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Abstract: Modern medicine has relied heavily on the availability of effective antibiotics to manage
infections and enable invasive surgery. With the emergence of antibiotic-resistant bacteria, novel
approaches are necessary to prevent the formation of biofilms on sensitive surfaces such as medical
implants. Advances in nanotechnology have resulted in novel materials and the ability to create
novel surface topographies. This review article provides an overview of advances in the fabrication
of antimicrobial nanomaterials that are derived from biological polymers or that rely on the
incorporation of natural compounds with antimicrobial activity in nanofibers made from synthetic
materials. The availability of these novel materials will contribute to ensuring that the current
level of medical care can be maintained as more bacteria are expected to develop resistance against
existing antibiotics.
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1. Introduction

Modern medicine has undergone revolutionary advances in the past 100 years, which can be
attributed in part to the availability of effective antibiotics based on the initial discovery of penicillin by
Nobel Prize laureate Dr. Alexander Fleming. Antibiotics have enabled complicated, invasive surgical
techniques during which internal organs are exposed to microbes they normally do not encounter.
Furthermore, the widespread use of medical implants (e.g., artificial joints) and medical devices (e.g.,
pacemakers) provide surfaces foreign to the human body to which microbes can attach, which increases
the risk of infections and the need for treatment with antibiotics. The widespread use of antibiotics,
and especially their misuse in cases where they are not effective (e.g., in treating the common cold
or influenza), plus their preemptive use in animal husbandry, has resulted in the appearance of
antibiotic-resistant bacteria [1,2]. At the same time, pharmaceutical companies have reduced efforts
towards the development of novel antibiotics, in part because of their lower return on investment
compared to other kinds of pharmaceutical products. Unless more effort is placed on creating novel
antibiotics, the combined effect of these developments is that alternative strategies are needed to ensure
future generations can continue to benefit from the advances of modern medicine without serious
complications or increasing fatality rates. In addition to developing novel classes of antibacterial
compounds to treat infections, mechanisms that reduce the colonizing ability of pathogenic bacteria
can contribute to reducing the incidence of infections and associated complications. Developments in
material science and engineering, especially in nanotechnology, have resulted in novel materials with
properties that lend themselves to use in biomedical applications [3]. With the concomitant rising
interest in the use of renewable feedstocks such as woody biomass and crop residues for the production
of fuels and chemicals [3–5], there are great opportunities for the use of biological materials in medical
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applications [6]. This review article summarizes different strategies involving the use of nanofibers
made from natural polymers and nanofibers containing natural products that have been or are being
exploited to reduce microbial infections. The emphasis is on publications from the past five years.

2. Antimicrobial Surfaces Limit Bacterial Adhesion or Are Bactericidal

A typical surface is covered with a variety of microbes, some of which may be potentially harmful.
In many instances, the microbes can be killed with 70% (w/v) ethanol or iso-propanol, or a cleansing
solution containing a strong detergent, antiseptic compound, or bleach. This is not an option when
the surface is sensitive to aforementioned antimicrobial solutions, when it is not practical to clean
a given surface on a regular basis, and/or when the surface is difficult to reach. The latter two
conditions apply to surfaces inside the human body. For surfaces that cannot be sanitized with routine
techniques, it would be most effective to minimize bacterial attachment on the surface, and intense
efforts have been devoted to fabricate antimicrobial surfaces. Antimicrobial surfaces can be either
anti-biofouling surfaces, which prevent bacterial attachment, or bactericidal surfaces, which allow
bacterial attachment but kill the bacteria on contact. Various surface modification approaches have
been developed, which can be generally categorized as chemical modification of the surface or physical
modification of surface topography. Chemical modification of the surface involves encapsulating or
covalently binding antimicrobial agents on the surface. The antimicrobial mode is directly related to
the concentration of agents on the surface: while a minimum inhibitory concentration (MIC) is needed
to inhibit growth of microorganisms, a minimum biocidal concentration should be met to kill bacteria
and fungi. Various antimicrobial agents, such as quaternary ammonium compounds, polybiguanides,
halogenated phenols, and polyethyleneimines have been immobilized on surfaces and shown to have
adverse effects on bacteria [7,8].

Nanotechnology consists of construction and characterization of nanoscale materials and
structures, which may exhibit enhanced physical and chemical properties relative to the bulk
materials [9,10]. Anti-microbial nanomaterials have a large surface-area-to-volume ratio, which
confers higher active contact surface. Recent advances in nanotechnology have revealed the
antimicrobial/antifouling effects of nature-inspired nanoscale topographies, which includes lotus
leaves [11,12], cicada wings [13], shark skin [14], feet of gecko [15], wings of dragonflies and
butterflies [16,17]. In some studies super-hydrophobicity was hypothesized as a prerequisite to
anti-biofouling, as reduced contact area between bacteria and nanostructured surfaces prevents
adhesion [18]. Along this line, biomimetic super-hydrophobic surfaces with regular nanoscale
topographies have been developed [19–22]. A closely related and intensively investigated phenomenon
is the “lotus effect”, referring to the leaf surfaces of lotus plants, which have binary structures at both
microscale and nanoscale, making it possible to trap proportionally large amounts of air and minimize
the actual contact area between the water droplets and surfaces [20,23–26]. Generating nanoscale
roughness with materials exhibiting low surface energy is the key factor to constructing these
super-hydrophobic surfaces. On the other hand, a mechanism to mechanically kill bacteria was
recently discovered on the surface of cicada wings, where arrays of nanopillars penetrate and kill
adherent bacteria within several minutes [27] (Figure 1A,B). Inspired by cicada wings, a library of
biomimetic nanopillars was prepared on the surface, which was found to have a lower density of
adherent bacteria compared to flat films [18,28–30]. The geometry of these nanostructures, including
the size, spacing and aspect ratio have been demonstrated to be important factors for inhibiting
bacterial colonization.

An alternative approach to creating antimicrobial surfaces is the application of nanofiber coatings.
With the development of electrospinning, template synthesis and self-assembly approaches, nanofibers
have been widely used to incorporate antimicrobial agents, which includes quaternary ammonium
compounds [31,32], nanoparticles of noble metals and metal oxides [33,34]. Nanofibers have been
shown to be able to control the concentration of released agents and improve the durability and
efficiency of the antimicrobial activity [35]. Specific applications will be discussed in later sections of
this article.
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Figure 1. (A,B) The bactericidal effect of the cicada wing surface on Pseudomonas aeruginosa. Cells are
clearly penetrated by the nanopolar structures on the wing surface. Scale bar equals 1 µm in (A);
200 nm in (B). Figures reproduced from [27] with permission from Wiley.

In recent years, major public concerns have been raised over the effects of synthetic nano-sized
antimicrobial compounds on the environment in general, and human health in particular [9,36,37].
Consequently, the use of a number of natural antimicrobial agents is rapidly growing, because they
provide antimicrobial surfaces that tend to be non-toxic and environmentally benign. These natural
antimicrobial compounds are mostly extracted from plants, and include polysaccharides and their
derivatives, peptides, enzymes, essential oils, weak organic acids and polyphenols. These different
classes of compounds will be reviewed in terms of their synthesis and efficacy in reducing
microbial adhesion.

Whenever novel compounds need to be evaluated for their anti-microbial properties, it is common
to monitor their effect on the growth of at least two species of bacteria, with Escherichia coli (E. coli)
and Staphylococcus aureus (S. aureus) being used most commonly. These bacteria are of particular value
because they represent bacteria that are present in large numbers on and in humans. E. coli is an
important member of the human intestinal microbial community, but certain strains are pathogenic
and can create serious health problems when they are present on food and when that food is not
adequately prepared [38]. S. aureus is present on the skin and in the nasal cavity of 30% of people
without any obvious effects, but can also be a serious pathogen, responsible for bacteremia (infection of
the blood), endocarditis (infection of the heart), and a variety of other infections [39]. The appearance
of methicillin-resistant S. aureus (MRSA) is posing serious health risks due to its insensitivity to
many antibiotics, with treatment now requiring combinations of multiple synergistic antibiotics [40].
The other reason E. coli and S. aureus are often used is that they fundamentally differ from each
other in the way their outer membranes are organized. E. coli is a Gram-negative bacterium, whereas
S. aureus is Gram-positive. This designation reflects the organization of the bacterial membrane, as it
is (positive) or is not (negative) able to retain crystal violet (Gram stain) following an ethanol wash.
Gram-positive bacteria have only a single lipid membrane that is surrounded by a thick layer of
peptidoglycans, responsible for capturing the crystal violet stain. In contrast, Gram-negative bacteria
have an inner and outer membrane separated by a periplasmic space containing a thin layer of
peptidoglycans. Since antibiotics need to penetrate the bacterial membrane in order to exert their
effects, the interaction with the membrane is an important factor. The results obtained with E. coli and
S. aureus generally provide an indication of how the compound under in investigation will interact
with other Gram-positive or Gram-negative bacteria.

