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Abstract
Ventral hernia repair is a field of on-going multidisciplinary scientific research, focusing mainly on creating 

different prosthetic materials. In daily surgical practice, it is almost impossible to think of an incisional hernia repair 
without using prosthetic mesh as there has been a significant decrease in hernia recurrence with the incorporation of 
prosthetic mesh in abdominal wall repairs in the last decades. Mesh infection is a feared complication of prosthetic 
mesh repairs. It eventually leads to the removal of the mesh and starts the vicious cycle of recurrent incisional hernia 
repairs. Antibiotic prophylaxis has contradictory results, which raise concern about reaching the minimal inhibitory 
concentration in the wound before biofilm is produced by bacteria. Modification of mesh texture and changing 
surface properties by loading the mesh surface with quaternary ammonium compounds, antimicrobial enzymes, 
antibiotics, triclosan, chitosan, polycations, antimicrobial polymers, silver nanoparticles, nitric oxide have resulted 
in newly synthesized mesh materials which inhibit biofilm formation and kill bacteria with better surgical outcomes. 
In the era of multi drug resistant bacteria, nanotechnologic innovations like photodynamic inactivation, fullerenes, 
carbon nanotubes are promising antibacterial solutions for mesh infections.
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Introduction
The on-going development in different fields of science has greatly 

helped surgery to evolve continuously. Advances in chemistry, physics, 
biochemistry and pharmacology have led surgical approaches to 
become more innovative. Moreover, advances in material science have 
also made a great impact on successful surgical outcomes. 

Currently prostheses are inseparable adjuncts, used in different 
surgical disciplines for better outcomes, and resulting in increased 
quality of life and patient satisfaction. Operations for cataract surgery, 
orthopaedics, breast reconstruction, vascular surgery are carried out 
using different kinds of prosthetic material. 

Incisional hernia repair is also a field of on-going research focusing 
mainly on application of different prosthetic materials and different 
surgical techniques. Incisional hernia impairs the quality of life and 
causes significant morbidity. Nearly 20-25% of abdominal surgeries 
end up in incisional hernia [1,2]. Incidence of incisional hernia may 
even reach 70% in high risk patients, necessitating risk management 
as incisional hernia repairs create a huge economic burden [3,4]. Body 
mass index >25 kg/m2, presence of deep space and organ infection, 
longer operative times, heavily contaminated wounds, bariatric 
surgery, dependent functional status of the patient, chronic obstructive 
pulmonary disease, advanced age, higher ASA grades are predictors 
of early development of incisional hernia after midline laparotomy 
[3-9]. Moreover, previous ventral hernia repair creates a vicious cycle 
of recurring ventral hernia repairs and decreases the success rate of 
surgical repair drastically after each failed repair [10].

In daily surgical practice, it is almost impossible to think of a 
successful incisional hernia repair without using prosthetic mesh 
since there has been a significant decrease in hernia recurrence with 
the incorporation of prosthetic mesh in abdominal wall repairs for 
ventral hernia [11]. Subsequently, prophylactic mesh augmentation of 
primary abdominal repair in patients with high risk of incisional hernia 
was supported by successful results of clinical studies in the early 2000s. 
Prophylactic mesh augmentation has found a place in abdominal wall 
closure guidelines that has changed the direction of the debate to choosing 
the right mesh rather than whether to use mesh or not [12-15]. 

The necessary properties of prostheses stated by Scales in 1953 
are still valid, whether the mesh is synthetic, composite or biologic. 
The ideal mesh should not be physically modified by tissue fluids and 
should not excite an inflammatory or foreign body cell response in 
the tissues. In addition, the mesh should be chemically inert and non- 
carcinogenic. Furthermore, it should not produce a state of allergy or 
hypersensitivity and should resist the mechanical strains imposed upon 
it. It should also be capable of being sterilized and fabricated in a form 
required with reasonable ease and a relatively low cost. Moreover, it 
should be resistant to infection [16]. 

Despite vast scientific literature encouraging mesh repair even 
in contaminated fields, surgical site infection and the possibility of 
subsequent mesh removal continues to be a challenge for both the 
patient and the surgeon. In ventral hernia repairs, the surgeon is always 
confronted with the dilemma of achieving the best surgical outcome 
by mesh augmentation while taking a serious risk for mesh infection.

