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Abstract   Due to their diverse and multiple antimicrobial features, inorganic and organic nanoparticles (NPs) 

represent promising candidates for the development of novel antimicrobial strategies, which could be used to 
complement current antimicrobial agents that fail to combat pathogens, including multidrug-resistant and biofilm-

forming microorganisms. The high surface / volume ratio of NPs provides a maximum loading of therapeutic 

molecules. Additionally, NPs coated with different antimicrobial agents could represent an important alternative 
strategy to combat biofilm infections. Among the most common types of NPs, the metal, metal oxide and carbon-

based NPs are the most used for antimicrobial applications and the purpose of this review is to present some of their 

antimicrobial features.  
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Introduction 

  
Nanotechnology may be defined as the design, synthesis, 

and application of materials engineered at nanoscale size 

(Buzea et al., 2007). Nanoparticles (NPs) have been 
employed for the production of various nanoscale 

materials with multiple applications especially in disease 

diagnostics and therapeutics or both (theranostic 

platforms) (Bhatia 2016). NPs size is comparable with 
that of biomolecules and microbial cell structures, 

creating a platform allowing nanomaterial-bacteria 

interactions that could be fine-tuned through suitable 
surface modification (Jiang et al., 2015; Daniel and 

Astruc 2004). The high surface / volume ratio of NPs 

provides a maximum loading of therapeutic molecules, 
with multivalent interactions, that could effectively 

address antimicrobial resistance mechanisms, such as 

decreased permeability, (super)activation of multi-drug 

efflux pumps and antimicrobial degradation / 
modification (Miller et al., 2015; Gupta et al., 2016). 

Additionally, NPs coated with different antimicrobial 

agents could represent an important alternative strategy to 
combat biofilm infections. Among the most common 

types of NPs with size ranging from 1 to 100 nm, the 

metal NPs (Ag), metal oxide NPs (ZnO) and carbon-

based NPs (nanotubes) are the most used for 
antimicrobial purposes.  

 

 

 

 
 

Structurally, NPs are consisting of two or three layers: a 

surface layer, an organic or inorganic shell material and 
the core material. Their surface may be functionalized 

with metal ions, small molecules, surfactants, polymers 

(Christian et al., 2008). Based on their size, NPs are 

classified into three categories: i) 1-D materials, 
consisting in a typically thin film or surface coating, 

deposited or grown by various methods; ii) 2-D materials, 

having two dimensions in the nanometer scale, e.g., 
asbestos fibers; iii) 3-D materials, deposited under 

conditions that create atomic-scale porosity, colloids, and 

free NPs with several morphologies, like quantum dots 

(Jores et al., 2004; Buzea et al., 2007). NPs could be 
fabricated by using top-down and bottom-up strategies. 

The top-down strategy involves the removing of crystal 

planes present on the substrate, so the building blocks are 
removed from the material to obtain the desired 

nanostructure. The bottom-up synthesis approach implies 

that the building blocks are added onto the substrate to 
form nanostructures; the atoms, and then the resulting 

crystal planes are stacking onto each other, ensuring the 

synthesis of the nanostructures (Pelgrift and Friedman 

2013).  
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 General mechanisms of the antimicrobial 

activity of NPs 

 

The antimicrobial features of nanoparticles could be used 

to complement current antimicrobial agents that fail to 
combat pathogens, including multidrug-resistant and 

biofilm-forming microorganisms (Baek and An 2011; 

Pornpattananangkul et al., 2011). Various chemical 
composition characteristics, such as size, coating, particle 

nature, solvent, nanomaterial ratio as well as oxygen 

concentration, pH and temperature are significantly 

influencing their antimicrobial activity (Ashkarran et al., 
2012).  

The modes of antimicrobial activity summarized in Fig. 1 

are dependent on the type of the microbial target (i.e., cell 
wall structure, metabolic pathways) and the physiological 

state of the microbial cells (i.e., planktonic, biofilm) 

(Nath and Banerjee 2013; Dizaj et al. 2014).  
 