3. Antimicrobial Nanofibers of Biological Origin

This section of the article summarizes recent results obtained with nanofibers derived from
bio-based polymers (chitosan, cellulose, antimicobial proteins) and from synthetic nanofibers
containing antimicrobial compounds of biological origin. In all instances, these nanomaterials have
been shown to be effective against microbes, and are being utilized to minimize bacterial adherence
to surfaces.
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3.1. Chitosan Nanofibers

Chitosan is a deacetylated derivative of chitin, which is a natural polysaccharide present in the
exoskeletons of crustaceans, insects, and certain fungi. It is an abundant waste product of the shellfish
industry. Chitin consists of a linear chain of β-1,4-linked N-acetyl D-glucosamine residues. The acetyl
residues can be removed with enzymes or with alkaline solutions [41,42]. Due to the presence of amino
moieties, chitosan becomes polycationic as the environmental pH drops below the polymer’s pKa ~6.5.
Their antimicrobial function arises from the electrostatic interaction between the polycationic structure
of chitosan and anionic exterior surfaces of microorganisms [43]. Adhesion of bacteria to chitosan
results in the disruption of the cell membrane and leakage of intracellular components. Chitosan can
also penetrate the bacterial cell membrane and interact with DNA, inhibiting DNA transcription and
ultimately protein synthesis [44]. The antimicrobial efficacy of chitosan depends on several factors,
including environmental pH, degree of deacetylation and molecular weight.

As an inexpensive natural polysaccharide, chitosan has a wide spectrum of antimicrobial activities
against both Gram-positive and Gram-negative bacteria. Besides, chitosan is nontoxic towards
mammalian cells and biodegradable. These characteristics make chitosan a desirable polymer
for antimicrobial applications and chitosan nanofibers have been the subject of many studies in
recent years.

Electrospinnning is the most commonly used approach to obtain polymer nanofibers. In a
typical electrospinning process, an electrical field is used to stretch a viscoelastic polymer solution
jet, which solidifies into nanofibers and can be collected as nonwoven mats [45]. In terms of the
flexibility of the process, electrospinning is able to fabricate nanofibers from a wide variety of polymers.
However, electrospinning of chitosan is challenging. Due to the polycationic nature and the hydrogen
bonding between molecules, chitosan has limited solubility in common organic solvents [46–48].
While acidic aqueous solutions can be used to dissolve chitosan, chitosan solutions are often difficult
to electrospin due to their high viscosity and surface tension. Pure chitosan nanofibers have only
been successfully electrospun from 7% to 8% (w/w) solutions with low molecular weight chitosan.
For example, Geng et al. [49] electrospun nanofibers from a 7% (w/w) solution of 106-kDa chitosan
dissolved in 90% (v/v) acetic acid. Another successful attempt at electrospinning of pure chitosan
was reported by Ohkawa et al. [50], who obtained smooth nanofibers by dissolving chitosan in
trifluoroacetic acid. Homogenous nanofiber networks were obtained under optimized solution
concentration and chitosan molecular weights (Figure 2). In antimicrobial tests, a significant reduction
of S. aureus colonies (>99.9%) was observed after 24 h of incubation in the presence of chitosan nanofiber
mats [51].
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at 3.25% (w/w); and (B) Mv = 180 ˆ 104 g mol´1 at 2.0% (w/w). Figures reproduced from [50] with
permission from ACS.

To increase the solubility of chitosan, chitosan derivatives have been investigated. Alkyl groups
were introduced onto the amine groups of chitosan. Subsequent reaction with methyl iodide produced
water-soluble quaternary salts of chitosan [52]. Compared with pure chitosan, these quaternary
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chitosan derivatives demonstrated higher antimicrobial activity. Jia et al. [53] reported that the MIC
of N-N-propyl-N,N-dimethyl chitosan against E. coli is 20 times lower than that of pure chitosan.
Electrospun nanofibers have been fabricated using quaternized chitosan derivatives blended with
biodegradable polymers, such as poly(lactic acid) (PLA), poly(vinyl pyrrolidone) (PVP) and poly(vinyl
alcohol) (PVA). Ignatova et al. [54] prepared PLA/quaternized chitosan nanofibers at a weight ratio of
quaternized chitosan: PLA equal to 30:70. The hybrid nanofibers were further crosslinked with
glutaraldehyde for stabilization in water and the crosslinked nanofiber mats demonstrated the
capability to kill all the S. aureus and E. coli bacteria within 60 min of contact. The same group
also reported preparation of PVA/quaternized chitosan nanofibers, which were crosslinked with
triethylene glycol diacrylate (TEGDA) under UV light. The resultant nanofiber mats containing 2.9 g
quaternized chitosan showed a 98% reduction in the number of E. coli bacteria after 120 min contact
time [55]. Similarly, Alipour et al. [56] prepared crosslinked PVA/quaternized chitosan nanofibers at
different PVA: quaternized chitosan ratios, and reported that, when the crosslinked nanofiber mats
were in contact with S. aureus, the diameter of inhibition zones increased with increasing amount of
quaternized chitosan in the hybrid nanofibers. In addition, quaternized chitosan nanofibers have been
prepared from other soluble derivatives, such as hexanoyl chitosan [57], carboxymethyl chitosan [58]
and poly(ethyleneglycol)-grafted chitosan [59]. By manipulating the surface tension, conductivity and
viscosity of the spinning solution, smooth and uniform fibers were obtained over a wide range of
diameters (40 nm–4 µm) [60].

In parallel with the development of chitosan derivatives, it was shown that producing nanofibers
from chitosan solutions by electrospinning is feasible, provided a flexible second polymer is present.
Commonly used fiber-forming polymers include PVA and polyethylene oxide (PEO), which are
non-toxic, biocompatible and biodegradable. By replacing some of the chitosan with PEO or
PVA in solution, the overall viscosity and surface tension could be reduced, which facilitated the
electrospinning process [61]. Desai et al. [62] fabricated PEO/chitosan nanofibers as filter media
and the chitosan blend fibers demonstrated a 100–1000 fold reduction of E. coli after 6 h of contact.
Iraj et al. [63] prepared chitosan-PEO nanofibers loaded with 0.25% (w/w) silver nanoparticle, which
demonstrated 100% inhibition against both E. coli and S. aureus. Chitosan/PVA and chitosan/PEO
nanofiber scaffolds are of particular interest for tissue engineering applications as they were shown
to promote cell attachment and growth while inhibit bacteria growth. The potential applications
of these biocomposite nanofiber scaffolds for tissue repair/regeneration have been demonstrated
with human chondrocytes, osteoblasts [64], and mouse fibroblasts [65] (Figure 3). Recently, chitosan
nanofibers were created as wound dressings for burn healing and the in vivo results showed that the
chitosan nanofiber dressing provide effective protection from infections while stimulating the process
of skin tissue regeneration [66]. Similarly, composite nanofiber scaffolds made from chitosan and silk
fibroin demonstrated antimicrobial activities against E. coli and S. aureus while promoting fibroblast
attachment and proliferation [67].
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3.2. Cellulose Nanofibers

Cellulose is the most abundant natural polymer on Earth, with a long history of use in
fiber fabrication [68]. Nowadays, electrospun nanofibers made from cellulose and its derivatives,
such as cellulose acetate and cellulose hydroxyl propyl, are finding wide use in antimicrobial
applications. Cellulose and its derivatives do not intrinsically have antimicrobial properties.
To achieve antimicrobial properties, antimicrobial agents, such as sorbic acid [69], benzalkonium
chloride [70], copper nanoparticles [71] and silver chloride nanoparticles [72] have been successfully
incorporated into cellulose nanofibers. In addition, antimicrobial cellulose membranes can be
obtained by chemically grafting functional groups onto the surface of cellulose nanofiber network.
Roy et al. [73] immobilized quaternary ammonium groups onto cellulose nanofibers through reversible
addition-fragmentation chain transfer (RAFT). Recently, researchers have successfully prepared
cellulose nanofibers functionalized with amino groups [74,75] and aminosilane groups [76], which
effectively inhibited growth of S. aureus and E. coli.

3.3. Nanofibers Containing Antimicrobial Peptides (AMPs)

Antimicrobial peptides (AMPs) are functionally defined, as their name implies. AMPs have been
isolated from a wide variety of sources, including plants, animals, bacteria and viruses [37]. Despite the
diversity of their sources, AMPs share some common features in their structures and functionalities.
They are generally between 12 and 50 amino acid in length, with two or more cationic amino acid
residues and a substantial proportion of hydrophobic moieties. Thus far, more than 2000 AMPs have
been reported in the antimicrobial peptide database [77]. AMPs are key components of the innate
immune systems of animals and play important roles in early defense against invading microorganisms.
Compared with conventional antibiotics, AMPs demonstrate unique features such as low propensity
for inducing the formation of resistant pathogens, the ability to discriminate host and invading cells,
and high activity against a broad spectrum of microorganisms. The positive charge facilitates the
initial association of AMPs with negatively charged cell membranes, while their hydrophobicity allows
subsequent insertion of AMPs into the hydrophobic cores of the cell membrane, resulting in membrane
rupture and cell lysis. Since AMPs target bacterial membranes, which are difficult to redesign from
non-lipid molecules, it will likely be difficult for microorganisms to develop resistance to AMPs [78].
Thus, AMPs have become promising candidates to replace traditional antimicrobial agents.

