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Nanotechnology tools for antibacterial materials

The understanding of the interactions between biological systems and nanoengineered devices is crucial
in several research fields, including tissue engineering, biomechanics, synthetic biology and biomedical
devices. This review discusses the current knowledge of the interactions between bacteria and abiotic
nanostructured substrates. First, the effects of randomly organized nanoscale topography on bacterial
adhesion and persistence are described. Second, the interactions between microorganisms and highly
organized/ordered micro- and nano-patterns are discussed. Finally, we survey the most promising
approaches for the fabrication of silver polymeric nanocomposites, which have important applications as
antimicrobial materials. The advantages, drawbacks and limitations of such nanotechnologies are critically
discussed in view of potential future applications.
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Bacterial surface contamination — the adhesion,
persistence and colonization of surfaces by bacte-
ria — is increasingly recognized as detrimental to
health and society (1-4]. Besides impacting food
safety, biofilm growth (arising from surface con-
tamination) distresses economic sectors, such as
sea transport (biofilms promote the binding of
aquatic invertebrates onto the immersed sections
of ships), manufacturing (biofilms stimulate cor-
rosion processes) and health/medicine, leading to
immense human and economic costs [1-9]. It is
impossible to provide a universal description of
bacterial biofilms. From a chemical point of view,
biofilms consist of a complex mixture of exopoly-
saccharides, DNA and catalytic proteins, which
are secreted by microorganisms after their adhe-
sion onto surfaces, and whose biological func-
tions are largely unknown [8,10-12]. Biologically, it
represents an external digestive system that allows
extracellular enzymes (secreted by bacteria) to
localize in close proximity to cells, enabling the
metabolization of the solid biopolymers present
in the nearby environment [8]. From a physical
point of view, a biofilm is form of slime matrix
with specific robustness, viscosity and strength
that varies depending on the particular strain of
microorganism(s) and the specific environmental
conditions [13-15]. Ecologically, biofilms represent
the preferred niche where almost all bacteria live
(16,17]; the evolutionary mechanisms led them
to grow as a sessile adherent community, rather
than as a dispersed, planktonic form. There is
evidence of bacterial biofilm formation even in
3-billion-year-old African fossils [18], suggesting
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that such living forms promoted survival in
the harsh environmental conditions of Earth
at that time. From a genetic viewpoint, sessile
bacteria have very different profiles of gene and
protein expression, compared with their plank-
tonic counterparts [19-22]. Hence, biofilms could
represent a complex population of unicellular
microorganisms that live, behave and interact
with each other and the environment like a
quasi-multicellular organism.

Ficure 1 illustrates the most important features
of biofilm formation, development and compo-
sition [3.8]. The most characterizing aspect of
biofilms is, therefore, their ‘heterogeneity’ [19].
Another characteristic is the high durability in
terms of resistance to mechanochemical or physi-
cal stress stimuli (i.e., UV radiation, antibiotic
treatment and scraping). As such, it is widely
accepted that the most effective way to prevent
biofilm formation is « priori suppression of bacte-
rial adhesion, rather than a posteriori chemical- or
drug-based treatment. Great effort has been put
into designing substrates that prevent the early
stage of bacterial adhesion.

The main factors influencing bacterial adhe-
sion are the physicochemical properties of the
substrate material and microorganisms, and the
environmental conditions [23-25]. Many inves-
tigations have focused on chemically modify-
ing the abiotic surface to repel bacteria [26-30].
However, chemical modification has several
drawbacks, such as reduced efficiency once
the compounds/drugs are released, potential
toxicity and the possible occurrence of local
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Figure 1. The complex extracellular polymeric substance produced by adherent bacteria. (A) Dynamic evolution, over time, of a
bacterial biofilm onto abiotic substrates. After the adhesion of bacteria, the microcolonies start to divide and grow, and the biofilm
matrix is secreted. During biofilm expansion, other environmental microorganisms can be involved and may became part of the colony,
thus strengthening the overall community. At the same time, sessile bacteria can be dispersed throughout the surrounding surface.

(B) Principal components of the biofilm matrix: polysaccharides, proteins and DNA are distributed between the cells in a heterogeneous
(and almost unigue) pattern. (C) Classes of physicochemical interactions that regulate the stability of the extracellular polymeric
substance matrix [115]. (D) SYTO9 staining of a biofilm produced by a 4-day-old culture of the y-proteobacterium strain F8.