  
Fig. 1. The main reported mechanisms of toxicity of metal NPs 

on bacterial cells.  

 

Structural and functional alteration of cytoplasmic 

membrane is a nonspecific mechanism of action similar 

to that of polymixins (Leroueil et al., 2007). The physical 
contact between NPs and microbial membrane causes the 

formation of “pore” like structures that affect the cellular 

permeability. In more severe cases a hole in the bilayer 
membrane is produced which promotes the complete loss 

of plasma membrane (Niskanen et al., 2010). 

Release of toxic ions. Experimental data showed that 
metallic ions (Zn2+, Ag+) bind to different proteins from 

the bacterial cytoplasmic membrane, altering its 

permeability. Silver NPs, at concentrations of 10-9 mol/l, 

release silver ions which could cause damages at the level 
of cytoplasmic membrane, interfere with microbial 

metabolic pathways and alter the DNA replication. This 

mode of action of Ag+ ions has been demonstrated for 
Gram negative bacteria. The Zn2+ ions also interact with 

membrane proteins altering the cell permeability (Allaker 

2010). 
Disruption of electron transport, protein oxidation and 

membrane collapse. Metallic NPs are positively charged, 

this feature being essential for their antimicrobial 

activity. It has been suggested that ions similar to silver 

can affect membrane-bound respiratory enzymes and 
inactivate ions efflux pumps (Spacciapoli et al., 2001).  

Generation of ROS molecules. Direct contact of NPs with 

microbial cells promotes oxidation of respiratory 
enzymes, production of ROS with damaging effects on 

DNA and cell physiology (Bronshtein et al., 2006). 

Triplet oxygen (or 3O2) and singlet oxygen (1O2) cause 

deleterious effects on microorganisms, through 
peroxidation of cellular constituents, like proteins and 

lipids. The release of free hydroxyl radicals is the basis of 

hydrogen peroxide action and this reaction is necessary 
for the oxidation of DNA, proteins and membrane lipids 

(Seil and Webster 2012). Production of ROS molecules 

causes the loss of membranes integrity and inhibition of 

microbial adherence. Many microorganisms defend 
themselves against ROS by producing anti-oxidant 

enzymes, such as SoxRS and the OxyR (Dizaj et al., 

2014). 

 

Antimicrobial features of different types 

of inorganic and organic NPs 

 
Due to their unique proprieties and high biocompatibility, 

nanomaterials are intensively investigated for a variety of 

biomedical applications including the development of 
novel antimicrobials. 

1. Metal-based nanoparticles  

a. Silver NPs (Ag NPs) 
Silver has been extensively used throughout the human 

recorded history for a variety of medical purposes such as 

wound dressing component, disinfection of clinical 

devices etc. Ag NPs, similarly to other non-antibiotic 
remedies turned into nearly deserted when penicillin and 

later on other antibiotics have been discovered (Chopra 

2007). Several in vitro and in vivo studies have 
demonstrated the large antimicrobial spectrum of silver 

NPs (De Simone et al., 2014). It has been demonstrated 

that Ag NPs could also enhance the efficiency of 
conventional antibiotics against Gram positive and Gram 

negative strains (Morones-Ramirez et al., 2013).  

                          

 
Fig. 2. Illustration of cellular mechanisms of ROS generation 

by Ag NPs in bacterial cell.  

 
Ag NPs alter the cell membrane permeability by 

producing “holes” within the cell wall. The respiratory 
chain is also affected through the modification of protein 
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 structure due to its affinity for sulphur and nitrogen 
groups (Choi et al., 2008). An additional mechanism is 

generation of ROS molecules (Luther et al., 2011; von 

Moos and Slaveykova 2014) (Fig. 2). The antimicrobial 
activity of Ag NPs has been proved to be size-dependent  

(Panáček  et al., 2006).  

