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1. INTRODUCTION 

 

Urinary tract infection (UTI) is an infection marked 

by the growth of bacteria in the urinary tract starting from 

104 to 106 colony-forming units/millilitre (CFU/mL) of 

urine1. UTI is the most common infection globally, with 

150-250 million cases annually. It is estimated that 40-

50% of women and 5% of men will suffer from UTI at 

least once in their lifetime, making UTI the most common 

infectious disease in the general population even today2. 

The causative pathogens of UTI are several Gram-positive 

and Gram-negative bacteria1-2. Amongst Gram-negative 

bacteria, the uropathogenic strain of Escherichia coli 

(UPEC) causes 75-90% of all UTIs, while staphylococci 

are the most common Gram-positive bacteria to cause 

UTIs, causing 5-10% of all uncomplicated UTI2-3. 

Antibiotic resistance in uropathogens is a worldwide 

issue, affecting both developed and developing countries. 

Resistance data in UTIs vary across countries. In Central 

Europe, antimicrobial resistance rates drive the use of 

antibiotics for UTIs away from readily available first-line 

drugs4, with data from one study of lower UTIs in Milan, 

Italy confirming increased resistance of E. coli isolates 

against ampicillin (51% susceptible), cotrimoxazole (76% 
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ABSTRACT 

 

Urinary tract infections (UTIs) are among the most common infections globally, with 150-250 million 

annual cases. In recent years, there has been an emerging trend of complicated UTIs, partly due to the resistance 

of uropathogens to commonly used first-line antibiotics. At its worst, antimicrobial resistance increases in-patient 

time, treatment costs, and the risk of complications and mortality. Resistance also gravely reduces treatment options. 

The writers review the literature published in 2013-2023 found on Pubmed, EBSCO-Host, and Google Scholar 

using several combination keywords: “new treatment,” “urinary tract infection,” “bacteria,” “antimicrobial,” and 

“resistance.” Thirty-three in-vitro, three animal models (in-vivo), and one multicentre cohort study were found 

on the composite chitosan, silver nanoparticle, and graphene oxide (Chit-AgNP-GO), and its components. This 

bioactive material possesses a bactericidal and bacteriostatic effect against Gram-positive and Gram-negative 

uropathogens. Chit-AgNP-GO has multiple mechanisms of action for each component involved, with literature 

suggesting good antimicrobial activity for each. Silver destroys bacterial enzymes necessary for electron transfer, 

disrupts DNA synthesis, and destroys proteins integral to the bacterial structure. Chitosan facilitates adhesion to 

bacterial cell membranes and can contribute to bacterial cellular leakage. Graphene oxide affects bacterial liposo-

lubility and permeability. The multiple mechanisms of action generated by this antimicrobial make it a promising 

agent to study in UTI cases, especially those complicated by uropathogenic resistance. However, validating this 

nanomaterial may be challenging due to the limited number of clinical studies. Therefore further in vivo, and 

clinical research protocols are highly required to confirm its antimicrobial potential in the clinical setting. 
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susceptible), and amoxicillin-clavulanic acid (77% sus-

ceptible)5. Developing countries might encounter a higher 

burden of antimicrobial resistance in uropathogens due 

to the common misuse of antibiotics. Asia, and particularly 

Indonesia, is not exempt from this trend. A systematic 

review on uropathogenic resistance in the Asia-Pacific 

region reports a high prevalence of resistance against 

cotrimoxazole, ciprofloxacin, and ceftriaxone. (33-90%). 

Along with Bangladesh, India, and Sri Lanka, Indonesia 

has the highest prevalence of resistance6. These circum-

stances show that new antimicrobial compounds are 

needed to stand against this emerging trend.  