In order for AMPs to function properly, they must be delivered in a way that maintains
their efficiency. Recently, electrospun nanofibers were used as carriers for AMPs, which provide
large surface areas and extended contact time, efficiently controlling release profiles, as well as
protection from proteolytic enzymes. By electrospinning the AMP nisin into PEO/poly (D,L-lactide)
(PDLLA) nanofibers, Heunis et al. [79] fabricated an antimicrobial wound dressing. Active nisin
diffusion lasted for four days in vitro. The cell number of S. aureus at the wound site decreased
by more than 99.9%. The same group also reported incorporation of AMP ST4SA (a bacteriocin
produced by Enterococcus mundtii) into nanofibers [80]. The AMPs retained 88% of their original
antimicrobial activity after 18 h of incubation and application of 25 mg nanofibers inhibited the
growth of Enterococcus faecium HKLHS for up to 10 h. For the preparation of antimicrobial surfaces,
PVA and PEO nanofibers are most commonly used for AMP loading. Viana et al. [81] incorporated
Centritchis muricatus membrane permeation peptide 1 (Cm-p1) into PVA nanofibers with diameters
of 500–600 nm. The Cm-p1 release behavior from the nanofibers continued for three days, leading
to effective Candida albicans (C. albicans) control in the first 24 h. In addition, the nanofibers did not
affect mammalian cell viability, demonstrating the biocompatibility of the nanofibers as potential
wound dressings. Similarly, Torres et al. [82] prepared PVA-based subtilosin nanofibers of 270-nm
diameter via electrospinning. The loaded PVA nanofiber (2.4 mg subtilosin/g fiber) inhibited wild-type
Herpes Simplex Virus type 1. At the same time, Gatti et al. [83] prepared PEO nanofibers loaded with
the bacteriolytic antibody LL-37. The AMP-loaded PEO nanofibers could eliminate bacteria in their
immediate vicinity and could eliminate colonies as culture medium passed through the fiber mesh.
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Recently, Yüksel and Karakeçili [84] reported covalent immobilization of Magainin II, which is a
23-residue AMP, on poly(lactic-co-glycolic acid) (PLGA)-electrospun nanofibers. The bound Magainin
II demonstrated antimicrobial activity against both E. coli and S. aureus. After 4 h of incubation,
Magainin II reduced the number of adhered bacteria by more than 50%.

It should be noted that the antimicrobial activity of AMPs can be significantly affected when
incorporated into nanofibers. Sebe et al. [85] reported that the antimicrobial activity of colistin sulfate
was improved by 5–6 fold against Acinetobactor baumannii and S. aureus after incorporation into
PVA nanofibers. On the other hand, Eriksen et al. [86] incorporated several different synthetic
AMPs into poly ε-caprolactone (PCL) nanofibers and found that only tetracycline hydrochloride
retained its activity. A parallel study by Heunis et al. [87] also demonstrated that antimicrobial activity
of plantaricin 423 decreased from 51,200 to 25,600 arbitrary units mL´1 after electrospinning into
PEO nanofibers.

Some AMPs display the propensity for nano-aggregation due to the existence of hydrophobic
moieties, thus allowing fabrication of AMPs nanofibers directly through self-assembly. Using this
approach, Chen et al. [88] developed self-assembled nanofibers and nanorods from short synthetic
amphiphilic peptides A6K and A9K respectively, where A denotes hydrophobic alanine and K denotes
charged lysine (Figure 4). By increasing the hydrophobic moieties, the peptide assemblies transit
from long nanofibers formed by A6K to short nanorods by A9K. A9K exerted its bactericidal capacity
through perturbing bacterial membranes, which was followed by bacterial surface collapse and cell
lysis. At a concentration of 0.1 mg/mL, the A9K nanorods killed 80% of the E. coli cells and 70% of the
S. aureus cells after 1 h incubation.
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3.4. Antimicrobial Synthetic Nanofibers Containing Plant-Derived Compounds

Plant-derived antimicrobial agents such as propolis and essential oils have been intensively
investigated and recent studies have demonstrated that these agents can also be incorporated
into nanofibers.

Propolis is a resinous substance produced by honeybees and can be considered a complex
mixture containing flavonoid aglycones, phenolic acids and aldehydes, steroids, amino acids as well as
natural pigments such as chlorophyll and carotenoids. The antibacterial activity of propolis has been
intensively reported and part of the antimicrobial activity is attributed to the phenolic compounds
of the flavonoid fractions [89,90]. Kim et al. [91] successfully electrospun propolis/polyurethane
(PU) nanofibers and observed that nanofiber membranes containing 30% (w/w) propolis showed
the highest inhibitory effects against E. coli. They showed that constituents such as flavonoids and
cinnamic acid derivatives in propolis were responsible for the antibacterial effects. More recently,
Sutjarittangtham et al. [92] created PCL nanofibers with a Brazilian source of propolis that was shown
to inhibit human pathogenic bacteria in a dosage-dependent manner, with higher concentrations of
propolis extract in the nanofibers resulting in a greater degree of inhibition. Nanofiber mats containing
2% (w/w) of this propolis source exhibited inhibitory effects on S. aureus, Staphylococcus epidermidis,
Proteus mirabilis and E. coli, whereas at a concentration of 4% (w/w), Bacillus cereus was also inhibited.
A challenge with the use of propolis is that its exact composition varies according to local climate,
season and flora, making it difficult to maintain uniformity or consistency.

Essential oils are concentrated hydrophobic liquids containing volatile compounds extracted
from plants, often with a specific aroma. Hydrophobic terpenoid and phenolic compounds present in
essential oils can permeate cell membranes and lead to depletion of protons, disruption of adenosine
triphosphate (ATP) synthesis, and in some cases cell lysis. For centuries, essential oils have been
used to fight against bacterial infections and because of their mode of action, it is difficult for the
bacteria to develop resistance to these volatile antimicrobial agents [93]. Recently, Espina et al. [94]
demonstrated that individual constituents from essential oils, such as carvacrol, citral and limonene
can effectively inhibit the biofilm mass production in community-associated methicillin-resistant
S. aureus (CA-MRSA). Incorporation of essential oil into nanofiber mats involves electrospinning an
oil-in-water emulsion, and stabilizers are usually needed to keep the essential oil drops from coalescing.
In 2009, Kriegel et al. [95] were the first to successfully prepare essential-oil-containing nanofibers
by solubilizing eugenol in micelles made from the surfactant Surfynol 465 and electrospinning the
eugenol-containing micro-emulsions mixed with PVA solution. Recently, Rieger and Schiffman [96]
successfully incorporated cinnamaldehyde, another volatile essential oil, into PEO nanofibers by using
chitosan as stabilizer. The intrinsic antibacterial activity of chitosan along with the quick release of
cinnamaldehyde resulted in 80% of E. coli being killed within 30 min of bacteria-nanofiber contact.

4. Novel Bio-Based Materials with Antimicrobial Properties

This next section of the article describes developments involving biological materials with
antimicrobial properties that show promise but that do require additional research before they are ready
to be deployed. The approaches include surface modification with known antimicrobial compounds,
addition of antimicrobial compounds on nanofibers of biological origin, and fabrication of antimicrobial
surfaces with topographies mimicking antimicrobial surfaces found in nature.

4.1. Novel Uses of Biological Materials with Known Antimicrobial Properties

Lignin is a phenolic plant cell wall polymer that provides structural support, a mechanical
barrier against plant pathogens, and facilitates water transport through xylem vessels because of
its hydrophobic nature [97]. Lignin is synthesized via oxidative coupling of monolignols, which
are hydroxycinnamyl alcohols and related compounds generated via the shikimic acid and general
phenypropanoid pathways [98]. The three principal monolignols are p-coumaryl alcohol, coniferyl
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alcohol and sinapyl alcohol, which, following polymerization, give rise to p-hydroxyphenyl, guaiacyl,
and syringyl residues, respectively,. The exact chemical structure of native lignin varies among different
plant species and between tissues within a given species. Industrial, chemically modified lignin is
generated in large quantities by the pulp and paper industry, and by biorefineries that generate
renewable fuels and chemicals from the polysaccharides in plant biomass [99,100]. Native lignin
with guaiacyl and syringyl structures has been known for its inhibitory effects on microbes since
the 1970s [101]. Nada et al. [102] showed that lignins precipitated from pulping liquor were also
effective against Gram-positive bacteria, such as Bacillus subtilis (B. subtilis) and B. mycoides, but have
no antimicrobial effects against Gram-negative bacteria such as E. coli. Similarly, Dong et al. [103]
extracted lignin from corn stover residue using an alkaline solution and showed that the extracts were
effective against Gram-positive bacteria (S. aureus, Listeria monocytogenes, and Candida lipolytica), but
not Gram-negative bacteria (E. coli and Salmonella enteritidis). This implies the antimicrobial effects
of lignin are based on its interaction with the thick peptidoglycan layer common to Gram-positive
bacteria. Individual phenolic compounds, in contrast, appear to exert their antimicrobial activity
using a mechanism that is dependent on uptake through the membrane, and are effective against both
Gram-positive and Gram-negative bacteria. Ferulic acid appears to be especially effective compared
to related hydroxycinnamic acids and aldehydes (sinapic acid, coniferaldehyde, sinapaldehyde),
exhibiting a higher inhibitory efficiency attributed to its increased membrane permeability [104],
and a reported MIC of less than 8.0 mM against a wide spectrum of bacteria and yeast, including
B. subtilis, E. coli, Pseudomonas syringae, Saccharomyces cerevisiae, Schizosaccharomyces pombe, and
Sporidiobolus pararoseus.