Currently, prophylactic mesh reinforcement even in procedures 
with a high risk for surgical site infection like ileostomy closure and 
peritonitis is encouraged [17-21]. Sub-lay light weight macro-porous 
mesh augmentation is considered a safe approach for it does not 
increase the incidence of surgical site infection [17]. Prophylactic 
intraperitoneal placement of composite mesh even in peritonitis is also 
reported to be safe in a retrospective series [18]. Moreover, prophylactic 
mesh augmentation in permanent colostomies and ileostomy closure is 
also found to be safe and cost-effective [19,20]. 

The incidence of mesh infection is over 15% in open repairs while it 
is about 1% in laparoscopic repairs even though best practice guidelines 
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for surgical repair and sterility are followed in abdominal closures. It has 
been observed that the infected mesh causes pain, erythema, oedema 
and localized increase in temperature over the mesh implantation area. 
Presence of fever, malaise and fistula over the mesh area are alarming 
for an accompanying intra-abdominal abscess that can even lead to 
sepsis. Consequently, failure of the repair is inevitable once the mesh 
is infected [22-26].

Mesh infection is determined by properties of bacteria and is 
facilitated by the host. Host factors leading to increased mesh infection 
rates are similar to risk factors for incisional hernia. Also, if the hernia 
repair is augmented using a large microporous mesh or ePTFE, the risk 
of mesh infection is clearly increased [27-34]. 

Previous wound infection, colorectal surgery, presence of stoma 
and damage to gastrointestinal tract during repair are also considered 
as facilitators of mesh infection although there are studies claiming 
these conditions are not predictors of mesh infection if a macro-porous 
lightweight mesh or cost-increasing biologic mesh is used in sub-lay 
position [28,35-44].

Applying the strict rules of antisepsis and sterility for the surgical 
intervention can reduce the number of pathogens in the skin and meticulous 
surgical technique can minimize contamination but it is not always enough 
to prevent bacterial adhesion and consequent biofilm production, which is 
the key step in the development of mesh infection [45].

Bacterial adherence 

Bacterial adhesion is the result of the interaction between the bacteria 
and the mesh. The initial bacterial adherence to the mesh is rapid and 
reversible. It is mediated by physicochemical factors like electrostatic 
charges and hydrophobicity. Then, an irreversible adherence ensues 
via adhesins resulting in secretion of an exopolysaccaride from the 
bacteria, the biofilm. Biofilms produced by the bacteria have a pivotal 
role in mesh infection. Once biofilm is formed, complete removal of the 
implant is nearly mandatory for the eradication of the infection [45-47]. 

Bacterial load: The bacterial load in the contaminated surgical 
field in which the mesh is to be implanted is of great concern. Bacterial 
adherence is substantially increased in highly contaminated surgical 
fields. In vitro studies show that even bacterial inoculums with 
very low number of bacteria (<10 bacteria) can result in bacterial 
adherence to the mesh [48,49]. Unfortunately, the mesh itself may act 
as a foreign body, harbouring biofilm producing bacteria. In addition, 
it potentializes surgical site infection, leading to incisional hernia [25]. 
When implanted, the mesh reduces the phagocytic activity against 
the microorganisms. This allows extremely low numbers of bacteria 
to create infection [26]. Previous wound infection, colorectal surgery, 
presence of stoma and damage to gastrointestinal tract during repair 
are still considered as facilitators of mesh infection [28]. Furthermore, 
clean-contaminated and contaminated wounds are at higher risk for 
mesh infection [28].

Type of bacteria and colonization: S. epidermidis and S. aureus 
are residents of the patient’s own skin. They are responsible for 
most of the chronic mesh infections which are usually persistent or 
recurrent. Streptococcus spp. including group B streptococci, Gram-
negative bacteria [including mainly Enterobacteriaceae], anaerobic 
bacteria [including Peptostreptococcus spp.] and Candida spp. as well 
as Mycobacterium spp. are also accounted for mesh infections [50-52]. 

Properties of the mesh

The same bacterial strains exhibit different adherence patterns to 

different mesh. Physicochemical properties of the mesh determine 
the extent of bacterial adhesion and biofilm production. Chemical 
composition, electrical charge, hydrophobicity, surface roughness and 
porosity of the biomaterial surface also condition its bio-receptivity 
[53-56].