Reproduced with permission from [s].
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immunogenicity 7z vivo. It should also be con-
sidered that several anti-infective materials for
medical use have been functionalized with anti-
biotics. This could contribute to the current
spreading of antibiotic resistance, which is creat-
ing great concerns worldwide and making treat-
ment of infection difficult [31-34]. Thus, recent
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attention has shifted toward exploiting surface
topography. In this regard, nanotechnology offers
new methods and techniques to design innova-
tive surfaces with specific and highly controlled
surface nanotextures.

The aim of this article is to provide a critical
overview of the antibacterial effects of nanoderived
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substrates. The first section describes the effect of
random nanoroughness on bacterial adhesion and
persistence; the second section focuses on highly
ordered micro- and nano-patterns; and the third
section discusses silver polymeric nanocomposites
(both synthetic and natural/bioinspired), a par-
ticularly promising class of antibacterial materi-
als. For each topic, we critically address the limita-
tions, especially from the biological standpoint,
as well as discussing open issues and the future
outlook.

Effects of randomly organized
nanotopography on bacterial
adhesion

Study of the relationship between surface rough-
ness/porosity and bacterial adhesion traces back to
the early 1980s, when it was mainly for dentistry
and environmental applications [35-39]. Due to
technological limitations, these studies were con-
fined to examining antibacterial effects of poorly
controlled random roughness. The biological
investigations generally used colony-forming
units assays, and direct counting under light or
scanning electron microscopy to estimate the
number of microorganisms attached to surfaces
following incubation. Similar approaches were
pursued into the 1990s, until nanotechnology was
applied to study the bacteria—substrate interac-
tion. In particular, Razatos and coworkers used
the atomic force microscope (AFM) to analyze
and quantify the initial events of bacterial adhe-
sion with unprecedented resolution and precision
(40]. They coated the AFM cantilever tip with a
confluent layer of Escherichia coli, and then used
the coated cantilevers to obtain force—distance
curves describing the interaction forces between
the bacteria and poly(methyl methacrylate)-
functionalized surfaces (Ficure 2). By combining
the high sensitivity of AFM with isogenic bacte-
rial strains differing in cell surface composition
(e.g., mutants expressing progressively truncated
lipopolysaccharides), the authors were able to dis-
criminate the contribution of specific cell surface
components in the adhesion forces.

In addition to providing new characterization
methods, nanotechnology provided improved
nanometer-resolution fabrication techniques to
control the size and shape of randomly organized
nanorough surfaces. These techniques included
plasma etching (based on reactive-ion etch-
ing), acid-mediated etching, anodic oxidation
and controlled polymer coatings [41-43]. Many
of these methods have been applied to explore
the influence of surface roughness on bacterial
adhesion.
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In this framework, Bakker ez al. studied bac-
terial adhesion on polyurethane-coated glass
plates of varying elastic moduli and surface
roughness. The authors found a direct relation-
ship between the mean surface roughness and
the attachment of micron-sized marine bacteria
(Marinobacter hydrocarbonoclasticus, Psychro-
bacter sp. SW5H and Halomonas pacifica) by
using multiple linear regression analyses [44].
Nanoroughness-dependent bacterial adhesion
was confirmed in later studies [45-50], underscor-
ing the importance of surface nanofeatures for
adhesion. However, other works found the oppo-
site trend, namely that a decrease in the topo-
graphical pattern (obtained by chemical etching)
leads to an increase in the number of attached
bacteria [51,52). In addition, hydrophobic surfaces
have been demonstrated to delay the adhesion
of microorganisms when compared with hydro-
philic substrates, which typically promote their
attachment [53-55]. However, controversial results
have also been reported [56]. Similar discrepan-
cies also arose concerning the role played by
surface energy on bacterial adhesion [57).
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Figure 2. Atomic force microscope-based approach for probing the
interaction forces between bacteria and abiotic surfaces. Scanning electron
microscope images of (A) bare silicon nitride tip and (B) silicon nitride tip coated
with Escherichia coli. (C) Average force curves between silicon nitride tips coated
with two different E. coli (D21 and D21f2, which differ in the length of core
lipopolysaccharide molecules) and glass spin-coated with poly(methyl
methacrylate). Magnification: (A) 1800x and (B) 1500x.