Given the abundance of lignin as a low-cost residue from several industrial processes, much effort
has been focused on developing value-added products, including in various polymers [98,105,106].
Lignin-containing antimicrobial fibers were first reported by Johnston and Nilsson [107], who prepared
nanosilver/lignin/cellulose composite fibers, which inhibited S. aureus growth at very low levels of
silver (0.008% (w/w)). Recently, lignin-based nanotubes and nanowires were successfully synthesized
by Caicedo et al. [108] in a sacrificial alumina membrane template. By covalently adding layers of
dehydrogenation polymer onto the base lignin layer within the pores of alumina membrane template,
nanotubes with a wall thickness of about 15 nm or nanowires with a diameter around 200 nm
were synthesized. Lignin nanotubes (LNTs) are flexible and can be bio-functionalized easily. In vitro
experiments revealed that these LNTs can enter HeLa cells without auxiliary agents and that depending
on the source of the lignin, LNTs can also penetrate the cell nucleus [109]. It is anticipated that LNTs
can serve to inhibit microbes, either as free structures following decoration of the outer surface with
antimicrobial compounds, or, when adhered to a solid surface, as an antimicrobial coating.

Hundreds of herbal medicines have been used for centuries as treatments against bacterial
infections in Asia, and they continue to be used nowadays, although the mode of administering
them is becoming more diverse as some of these herbal medicines get incorporated into nanofibers.
For example, Nirmala et al. [110] incorporated baicalein, which is a flavonoid isolated from the roots of
two species of skullcaps (Scutellaria baicalensis and Scutellaria lateriflora), herbs of the mint family, into
PVA nanofibers. The composite nanofibers exhibit inhibitory effects against both E. coli and S. aureus,
and the inhibitory effects became more pronounced as baicalein content increased. In another study,
shikonin, which is a major component of the dried root of the Chinese herb Lithospermum erythrorhizon
(common English name: purple gromwell) was loaded into PCL/poly(trimethylene carbonate) (PTMC)
nanofibers [111]. The drug release behavior could be adjusted by varying the PCL: PTMC ratio.
After 24 h of contact, 15-mm diameter mats of 5% (w/v) shikonin-loaded nanofibers displayed a 21.3-
and 16.9-mm diameter inhibitory zone for S. aureus and E. coli, respectively. Efforts were also devoted
to produce nanoscale powdered herbal medicines. The size reduction can enhance the antimicrobial
activity and allows the possibility of encapsulation into nanofibers. Bhawana et al. [112] prepared
nanoparticles (diameter 2–40 nm) of curcumin, which has been known for centuries as a household
remedy against bacterial infections. Compared with traditional curcumin, nanocurcumin displayed a
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lower minimal inhibitory concentration (MIC) and larger zone of inhibition, which was attributed to
the better dispersion of the compound in aqueous solution. Similarly, Zhang et al. [113] prepared aloe
vera-conjugated silver nanoparticles with an average diameter of 25 nm. Compared with unmodified
silver nanoparticles and aloe vera gel, the aloe vera conjugated to silver nanoparticles demonstrated
higher antimicrobial activity, with a MIC of 200 µmol/L. Recently, novel antimicrobial plant extracts
have been isolated from a wide variety of plants, such as date palm (Phoenix dactylifera) [114], the
parasitic plant Cytinus hypocistis [115], and Eurycoma longifolia [116], a plant native to Southeast Asia,
known locally as tongkat ali and used as a nutritional supplement. Extracts from these plants provide
additional compounds with potential medicinal properties that can be loaded onto nanofibers.

While some bacteria form colonies, others form biofilms in which cells are physically tightly
associated inside an extracellular matrix [117]. Infections arising from biofilm-forming bacteria
tend to be more difficult to treat, in part because the inner layer of bacteria is protected from the
effects of the antimicrobial compounds that will first attack the outer layer. Biofilm-dispersing
enzymes, such as Dispersin B, DNase I, alginate lyase, Proteinase K, trypsin and Serratiopeptidase
degrade various biopolymers involved in cell attachment, thus disrupt biofilm formation [37].
Trepat et al. [118] demonstrated that bacteria became more susceptible to antimicrobial agents after
biofilm dispersion. To immobilize biofilm-dispersing enzymes onto surfaces, various approaches
have been developed, including covalent attachment, physical entrapment, ionic interactions and
non-covalent adsorption [119]. Several studies have highlighted the feasibility of immobilized enzymes
as an efficient approach to prevent bacterial colonization. Shah et al. [120] demonstrated that the the
antibacterial activity of lysostaphin, an endopeptidase from Staphylococcus simulans, when adsorbed to
the surface of catheters, could be maintained for at least four days. Recently, Pavlukhina et al. [121]
reported a reduction in S. epidermidis biofilm of 98% upon contact with immobilized enzyme Dispersin
B. Simiarly, Yuan et al. [122] developed an antifouling surface by immoblizing lysozyme; the resultant
surfaces exhibited high antimicrobial efficacy against both S. aureus and E. coli. There are no reports
yet about the incorporation of biofilm-dispersing enzymes into nanofibers. One reason could be that it
is difficult to maintain the activity of enzymes during the electrospinning process. Given the success
with incorporating other bio-active compounds (e.g., AMPs), it is conceivable that nanofibers loaded
with active biofilm-dispersing enzymes will be developed in the near future and serve as efficient
antibacterial compounds.

4.2. Biopolymers as Carriers of Antimicrobial Agents

Zein is the prolamine (plant storage protein with a high content of α-amino acids) in maize
(Zea mays) and an abundant biodegradable and renewable polymer. Zein possesses excellent solubility
in alcohols and good elasticity and film-forming capability. Recently, electrospun zein nanofibers have
been utilized in antimicrobial applications. De Oliveira Mori et al. [123] successfully incorporated
tannin from bark extracts of the leguminous shrub Stryphnodendron adstringens into zein nanofibers by
dissolving both zein and tannin in a water/alcohol mixture. Similarly, Unnithan et al. [124] prepared
polyurethane-cellulose acetate-zein composite nanofiber mats for wound dressing. After incorporation
of streptomycin sulfate, the composite nanofiber mats demonstrate excellent bactericidal activity
against a wide range of bacteria, including E. coli, S. aureus, B. subtilis, Salmonella typhimurium, and
Vibrio vulnificus.

Cyclodextrins are a family of cyclic oligosaccharides with a toroid-shaped molecular
structure, which can form host-guest complexes with a variety of molecules through non-covalent
bonds. Cyclodextrins are capable of self-assembly through intermolecular interactions, such
as hydrogen bonding, Van der Waals forces and charge transfer. Celebioglu and Uyar [125]
demonstrated successful electrospinning of cyclodextrins and reported that electrospinning
hydroxypropyl-β-cyclodextrin/triclosan solution with 1:1 molar ratio yields nanofibers. Recently,
cyclodextrin-associated antimicrobial agents were incorporated into nanofibers. Aytac et al. [126]
incorporated an inclusion complex of allyl isothiocyanate (AITC) with β-cyclodextrin into PVA
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nanofibers. As a result, sustained release of AITC was achieved and the nanofiber mats demonstrated
inhibitory activity against E. coli and S. aureus. Celebioglu et al. [127] prepared silver nanoparticles
containing PVA nanofibers, and hydroxypropyl-β-cyclodextrin was utilized to reduce the size of Ag
nanoparticles. The Ag particle size was reduced from 8 to 2 nm, which improved the antimicrobial
activity of the nanofiber mats.