Type of polymer: The type of the polymer is one of the main 
determinants of adhesion. S. epidermidis and S. aureus show an 
increased affinity to polytetrafluoroethylene polymer in most of the in 
vitro studies - though little controversy still exists [55-58]. Nevertheless, 
monofilament unprotected polypropylene and polyester mesh are 
shown to have least bacterial adherence in vivo [59]. 

Type of filament and porosity: The type and diameter of the 
filament are also of upmost importance. Multifilament mesh is more 
prone to bacterial adhesion when compared with monofilament mesh 
due to its greater contact surface [56,59,60]. Multifilament materials 
and especially surface roughness, determine microbial adhesion 
properties. That is, surface irregularities will favour the adhesion and 
deposition of biofilms while smooth surfaces will be less susceptible to 
microbial adhesion. Increased filament diameter and increased mesh 
weight result in increased bacterial adherence for S. epidermidis and 
S. aureus. Lightweight mesh material shows less bacterial adherence 
whereas S. epidermidis and S. aureus have significantly less adherence 
to multifilament lightweight composite mesh than multifilament 
polypropylene mesh [60]. When used in contaminated surgical fields, 
mesh with larger pores exhibit less bacterial load than mesh with 
smaller pores unfailingly due to reduced contact surface area and 
interstices [32,33,56,61].

Fixation of the mesh: Bacterial adherence to the suture materials 
used to anchor the mesh to the body is another determinant of mesh 
infection. Anchoring the mesh even with monofilament polypropylene 
increases the bacterial load of the implant [56]. Nonetheless, to eliminate 
the burden of extra foreign material in the surgical field, fixation of the 
mesh solely with fibrin glue has proven to be safe and effective [62-64].

Antibiotic prophylaxis and prolonged antibiotic 
administration

Antibiotic prophylaxis has partly been helpful in overcoming 
mesh infections. The aim of prophylactic antibiotic administration is 
to minimize bacterial count in the wound and decrease adherence to 
the mesh and prevent biofilm production; thereby blocking the key 
step for mesh infection. In clinical studies, prophylactic administration 
of sulbactam-ampicilline or cefazolin is shown to reduce surgical site 
infections significantly in open hernia repairs with mesh [65-67]. If the 
patient has a history of methicillin-resistant S. aureus [MRSA] surgical 
site infection, perioperative intravenous antibiotic administration 
followed by prolonged postoperative oral antibiotic administration has 
been observed to minimize impending mesh infection [44]. Prolonged 
postoperative antibiotic administration has also been proven to reduce 
surgical site infection in ventral hernia repairs, where presence of 
surgical drains increases the risk of surgical site infection [68]. 

When the biofilm forms over the mesh, it protects bacteria from 
the effects of systemic antibiotics. Reaching an effective inhibitory 
concentration around the mesh requires administration of a higher dose 
of antibiotic, which can sometimes be toxic to the patient. Therefore, 
the antibiotic concentration in the wound has always raised a question 
about the efficacy of prophylaxis. Yet, in a prospective randomized 
control study, the results did not support preoperative administration 
of single dose of cefazolin [69]. 
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This phenomenon has led scientists and surgeons to search for local 
innovative solutions so as to block mesh infection because usually the 
single effective intervention that can be applied is to remove the mesh 
in infected cases and to try to repair the defect without using prosthetic 
material [70-75]. 

Mesh modifications

The ideal antibacterial surface should prevent the initial bacterial 
attachment before biofilm is formed. It should kill the bacteria in the 
milieu and should remove the dead bacteria to minimize inflammation. 
Creating an antibacterial surface is a complicated process ranging from 
pre-soaking to plasma coating and nano-crystalline coating. (Shown as 
supplementary Table 1). 