Reproduced with permission from [40].
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Although many studies have tried to define
a general correlation between surface nanotop-
ography and bacterial adhesion (58-62], a defini-
tive explanation is still lacking. As recently sug-
gested (25, this is probably due to the relatively
crude approaches that have often been used to
characterize surface nanotopographies. Accurate
physicochemical characterization of a substrate
requires a combination of nanometer-resolution
surface methods, such as AFM, nanoindentation
and scanning electron microscopy, together with
elemental analyses, for example, energy disper-
sive x-ray spectroscopy, time-of-flight secondary-
ion mass spectrometry and x-ray photoelectron
spectroscopy (63.64]. Furthermore, because of
the intrinsically random organization of these
surfaces, significant intra-sample and sample-
to-sample variability may occur, thus requiring
systematic investigations with higher statistical
validity.

An additional limitation of past studies is the
oversimplified description of microorganisms,
which were treated as inert, perfectly smooth and
geometrically regular colloidal microparticles,
with surface properties and interaction dynam-
ics estimated on purely theoretical grounds [¢s).
Although such assumptions were useful for
examining the basic physicochemical interactions
between abiotic surfaces and bacteria, they were
inadequate for understanding the detailed aspects
of the interaction. Additional important issues
have to be taken into account. First, bacteria
are rapidly evolving living systems that vary the
protein composition of their cell envelope over
time depending on environmental and physio-
logical conditions [66], secrete proteins by spe-
cific secretory pathways (67], produce extracellular
polymeric substance [68], and extend external
organelles such as flagella and adhesive fimbriae
[69]. Second, microorganisms have heterogeneous
shapes and sizes. For example, the Streprococcus
species (S. pneumoniae, S. pyogenes and S. oralis)
and Staphilococcus spcies (S. aureus, S. epidermidis
and S. haemolyticus) have a spherical shape, but
other microorganisms possess a bacillus (p-rod)
profile (e.g., Bacillus subtilis or Bacillus cereus),
or even a more complex spiral shape (Spirochetes)
(Ficure 3). Third, the bacterial growth conditions,
such as incubation time, characteristics of the
growth medium (e.g., ionic strength), tempera-
ture and physical agitation during incubation,
also affect the interaction at the interface. For
these reasons, simplistic topological and physi-
cochemical models for the bacteria and surfaces
are inadequate to reliably predict the relationships
between nanotopography and bacterial adhesion.

Nanomedicine (2013) 8(5)

Another important issue in this research field
is the biological characterization of the interac-
tion events, since most experimental approaches
are based on the observation of morphological
changes (assessed by scanning electron micro-
scopy, transmission electron microscopy and
confocal/fluorescence microscopy), or on
counting and viability assays. However, these
approaches generally do not take into account
the detailed molecular events accompanying the
bacteria—substrate interactions. In this frame-
work, we recently uncovered specific changes
in the genomic and proteomic profile of E. coli
adhering onto flat (control) and nanorough sur-
faces, which were produced by a spontaneous
Galvanic displacement reaction [70-73] (Ficure 4).
We found that E. coli adhered to nanostructured
surfaces undergo genetic phase variation of fim-
brial subunit expression (the fimbrial operon was
switched ‘off’, due to the overexpression of the
LrhA repressor and upregulation of the FimE
recombinase), as well as general stress conditions
(suggested by the activation of the two-compo-
nent system CpxP/R pathway). Furthermore,
by proteomic analyses, we detected 15 proteins
(involved in biosynthesis, peptide transport,
metabolic pathways and DNA repair) that were
differently regulated in bacteria growing on
nanorough versus smooth surfaces.

In summary, despite the large body of lit-
erature on the topic, the question of whether
antibacterial substrates should be designed
with nanostructured or flat features remains
unresolved, and will require more systematic
investigations. Future efforts should be directed
toward fine fabrication methods, high-resolution
physicochemical characterization of surfaces,
and deeper biochemical and molecular biology
investigations of bacteria—surface interactions.