Natural biodegradable polymers such as soy protein, sericin and alginates can also be utilized
in antimicrobial nanofiber fabrications. Soy protein is renewable, economical and biocompatible.
In 2009, Vega-Lugo and Lim [128] incorporated AITC into soy protein/PEO electrospun fibers
and reported that release of the antimicrobial AITC increased substantially as relative humidity
increased. Similarly, Xu et al. [129] prepared soy protein/PEO hybrid nanofibers by dissolving both
components in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). The diameter of the resulting fibers was in
the range of 200–300 nm. A different procedure to produce soy protein nanofibers was employed by
Zhang et al. [130]. They used a solution blowing approach and incorporated silver nanoparticles.
The resulting nanofibers, demonstrated significant antibacterial activity against E. coli colonies.
Silk sericin protein is 20%–30% (w/v) of the silkworm cocoon filament and needs to be removed to get
good luster and hand feel of silk fabrics. The removed silk sericin is widely used in medical applications
and tissue engineering, because it demonstrates excellent biocompatibility and oxidation resistance.
Zhang et al. [131] and Khan et al. [132] obtained sericin nanofibers by electrospinning silk sericin
solution in trifluoroacetic acid (TFA). Sericin was also used to in combination with chitosan to form
composite nanofibers that could be used a wound dressing [133]. Concurrently, Hadipour et al. [134]
demonstrated successful electrospinning of chitosan/sericin/PVA nanofibers containing nanosilver
particles. Alginate is a polymer derived from seaweed and has been extensively studied owing to its
biocompatibility. In 2006, Bhattarai and Li [135] successfully developed alginate/PEO nanofibrous
scaffolds with an average fiber diameter of around 70 nm. Recently, Shalumon et al. [136] and
Liakos et al. [137] prepared antimicrobial sodium alginate nanofiber mats containing nano-ZnO and
essential oil, respectively. In addition to the above mentioned biopolymers, nanofibers made from
wheat protein [138], starch [139] and milk protein [140] and have been developed in the context of
tissue engineering and biomedical applications, providing more candidate materials that can be loaded
with antimicrobial agents.

4.3. Mimicking Naturally Occurring Antimicrobial Surfaces with Novel Fabrication Techniques

As mentioned earlier, one of the approaches to obtaining antibacterial properties is to carefully
design the surface topography. The ability to create specific surface topographies has been facilitated
by the development of novel nanofiber fabrication techniques. Cicada wing surfaces were found to be
to deadly to microbial cells, and the bactericidal effects were attributed to the physical surface features,
whereby nanopillars on the surface penetrated the cells [27]. These observations led to the fabrication
of synthetic surfaces that mimicked these naturally occurring antimicrobial surfaces. Inspired by
the cicada wing surfaces, Diu et al. [141] engineered surfaces with TiO2 nanowire arrays through an
alkaline hydrothermal process. The engineered surfaces were reported to be selectively bactericidal
against motile bacteria, while favoring mammalian cell growth. Similarly, Tiraferri et al. [142] covalently
bound single-walled carbon nanotubes to polyamide membranes, which resulted in 60% inactivation
of bacteria within 1 h of contact. Using a recently developed spinneret-based tunable engineered
technique, Kargar et al. [143] achieved polystyrene nanofiber patterns with precisely controlled fiber
diameter and fiber spacing, which provided antifouling effects against Pseudomonas aeruginosa.

Current progress towards sub-100-nm-diameter nanofibers [144–148] with controlled morphologies,
such as porous fiber [149–151], wrinkled fiber [152,153] and hollow fiber [154–158] provides nanofibers
with enhanced specific surface area, which may further improve their biocidal efficiency.
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5. Future Prospects

While novel antimicrobial agents, biopolymers and novel nanofiber fabrication techniques provide
new opportunities for the development of antimicrobial nanofibers, some important challenges
need to be kept in mind while pursuing these. First, the inherent genetic flexibility of microbial
populations provides mechanisms for bacteria to develop antibiotic resistance through either mutation
of target sites or acquisition of novel biochemical functions [159]. Although there is intensive research
on bacterial resistance towards traditional antimicrobial compounds such as silver and quaternary
ammonium compounds, research is also needed to investigate the potential of microbes developing
resistance towards the novel antimicrobial agents described in this article, such as chitosan and AMPs,
especially after their immobilization onto nanofibers. Knowing the longer-term efficacy of these novel
materials is important in order to prevent widespread infections in patients relying on these materials.
When considering antimicrobial nanofibers, it is important to consider that evidence supporting
the high biocidal efficiency of a novel antimicrobial agent cannot automatically be extrapolated to
predict their efficacy after their immobilization onto nanofibers. This is illustrated by the reports on
reduced biocidal efficiency of AMPs after incorporation into nanofibers [80,86]. Hence, for applications
involving medical implants, an extensive in vivo evaluation of the durability and stability of these
nanofibers-based antimicrobial surfaces is needed. In particular, the accumulation of dead bacteria on
the antimicrobial surfaces may promote more bacterial accumulation thus reducing the antimicrobial
activities over time [37]. Development of surfaces of both antimicrobial and antifouling properties may
be a strategy to address this problem.

In summary, significant progress has been made in the development of bio-based antimicrobial
nanofibers, and novel biocidal agents and biopolymers present a variety of candidates for the next
generation of non-toxic and biodegradable antimicrobial nanofibers. With further research to evaluate
their longer-term in vivo performance, such as antibiotic resistance, stability and durability, these
materials offer the prospect of contributing to a continued high level of medical care in decades
to come.

Acknowledgments: The authors gratefully acknowledge funding from USDA-NIFA Biomass Research and
Development Initiative competitive grant No. 2011-10006-30358 and from U.S. Department of Energy’s Office
of Energy Efficiency and Renewable Energy, Bioenergy Technologies Office and sponsored by the U.S. DOE’s
International Affairs under award No. DE-PI0000031 in support of research on value-added products derived
from plant biomass.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mølbak, K. Spread of resistant bacteria and resistance genes from animals to humans—The public health
consequences. J. Vet. Med. Ser. B 2004, 51, 364–369. [CrossRef] [PubMed]

2. Bell, B.G.; Schellevis, F.; Stobberingh, E.; Goossens, H.; Pringle, M. A systematic review and meta-analysis of
the effects of antibiotic consumption on antibiotic resistance. BMC Infect. Dis. 2014, 14, 13–19. [CrossRef]
[PubMed]

3. Chen, D.; Liu, S. Nanofibers used for the delivery of analgesics. Nanomedicine 2015, 10, 1785–1800. [CrossRef]
[PubMed]

4. Vermerris, W. Survey of genomics approaches to improve bioenergy traits in maize, sorghum and sugarcane.
J. Integr. Plant Biol. 2011, 53, 105–119. [CrossRef] [PubMed]

5. McCormick, K.; Kautto, N. The bioeconomy in Europe: An overview. Sustainability 2013, 5, 2589–2608.
[CrossRef]

6. Kircher, M. The transition to a bio-echonomy: National perspectives. Biofuels Bioprod. Biorefin. 2012, 6,
240–245. [CrossRef]

7. Salwiczek, M.; Qu, Y.; Gardiner, J.; Strugnell, R.A.; Lithgow, T.; McLean, K.M.; Thissen, H. Emerging rules
for effective antimicrobial coatings. Trends Biotechnol. 2014, 32, 82–90. [PubMed]

http://dx.doi.org/10.1111/j.1439-0450.2004.00788.x
http://www.ncbi.nlm.nih.gov/pubmed/15525367
http://dx.doi.org/10.1186/1471-2334-14-13
http://www.ncbi.nlm.nih.gov/pubmed/24405683
http://dx.doi.org/10.2217/nnm.15.28
http://www.ncbi.nlm.nih.gov/pubmed/26139128
http://dx.doi.org/10.1111/j.1744-7909.2010.01020.x
http://www.ncbi.nlm.nih.gov/pubmed/21205186
http://dx.doi.org/10.3390/su5062589
http://dx.doi.org/10.1002/bbb.1341
http://www.ncbi.nlm.nih.gov/pubmed/24176168


Materials 2016, 9, 255 13 of 19

8. Palza, H. Antimicrobial polymers with metal nanoparticles. Int. J. Mol. Sci. 2015, 16, 2099–2116. [CrossRef]
[PubMed]

9. Seil, J.T.; Webster, T.J. Antimicrobial applications of nanotechnology: Methods and literature. Int. J. Nanomed.
2012, 7, 2767–2781.

10. Aruguete, D.M.; Kim, B.; Hochella, M.F.; Ma, Y.; Cheng, Y.; Hoegh, A.; Liu, J.; Pruden, A. Antimicrobial
nanotechnology: Its potential for the effective management of microbial drug resistance and implications
for research needs in microbial nanotoxicology. Environ. Sci. Process. Impacts 2013, 15, 93–102. [CrossRef]
[PubMed]

11. Li, M.; Xu, Z. Quercetin in a lotus leaves extract may be responsible for antibacterial activity. Arch. Pharm. Res.
2008, 31, 640–644. [CrossRef] [PubMed]

12. Daoud, W.A.; Tung, W.S. Self-cleaning fibers via nanotechnology—A virtual reality. In Proceedings of the
8th IEEE Conference on Nanotechnology, IEEE-NANO, Arlington, TX, USA, 18–21 August 2008; pp. 1–2.