Uropathogenic resistance is a challenge to the 

medical field because it causes extended in-patient time, 

increased treatment costs, and increased risk of compli-

cations and death7. Chronically untreated UTIs may lead 

to complications such as pyelonephritis, scar formation 

in the urinary tract, and urethral strictures, which are 

more common in men8-10. In pregnant women, UTIs can 

increase the risks of low birth weight and premature 

births8,11. Resistance limits treatment options, making 

emerging therapy options essential. One such therapy is 

the use of bioactive materials such as silver, which is used 

medically as wound dressings, creams, and an antibiotic 

coating on medical devices due to its antimicrobial 

activity12. Silver formulated as nanoparticles (AgNP) 

exerts higher bactericidal action due to their enhanced 

reactivity resulting from their high surface/volume ratio. 

The nanoparticle is shown to eliminate Gram-positive 

bacteria with low minimum inhibitory concentration 

(MIC) and minimum bactericidal concentration (MBC)13. 

AgNP also shows synergistic effects with other antimi-

crobial drugs. However, AgNP can be unstable and 

quickly deposited when transferred to biological media, 

reducing its potency. Therefore, a supporting matrix that 

amplifies stability and antibacterial properties is required, 

provided by graphene oxide (GO), a derivative of gra-

phite. A large surface area makes GO a possible candidate 

for biological application. AgNP-GO composites show 

vigorous antimicrobial activity against Gram-positive 

and Gram-negative bacteria. Another component to 

further increase AgNP stability is a biocompatible shell 

polymer, such as chitosan, further increasing its antimi-

crobial potency.  

The strong synergy between these components makes 

this composite possibly useful against resistant bacteria14. 

However, not much literature has discussed the impact 

of this composite in treating resistant UTIs. This literature 

review aims to present the use of silver, GO, and chitosan 

to combat uropathogenic resistance, individually or in 

combination. This literature review is created by reviewing 

the latest literature sources with the potential for effective 

UTI treatment, particularly in the rise of resistant patho-

gens. Firstly, a literature search using the search engine 

Pubmed, EBSCO-Host, and Google Scholar is done with 

the combination keywords “new treatment,” “urinary 

tract infection,” “bacteria”', “antimicrobial,” “resistance,” 

“chitosan,” “silver nanoparticle,” and “graphene oxide.” 

Boolean operators, AND/OR/NOT, parentheses, asterisks, 

and quotation marks were used to increase specificity and 

sensitivity. The inclusion criteria are as follows: articles 

published in English in the last ten years (2013-2023), 

aligned with the review question, and are within the 

evidence level of 1-5. Articles are excluded if the material 

combination is irrelevant and resistant bacteria are not 

mentioned or are not common uropathogens. Due to the 

scarcity of studies on this particular topic, we allowed 

some leniency toward these criteria. We found 37 ori-

ginal articles, consisting of 33 in vitro, 3 in vivo, and 1 

multicentre cohort study. Most current evidence was 

experimental studies explaining the potential of chitosan, 

Ag/AgNP, and GO as a potential antimicrobial against 

pathogens individually or as a combination of two or 

three materials. We then searched for other literature on 

the mechanism of action of the three components of this 

composite, either as individual ingredients or composites. 

We also reviewed the pharmacology of this hybrid, 

finding material drawbacks and assessing the feasibility 

of its use as an antimicrobial against resistant uropatho-

gens. Synthesis is then created out of these sources, with 

supporting literature. 

 

2. SUMMARY OF REVIEW FINDINGS 

 

Through literature review, 37 studies were found, 

divided into three study designs, as follows: (1) 32 in vitro 

studies14-45, (2) 3 animal studies46-48, and 1 multicenter 

cohort study49. A summary of the literature reviewed in 

this study can be reviewed below (see Table 1).  

 

2.1. The potential of silver (Ag) and its nanoparticle 

(AgNP) as antimicrobials 

 

Silver (Ag) is a precious metal renowned in medi-

cine as an antimicrobial with high potency and low 

toxicity. Several forms of silver are used pharmacolo-

gically, including metallic silver, silver nitrate, silver 

sulfadiazine, and silver nanoparticle12,50. As an antimi-

crobial, silver has several mechanisms of action. A study 

tested the impact of Ag+ ions and AgNO3 on E. coli 

ATCC 23282 and Staphylococcus aureus strain ATCC 

35696 using a transmission electron microscope (TEM) 

and X-ray microanalysis. It was found that exposure to 

silver causes the cell membrane to shrink relative to the 

cell wall and conglomerated DNA (deoxyribonucleic 

acid) materials to condense, marked by an increase of 

phosphorus in the central part of the electron-light region. 