 

2. Metal-oxide nanoparticles 

a. Zinc oxide NPs (ZnO NPs)  
ZnO NPs have been shown to have excellent 

antimicrobial efficiency against different microbes 

depending on concentration and particle size (Malka et 
al., 2013). For example, ZnO NPs have been 

demonstrated to inhibit the growth of Gram positive 

(methicillin resistant Staphylococcus aureus, Bacillus 

subtilis) and Gram negative bacteria (Klebsiella 
pneumoniae, Escherichia coli) (Silver and Ji 1994; Huh 

and Kwon 2011; Adams et al., 2014). Also, it was found 

that ZnO NPs exhibit antimicrobial activity against food 
borne pathogens, such as Salmonella typhimurium and 

enterotoxigenic and enterohemorrhagic E. coli (Hamouda 

and Baker, 2000). The mechanisms of the antimicrobial 
action of ZnO NPs include: the attachment to 

cytoplasmic membrane and subsequently, potential 

disruption and loss of membrane integrity and the 

promotion of ROS production (Pan et al., 2010). Previous 
studies have shown that Zn increases the percentage of 

ciprofloxacin release in a controlled manner. The 

antimicrobial properties of ZnO NPs support their use for 
fabrication of materials designed for biomedical 

applications, such as dressings, orthopedic prostheses etc. 

(Aydin Sevinç and Hanley, 2010). 

b. Titanium dioxide (TiO2 NPs)  
Titanium is found in nature, in particular in the form of 

titanium dioxide (TiO2). It is a hard and brittle metal, but 

lighter than other metals with similar mechanical and 
thermal properties. The titanium properties determine 

their use in different scientific fields, including medicine. 

The antimicrobial activity of TiO2 is due to the 
generation of hydroxyl radicals (OH-) when irradiated 

with UV light at wavelengths of less than 385 nm (Wei et 

al., 1994). The nanostructured TiO2 can be used for the 

improvement of antimicrobial activity of surfaces used in 
the food industry correlated with the decrease of the 

disinfection time (Chorianopoulos et al., 2011). The 

small diameter has been shown to be correlated with a 
high antibacterial activity. For instance, in a study using a 

variety of TiO2 nanoparticles with a diameter between 12 

and 707 nm and with zeta potential values between 50 
and 44 mV, in concentrations of 10, 100 and 500pg/ml, it 

was observed that the greatest antimicrobial activity was 

obtained for NPs with tiny diameters and positive zeta 

potential, whereas NPs with large diameters or with a 
negative zeta potential, were ineffective against 

microorganisms (Ng et al., 2013). 

 

c. Superparamagnetic iron oxide nanoparticles 

(SPIONs)  
SPIONs are largely used in biomedical applications 

including such as targeted drug delivery and magnetic 
resonance imaging. Studies demonstrated that SPIONs 

with different surface coatings (e.g., gold and silver) 

exhibit superior antibacterial proprieties against 

pathogenic biofilm forming bacteria by comparison with 
antibiotics or metal salts alone (Subbiahdoss et al., 2012; 

Taylor et al., 2012). Carboxyl-grafted SPIONs showed a 

stronger antibacterial effect against Staphyloccocus sp. 
biofilm than gentamicin. Additionally, experimental 

studies showed that by using external magnetic field, 

carboxyl-grafted SPIONs exhibited a significantly ability 

to destroy bacteria in an established biofilm. Thus it 
represents an effective strategy for the control of medical 

device associated infections caused by antibiotic-resistant 

and biofilm producer pathogens. 

d. Carbon NPs (C NPs) 