Effects of regular nanopatterns on
bacterial adhesion

As outlined above, there have been many studies
on bacterial adhesion to randomly nanorough
surfaces, because these surfaces do not require
complex fabrication methods. However, bac-
terial adhesion onto highly regular patterned
surfaces has not been extensively studied until
recently, with the advent of well-controlled,
reproducible nanopatterning techniques. Sev-
eral nanoscale surface patterning methods have
been improved, including photolithography
(74, nanoimprint lithography [75], colloidal
and E-beam lithography [7¢), anodic oxidation
of metallic surfaces [77), p-contact printing [78]
and dip-pen nanolithography [79]. Consequently,
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Different sizes and shapes

Figure 3. The complex sizes, shapes and surface features characterizing microorganisms.
(A) The spherical shape of Staphylococcus epidermidis. (B) The rod-like structure of E. coli. (C) The
spiral shape of leptospires. (D) The polysaccharide capsule of S. pneumoniae avoids bacterial
clearance performed by host cells, since the bacterial antigens are hidden to both immunoglobulin
proteins and phagocytic cell lines, such as macrophages. (E) The adhesive organelles’ type 1 fimbriae
allow bacteria to adhere to both host tissues and abiotic surfaces, thus starting the colonization

processes, and biofilm formation and development.

E. coli: Escherichia coli; S. pneumoniae: Streptococcus pneumoniae.
(A) Image courtesy of the National Institute of Allergy and Infectious Diseases.

(C) Reproduced with permission from [201].
(D) Image courtesy of the CDC.

(E) Image courtesy of the Texas Department of State Health Services (TX, USA).

different patterns, such as ordered stripes, pits,
pillars, squares and grooves, have been fabri-
cated to create antibacterial and antibiofouling
surfaces.

Recently, self-assembled monolayers (SAM:s)
presenting three functional groups, methyl,
L-gulonamide (a sugar alcohol tethered with an
amide bond) and tri(ethylene glycol) (TEG),
have been used to explore E. coli adhesion and
biofilm growth [80]. Unpatterned TEG-termi-
nated SAMs were the only ones able to suppress
E. coli biofilm formation compared with bare
gold surface. Substrates were then patterned by
microcontact printing with 50 x 50 pm square
areas consisting of methyl-terminated SAMs
surrounded by TEG-terminated SAMs. Biofilms
could grow and develop on the methyl-termi-
nated patterns, but not on the TEG regions.
The authors also found that adding free TEG

molecules to the bacterial culture media caused

future science group

general inhibition of biofilm formation. Over-
all, the biofilm reduction was demonstrated to
be the result of multiple factors, including the
chemorepellent nature of TEG, its inhibitory
effect on cell mobility and the solvent structure
at the interface.

Polydimethylsiloxane surfaces, with protrud-
ing square features, have also been tested for their
ability to prevent adhesion of fluorescent E. coli
cells and to inhibit biofilm formation and devel-
opment [81]. Patterned polydimethylsiloxane sur-
faces, prepared by a combination of silicon wafer
etching and photolithography, consisted of 10-pm
tall ordered squares; both the lateral dimensions
of the square patterns (in the 2-100 pm range)
and the pattern periodicity (in the 5-20 pm
range) were systematically varied. The authors
found that bacteria preferentially adhered, and
formed biofilms, in the valleys between the pro-
truding features, even when the dimensions of the

www.futuremedicine.com
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Figure 4. Molecular response of Escherichia coli adhering onto flat and nanorough gold
surfaces. Bacteria were grown on (A) flat and (B) nanorough gold substrates. The nanostructured
surfaces led Escherichia coli cells to repress the expression of the adhesive organelles’ type 1 fimbriae.
(C) Expression levels of fimbrial gene subunits in the treated bacteria (growing onto nanorough
surfaces) compared with control bacteria (growing on flat surfaces). (D—F) Global protein expression
profile by means of 2D-difference gel electrophoresis proteomic assays. (D) Fluorescent staining of a
2D gel and (E) PC analyses for analyzing the statistical populations of up- and down-regulated
proteins. (F) The electrophoresis proteomic assay shows a trend for down- (green) and up-regulation
(red) of proteins for flat and nanorough samples.

PC: Principal component.

Reproduced with permission from [70].
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plateaus (the top of the squares) were significantly
larger than the dimensions of the valleys. They
also performed experiments combining the effects
of features size and gravitational force (by incu-
bating bacteria in upright vs inverted configu-
rations), observing that, although gravity does
facilitate adhesion of bacteria, there is a threshold
size of the surface patterns that governs biofilm
formation and development.