In the end stage, the homeostatic mechanisms of bacterial 

cells failed due to the destruction of cellular integrity, 

marked by electron-dense cell granules and loss of elec-

tron-light regions marking the destruction of the cyto-

skeleton and condensed  DNA,  causing  an inability  to 
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reproduce. The results are similar in both bacteria species, 

with only slightly stronger cellular integrity, less electron-

dense granules, and darker electron-light regions in S. 

aureus51. Another impact is the destruction of flagella 

and fimbriae, causing an inability to move and exchange 

genes, causing the bacteria being active but not culturable 

(ABNC)52. 

Based on the experiment, it is known that silver 

interacts with DNA and both structural and functional 

proteins51. There is a conglomeration of Ag+ ions inside 

bacterial DNA structures. Destruction of cellular inte-

grity also occurs due to the change of a thiol’s sulfhydryl 

(S-H) bonds into S-Ag bonds. The sulfhydryl bonds are 

essential because it forms the basis of several enzymatic 

functional chains, such as enzymes in the respiration 

chains, i.e., nicotinamide adenine dinucleotide phosphate 

(NADH)-dehydrogenase I and II51,53. Due to the destruc-

tion of these enzymes, there is a loss of proton motive 

force through the bacterial cell membrane, uncoupling 

of the respiration chain, an inefficiency of electron 

transport towards oxygen, and an increase in the 

production of reactive oxygen species (ROS)53-54. Other 

enzymes affected by silver are those with [4Fe-4S] 

bonds, such as the various dehydratases composing the 

electron transport chain55. Quantitatively, the antimi-

crobial efficacy of Ag+ ions is known to be potent enough 

to eliminate uropathogens significantly; The addition of 

Ag+ ions destroys 80-100% of bacteria, depending on 

the observing techniques53. 

Pathogenic resistance to silver may happen when 

used as an antimicrobial for a long time. Nevertheless, 

due to its multiple mechanisms of action, the spontaneous 

mutation rate of bacteria towards silver-based antimi-

crobial substances is lower than other antimicrobials, 

and resistance is less likely to happen50. 

Silver is often used as a coating for Foley catheters 

to prevent or treat catheter-associated UTIs (CA-UTI). 

In a cohort study on seven hospitals with a three-month 

minimum of standard catheter use vs Ag hydrogel 

catheters, Ag hydrogel catheters are proven to reduce 

CA-UTI incidence and number of treatment days49. 

Recognition of the antimicrobial effects of silver has 

been long-standing, and according to one meta-analysis 

reviewing eight clinical trials of silver alloy on catheters, 

there is a more significant protective effect on bacteriuria 

(recorded OR 0.79, 95%CI: 0.56-1.10) but with an 

increased cost of 6 USD56. A systematic review shows 

that silver alloy-coated catheters are worth 3.56-9.71 

USD, 80-130% higher than standard catheters. However, 

using silver alloy-coated catheters can reduce the chances 

of infection in the short term57. 

Several studies assessed that silver has a practical 

antimicrobial effect on the concentration of 10-9 to 10-6 

M58. The stability of silver gets lower when exposed to 

ions in the human body, such as Cl- ions, which can cause 

a salt reaction and deposition. Therefore, silver is com-

monly combined with other substances which stabilise 

it or are synthesised as nanoparticles to alter its pharma-

cokinetics.  