Carbon NPs in particular fullerene, carbon nanotubes, 

graphene and diamond-like carbon structures  have been 
employed for the development of new antimicrobial 

agents due to the high surface to volume ratio and their 

unique chemical and physical properties (Varghese et al., 

2013). Investigations have revealed that as the size of 
carbon particles decreases right down to the nanoscale 

range, their antimicrobial activity will increase due to 

their larger surface area consistent with unit volume and 
high percentage of atoms in the surface and near-surface 

layers. C NPs have been found to be effective against 

bacterial strains such as Pseudomonas aeruginosa and S. 
aureus (Varghese et al., 2013). Also, previous studies 

demonstrated the antimicrobial properties of single-

walled carbon nanotubes (SWCNT) and multi-walled 

carbon nanotubes (MWCNT) against different pathogenic 
bacteria (E. coli, S. epidermidis, B. subtilis, S. aureus) 

(Kang et al., 2006). Additional studies have shown that C 

NPs exposure increases the expression of stress-related 
genes, membrane disruption and cytotoxicity (Musee et 

al., 2011). 

 

3. Organic nanomaterials  

Nanotechnology employs different types of polymers, 
either natural (e.g., chitosan, collagen) or synthetic 

polymers [e.g., polyvinyl chloride (PVC), ethylene vinyl 

acetate (EVA) and polyvinyl acetate (PVA)] (Beyth et 

al., 2015). 

a. Chitosan (Ch NPs) 

Chitosan results from the N-deacetylation of chitin found 
within the shells of crustaceans. It is formed of 

glucosamine and N-acetyl glucosamine residues linked 

by β 1-4 glucosidic bonds and is one of the most broadly 

studied natural polymers for nano-drug delivery. The 
deacetylation of chitin is concentration and temperature 

dependent with optimal yields achieved at temperatures 

between 80 and 120 °C using alkaline solution (Younes 
and Rinaudo, 2015). The wide applications of chitosan 
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 are based on biocompatibility, nontoxic nature, 
antibacterial features, low immunogenicity, and the 

potential to behave as an absorption enhancer. Ch NPs 

exhibit also a pronounced antibacterial, antiviral, and 
antifungal effect (Chung et al., 2003; Tavaria et al., 

2013), which is pH and solvent dependent. Previously, 

chitosan-hydroxycinnamic acid conjugates with high 

bactericidal activity have been developed (Rabea et al., 
2003). On the other side, Ch has been demonstrated to 

inhibit the antimicrobial effect of a metallic 

nanomaterials, such as ZnNPs  (Huh and Kwon 2011). 
The antimicrobial mode of action Ch NPs is not entirely 

understood (Ibrahim et al., 2014). Previous studies have 

indicated disruption of cell membrane functions (proteins 

inactivation, interfering with respiratory chain, drug 
efflux system and transport), resulting in membrane lysis 

and cell death (Bratlie et al., 2012). 

b. Ethylene-vinyl acetate (EVA)  
Ethylene-vinyl acetate and related polymers are used as 

substrates for drug release, for instance, intravitreal 

devices employed for eye infection treatment, antibiotic-
releasing coatings for urethral catheters (Thurman et al., 

2013). Nanocomposites with antimicrobial agents are of 

great interest nowadays. For instance, Ag NPs coupled 

with TiO2 NPs dispersed in LDPE/EVA resulted in 
excellent antimicrobial properties (Da Olyveira et al., 

2011). 

c. Polyvinyl chloride (PVC)  
Polyvinyl chloride is one of the most extensively used 

polymers in medical applications due to its excellent 

chemical resistance, transparency, resistance to burning 
and low cost (Baker et al., 2012). According to the Vinyl 

Institute (Alexandria, Virginia, USA), 25% of all medical 

products contain plastics made of polyvinyl chloride, 

synthesized by polymerization of the vinyl chloride 
monomer (VCM) (Munoz-Bonilla and Fernandez-Garcia, 

2012). Flexible grades of PVC are used in medical 

devices such as IV bags, tubes, and catheters, which are 
in prolonged contact with biological fluids or their 

synthetic substitutes. So, it is important to prevent 

microbial adherence and proliferation on these materials. 

A medical-grade polyvinyl chloride with antimicrobial 
properties is an alternative to reduce microbial infections 

caused by medical devices. Several studies have reported 

the preparation of antimicrobial PVC, most of them being 
obtained through incorporation of an antimicrobial agent 

into the polymer matrix (Chanda and Roy, 2006). 