Another study examined the interaction of
Pseudomonas aeruginosa, B. subtilis and E. coli
with nanometer-scale periodic surface features
(pillars 300 nm in diameter and 2 pm in height)
with different spatial arrangements, obtained
by combining fast replication molding tech-
niques with sputtering of PtPd or AuPd [s2].
The authors found that bacterial attachment
and orientation at the single-cell level is modu-
lated by the nanofeatures: both Gram-positive
and Gram-negative bacteria spontaneously ori-
ented themselves according to the direction of
the pattern geometries. These results suggest
that appropriate patterning could finely control
the 3D spatial segregation of single bacteria and
interbacteria communication, thus affecting the
natural biofilm organization (Ficure 5).

Nanotechnology tools for antibacterial materials

The role of ordered surface structures in
affecting bacterial retention was also investigated
by Whitehead and coworkers [45]. The authors
incubated several unrelated microorganisms of
different sizes (S. aureus, P. aeruginosa and Can-
dida albicans) on substrates with pores of differ-
ent diameters (0.2, 0.5, 1 and 2 pm), obtained by
combining magnetron sputtering with a template
technique. Using microbial retention assays, they
found that S. aureus and P. aeruginosa (~1 pm
in diameter) tended to be retained in the largest
(2 pm) surface pores, but not between pores. At
the same time, C. albicans (~5 pm in diameter)
was uniformly distributed across the porous
surface. This suggests that the dimension of the
surface features relative to the size of the cells is
important for bacterial retention.

With regard to relative dimensions, the
work of Dfaz and collaborators is of particular
interest [83]. The authors used AFM to exam-
ine the response of Pseudomonas fluorescens to
patterned gold surface with submicron trenches
and unpatterned gold surfaces with random
orientation. They found that the bacterial fla-
gella tended to align towards neighboring cells,
apparently interconnecting them (Ficurs 6). The

®

Figure 5. Ordered surface geometries guide bacterial adherence and their spatial patterning. (A) The adhesion patterns of

rod-like bacteria on the pillar arrays. As the post spacing decreases, bacteria can increase their contact area by adhering to the increasing
number of pillars, with abnormal orientation relative to the substrate. In the most densely packed state, cells orient themselves normal to
the substrate to maximize their contact with the posts. (B) Cross-sectional scanning electron microscope image of bacteria cultured on

periodically structured surfaces. Spontaneous assembly of (C & D) Bacillus subtilis and (E & F) Escherichia coli cultured on these surfaces.

The pillar spacing is wider in (C & E) than (D & F).
Reproduced with permission from [82].
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authors interpreted this behavior as flagella-
mediated signaling between bacteria. If so, the
signaling depended on the size of the pattern.
Small striped patterns improved the flagella-
mediated interbacteria communication, thus
presumably facilitating the early stages of bio-
film formation (83]. Bigger stripes could spatially
prevent bacterial communication, thus delaying
biofilm development.

Other research has demonstrated the possibil-
ity to manipulate individual bacterial cells, and
their immediate extracellular environments, by
exploiting specific ordered micrometer and sub-
micrometer structures fabricated by soft litho-
graphy approaches [84]. These latter results are
likely to be of crucial importance for the design
of cell chips based on ordered arrays of bacteria.

In summary, these combined findings high-
light that ordered surface nanopatterns have
an important effect on bacterial adhesion and

Figure 6. Correlation between flagella orientation and surface geometries.
(A & B) Contact atomic force microscope images of Pseudomonas fluorescens
attached to patterned gold substrates. The black arrows indicate flagella surrounding
microorganisms or oriented towards neighboring bacteria, the white arrows show
bacterial division, the dashed white arrows indicate the presence of pili connecting
cells and the dotted black arrow indicates an elongated bacterium. (C) Atomic force
and (D) scanning electron microscope images of P. fluorescens growing onto
unpatterned gold substrates. Arrows display groups of flagella oriented towards
other cells. Numbers indicate the different stages of formation of a raft-like structure.
Reproduced with permission from [83].