Pre-soaking: Twenty years ago, the first experimental studies about 
local application of antibiotics had successful results indicating that 
local application of antibiotics before mesh implantation was as good as 
intravenous antibiotic administration. Local application was succeeded 
by pre-soaking the mesh in antibiotics or disinfectants just before 
implantation, aiming to kill the bacteria in the milieu. Although results 
of in vitro studies for pre-soaking are promising, in vivo experiments 
have proven to be the opposite. Pre-soaking different types of mesh 
with vancomycin has shown to be effective in vitro only. The studies 
by Pérez-Köhler et al. showed that, soaking the mesh with gentamycin 
and different combinations of vancomycin and allicin-chlorhexidine 
resulted in a higher success in vitro and a lower success in vivo. In a 
recent prospective randomized study by Yabanoğlu et al., investigating 
the effect of soaking the mesh in vancomycin before implantation on 
wound infection rates in ventral hernia repair, there was no difference 
between pre-soaking the mesh in vancomycin and saline. It has been 
observed that the release and degradation rates of the antimicrobial, the 
concentration in the wound are difficult to assess and reproduce with 
pre-soaking technique [76-81]. 

Surface coating: Surface coating aims to create bactericidal 
surfaces, bacteria resistant surfaces and bacteria release surfaces. The 
mesh surface is coated with antibacterial agents, adhesion inhibitors and 
metal ions [82,83].The bactericidal coating with antibacterial substances 
can be contact-based, release-based or may be both contact and release-
based. These antibacterial substances can also have switchable bactericidal 
activity [82,83]. The bactericidal coating should have a controlled 
degradation rate. It should be non-toxic and absorbable. Moreover, the 
coating should change neither tissue integration, wound healing nor 
biochemical properties of the mesh [84]. 

Antibacterial surfaces: Quaternary ammonium compounds, 
antimicrobial enzymes, antibiotics, chitosan, polycations, antimicrobial 
polymers, silver or gold nanoparticles and nitric oxide are used either 
for contact-based or release-based antibacterial coating [83,85]. 

Quaternery ammonium compounds: Quaternery ammonium 
compounds destabilize the bacterial cytoplasmic membrane. 
The quaternary ammonium silane of 3-(trimethoxysilyl)-
propyldimethyloctadecyl ammonium chloride is a typical example for 
creating contact- based bactericidal surface. N,N-dimethyl-N-benzyl-
N-(2-methacryloyloxyethyl) ammonium bromide has been also used 
as a carrier for chlorhexidine in a recent study and has been shown to 
exhibit bactericidal activity against S. aureus and S. epidermidis, similar 
to chlorhexidine [86]. 

Antimicrobial enzymes: Antimicrobial enzymes which belong to 
innate immune system are also promising as they are less susceptible to 
proteolysis and kill bacteria rapidly. Antimicrobial enzymes consist of 

three different subgroups, namely proteolytic enzymes, polysaccharide-
degrading enzymes, and oxidative enzymes [87].

Lysostaphin which is a zinc metalloenzyme with specific lytic 
action against S. aureus is an example for antimicrobial polypeptides. 
The compound consists of three enzymes one of which is glycylglycine 
endopeptidase. It cleaves the glycine–glycine bonds in S. aureus cell 
wall. These bonds are responsible for the crosslinking of peptides in 
the bacteria wall and provide extreme mechanical strength unique to S. 
aureus cell wall [88]. Several experimental studies have all shown that 
lysostaphin coating is effective for eradicating S. aureus both in vivo and 
in vitro. Moreover, lysostaphin coating is effective in a dose dependent 
manner and can be used effectively for coating polypropylene mesh, 
human acellular dermis and porcine bio-mesh and it is even effective in 
contaminated surgical fields [89-92]. 

Antibiotics: There are numerous studies about surface coating 
with antibiotics. Antibiotics are either adsorbed to the mesh surface by 
covalent conjugation or by physical adsorption, if creating a contact-
based bactericidal surface is aimed. To create release-based bactericidal 
surfaces, antibiotics are compounded with non-toxic biocompatible 
polymers and are coated on the mesh surface.

Such biocompatible polymers chemically modify the surface of 
mesh and enhance the sorption capacity by changing the hydrophobicity 
of the surface. This modification leads to sustained release of the 
antibiotic, targeting concentration levels above the minimal inhibiting 
concentration [93].

Cefazolin is the most common antibiotic used for antibacterial 
prophylaxis. In an experimental study, in which the polypropylene 
mesh was coated with cefazoline dispersed in poly(DL-lactide-co-
glycolide) solution, the newly synthesized mesh was found to show 
high antibacterial activity both in vitro and in vivo [94].