Metallic and metal oxide NPs, such as those formed of 
Cu, Ag, ZnO, TiO2 have been used to prepare polyvinyl 

chloride nanocomposite with bactericidal properties. 

d. Polyvinyl alcohol (PVA)  

Polyvinyl alcohol is a synthetic, biodegradable, 
biocompatible, water-soluble polymer that with many 

medical applications, i.e. wound dressings, artificial skin, 

coatings, transdermal patches, cardiovascular devices, 
and drug delivery structures. The physical characteristics 

of PVA are dependent on treatment technique of poly 

(vinyl acetate) (Galya et al., 2008). PVA is a linear 
polymer that can be cross-linked into hydrogels for drug 

delivery application. Conventional methods for cross-

linking PVA use irradiation or bifunctional group-
containing chemical agents like glutaraldehyde. The 

cross-linking agents and hydrogel preparation can 

influence the drugs loading. It is mainly true for protein 

and peptide drugs incorporated in the hydrogel. Also, the 
chemical method of preparation may additionally 

introduce residual substances in the hydrogels formed. 

Previous studies demonstrated that the PVA/AgNO3 
nanocomposite is a suitable material for preparation of 

antimicrobial nanofibers, being active against S. aureus 

and K. pneumoniae bacterial strains (Galya et al., 2008). 

 

Nanotechnology-based anti-biofilm 

strategies  

 
Taking into account the high tolerance to antimicrobials 

and deleterious effects of biofilms, in medical field, but 

also in different man-made environments, various 

nanotechnology- based strategies to fight against biofilms 
are being currently developed.  

Medical devices surface modification is one of the most 

common anti-biofilm strategies. The main approaches 
employed are physico-chemical modification and 

incorporation of antimicrobial substances 

(Shunmugaperumal, 2010). 
Physical techniques, such as plasma method, ion-beam 

change, and photo-grafting, are currently used to modify 

the material hydrophobicity in order to decrease 

adsorption of microbial cell or increase the attraction or 
retention of antimicrobial agents at the surface or allow 

the connection of a drug delivery mechanism (Pavithra 

and Doble, 2008). The surface photo-grafting is a 
technique used to manipulate the chemical structure of 

biomaterials in order to enhance their hemocompatibility 

and interfere with the microbial cells adhesion (Chen and 

Wen 2011).  
It has been shown that catheters modified with MgF2 

NPs can restrict the biofilms development of pathogens 

like E. coli and S. aureus (Lellouche et al., 2012). The 
surfaces coated with ZnO NPs can promote ROS 

production interfering with E. coli and S. aureus biofilms 

development (Applerot et al., 2012). 
In case of the nitric oxide-releasing NPs, the rapid 

diffusion properties of nitric oxide result in enhanced 

penetration of biofilms matrix and improved 

antimicrobial activity against biofilm-embedded 
microorganisms. Nitric oxide exhibited antimicrobial 

activity against Gram negative bacteria, such as P. 

aeruginosa and E. coli (Hetrick et al., 2009). The Au or 
Ag surface coated SPIONs demonstrated a strong 

inhibitory activity against P. aeruginosa biofilms 

enhanced by the thermal effect. Additionally, SPIONs do 
not only create heat in the specific area where the 

magnetic field is applied but also, they may be used to 
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 release chemicals such as antimicrobial agents (Park et 
al., 2011). 

 

Conclusions 

 
Nanotechnology significantly contributes to the 

spectacular progress in the advancement of biologically 

effective materials and in the same time to the 
achievement of important knowledge of materials at the 

atomic and molecular scale. Innovative materials with 

novel and unique antimicrobial activity are continuously 

developed and considerable progress has been achieved 
within a short period of time, opening promising research 

directions for the development of efficient strategies for 

combating planktonic and biofilm embedded 
microorganisms. 
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