Silver is sometimes formulated as nanoparticles 

(AgNP) to increase effectiveness, which is effective due 

to its small size and high zeta potential. Small molecular 

size allows AgNP to penetrate bacterial outer and inner 

membranes, especially in Gram-negative bacteria. Thus, 

AgNP can disrupt porin and lipopolysaccharide compo-

nents in the cytoplasm and destabilise the outer mem-

brane59. It then bonds itself into the bacterial cell walls, 

causing dephosphorylation of important peptide sub-

strates. This process modulates cellular signals in bacteria 
60. AgNP also perforates bacterial cell walls and enters 

the cell, condensing genetic material and coagulating it 

with cytoplasm, causing cytoplasmic leakage and bacterial 

cell death61. A smaller size and increased surface area 

increased efficacy in AgNP compared to silver. The 

electrostatic property of AgNP is also a vital mechanism 

for its antibacterial and antibiofilm activity. The positive 

charge of AgNP interacts with bacterial enzymes and 

proteins, inhibiting their activity. This electrostatic inter-

action also disturbs biofilm formation, degrades EPS, 

and breaks biofilm mats. Finally, AgNP may interact with 

bacterial ribosomes, causing inhibition in the translation 

process35. 

Although there are a few disagreements regarding 

the usage of AgNP vs Ag+ ions, it is agreed upon that the 

concentration scale is different. AgNP is more effective 

than Ag alone on the nanomolar scale, while Ag+ ions 

react on the micromolar scale. However, Ag+ ions and 

AgNP are broad-spectrum antimicrobial agents, effective 

against Gram-positive and Gram-negative bacteria62. 

The released Ag+ ions produce reactive oxygen species 

(ROS), which further destroy the bacterial cell membrane 

by increasing its permeability15. 

Several studies have shown AgNP effectiveness in 

biofilms. Research on the uropathogenic Enterococcus 

faecalis on dentin slides in four weeks using AgNP 

solution vs AgNP gel prefers the usage of AgNP gel as 

it is more effective at disrupting the structural integrity 

of biofilm and killing bacteria inside63. Research on 

Pseudomonas aeruginosa and S. epidermidis in an agar 

medium also shows that AgNP can significantly create 

an inhibition zone and reduce biofilm production of 

both bacteria64. In another trial, P. aeruginosa no longer 

grows after a treatment of 10 mg/L of AgNP. Other 

uropathogens, such as S. aureus, are inactive 48 hours 

after receiving 5 mg/L of AgNP. Meanwhile, E. coli can 

also be inactivated 48 hours after treatment with 10 mg/L 

of AgNP61. This vigorous antibacterial activity towards 

biofilm has led AgNP (as well as Ag+) to be commonly 

used as an antibacterial coating on invasive devices, such 

as Foley catheters. Studies in Table 1 discussing this 

application are Alshehri et al.,17 Shafreen et al.,43 Mala 

et al.,48 and Ashmore et al.19 All studies agree that AgNP 
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inhibits biofilm structural integrity and kills bacteria 

released from the aggregate structures. 

As a xenobiotic metal, silver can cause delayed 

hypersensitivity and allergies in those with predisposi-

tions, although the risk is not yet studied in depth62. Other 

studies suggested that a cytotoxic effect occurred with 

exposure to AgNP. AgNP can reduce cellular adenosine 

triphosphate (ATP), leading to mitochondrial dysfunc-

tion and increased ROS production. This mechanism 

will lead to DNA damage and may cause a stop to the 

cell cycle in the G2/M phase, which might be clinically 

harmful. In AgNP, the toxicity depends on particle size, 

as proven by a cell proliferation assay. It should also be 

noted that the LD50 (median lethal dose) regarding the 

mentioned cytotoxicity in the study uses various cell lines 

from various non-standardised sources; therefore, the 

LD50 could differ in different cell lines65. The use of 

silver can also cause argyria, a harmless deposition of 

silver manifesting as cosmetic changes without any 

significant damage or dysfunction to tissue62. 

The pharmacokinetic process of AgNP in the human 

body has also been studied. AgNP can be administered 

through injection and excreted through urine and faeces. 

The highest faecal concentration occurs two days after 

injection. In the body, AgNP is distributed from the 

blood to the inner organs, with a distribution pattern not 

changing even after 30 days66. 

 

2.2. The potential of graphene oxide (GO) as an anti-

microbial 

 

Graphene oxide (GO) is graphene sheets with a 

carboxylic group on its ends, epoxide and hydroxyl 

groups on its basal plane, and hexagonal crystals of carbon 

atoms67-68. The material is small but with a high density 

of functional groups, allowing for easier deposition on 

bacteria67. GO can treat various biofilm-producing 

organisms, including Gram-positive and Gram-negative 

bacteria68. 