retention. Nanopillars, surface valleys and edges
of grooves seem to protect bacteria from exter-
nal perturbations that would otherwise tend to
detach them from the substrate [45.85]. Moreover,
surface patterns of a size comparable to bacte-
ria seem to effectively host microorganisms and
facilitate cellular intercommunication, thus
promoting biofilm formation and development.
However, for ordered nanopatterns, a direct cor-
relation between pattern size and bacterial adhe-
sion has not been clearly demonstrated, similar
to the case of random nanopatterns. This uncer-
tainty probably arises from strain-specific bacte-
rial responses to external physical stimuli, as well
as from some limitations of the biological assays.
In our opinion, further systematic investiga-
tions should address the molecular mechanisms
of bacteria—patterned substrate interactions in
terms of regulation of both global and specific
molecular pathways. Bacteria possess several
molecular and mechanochemical sensor systems
along with finely controlled intracellular signal-
ing pathways, but little is known about how these
systems respond to interactions with substrate
patterns. Understanding how bacteria sense spe-
cific surface features (e.g., pits, grooves, squares,
holes and stripes) and how they respond to those
features (e.g., activation of signaling pathways)
could lead to the design of a new generation of
surfaces that avoid bacterial persistence, due
to their intrinsic antifouling properties, and
affect specific microbial responses to achieve the
desired biological properties.

Silver-based nanocomposites & their
antibacterial characteristics
This section discusses strategies to fabricate
antibacterial substrates based on the use of
silver polymeric nanocomposites as advanced
antimicrobial agents. Although it has been
known for centuries that silver compounds
impede the growth of microorganisms (during
the Roman empire liquids were stored in sil-
ver water bags) [86-88], the recent improvement
of ‘bottom-up’ approaches in nanofabrication
techniques has enabled the realization of highly
controlled nanocomposites functionalized with
silver nanoparticles (AgNPs). In particular, a
great variety of hydrogel matrices based on
natural polymers or their derivatives (e.g., gela-
tin, starch, chitosan, cellulose and sodium algi-
nate), along with synthetic polymers (polyvinyl
alcohol and polyvinyl pyrollidone), have been
developed and combined with AgNPs [89-95].
AgNPs elicit bactericidal effects mainly thro-
ugh the release of Ag' jons from their surfaces.
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In particular, Ag" may induce direct membrane
damage, leading to dissipation of proton motive
force and depletion of intracellular ATP levels
(96-99]. The toxic effects of AgNPs on micro-
organisms have been also ascribed to Ag' ion-
related reactive oxygen species production,
free radicals that may damage both lipids and
DNA [100-102].

A common method to fabricate AgNP-
functionalized polymer matrices consists of
entrapping Ag' cations within the chains of
the polymers, followed by reduction with com-
mon reducing agents. Such an 7z situ approach
has two main advantages over simple mixing
of the presynthesized AgNPs with the polymer
precursors: the macromolecular chains of poly-
mers improve the dispersion of NPs and avoid
aggregation phenomena; and the physicochemi-
cal properties of the polymer chains determine
the size distribution and shape of the AgNDPs.

Among the available synthetic polymers, poly-
urethanes are materials of choice because they
can be applied to furniture, textiles, adhesives
and biomedicine [103]. Shah and collaborators,
for example, functionalized polyethylene glycol
(PEG)—polyurethane-TiO, with AgNPs, and
found excellent activity against both B. subrilis
and E. coli 104]. An interesting aspect of this
work is the facilitated photoreduction of silver
nitrate to AgNPs within the polymer matrix,
induced by the presence of TiO,.

Other approaches to making AgNP com-
posites have used synthetic polymers such as
poly(methyl methacrylate) and the polyether-
based thermoplastic aliphatic polyurethanes
(105]. These composites also exhibit excellent
broad-spectrum antimicrobial behavior against
Gram-positive and Gram-negative bacteria, and
even fungi (e.g., C. albicans, Aspergillus niger,
and Saccharomyces cerevisiae) [105).

Research has also focused on the use of bio-
polymers — polymers normally available in
nature — or biomimicking polymers, because
of their low cost, biocompatibility and wide
availability [106]. For example, Fullenkamp
and collaborators synthesized water-soluble
PEG polymers containing reactive catechol
moieties, inspired by the adhesive proteins of
natural mussels [107]. The authors employed
silver nitrate to oxidize the catechols of the
PEG polymers, leading to covalent crosslink-
ing and hydrogel formation with the simultane-
ous reduction of Ag(I). These substrates were
found to release silver constantly for at least
2 weeks in phosphate-buffered saline solution,
thus inhibiting bacterial growth. Mammalian
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cell viability was unaffected, however, due to
the overall low concentration of Ag* ions.