In another in vivo experimental study, a completely absorbable, 
hydrophilic, polyglycolic acid–trimethylene carbonate prosthesis 
impregnated with two different concentration of cefazoline was 
implanted intraperitoneally and infected with S. aureus. It was observed 
that impregnation of the mesh with cefazolin prevents the infection of 
the prosthesis placed in infected wound [95]. 

Amoxicilline and quinolons are other antibiotics used commonly 
for antimicrobial prophylaxis. In an experimental study conducted 
both in vitro and in vivo, coating solution was made up of polylactic 
acid dissolved in acetone. Amoxicillin and ofloxacin powder dispersed 
in a viscous polymer solution was added to the media. Standard 
polypropylene mesh with macro-porous and knitted monofilament was 
used. The release rate of both amoxicilline and ofloxacin were found 
to be high for three days in vitro while neither clinical nor microbial 
findings of infection could be detected in the in vivo part of the 
experiment [96]. 

In an experimental study, the increase in the amount of amoxicilline 
loaded on polypropylene mesh after plasma functionalization and 
polymerization was investigated by release studies, antibacterial assays 
and cell culture. It was shown that plasma functionalization and 
polymerization increased the amount of amoxicilline loading nearly 3 
folds; thereby increasing the amount of antibiotic release in the wound 
effectively [97].

Coating the mesh surface with cyclodextrin and maltodextrin 
in order to prolong ciprofloxacine delivery is also shown to be 
effective against S. aureus, S. epidermidis and E. coli in another in 
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organisms. These effects are the result of oxidative and nitrosative stress 
generated by reactive intermediates of nitric oxide, resulting in damage 
to DNA, proteins and cell membranes. Nitric oxide is metabolized very 
rapidly by human metabolism in order to prevent toxicity [104,105]. 
In a study by Engelsman et al., monofilament polypropylene mesh was 
coated with a low concentration NO-releasing carbon-based coating. 
The mesh showed significant bactericidal effect against S. aureus, E. coli, 
P. aeruginosa and coagulase-negative staphylococcus in vitro part of the 
study while such an effect could not be detected for subcutaneously 
implanted mesh in mice [104].

Triclosan: Triclosan (2,4,4-trichloro, 2-hydroxydiphenylether) 
is a non-cationic antimicrobial. At low concentrations, triclosan is 
bacteriostatic and it inhibits fatty acid synthesis in the bacteria. At higher 
concentrations, it is bactericidal and destabilizes bacterial membranes. 
Triclosan has broad spectrum activity against gram positive and gram 
negative bacteria as well as virus and fungi. Triclosan resists hydrolysis 
and remains stable in acidic environments like the wound itself. The 
chemical interactions result from secondary bonding through ether, 
oxygen and phenyl hydroxyl functional groups. Bacterial membrane 
phospholipids are disrupted by rapid triclosan fluctuating bond 
rotations. Although triclosan has been used for years its antimicrobial 
property, there is no data about bacterial resistance in humans [106].

In an in vivo study by Cakmak et al., polypropylene grafts incubated 
overnight with triclosan loaded high molecular weight chitosan were 
contaminated with 100 µL S. aureus suspension just before their 
implantation in the inguinal region of the rats. The modified mesh 
was shown to release triclosan for 7 days. No macroscopic signs of 
local infection could be detected in rats in which polypropylene mesh 
incubated with triclosan loaded high molecular weight chitosan was 
implanted [107]. 

Nanotechnology 

Chitosan: Chitosan is a biocompatible and bio-absorbable natural 
linear polycationic polymer. Chitosan containing nanoparticles use 
multiple mechanisms to kill bacteria; therefore bacterial resistance 
seems to be unlikely. It is a long polymer chain with random number 
of N-acetyl-glucosamine residues. These positively charged residues 
associate with the negatively charged bacterial wall and plasma 
membranes and creates osmotic damage by increasing the permeability 
of the microbial cell membrane. Chisotan nanoparticles chelate metals 
and decreases metalloprotein activity in the cell. It binds to DNA of the 
bacteria and inhibits transcription of mRNA and protein translation. 
Low molecular weight chitosan nanoparticles are more effective 
against gram negative bacteria while high molecular weight chitosan 
nanoparticles are effective against gram positive bacteria [103]. 
Cefepime and vancomycine loaded chitosan microspheres were shown 
to be bactericidal in vitro studies. Thus, nanoconjugation of chitosan 
microspheres with antibiotics seems to be a promising antibacterial 
mechanism [108,109].

