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Abstract The percutaneous invasion of microorganisms through damaged skin
layers can lead to the onset of infections with potentially life-threatening complica-
tions, especially in vulnerable populations like newborns, elderly, and diabetic
patients. With the emergence of superbugs that are resistant to almost all the avail-
able antibiotics and the unfruitful discovery of new antimicrobial compounds in the
last few decades, there is a demand for novel engineering strategies to approach skin
and soft tissue infections associated with the used of biomaterials. Naturally occur-
ring anti-biofouling and antimicrobial interfaces based on spatial structure offer an
unprecedented opportunity for biomaterial design, as they do not contribute to bac-
terial resistance, do not pollute the environment, and can be easily implemented in
a variety of biomaterial interfaces. In this article, we review the complications
caused by biomaterials in contact with the skin, especially those that compromise
medical adhesives, sutures, and wound dressing materials. Then, we introduced bio-
inspired designs that can be implemented in those materials based on nano- and
microscale topographies.
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Introduction

The skin is the largest organ in the human body and serves several functions includ-
ing thermoregulation, sensation, maintenance of internal homeostasis, and protec-
tion against harsh environmental aggressors, such as harmful substances or
pathogens [1]. The skin hosts numerous species of fungus, viruses, and about 1000
different species of bacteria, that constitute together the skin microbiome. The dis-
tribution and composition of these microbial flora is driven by many factors, includ-
ing the skin topography (e.g., thickness and density of glands and hair follicles), the
host physiology (e.g., age and sex), the environment (e.g., climate), and the immune
system [1, 2]. Those factors together affect the type of microorganisms that can
colonize the epithelial surface, which can further act competitively to exclude one
another or synergistically for mutual benefit [3]. For example, commensal strains
such as Staphylococcus epidermidis have been shown to cooperate with the host’s
immune system to prevent the colonization of invasive microorganisms, ultimately
reinforcing the epithelial barrier function [4]. It is now widely accepted that a broad
community of protective bacteria normally habits the healthy skin and provides a
host defense against pathogens. Indeed, alterations in the microbiome composition
have been associated with the delay in the healing process of cutaneous injuries and
the onset of some disease states [5].

The skin barrier can be disrupted because of cutaneous puncturing during routine
medical procedures (e.g., the insertion of invasive devices like intravenous cathe-
ters), in chronic wounds like burns and other cutaneous lesions. It can also be bro-
ken as a consequence of an imbalance between commensal and invasive microbes
in diseases such as atopic dermatitis. Similarly, continuous skin stripping associated
with the removal of dressing materials and adhesives can also affect the epithelial
layers beneath the biomaterial, particularly in chronically ill patients and vulnerable
groups like newborns and elderly, where the skin is immature and susceptible to
trauma [6]. The percutaneous invasion of microorganisms through damaged skin
layers especially in diabetic, immunocompromised, and vulnerable populations,
can lead to the onset of infections with potentially life-threatening complications,
including bacterial dissemination to other body sites and bacteremia [7]. A retro-
spective study performed in California between 2005 and 2011 for patients with a
primary diagnosis of skin and soft tissue infections (SSTIs) found that in both
ambulatory and health care settings the incidence of SSTIs were almost twice that
of urinary tract infections and tenfold of that of pneumonia [8]. SSTIs are com-
monly associated with exudates, ulcerations, fluid collection, or abscesses; whereas
the bacterial strains often isolated from complicated SSTIs include Staphylococcus
aureus, Pseudomonas aeruginosa, Enterococcus spp., Escherichia coli, and other
Enterobacteriaceae [9, 10]. In chronic wounds, for example, the nutritional compo-
sition of the wound exudate is ideal for the growth of bacteria (e.g., S. aureus), yeast
(e.g., Candida albicans), and fungus (e.g., Tinea species) [7, 11]. Moreover, foreign
materials brought into contact with broken epithelial layers can further exacerbate
the foci of infection, because the material’s surface can serve as a substrate and
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shelter for bacterial colonization and growth [7]. The likelihood of skin erosion and
inflammation can also be increased by occlusive adhesive materials, which can trap
moisture and contribute to fungal and bacterial proliferation [12].