13. Hasan, J.; Webb, H.K.; Truong, V.K.; Pogodin, S.; Baulin, V.A.; Watson, G.S.; Watson, J.A.; Crawford, R.J.;
Ivanova, E.P. Selective bactericidal activity of nanopatterned superhydrophobic cicada Psaltoda claripennis
wing surfaces. Appl. Microbiol. Biotechnol. 2013, 97, 9257–9262. [CrossRef] [PubMed]

14. Ball, P. Engineering shark skin and other solutions. Nature 1999, 400, 507–509. [CrossRef]
15. Sethi, S.; Ge, L.; Ci, L.; Ajayan, P.M.; Dhinojwala, A. Gecko-inspired carbon nanotube-based self-cleaning

adhesives. Nano Lett. 2008, 8, 822–825. [CrossRef] [PubMed]
16. Wan, Y.; Cong, Q.; Wang, X.; Yan, Z. The wettability and mechanism of geometric non-smooth structure of

dragonfly wing surface. J. Bionic Eng. 2008, 5, 40–45. [CrossRef]
17. Fang, Y.; Sun, G.; Wang, T.; Cong, Q.; Ren, L. Hydrophobicity mechanism of non-smooth pattern on surface

of butterfly wing. Chin. Sci. Bull. 2007, 52, 711–716. [CrossRef]
18. Dickson, M.N.; Liang, E.I.; Rodriguez, L.A.; Vollereaux, N.; Yee, A.F. Nanopatterned polymer surfaces with

bactericidal properties. Biointerphases 2015, 10. [CrossRef] [PubMed]
19. Wu, D.; Chen, Q.-D.; Xia, H.; Jiao, J.; Xu, B.-B.; Lin, X.-F.; Xu, Y.; Sun, H.-B. A facile approach for artificial

biomimetic surfaces with both superhydrophobicity and iridescence. Soft Matter 2010, 6, 263–267. [CrossRef]
20. Guo, Z.; Zhou, F.; Hao, J.; Liu, W. Stable biomimetic super-hydrophobic engineering materials. J. Am.

Chem. Soc. 2005, 127, 15670–15671. [CrossRef] [PubMed]
21. Nosonovsky, M.; Bhushan, B. Biomimetic superhydrophobic surfaces: Multiscale approach. Nano Lett. 2007,

7, 2633–2637. [CrossRef] [PubMed]
22. Zhao, N.; Xu, J.; Xie, Q.; Weng, L.; Guo, X.; Zhang, X.; Shi, L. Fabrication of biomimetic superhydrophobic

coating with a micro-nano-binary structure. Macromol. Rapid Commun. 2005, 26, 1075–1080. [CrossRef]
23. Koch, K.; Bhushan, B.; Jung, Y.C.; Barthlott, W. Fabrication of artificial Lotus leaves and significance of

hierarchical structure for superhydrophobicity and low adhesion. Soft Matter 2009, 5, 1386–1393. [CrossRef]
24. Liu, Y.; Li, G. A new method for producing “Lotus Effect” on a biomimetic shark skin. J. Colloid Interface Sci.

2012, 388, 235–242. [CrossRef] [PubMed]
25. Liu, Y.; Tang, J.; Wang, R.; Lu, H.; Li, L.; Kong, Y.; Qi, K.; Xin, J.H. Artificial lotus leaf structures from

assembling carbon nanotubes and their applications in hydrophobic textiles. J. Mater. Chem. 2007, 17,
1071–1078. [CrossRef]

26. Webb, H.K.; Crawford, R.J.; Ivanova, E.P. Wettability of natural superhydrophobic surfaces. Adv. Colloid
Interface Sci. 2014, 210, 58–64. [CrossRef] [PubMed]

27. Ivanova, E.P.; Hasan, J.; Webb, H.K.; Truong, V.K.; Watson, G.S.; Watson, J.A.; Baulin, V.A.; Pogodin, S.;
Wang, J.Y.; Tobin, M.J.; et al. Natural bactericidal surfaces: Mechanical rupture of Pseudomonas aeruginosa
cells by cicada wings. Small 2012, 8, 2489–2494. [CrossRef] [PubMed]

28. Jin, L.; Guo, W.; Xue, P.; Gao, H.; Zhao, M.; Zheng, C.; Zhang, Y.; Han, D. Quantitative assay for the
colonization ability of heterogeneous bacteria on controlled nanopillar structures. Nanotechnology 2015, 26.
[CrossRef] [PubMed]

29. Ivanova, E.P.; Nguyen, S.H.; Webb, H.K.; Hasan, J.; Truong, V.K.; Lamb, R.N.; Duan, X.; Tobin, M.J.;
Mahon, P.J.; Crawford, R.J. Molecular organization of the nanoscale surface structures of the dragonfly
Hemianax papuensis wing epicuticle. PLoS ONE 2013, 8, e67893. [CrossRef] [PubMed]

30. Ivanova, E.P.; Hasan, J.; Webb, H.K.; Gervinskas, G.; Juodkazis, S.; Truong, V.K.; Wu, A.H.F.; Lamb, R.N.;
Baulin, V.A.; Watson, G.S.; et al. Bactericidal activity of black silicon. Nat. Commun. 2013, 4. [CrossRef]
[PubMed]

http://dx.doi.org/10.3390/ijms16012099
http://www.ncbi.nlm.nih.gov/pubmed/25607734
http://dx.doi.org/10.1039/C2EM30692A
http://www.ncbi.nlm.nih.gov/pubmed/24592430
http://dx.doi.org/10.1007/s12272-001-1206-5
http://www.ncbi.nlm.nih.gov/pubmed/18481022
http://dx.doi.org/10.1007/s00253-012-4628-5
http://www.ncbi.nlm.nih.gov/pubmed/23250225
http://dx.doi.org/10.1038/22883
http://dx.doi.org/10.1021/nl0727765
http://www.ncbi.nlm.nih.gov/pubmed/18266335
http://dx.doi.org/10.1016/S1672-6529(08)60070-0
http://dx.doi.org/10.1007/s11434-007-0120-5
http://dx.doi.org/10.1116/1.4922157
http://www.ncbi.nlm.nih.gov/pubmed/26077558
http://dx.doi.org/10.1039/B910605G
http://dx.doi.org/10.1021/ja0547836
http://www.ncbi.nlm.nih.gov/pubmed/16277486
http://dx.doi.org/10.1021/nl071023f
http://www.ncbi.nlm.nih.gov/pubmed/17705434
http://dx.doi.org/10.1002/marc.200500188
http://dx.doi.org/10.1039/b818940d
http://dx.doi.org/10.1016/j.jcis.2012.08.033
http://www.ncbi.nlm.nih.gov/pubmed/22995249
http://dx.doi.org/10.1039/B613914K
http://dx.doi.org/10.1016/j.cis.2014.01.020
http://www.ncbi.nlm.nih.gov/pubmed/24556235
http://dx.doi.org/10.1002/smll.201200528
http://www.ncbi.nlm.nih.gov/pubmed/22674670
http://dx.doi.org/10.1088/0957-4484/26/5/055702
http://www.ncbi.nlm.nih.gov/pubmed/25581320
http://dx.doi.org/10.1371/journal.pone.0067893
http://www.ncbi.nlm.nih.gov/pubmed/23874463
http://dx.doi.org/10.1038/ncomms3838
http://www.ncbi.nlm.nih.gov/pubmed/24281410


Materials 2016, 9, 255 14 of 19

31. Kim, S.J.; Nam, Y.S.; Rhee, D.M.; Park, H.-S.; Park, W.H. Preparation and characterization of antimicrobial
polycarbonate nanofibrous membrane. Eur. Polym. J. 2007, 43, 3146–3152. [CrossRef]

32. Jeong, E.H.; Yang, J.; Youk, J.H. Preparation of polyurethane cationomer nanofiber mats for use in
antimicrobial nanofilter applications. Mater. Lett. 2007, 61, 3991–3994. [CrossRef]

33. Wang, S.; Bai, J.; Li, C.; Zhang, J. Functionalization of electrospun β-cyclodextrin/polyacrylonitrile (PAN)
with silver nanoparticles: Broad-spectrum antibacterial property. Appl. Surf. Sci. 2012, 261, 499–503.
[CrossRef]

34. Kong, H.; Song, J.; Jang, J. Photocatalytic antibacterial capabilities of TiO2-biocidal polymer nanocomposites
synthesized by a surface-initiated photopolymerization. Environ. Sci. Technol. 2010, 44, 5672–5676. [CrossRef]
[PubMed]

35. Dastjerdi, R. A review on the application of inorganic nano-structured materials in the modification of
textiles: Focus on anti-microbial properties. Colloids Surf. B Biointerfaces 2010, 79, 5–18. [CrossRef] [PubMed]

36. Simoncic, B.; Tomsic, B. Structures of novel antimicrobial agents for textiles—A review. Text. Res. J. 2010, 80,
1721–1737. [CrossRef]

37. Alves, D.; Olívia Pereira, M. Mini-review: Antimicrobial peptides and enzymes as promising candidates to
functionalize biomaterial surfaces. Biofouling 2014, 30, 483–499. [CrossRef] [PubMed]

38. Clermont, O.; Gordon, D.; Denamur, E. A guide to the various phylogenetic classification schemes for
Escherichia coli and the correspondence among schemes. Microbiology 2015, 161, 980–988. [CrossRef] [PubMed]