Metal oxides: Metal oxide nanoparticles are promising 
antimicrobial agents. These nanoparticles ranging in size from 1 to 
100 nm are available in different size and shapes. The particle volume/
surface area ratio is important for their bactericidal properties. Metal 
oxide nanoparticles exert their antimicrobial activity via different 
mechanisms. They create cell membrane damage by electrostatic 
interaction and disturb the metal/metal ion homeostasis within the 
bacteria. They produce reactive oxygen species. Catalytic activity of 
intracellular enzymes is annihilated and bacterial signal transduction 

vitro study, where the mesh surface was functionalized with citric 
acid and hydroxypropyl-γ-cyclodextrin or maltodextrin. Integration 
of ciprofloxacine to the cyclo- or malto-dextrin crosslinked polymer 
coating increased the sustained release and consequently, increased 
antimicrobial efficacy of ciprofloxacine by 2.8 in maltodextrin coating 
and 4.2 fold in cyclodextrin coating [93]. 

A degradable coating consisting of poly[ε-caprolactone] was 
successfully used as a carrier for the sustained release of ofloxacine 
in an in vitro experiment. Mesh was coated with the polymer using 
airbrush spraying technology. In a succeeding study by the same group, 
ofloxacin and rifampicin were both dispersed in a degradable polymer 
reservoir made up of [poly[ε-caprolactone] and poly [DL-lactic acid]. 
While the sustained release of ofloxacine and rifampicin continued 
for at least for 72 h, microorganism adhesion, biofilm formation and 
bacterial growth around the mesh were significantly reduced [98,99].

Vancomycin has long been the choice for treatment of methicillin 
resistant S. aureus infections. Coating the mesh with vancomycin has 
also been successful both in vitro and in vivo. In an in vivo experimental 
model by Harth et al., polyester mesh was coated with a solution 
of b-cyclodextrin prepolymer and polyethylene glycol di-glycidyl 
ether and was submerged in to aqueous vancomycin for four days. 
Afterwards, the mesh was implanted subcutaneously in dorsum of rats 
with S. aureus inoculation. The results of the study showed that the drug 
delivery continued up to 4 weeks without signs of infection [84]. 

Coating lightweight polypropylene mesh with a non-cross-linked 
copolymer of 2-hydroxyethyl methacrylate and 2-acrylamido-2-
methylpropanesulfonic acid and integrating the coating with aqueous 
vancomycin has shown sustained release against S. aureus and S. 
epidermidis for at least 14 days in vitro and 30 days in vivo even with 
low doses of the antibiotic. The acrylic polymer system was shown to 
regulate the release of the antibiotic with a rate of 24 μg/h [100].

Junge et al. have shown in an in vitro and in vivo experimental study 
that implantation of gentamicin loaded polyacrylic monomer coated 
polyvinylidenfluoride mesh significantly reduced infection rates in an 
animal model while it showed sustained release of gentamicin in vivo 
[101]. In an experimental study by Klink et al., an optimized plasma-
induced graft polymerization was used to create a polyacrylic acid 
monomer layer on the surface of the mesh and gentamicin was bound 
to the active sites of the grafted mesh. The initial gentamicin loading was 
5.4 ±0.3 µg/ml. By the end of a week, 73% of gentamicin was released 
in vitro. The in vivo release was highest at 1 h after implantation with 
detectable serum levels of gentamicin [102]. 

Antibiotic resistance and promising solutions

Resistance to antimicrobial drugs has become a significant threat to 
human health over the years. The antibiotics are not enough to overcome 
infections due to emerging multi drug resistant microorganisms. This 
situation results in longer hospital stays and increased mortality. The 
resistance developing mechanisms of bacteria are clearly faster than our 
pace of inventing new antibiotics. Moreover, there is always the risk 
that bacteria will gain resistance to the newly synthesized antibiotics. 
Therefore, there is clearly a need for antimicrobials to which multi drug 
resistant bacterial strains cannot develop any resistance. Applications of 
nitric oxide, triclosan, chitosan, metallic nanoparticles, photodynamic 
inactivation, fullerenes and carbon nanotubes are promising against 
multi drug resistant bacteria [103].