GO as coating allows less bacterial contact to the 

orthogonal ends of GO, increasing interaction with the 

basal plate. An oxidative mechanism then eliminates 

microbes. The increasingly smaller GO sheets increase 

defect density and oxidative stress68. As a suspension, 

GO uses a cell-trapping mechanism; it coats bacteria and 

prevents proliferation. In this mechanism of action, larger 

GO sheets are more effective. However, trapped bacteria 

can replicate once moved out of the suspension, which 

shows that GO is a bacteriostatic agent, not a bactericidal 

one68. The orthogonal edges of GO are sharp and can 

physically disrupt cell membranes, causing electrolyte 

and RNA leakage in bacteria.21,68. The structural damage 

generates ROS, further damaging the bacteria, and faci-

litates the passage of antibiotic agents into the bacteria16. 

GO can also absorb amino acids and prevent nutrient 

absorption, disrupting bacterial metabolism21. 

Combined with AgNP, the two components can 

form a composite particle (AgNP-GO) with synergistic 

effects. GO can help increase the surface area of inter-

action between AgNP and bacterial cells25,32. AgNP is 

embedded on GO sheets and is ejected when GO adheres 

to bacterial cells32. The efficiency of AgNP is increased 

by compositing it with GO25,32. One study evaluated the 

development of MRSA (methicillin-resistant S. aureus) 

and E. coli colonies when given GO and AgNP-GO 

compared to the negative control. In contrast to colonies 

that received GO, those given AgNP-GO experienced a 

considerable replication impediment32. A similar eva-

luation was also made with the application of 2.0 µg/mL 

of AgNP-GO on P. aeruginosa, which was capable of 

eradicating the colonies, while similar concentrations of 

GO have no discernible impact on colony size and repli-

cability25. Studies by Chen et al.69 and Su et al.45 also 

show the flexibility and antibacterial potential associated 

with AgNP-GO45,69.  

Almamad et al.16 show that not only reduced GO 

(rGO) exhibit an inhibitory effect towards both Gram-

positive and Gram-negative bacteria, but it also enhances 

the performance of common antibiotics. A combination 

of rGO with 30 µL of 1 mg/mL rGO solution with ami-

kacin, cefotaxime, and cefixime on multidrug-resistant 

(MDR) bacteria isolates created an inhibition zone up to 

13 mm when no inhibition zone was made with the 

antibiotics alone16. However, no clinical trials have been 

developed for GO, and the data given so far are from in 

vitro, animal model, and observational studies. All of 

them, however, show promising antimicrobial effects. A 

trial with A549 cells has also proven that GO does not 

confer a cytotoxic effect on human cells, although it can 

cause increased oxidative stress in higher doses70. GO can 

be administered intravenously, and trials in mice show 

accumulation in the liver and renal endoplasmic reticu-

lum, which dissipates slowly. The excretion of GO is 

done through faeces and urine71. 
 

2.3. The potential of chitosan as an antimicrobial 

 

Chitosans are a group of deacetylated chitin com-

pounds. The potential of chitosan in medicine was first 

reported in 1979 when shrimp chitosan was found to be 

fungicidal. Further research discovers an antimicrobial 

effect on Gram-positive and Gram-negative bacteria and 

its safety for use in humans. Chitosan possesses several 

antimicrobial mechanisms. The positively charged amino 

groups in chitosan can interact with bacterial cell mem-

branes, causing cellular leakage. It also interacts with 

the phospholipid bilayer, changing its permeability and 

ending with cellular leakage72. 