A key issue in the treatment of skin infections and restoration of skin integrity is
the presence of bacterial biofilms [10]. Biofilms are microbial communities encased
by an extracellular polymeric substance that provide microbes with increased resis-
tance to harsh environments such as a high concentration of antibiotics and desicca-
tion. Biofilms challenge the treatment of wound infections either by conventional
administration of antibiotics or by topic application of antimicrobial ointments and
are one of the significant causes of the emergence and dissemination of antibiotic-
resistant strains. Indeed, the spread of multidrug-resistant organisms have increased
over the past 50 years, and there is little evidence that bacterial resistance to antibi-
otics will go away [13, 14]. Multidrug-resistant pathogens not only threaten our
ability to control infections with antibiotics, but also lead to clinical and economic
adverse outcomes, encompassing treatment failure with potential patient death, and
increased health care costs linked to disease management, respectively [13]. In the
context of skin infections associated with the use of biomaterials, conventional
treatments rely on platforms that elude antibiotics, nanoparticles (NPs), or biocides
agents at the infected site. Clinical treatments usually lack specificity against the
infection-causing microorganisms, and thus, eradicating commensal bacteria that is
necessary for the fitness of the skin, and contributing to the selection of increasingly
resistant strains. Among the antimicrobial agents, NPs have gained attention due to
their easy fabrication and broad-spectrum activity; however, the long-term effects
associated with the use of NPs in human health and the environment remain to be
seen. Preliminary reports have indicated that NPs can travel and gain access to
organ systems and affect the biological function at the tissue, cellular, subcellular,
and proteins levels [15].

In the last few decades, due to the emergence of superbugs that are resistant to
almost all of the available antibiotics and the unfruitful discovery of new antimicro-
bial compounds [14], have led to the search of novel engineering strategies to treat
skin and soft tissue infections. From the material science perspective, naturally
occurring anti-biofouling and antimicrobial interfaces as well as the dynamic inter-
actions between microbial communities and their niches, offer inspiration for the
design of material interfaces that can target pathogenic bacteria while protecting the
beneficial microbiome of the skin. Bioinspired anti-biofouling interfaces compro-
mise physical and chemical barriers, and the symbiotic interactions between
microbe—host and microbe—microbe (Fig. 1). Physical barriers consist of the natural
components of the immune system capable of disrupting biofilm formation, killing
bacteria by contact, or preventing the adhesion of microbes to the underlying sur-
face by physical means. On the contrary, chemical barriers endure antimicrobial
agents including Q-sensing quenchers, peptides, and enzymes, which are secreted
by the host. A better understanding of the ecological interactions between microor-
ganisms and their niches (e.g., abiotic surfaces, host, and interactions between
microbes) can also lead to the discovery of new routes to treat lesions on the skin
caused by pathogenic microorganisms.
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Fig. 1 Bioinspired anti-biofouling interfaces can be divided into three main subcategories: physi-
cal and chemical barriers and symbiotic interactions. (i) Physical barriers are commonly found in
the skin of animals, insects, and plants in the form of micro and nanoscale structures, as well as
viscous mucus layers covering the epithelium. (ii) Chemical barriers compromise antimicrobial
compounds excreted by the host. (iii) Symbiotic interactions favor the retention of favorable bac-
teria in the niche while limiting the resources available for pathogenic microbes

The advantage of physical barriers over chemical ones is that the former does not
contribute to bacterial resistance, do not pollute the environment, and can be easily
implemented in a variety of materials of clinical importance. In many ecological
niches, physical and chemical barriers and symbiotic associations exist together as
the first aid of defense against invasive pathogens. One example of this is the struc-
ture and composition of the mucus layer that covers mucosal tissues like the gastro-
intestinal, respiratory, reproductive, and urinary tracts. Mucin glycoproteins, the
major constituent of the mucus layer, are responsible for the viscous and gel-like
appearance of the mucus layer, which serves as a reservoir for a variety of antimi-
crobial molecules produced by the host [16]. The viscosity of the mucus glycopro-
teins has been implicated in preventing the adhesion of the bacteria to the underlying
epithelium by promoting the motility in their planktonic state and inhibiting their
aggregation into biofilms [17]. Similarly, the array of microbial agents embedded in
the mucus layer favor the retention of commensal bacteria, while limiting the niche
available for invasive microorganisms [16].