Gelatin hydrogel pads loaded with AgNDPs
have also been developed for antibacterial
wound dressings [108]. The pads were prepared
by the solvent-casting technique from a gelatin
aqueous solution containing AgNO, and were
aged for different periods and then crosslinked
with glutaraldehyde. After 24 h of incuba-
tion in phosphate-buffered saline or simulated
body fluid, silver release of approximately 50%
and 60% was detected, respectively. Colony-
forming units assays indicated that these pads
were effective against S. aureus, E. coli and
P. aeruginosa, with almost complete inhibition
of bacterial growth [108].

In another approach, Bayer and collabora-
tors developed a method to functionalize cel-
lulose with ethyl cyanoacrylate nanocompos-
ite shells [109]. In particular, they were able to
surround cellulose fibers of paper sheets with
different nanomaterials, such as submicrom-
eter wax particles or polytetrafluoroethylene
particles (to make paper superhydophobic),
MnFe, O, nanoparticles (to make paper mag-
netic), CdSe/ZnS quantum dots (to make
paper fluorescent) and AgNPs (to make paper
antibacterial) (Ficure 7) [109]. The advantage of
this technique is that it can be applied post-
production to a wide range of fiber-based
materials, from paper to fabrics, leaving the
original properties of the material unaffected
(e.g., printability, consistency and touch).

Finally, we would like to drive the reader’s
attention to cellulose matrices, which repre-
sent an important class of nature-derived poly-
mers [110-114]. Similar to synthetic polymer
chains, carbohydrates may act as a template
for the entrapment of Ag* cations (through
their carboxylate units), while the final reduc-
tion to AgNPs is usually mediated by various
reducing agents.

In conclusion, synthetic polymers have
advantages in the overall flexibility of the fab-
rication process, but they may have some limi-
tations. In particular, they could release some
of their components, resulting in long-term
toxic effects in the host organisms. In addition,
synthetic nanocomposites could have limited
biocompatibility, leading to inflammation
phenomena and even hazardous immunogenic
responses. Such drawbacks are partly solved by
using natural or bioinspired polymers. However,
the complicated organic reactions and need
for large quantities of reducing agents are sig-
nificant limitations in their use. Furthermore,
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Figure 7. Cellulose fiber networks with multifunctional properties. (A) Scanning electron microscope image showing the surface of
a cellulose fiber roughened by polytetrafluoroethylene particles mixed with PECA. (B) Cross-sectional transmission electron microscope
image of a cellulose fiber embedded in a shell of the MnFe,O, nanoparticle/PECA composite. (C) Colored water droplets stay on the
surface of a cellulose sheet treated with PECA (circled), whereas they are completely absorbed in the untreated area. (D) Photo showing
the difference in the wetting properties between the corner of a sheet treated with the nanocomposite of 5.0 wt% MnFe,O, nanoparticles
in PECA (hydrophobic) and the untreated inherently hydrophilic part. (E & F) Magnetic actuation of the treated sheet. (G) Confocal
microscope image showing emission from a cellulose sheet after treatment with the quantum dot/PECA nanocomposite. (H) Characteristic
emission spectra of the quantum dots identified on the fibers coated with CdSe/ZnS quantum dot/PECA nanocomposite (solid lines)
shown by white arrows in (G), compared with the low intensity and broad emission of selected pure cellulosic sheets or cellulosic sheets
only treated with PECA (dotted lines). (I-L) Antibacterial effect after treatment of cellulose sheets with AGNP/PECA nanocomposites
against Escherichia coli: (1) control, (J) PECA- and (K) AgNP/PECA-treated sheets. (L) Quantitative analysis of the population of bacteria
grown on PECA- and AgNP/PECA-treated sheets compared with control samples.

AgNP: Silver nanoparticle; PECA: Poly(ethyl-2-cyanoacrylate).

Adapted with permission from [109].
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most of the synthetic routes employ chemical
reduction techniques for AgNPs (e.g., sodium
borohydrate, dimethyl formamide, hydrazine
hydrate and ethylene glycol) that could be toxic
or hazardous. In this respect, the incorpora-
tion of nanoparticles into polymeric hydrogel
matrices, by using iz situ photoreduction meth-
ods, is one of the most promising strategies. In
addition, the development of postproduction
approaches could be an enormous advantage
for industrial applications.