39. Tong, S.Y.C.; Davis, J.S.; Eichenberger, E.; Holland, T.L.; Fowler, V.G. Staphylococcus aureus infections:
Epidemiology, pathophysiology, clinical manifestations, and management. Clin. Microbiol. Rev. 2015, 28,
603–661. [CrossRef] [PubMed]

40. Gonzales, P.R.; Pesesky, M.W.; Bouley, R.; Ballard, A.; Biddy, B.A.; Suckow, M.A.; Wolter, W.R.; Schroeder, V.A.;
Burnham, C.-A.D.; Mobashery, S.; et al. Synergistic, collaterally sensitive β-lactam combinations suppress
resistance in MRSA. Nat. Chem. Biol. 2015, 11, 855–864. [CrossRef] [PubMed]

41. Ravi Kumar, M.N. A review of chitin and chitosan applications. React. Funct. Polym. 2000, 46, 1–27.
[CrossRef]

42. Jayakumar, R.; Menon, D.; Manzoor, K.; Nair, S.V.; Tamura, H. Biomedical applications of chitin and chitosan
based nanomaterials—A short review. Carbohydr. Polym. 2010, 82, 227–232. [CrossRef]

43. Rabea, E.I.; Badawy, M.E.-T.; Stevens, C.V.; Smagghe, G.; Steurbaut, W. Chitosan as antimicrobial agent:
Applications and mode of action. Biomacromolecules 2003, 4, 1457–1465. [CrossRef] [PubMed]

44. Elsabee, M.Z.; Naguib, H.F.; Morsi, R.E. Chitosan based nanofibers, review. Mater. Sci. Eng. C 2012, 32,
1711–1726. [CrossRef]

45. Teo, W.E.; Ramakrishna, S. A review on electrospinning design and nanofibre assemblies. Nanotechnology
2006, 17, R89–R106. [CrossRef] [PubMed]

46. Schiffman, J.D.; Schauer, C.L. A review: Electrospinning of biopolymer nanofibers and their applications.
Polym. Rev. 2008, 48, 317–352. [CrossRef]

47. Schiffman, J.D.; Stulga, L.A.; Schauer, C.L. Chitin and chitosan: Transformations due to the electrospinning
process. Polym. Eng. Sci. 2009, 49, 1918–1928. [CrossRef]

48. Schiffman, J.D.; Schauer, C.L. One-step electrospinning of cross-linked chitosan fibers. Biomacromolecules
2007, 8, 2665–2667. [CrossRef] [PubMed]

49. Geng, X.; Kwon, O.-H.; Jang, J. Electrospinning of chitosan dissolved in concentrated acetic acid solution.
Biomaterials 2005, 26, 5427–5432. [CrossRef] [PubMed]

50. Ohkawa, K.; Minato, K.I.; Kumagai, G.; Hayashi, S.; Yamamoto, H. Chitosan nanofiber. Biomacromolecules
2006, 7, 3291–3294. [CrossRef] [PubMed]

51. Torres-Giner, S.; Ocio, M.J.; Lagaron, J.M. Development of active antimicrobial fiber based chitosan
polysaccharide nanostructures using electrospinning. Eng. Life Sci. 2008, 8, 303–314. [CrossRef]

52. Kim, C.H.; Choi, J.W.; Chun, H.J.; Choi, K.S. Synthesis of chitosan derivatives with quaternary ammonium
salt and their antibacterial activity. Polym. Bull. 1997, 38, 387–393. [CrossRef]

53. Jia, Z.; shen, D.; Xu, W. Synthesis and antibacterial activities of quaternary ammonium salt of chitosan.
Carbohydr. Res. 2001, 333, 1–6. [CrossRef]

54. Ignatova, M.; Manolova, N.; Markova, N.; Rashkov, I. Electrospun non-woven nanofibrous hybrid mats
based on chitosan and PLA for wound-dressing applications. Macromol. Biosci. 2009, 9, 102–111. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.eurpolymj.2007.04.046
http://dx.doi.org/10.1016/j.matlet.2007.01.003
http://dx.doi.org/10.1016/j.apsusc.2012.08.044
http://dx.doi.org/10.1021/es1010779
http://www.ncbi.nlm.nih.gov/pubmed/20557126
http://dx.doi.org/10.1016/j.colsurfb.2010.03.029
http://www.ncbi.nlm.nih.gov/pubmed/20417070
http://dx.doi.org/10.1177/0040517510363193
http://dx.doi.org/10.1080/08927014.2014.889120
http://www.ncbi.nlm.nih.gov/pubmed/24666008
http://dx.doi.org/10.1099/mic.0.000063
http://www.ncbi.nlm.nih.gov/pubmed/25714816
http://dx.doi.org/10.1128/CMR.00134-14
http://www.ncbi.nlm.nih.gov/pubmed/26016486
http://dx.doi.org/10.1038/nchembio.1911
http://www.ncbi.nlm.nih.gov/pubmed/26368589
http://dx.doi.org/10.1016/S1381-5148(00)00038-9
http://dx.doi.org/10.1016/j.carbpol.2010.04.074
http://dx.doi.org/10.1021/bm034130m
http://www.ncbi.nlm.nih.gov/pubmed/14606868
http://dx.doi.org/10.1016/j.msec.2012.05.009
http://dx.doi.org/10.1088/0957-4484/17/14/R01
http://www.ncbi.nlm.nih.gov/pubmed/19661572
http://dx.doi.org/10.1080/15583720802022182
http://dx.doi.org/10.1002/pen.21434
http://dx.doi.org/10.1021/bm7006983
http://www.ncbi.nlm.nih.gov/pubmed/17696400
http://dx.doi.org/10.1016/j.biomaterials.2005.01.066
http://www.ncbi.nlm.nih.gov/pubmed/15860199
http://dx.doi.org/10.1021/bm0604395
http://www.ncbi.nlm.nih.gov/pubmed/17096563
http://dx.doi.org/10.1002/elsc.200700066
http://dx.doi.org/10.1007/s002890050064
http://dx.doi.org/10.1016/S0008-6215(01)00112-4
http://dx.doi.org/10.1002/mabi.200800189
http://www.ncbi.nlm.nih.gov/pubmed/18855947


Materials 2016, 9, 255 15 of 19

55. Ignatova, M.; Starbova, K.; Markova, N.; Manolova, N.; Rashkov, I. Electrospun nano-fibre mats with
antibacterial properties from quaternised chitosan and poly(vinyl alcohol). Carbohydr. Res. 2006, 341,
2098–2107. [CrossRef] [PubMed]

56. Alipour, S.M.; Nouri, M.; Mokhtari, J.; Bahrami, S.H. Electrospinning of poly(vinyl alcohol)-water-soluble
quaternized chitosan derivative blend. Carbohydr. Res. 2009, 344, 2496–2501. [CrossRef] [PubMed]

57. Neamnark, A.; Rujiravanit, R.; Supaphol, P. Electrospinning of hexanoyl chitosan. Carbohydr. Polym. 2006, 66,
298–305. [CrossRef]

58. Du, J.; Hsieh, Y.-L. PEGylation of chitosan for improved solubility and fiber formation via electrospinning.
Cellulose 2007, 14, 543–552. [CrossRef]

59. Du, J.; Hsieh, Y.-L. Cellulose/chitosan hybrid nanofibers from electrospinning of their ester derivatives.
Cellulose 2008, 16, 247–260. [CrossRef]

60. Jayakumar, R.; Prabaharan, M.; Nair, S.V.; Tamura, H. Novel chitin and chitosan nanofibers in biomedical
applications. Biotechnol. Adv. 2010, 28, 142–150. [CrossRef] [PubMed]

61. Subbiah, T.; Bhat, G.S.; Tock, R.W.; Parameswaran, S.; Ramkumar, S.S. Electrospinning of nanofibers. J. Appl.
Polym. Sci. 2005, 96, 557–569. [CrossRef]

62. Desai, K.; Kit, K.; Li, J.; Michael Davidson, P.; Zivanovic, S.; Meyer, H. Nanofibrous chitosan non-wovens for
filtration applications. Polymer 2009, 50, 3661–3669. [CrossRef]

63. Kohsari, I.; Shariatinia, Z.; Pourmortazavi, S.M. Antibacterial electrospun chitosan-polyethylene oxide
nanocomposite mats containing bioactive silver nanoparticles. Carbohydr. Polym. 2016, 140, 287–298.
[CrossRef] [PubMed]

64. Bhattarai, N.; Edmondson, D.; Veiseh, O.; Matsen, F.A.; Zhang, M. Electrospun chitosan-based nanofibers
and their cellular compatibility. Biomaterials 2005, 26, 6176–6184. [CrossRef] [PubMed]

65. Yang, D.; Jin, Y.; Zhou, Y.; Ma, G.; Chen, X.; Lu, F.; Nie, J. In situ mineralization of hydroxyapatite on
electrospun chitosan-based nanofibrous scaffolds. Macromol. Biosci. 2008, 8, 239–246. [CrossRef] [PubMed]

66. Kossovich, L.Y.; Salkovskiy, Y.; Kirillova, I.V. Electrospun chitosan nanofiber materials as burn dressing.
IFMBE Proc. 2010, 31, 1212–1214.