Nitric oxide: Nitric oxide is an important mediator of innate immune 
response with both cytotoxic and cytostatic effects on pathogenic 
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is inhibited. In addition to these antimicrobial effects, metal oxide 
nanoparticles also serve as carriers for antibiotics [110,111].

Silver has been used for centuries because of its antimicrobial 
properties. Toxicity of silver ions to humans and the advent of 
antimicrobial drugs have limited the use of silver. Yet, in the last two 
decades, nanotechnology has enabled the widespread use of silver 
nanoparticles which have antimicrobial effects with lesser toxicity. 
Silver nanoparticles with 10–100 nm size were shown to have strong 
bactericidal effect against both Gram-positive and Gram-negative 
bacteria. They are also effective against microorganisms like P. 
aeruginosa, ampicillin-resistant E. coli, erythromycin-resistant S. 
pyogenes, methicillin- resistant S. aureus and vancomycin-resistant 
S. aureus. The antimicrobial activity of silver nanoparticles depends 
upon their volume and shape. Nanoparticles with small volume and 
larger surface area easily pass through peptidoglycan cell walls and cell 
membranes [103,112-114].

Silver nanoparticles are prepared by different physical methods 
such as spark discharging, electrochemical reduction, cryochemical 
synthesis and electrochemical reduction. Silver nanoparticles have 
compiled different antibacterial modes of action. Silver ions interact 
with sulphur-containing and phosphorus-containing proteins of 
bacterial cell wall and plasma membrane and create holes in the 
membrane. The disruption of the cell wall leads cytoplasmic content 
of the bacteria to leak out. If the bacteria survive this insult, the silver 
nanoparticles penetrate into the plasma and inhibit cytochromes of 
electron transport of the bacteria, damage bacterial DNA and RNA, 
inhibit DNA replication and cell division. Silver nanoparticles also 
prevent protein translation by denaturing 30S ribosomal subunit and 
inhibit cell wall synthesis. Silver nanoparticles form reactive oxygen 
species also. It is highly unlikely for the bacteria to develop resistance 
against silver nanoparticles with such a compilation of bactericidal 
activities [103,112-114].

Polypropylene mesh was coated with nano-crystalline silver using 
physical vapor deposition in a study by Cohen et al. In vitro analysis 
after incubation with S. aureus showed that there was a dose-dependent 
bactericidal effect of nano-crystalline silver that was also evident in 
scanning microscopic microscopy [115]. Polyethylene terephthalate 
mesh coated by plasma polymerized polyacrylic acid and silver 
nanoparticles was entrapped on the coated mesh by chemical reduction 
in an experimental study by Kumar et al. This modified mesh proved 
to have excellent antibacterial effect for both S. aureus and E. coli in in 
vitro tests [116]. 

Not only silver but other metal containing nanoparticles such as 
gold, magnesium, copper, zinc and titanium, also have antibacterial 
potential for drug resistant microorganisms. In a study by Saygun et 
al., polypropylene mesh pieces were sputtered with gold-palladium. 
After incubation with S. Epidermidis, they were laid under the 
musculoaponeurotic layer of inguinal region of rats. Gold-palladium 
coated polypropylene mesh showed the least bacterial growth in vitro 
and no signs of infection in vivo [117].

Titanium dioxide containing nanoparticles exert their 
antimicrobial activity mainly via two mechanisms. When titanium 
dioxide nanoparticles are exposed to near UV and UVA radiation, 
they generate reactive oxygen species such as hydrogen peroxide and 
hydroxyl radicals. The generated reactive oxygen species damage 
bacterial cell membranes and compromise membrane permeability. 
At the same time, oxidative phosphorylation is hampered. It is worthy 

to note that even without UVA radiation, titanium dioxide containing 
nanoparticles may still have bactericidal effects [103]. Coating the 
surface with titanium dioxide creates photoactivated antimicrobial 
surfaces which have self-cleansing and self-disinfection properties. 
Bacteria and biofilm adhesion are prevented by degradation of organic 
substances by total oxidation [118]. 