Conclusion & future perspective

This review discussed recent advances in micro-
and nano-technologies for suppression of bacte-
rial growth. The adhesion of bacteria onto abiotic
substrates is, in fact, the starting point of chronic
biofilm-associated contamination and infec-
tions, which are exceedingly difficult to remove
using commercially available drugs. Deeper
insight into the physicochemical and biologi-
cal aspects of the interaction between prokary-
otes and nanoengineered substrates is strongly
needed in the next 5-10 years, to develop new
approaches that may avoid bacterial persistence

Background

Nanotechnology tools for antibacterial materials

and, thus, inhibit bacterial biofilm development.
Nanotechnology will provide important tools for
designing and fabricating a new generation of
substrates with specific antimicrobial properties.

Despite the promise of nanoengineered
antibacterial surfaces, the literature available
to date does not point to clear-cut or general
conclusions about the interactions between
bacterial adhesion and surface topology (nano-
roughness), nor does it provide a clear explana-
tion of the underlying biological mechanisms
for the interactions. Generalized assumptions
about the biology of surface—bacteria interac-
tions have proven to be inadequate. In fact the
available data suggest a highly strain-dependent
biological response in most experiments. The
data on interactions between microorganisms
and ordered/organized nanopatterns have been
similarly divergent, hindering development of a
general model. However, continued progress in
nanopatterning methods should lead to a bet-
ter understanding of the relationship between
the physicochemical properties of the substrate
and bacterial adhesion, although a lot of work
still needs to be carried out to develop a general

Bacteria adhering onto surfaces start to colonize and grow in a hydrated 3D polymeric matrix of their own synthesis, forming biofilms.
This living condition enables microorganisms to resist hard stress stimuli (i.e., UV irradiation, high temperature and antibiotic
treatment), and to behave like a quasi-multicellular organism.

Biofilms distress several economic sectors and represent the cause of chronic infections, especially in patients with medical implants.

The most effective strategy to counteract biofilm formation is the suppression of the early-stage adhesion event of bacteria, rather than
a posteriori chemical- or drug-based therapy. This may be obtained by modifying the physicochemical parameters of the target
surfaces.

While chemical modification of substrates may have some limitations, the engineering of surface nanotopography or the development
of silver nanoparticle-based nanocomposites provide new tools to prevent bacterial adhesion.
Effects of randomly organized nanotopography on bacterial adhesion

Surface nanoroughness has been demonstrated to affect the adhesion and retention of bacteria, although contrasting data have been
reported.

The lack of definitive understanding is probably due to the relatively crude approaches that have often been used to characterize
surface nanotopographies, the oversimplified description of microorganisms and the need for deeper biological characterization of the
interaction events.

Effects of regular nanopatterns on bacterial adhesion

Highly ordered surface nanopatterns have been found to strongly affect bacterial adhesion and retention: nanopillars; surface valleys;
and edges of grooves seem to protect bacteria from external perturbations.

Surface patterns with a size comparable to bacteria may host microorganisms and facilitate cellular intercommunication, promoting
biofilm formation and development.

As in the case of random nanopatterns, a direct correlation between pattern size and bacterial adhesion has not been clearly
demonstrated. This is also because of strain-specific bacterial responses to external physical stimuli.

Antibacterial characteristics of silver nanoparticle-based nanocomposites

Silver-based nanocomposites seem to be an effective tool in eliciting strong antibacterial effects.

Synthetic Ag-based polymers can be easily fabricated with rather inexpensive procedures. However, there are some concerns related to
their biocompatibility.

Biopolymers (synthesized with polymers available in nature or with biomimicking polymers) may overcome the biocompatibility issue of
synthetic polymers, but their synthesis processes are more complicated.
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model for these phenomena. By contrast, the
data on the biological applications of silver poly-
meric nanocomposites seem to be rather con-
sistent. AgNP-functionalized polymers have
attracted considerable interest, due to their
broad-spectrum antimicrobial characteristics
as well as their tunable morphologies, unifor-
mity, chemical composition and architecture.
Naturally inspired polymers carrying AgNPs
seem to be the most promising substrates, due
to their superior biocompatibility compared
with their synthetic counterparts. At the same
time, smart postproduction modifications, car-
ried out by combining several nanomaterials,
represent an intriguing new approach for the
realization of innovative, multipurpose materi-
als. However, there are still several important
open questions, especially in the understanding

of the actual mechanisms of antibacterial action
of AgNPs and their possible toxicity to eukary-
otic cells. Future efforts should also be directed
toward an overall improvement of the effi-
ciency of nanocomposites, since the controlled,
long-term release of Ag* ions is important for
real applications in implant devices.
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