67. Cai, Z.X.; Mo, X.M.; Zhang, K.H.; Fan, L.P.; Yin, A.L.; He, C.L.; Wang, H.S. Fabrication of chitosan/silk fibroin
composite nanofibers for wound-dressing applications. Int. J. Mol. Sci. 2010, 11, 3529–3539. [CrossRef]
[PubMed]

68. Frey, M.W. Electrospinning cellulose and cellulose derivatives. Polym. Rev. 2008, 11, 1785–1800. [CrossRef]
69. Kampalanonwat, P.; Supaphol, P.; Morlock, G.E. Electrospun nanofiber layers with incorporated

photoluminescence indicator for chromatography and detection of ultraviolet-active compounds.
J. Chromatogr. A 2013, 1299, 110–117. [CrossRef] [PubMed]

70. Liu, K.; Lin, X.; Chen, L.; Huang, L.; Cao, S.; Wang, H. Preparation of microfibrillated
cellulose/chitosan-benzalkonium chloride biocomposite for enhancing antibacterium and strength of sodium
alginate films. J. Agric. Food Chem. 2013, 61, 6562–6567. [CrossRef] [PubMed]

71. Ma, B.; Huang, Y.; Zhu, C.; Chen, C.; Chen, X.; Fan, M.; Sun, D. Novel Cu@SiO2/bacterial cellulose
nanofibers: Preparation and excellent performance in antibacterial activity. Mater. Sci. Eng. C 2016, 62,
656–661. [CrossRef] [PubMed]

72. Son, W.K.; Youk, J.H.; Park, W.H. Antimicrobial cellulose acetate nanofibers containing silver nanoparticles.
Carbohydr. Polym. 2006, 65, 430–434. [CrossRef]

73. Roy, D.; Knapp, J.S.; Guthrie, J.T.; Perrier, S. Antibacterial cellulose fiber via RAFT surface graft
polymerization. Biomacromolecules 2008, 9, 91–99. [CrossRef] [PubMed]

74. Roemhild, K.; Wiegand, C.; Hipler, U.-C.; Heinze, T. Novel bioactive amino-functionalized cellulose
nanofibers. Macromol. Rapid Commun. 2013, 34, 1767–1771. [CrossRef] [PubMed]

75. Fernandes, S.C.M.; Sadocco, P.; Alonso-Varona, A.; Palomares, T.; Eceiza, A.; Silvestre, A.J.D.; Mondragon, I.;
Freire, C.S.R. Bioinspired antimicrobial and biocompatible bacterial cellulose membranes obtained by
surface functionalization with aminoalkyl groups. ACS Appl. Mater. Interfaces 2013, 5, 3290–3297. [CrossRef]
[PubMed]

76. Saini, S.; Belgacem, M.N.; Salon, M.C.B.; Bras, J. Non leaching biomimetic antimicrobial surfaces via surface
functionalisation of cellulose nanofibers with aminosilane. Cellulose 2016, 23, 1–16. [CrossRef]

http://dx.doi.org/10.1016/j.carres.2006.05.006
http://www.ncbi.nlm.nih.gov/pubmed/16750180
http://dx.doi.org/10.1016/j.carres.2009.10.004
http://www.ncbi.nlm.nih.gov/pubmed/19883903
http://dx.doi.org/10.1016/j.carbpol.2006.03.015
http://dx.doi.org/10.1007/s10570-007-9122-3
http://dx.doi.org/10.1007/s10570-008-9266-9
http://dx.doi.org/10.1016/j.biotechadv.2009.11.001
http://www.ncbi.nlm.nih.gov/pubmed/19913083
http://dx.doi.org/10.1002/app.21481
http://dx.doi.org/10.1016/j.polymer.2009.05.058
http://dx.doi.org/10.1016/j.carbpol.2015.12.075
http://www.ncbi.nlm.nih.gov/pubmed/26876856
http://dx.doi.org/10.1016/j.biomaterials.2005.03.027
http://www.ncbi.nlm.nih.gov/pubmed/15885770
http://dx.doi.org/10.1002/mabi.200700221
http://www.ncbi.nlm.nih.gov/pubmed/18322911
http://dx.doi.org/10.3390/ijms11093529
http://www.ncbi.nlm.nih.gov/pubmed/20957110
http://dx.doi.org/10.1080/15583720802022281
http://dx.doi.org/10.1016/j.chroma.2013.05.011
http://www.ncbi.nlm.nih.gov/pubmed/23764191
http://dx.doi.org/10.1021/jf4010065
http://www.ncbi.nlm.nih.gov/pubmed/23750871
http://dx.doi.org/10.1016/j.msec.2016.02.011
http://www.ncbi.nlm.nih.gov/pubmed/26952469
http://dx.doi.org/10.1016/j.carbpol.2006.01.037
http://dx.doi.org/10.1021/bm700849j
http://www.ncbi.nlm.nih.gov/pubmed/18067264
http://dx.doi.org/10.1002/marc.201300588
http://www.ncbi.nlm.nih.gov/pubmed/24151239
http://dx.doi.org/10.1021/am400338n
http://www.ncbi.nlm.nih.gov/pubmed/23528008
http://dx.doi.org/10.1007/s10570-015-0854-1


Materials 2016, 9, 255 16 of 19

77. The Antimicrobial Peptide Database. Department of Pathology and Microbiology, University of Nebraska
Medical Center: Omaha, NE, USA. Available online: http://aps.unmc.edu/AP/main.php (accessed on 26
March 2016).

78. Zasloff, M. Antimicrobial peptides of multicellular organisms. Nature 2002, 415, 389–395. [CrossRef]
[PubMed]

79. Heunis, T.D.J.; Smith, C.; Dicks, L.M.T. Evaluation of a nisin-eluting nanofiber scaffold to treat
Staphylococcus aureus-induced skin infections in mice. Antimicrob. Agents Chemother. 2013, 57, 3928–3935.
[CrossRef] [PubMed]

80. Heunis, T.; Bshena, O.; Klumperman, B.; Dicks, L. Release of bacteriocins from nanofibers prepared with
combinations of poly(D,L-lactide) (PDLLA) and poly(ethylene oxide) (PEO). Int. J. Mol. Sci. 2011, 12,
2158–2173. [CrossRef] [PubMed]

81. Viana, J.F.C.; Carrijo, J.; Freitas, C.G.; Paul, A.; Alcaraz, J.; Lacorte, C.C.; Migliolo, L.; Andrade, C.A.;
Falcão, R.; Santos, N.C.; et al. Antifungal nanofibers made by controlled release of sea animal derived
peptide. Nanoscale 2015, 7, 6238–6246. [CrossRef] [PubMed]

82. Torres, N.I.; Noll, K.S.; Xu, S.; Li, J.; Huang, Q.; Sinko, P.J.; Wachsman, M.B.; Chikindas, M.L. Safety,
formulation, and in vitro antiviral activity of the antimicrobial peptide subtilosin against herpes simplex
virus type 1. Probiotics Antimicrob. Proteins 2013, 5, 26–35. [CrossRef] [PubMed]

83. Gatti, J.W.; Smithgall, M.C.; Paranjape, S.M.; Rolfes, R.J.; Paranjape, M. Using electrospun
poly(ethylene-oxide) nanofibers for improved retention and efficacy of bacteriolytic antibiotics.
Biomed. Microdevices 2013, 15, 887–893. [CrossRef] [PubMed]

84. Yüksel, E.; Karakeçili, A. Antibacterial activity on electrospun poly(lactide-co-glycolide) based membranes
via Magainin II grafting. Mater. Sci. Eng. C. Mater. Biol. Appl. 2014, 45, 510–518. [CrossRef] [PubMed]

85. Sebe, I.; Ostorhazi, E.; Fekete, A.; Kovacs, K.N.; Zelko, R.; Kovalszky, I.; Li, W.; Wade, J.D.; Szabo, D.; Otvos, L.
Polyvinyl alcohol nanofiber formulation of the designer antimicrobial peptide APO sterilizes Acinetobacter
baumannii-infected skin wounds in mice. Amino Acids 2016, 48, 203–211. [CrossRef] [PubMed]

86. Eriksen, T.H.B.; Skovsen, E.; Fojan, P. Release of antimicrobial peptides from electrospun nanofibres as a
drug delivery system. J. Biomed. Nanotechnol. 2013, 9, 492–498. [CrossRef] [PubMed]

87. Heunis, T.D.J.; Botes, M.; Dicks, L.M.T. Encapsulation of Lactobacillus plantarum 423 and its bacteriocin in
nanofibers. Probiotics Antimicrob. Proteins 2009, 2, 46–51. [CrossRef] [PubMed]

88. Chen, C.; Pan, F.; Zhang, S.; Hu, J.; Cao, M.; Wang, J.; Xu, H.; Zhao, X.; Lu, J.R. Antibacterial activities
of short designer peptides: A link between propensity for nanostructuring and capacity for membrane
destabilization. Biomacromolecules 2010, 11, 402–411. [CrossRef] [PubMed]
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