Costa et al.23 suggest that the antimicrobial effect 

of chitosan depends on its molecular weight, degree of 

polymerisation, and pH, since these factors affect its 

charge density (degree of polymerisation and pH) and 
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solubility (degree of polymerisation and molecular 

weight)23,73. A trial using both high molecular weight 

(HMW) and low molecular weight (LMW) chitosan was 

done against MRSA and methicilin-sensitive S. aureus 

(MSSA) isolates, and it was discovered that chitosan 

could significantly decrease both planktonic and biofilm 

production of bacteria23. Conversely low-viscosity, LMW 

chitosan inhibit S. epidermidis biofilm. The bacterio-

static effect is found at a concentration of 0.003% w/v, 

and the bactericidal effect is at ≥0.005% w/v27. Other 

uropathogens such as E. coli, Proteus spp., and Klebsiella 

spp. are treated with chitosan with a molecular weight 

of 72.16 kilodaltons (kDa) with diffe-rent concentrations. 

E. coli and P. mirabilis are inhibited at lower MIC than 

K. pneumoniae33. 

Chitosan is also used to facilitate antimicrobial 

transfer through tissue or into bacterial cells, carrying 

various substances such as silver74, antimicrobial pep-

tides75, propolis76, or even antibiotics such as ciproflo-

xacin, gentamicin, and chlortetracycline77. It is not only a 

transporting vessel; it can also enhance drug effectiveness 

by providing a slow-release effect and increasing the 

absorption of certain drugs. It is also effective on various 

bacteria with various antibiotic resistance levels74-77. Other 

applications include coating invasive devices such as 

Foley catheters, attributing to their anti-biofilm proper-

ties39-40, and administration as an intravesical antibac-

terial agent, whether with or without antibiotics29,46-47. 

Biofilm inhibition is another critical feature of 

chitosan. A study by Alzubaidy et al.18 shows inhibition 

of E. coli biofilm. The anti-biofilm activity is due to the 

polycationic nature of chitosan, which interacts with EPS 

(extracellular polymeric substances), protein, and bac-

terial DNA, preventing biofilm production. However, 

the study used chitosan linked with GO (Chit-GO) and 

did not evaluate the activity of chitosan by itself18. A 

study by Alfuraydi et al.15 evaluated the activity of pure 

chitosan against biofilm but found its inhibitory action 

to be poor, with a MIC as high as 1,000 µg/mL. Chitosan 

was only shown to inhibit biofilm when blended with 

trimellitic anhydride isothiocyanate, with or without 

blending with polyvinyl alcohol (PVA)15. 

In addition to its antibacterial and anti-biofilm 

action, the study by Alfuraydi et al.15 shows that chitosan 

can also inhibit the growth of medically significant fungi, 

such as Aspergillus fumigatus, Syncephalastrum race-

mosum, A. niger, Cryptococcus neoformans, and. It is 

posited that this antifungal activity is mediated through 

the modification of cell wall morphology and chelation 

of metal ions necessary for growth, similar to its inhi-

bition of bacterial growth. Additionally, chitosan inhibits 

fungal growth by penetrating the hyphae and disrupting 

enzyme and protein activities15. 

In combination with AgNP, chitosan was tested 

against ESBL (extended-spectrum beta-lactamase)-

producing P. aeruginosa and could inhibit a significant 

amount of bacterial growth with low MIC. It also showed 

some bactericidal activity36. Another study confirms its 

efficacy against MDR E. coli and S. aureus with even 

lower MIC42. Composited with GO, chitosan was also 

shown to be a somewhat effective bacteriostatic agent, 

more than chitosan alone. Another study even shows that 

Chit-GO is effective on fungi when prepared as a hydrogel 

combined with polyvinyl alcohol (PVA)15. However, it 

might be toxic to eukaryotic cells28,31. 

An in-depth animal study on chitosan use shows that 

it is metabolised in the liver and gut flora and excreted 

through urine78. Chitosan can be administered orally, 

intravenously, and topically (e.g., mouthwash)78-79. Long-

term ingestion of chitosan has also been tested for its 

safety. Low molecular weight (65 kDa) chitosan and its 

derivatives are tested thoroughly with a mouse model. 

Chitosan has a minimal hemolytic effect (2-5%), which 

is induced by heat. It is not hepatotoxic or nephrotoxic 

and does not change either organ's histomorphology80. 