In an in vitro study by Aboelzahab et al., 1 × 1 cm mesh pieces 
coated with titanium by aqueous plasma electrodisposition were first 
activated by infrared laser for 30 s and afterwards they were introduced 
into bacterial suspension of S. aureus with a concentration of 7.93 × 107 

cells/ml. The survival/necrosis rate of microorganisms was determined 
by post-confocal imaging. The necrosis of S. aureus cells was found to 
exceed 90% within the first thirty minutes [119]. 

Photodynamic inactivation: Photodynamic inactivation is a 
promising approach to kill bacteria and inhibit biofilm formation. The 
microorganisms treated with a photosensitizer are irradiated afterwards 
with appropriate wavelength of visible light. The cytotoxic reactive 
oxygen species generated by this application exerts a bactericidal effect. 
Photodynamic activation increases the antibacterial efficacy of metallic 
nanoparticles as in titanium dioxide particles or silver nanoparticles. It 
also increases the antimicrobial activity of antibiotics. Photodynamic 
inactivation has been shown to exert bactericidal effect against 
methicilline resistant S. aureus, S. epidermidis, E. coli, P. aeruginosa 
and A. baumanii. The most common chemical structures are naturally 
occurring pigments such as heme, chlorophyll and bacteriochlorophyll. 
Synthetic conjugated pyrrolic ring systems such as texaphyrins, 
porphycenes and phthalocyanines are the second group of photosensitizers. 
Nontetrapyrrole-derived dyes, which can be either synthetic or natural, are 
often used as antimicrobial photosensitizers. Hypericin, toluidine blue O 
and Rose Bengal belong to this group [120-126]. 

Carbon nanoparticles: Graphenes, carbon nanotubes and 
fullerenes are carbon nanomaterials with antibacterial properties. They 
are hydrophobic and they have oxidation properties [127]. Carbon 
nanotubes are cylindrical nanostructures comprised of hexagonal 
arrays of covalently bonded carbon atoms. They can be described as 
hollow structures with an extremely high aspect ratio, which are formed 
by rolled graphene sheets. Carbon nanotubes have two distinct types: 
single walled nanotubes and double walled nanotubes. Single walled 
nanotubes possess the strong antimicrobial activity. It is poorly soluble 
and this can be limiting its use. After its contact with the bacteria, the 
carbon nanotubes directly puncture the membrane and membrane 
oxidation follows [127-129]. 

Fullerenes are closed cage carbon allotropes. The most studied 
Buckminsterfullerene has 60 carbon atoms. Fullerenes are spherical 
in shape and have a diameter about 1 nm. They have good absorption 
of visible light. When illuminated, they have a high yield of reactive 
oxygen species [127,130]. Fullerenes may have a medical application 
in photodynamic inactivation when they are made more soluble. 
Fullerenes show both kinds of photochemistry comprising type I (free 
radicals) and type II (singlet oxygen). They are non-toxic. Fullerene 
cages can also be used vesicles for improved drug delivery [126,127]. In 
a study by Mizuno et al., it was shown that cationic-substituted fullerene 
derivatives were highly bactericidal after illumination with white light. 
Fullerene derivatives that possessed either basic or quaternary amino 
groups were synthesized. Quaternary cationic groups were widely 
dispersed around the fullerene cage. S. aureus was most susceptible to 
quaternized fullerenes [131].
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Conclusion
Ventral hernia repair complicated by infected mesh is a serious 

problem creating significant morbidity for the patient. In the greater 
scale, mesh infections account for a considerable economic burden 
on health economy. In addition to this, there is a severe threat of 
infections with multidrug resistant bacteria where antibiotics are 
ineffective. Therefore, local solutions in the wound to reach minimal 
inhibitory concentrations of antibiotics without creating toxicity and 
local application of promising molecules with antibacterial activity and 
nanotechnologic approaches for controlling the infection at the very 
initial stage of bacteria mesh interaction before the biofilm develops 
seems to be a rational approach. With the progress in material science 
and its collaboration with general surgery, the ideal antibacterial mesh 
will hopefully be created in the near future. 
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