubeva, O.Y.; Orlov, D.S.; Vladimirova, E.V.; Dmitriev, A.V.; Tossi, A.; Shamova,
O.V. Silver Nanoparticles Functionalized with Antimicrobial Polypeptides: Benefits and Possible
Pitfalls of a Novel Anti-Infective Tool. Front. Microbiol. 2021, 12, 750556.

49. Gao, J.; Na, H.; Zhong, R.; Yuan, M.; Guo, J.; Zhao, L.; Wang, Y.; Wang, L.; Zhang, F. One Step
Synthesis of Antimicrobial Peptide Protected Silver Nanoparticles: The Core-Shell Mutual
Enhancement of Antibacterial Activity. Colloids Surf. B Biointerfaces 2020, 186, 110704.

50. Li, W.; Li, Y.; Sun, P.; Zhang, N.; Zhao, Y.; Qin, S.; Zhao, Y. Antimicrobial Peptide-Modified Silver
Nanoparticles for Enhancing the Antibacterial Efficacy. RSC Adv. 2020, 10, 38746–38754.

51. Xu, J.; Li, Y.; Wang, H.; Zhu, M.; Feng, W.; Liang, G. Enhanced Antibacterial and Anti-Biofilm
Activities of Antimicrobial Peptides Modified Silver Nanoparticles. Int. J. Nanomed. 2021, 16,
4831–4846.

Retrieved from https://encyclopedia.pub/entry/history/show/61499