The hemolytic effect of chitosan has also been studied 

in vitro in combination with GO and AgNP. Chitosan 

combined with AgNP did not show significant hemolytic 

activity at MIC42. Chitosan combined with GO also did 

not significantly cause hemolysis at the median inhibitory 

dose (ID50) for E. coli18. Chitosan is also a sustainable 

resource, obtainable from crustacean shell waste. 

 

2.4. The antimicrobial impact of chitosan-silver 

nanoparticle-graphene oxide hybrid 

 

Synergic hybridisation works well as a method to 

combat antimicrobial resistance due to its ability to 

interfere with multiple pathogenic metabolic pathways. 

We found four relevant studies which documented tests 

on the combination of the three components mentioned 

above. An experimental study by Martaa et al.14 assessed 

the potential of a hybrid consisting of chitosan, silver 

nanoparticles, and graphene oxide (Chit-AgNP-GO). 

This trial compares the hybrid with its components 

against two strains of MRSA, UCLA 8076 and 1190R. 

S. aureus is one of the most prevalent Gram-positive 

organisms causing UTIs. The strain UCLA 8076 consists 

of several subpopulations with high proportions (≥99.9%) 

of drug-sensitive bacteria and a tiny proportion of drug-

resistant bacteria (1 in 106 cells), while strain 1190R 

consists of a homogenous population with high resistance 

to antibiotics14. 

The material was created by first hybridising the 

AgNP and GO sheets by embedding AgNP on the GO 

sheets. Chitosan is then adsorbed in the new composite 

sheets. This process creates a configuration of AgNP 

embedded firmly in GO and chitosan adsorbed on its 

surface—the synthesis procedure is in detail below (see 

Figure 1)14. 

The hybrid formed (with a ratio of chitosan to AgNP-

GO of 1:8) has a more favourable surface potential due 
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Figure 1. Proposed steps for making the composite Chit-AgNP-GO particles. GO sheets are first embedded with AgNP. This combination is 

then embedded with Chit. Chit will then adsorb into the surface of the hybrid14. 

Abbreviation: AgNP (silver nanoparticle); AgNO3 (silver nitrate); CH3COOH (acetic acid); Chit (chitosan); DNA (deoxyribonucleic acid); 

GO (graphene oxide); KMnO4 (potassium permanganate); NaNO3 (sodium nitrate); MnO2 (magnesium dioxide); MnO4 (permanganate); 

MnSO4 (magnesium sulfate); ROS (reactive oxygen species) 

 

to the addition of chitosan. Without chitosan, the AgNP-

GO hybrid has a more negative surface potential. A more 

positive surface potential, provided by the poly-cations 

that form chitosan, allows easier adhesion of the hybrid 

to the negatively charged surface of bacterial cells. Chi-

tosan also interacts with bacteria by neutralising bacterial 

anionic chemical groups on the cell surface, chelating 

nutrients necessary for enzymatic activity, and increasing 

the release of Ag+ ions from silver nanoparticles14. 
Antimicrobial activity is measured through MIC 

and MBC. As seen on Table 1, the Chit-AgNP-GO hybrid 

has a MIC in both ratios (1:4 and 1:8) significantly 

lower than AgNP-GO alone. The bacteriostatic activity 

described above is similar for both MRSA strains14. 

According to the study, an appropriate ratio of chitosan 

and AgNP-GO is required for the hybrid produced to   

be neither too “thin,” causing a lower affinity towards 

bacterial cell membrane, nor too “thick,” inhibiting Ag+ 

ion diffusion through the nano-scale contact point14. An 

optimal ratio between chitosan and AgNP-GO to create 

the best bactericidal effect lies at 1:4. This creates a much 

lower MBC than the MBC for the individual components 

of this hybrid. The increase in bactericidal activity can 

be due to the synergy between the three components. 

Chitosan facilitates adhesion to bacterial cells, while GO 

influences liposolubility and cell permeability. AgNP is 

also a potent antimicrobial that affects particle size and 

surface area, causing the inactivation of bacterial cell 

osmosis and oxidative stress14. 

Supporting the combination of these three materials, 

Khawaja et al.28 and Pounraj et al.34 show that similar 

hybrids are effective against various Gram-positive and 

Gram-negative bacteria, with a MIC of <10 µg/mL, 

more efficient than hybrids containing two components 

or just one type of nanomaterial. It also significantly 

prevents biofilm formation when coating surfaces, and 

the AgNP component provides contact bactericidal pro-

perties28,34. The final relevant study, by Su et al.,45 also 

tested the antibacterial properties of a similar hybrid 

against S. aureus and E. coli and discovered a signifi-

cantly enhanced antibacterial performance compared to 

chitosan alone from the results of diffusion disc tests. 

The mechanism of action is suggested to be the creation 

of reactive oxygen species, causing destabilisation of 

membrane potential, depletion of intracellular adenosine 

triphosphate, and cell death. Drugs can also be loaded 

into these hybrids, and a satisfactory response towards 

heat and cold cycles simulating photothermal therapy 

conditions is also shown45. 

A schematic of this composite's possible mecha-

nisms of action can be seen in the image above (see 

Figure 2)23,35,45,55,60-63,67,70,74,77. While no pharmacological 

survey has been done on this hybrid, all three components: 

silver12,49,56-57,62, GO70, and chitosan78-79, are administrable 

topically and through the systemic circulation without 

any toxicity. The AgNP-GO composite has proven safe 

for human use81, showing that similar results can be 

obtained for the new hybrid. However, an in-depth study 
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Figure 2. Proposed schematic illustration of the various mechanisms of actions of the Chit-AgNP-GO hybrid as an antimicrobial against 

uropathogens. Principles of antibacterial mechanisms in this composite include increased affinity to bacterial cell walls, destruction of the cell 

membrane and cell wall causing cytoplasmic leakage and increased antibiotic effectiveness, oxidative stress, chelation of essential nutrients, 

destruction of respiration enzymes and DNA, interaction with regulatory mRNA to prevent biofilm creation, and disruption of mRNA and 

protein synthesis and functions17,32,49,55,60-63,67,71,75,78. 

Abbreviation: AgNP (silver nanoparticle); AgNO3 (silver nitrate); Chit (chitosan); DNA (deoxyribonucleic acid); GO (graphene oxide); ROS 

(reactive oxygen species). 

 

regarding the pharmacology of this hybrid will be vital 

in determining whether this new antimicrobial agent is 

fit for use in the increasingly uphill battle against resis-

tant uropathogens.  

 

3. CONCLUSION 

 

In general, Chit-AgNP-GO is an innovative combi-

nation of three antimicrobial components into a hybrid 

material capable of killing bacteria with a synergistic 

mechanism of action. Its small size, high density, mono-

dispersion, and various properties outlined in this review 

are significant advantages in dealing with resistant bac-

teria. It also eradicates MRSA, a significant superbug 

with decent MIC and MBC. Individual components of 

these hybrids also have an extensive record of good pre-

clinical evidence to support their usage as antibacterials. 

The increasing availability of nanotechnology synthesis 

and the efficient costs of the three stand-alone ingredients 

push Chit-AgNP-GO to be an emerging antimicrobial 

agent with decent feasibility to eliminate resistant uro-

pathogens. 

Several limitations in this review include a limita-

tion in the number of studies on the subject in particular, 

including studies using a combination of Ag+ ions, GO, 

and chitosan (either individually or in combination, 

without other ingredients), studies using these ingredients 

against only uropathogens, and clinical studies on human 

patients, both in the field of pharmacokinetics, and phar-

macodynamics and efficacy. The heterogeneous results 

also made it difficult to make general conclusions, and 

this inconclusive position might warrant a systematic 

review and meta-analysis in the future. The preclinical 

evidence for Chit-AgNP-GO as hybrids or as individual 

components should be developed further from the bench 

to the bedside. Possible future research areas include in 

vivo studies, integration into simple medical devices (i.e., 

Foley catheters), and expansion to possible use as 

systemic antimicrobials. Further studies on the pharma-

cokinetics/pharmacodynamics of these new nanomedi-

cines must also be done to understand the safety profile 

of these new compounds. 
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