In this chapter, the state of the art on skin infections associated with the use of
medical adhesives, sutures and wound dressing materials are briefly introduced.
Bioinspired strategies based on antimicrobial and anti-biofouling topographies that
can be implemented on those materials is critically reviewed here. Whenever pos-
sible, we place emphasis on anti-biofouling and antimicrobial properties of physical
barriers found in the innate immune system of animals, insects, or plants.
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Skin Lesions Associated with Biomaterials in Contact
with the Skin

Medical Adhesives and Surgical Sutures

In recent years, tremendous advances have been taking place in the design of health
monitoring and wearable medical devices that incorporate flexible and lightweight
polymeric substrates. Those can conform to the surface of the skin while providing
anoise-free, sensitive, and accurate monitoring of body signals such as temperature,
heart rate, respiration rate, and blood pressure [18]. Medical adhesives are one inte-
gral part of such diagnostic devices and exist in the form of patches, bandages, or
tapes that are used to fix to the skin electrodes and sensors for noninvasive monitor-
ing of vital signals. Medical adhesives are also used to fix intravenous catheters and
other dwelling devices. While a variety of fabrication techniques and materials have
been investigated to provide a strong adhesion and noise-free signal at the interface
between skin/material [19], there is a lack of studies focusing on strategies that miti-
gate medical adhesive-related skin injuries. Those lesions include the removal of
superficial epithelial layers and undesirable growth of microorganisms underneath
medical adhesives (e.g., fungus and bacteria), which are common complications
that negatively affect vulnerable populations such as newborns, elderly, and criti-
cally ill patients, and that are often referred to as “forgotten wounds” [6, 20]. For
example, conventional tapes applied to secure intravenous access have been reported
to traumatize the skin and favor the colonization of Aspergillus Fumigatus conidia
in immunocompromised infants, causing acute fungal infections [21]. Similarly, the
application of skin protectants (such as Stomadhesive®) was implicated in a 5-year
outbreak of S. aureus in aneonatal unitin the UK. In this study, in vitro Staphylococcal
desiccation experiments indicated that the hydrated niche provided by Stomadhesive®
on the skin plus the high content of sweat and other secretions absorbed by the
material prevented bacterial desiccation and allowed the survival of S. aureus for up
to 71 days [22]. In another study performed in patients aged 65 or older for 8 weeks,
results indicated that the application of medical adhesive tapes resulted in contact
dermatitis in 70.6 % of the cases, while trauma and infection had an incidence of the
20.6% and 8.8%, respectively. Because skin injuries in elderly groups take longer to
heal, secondary infections have the potential to develop as a complication [23].

In neonate health care settings, skin lesions promoted by medical adhesives and
other materials are well documented and include contact dermatitis, disruption of
the epithelial layers as result of adhesive removal and skin infections (Fig. 2) [24,
25]. Moreover, it has been reported that neonates are at a higher risk of percutaneous
invasion of microbes through broken skin layers, especially when they are kept
inside incubators, which offer a moist and warm habitat for microbial growth and
survival. The consequences of infection in neonates include secondary infections,
additional days of hospitalization, increased risk of mortality, and a higher preva-
lence of a poor neurodevelopmental outcome [25, 26].
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Fig. 2 Contact dermatitis caused by medical adhesives in two infants. (A) Contact dermatitis reac-
tion caused by transparent adhesive dressing, (B) hydrogel in EKG electrodes. (Image source: [27])

Besides the fixation of biomedical devices to the skin, medical adhesives can
also be used for wound closure; however, in some scenarios, the medical adhesive
does not support the required strength to facilitate wound closure. In this case, the
surgical incision may require the use of sutures (for internal skin layers) or the com-
bination with medical adhesives to ensure proper wound healing. Sutures are
stranded materials used to join tissue edges and help in the closure and healing
process of broad and deep wound incisions, as well as subcuticular openings [28,
29]. The use of linen as a suture material date more than 4000 years ago [30], along
with a variety of other types of materials including silver, gold, iron, silk, cotton,
steel wires, and even animal gut and hair [31]. It is estimated that about 234 million
surgical operations are performed worldwide every year including surgical inci-
sions, which requires the use of sutures. However, sutures are commonly associated
with surgical site infections (SSI). The prevalence of SSI is around 5% and are
responsible for increased patient morbidity, secondary infections, and more
extended days in the hospital [32, 33]. According to the American Medical
Association, between 2006 and 2009, 1.9% of surgical procedures were compli-
cated by SSIin the USA alone [34]. In 2005 and 2002, the estimated cost of SSI was
calculated in $10,443 to $25,546 US dollars each year, respectively. Indeed, this
cost was superior when resistant microorganisms to antibiotics were present at the
incision site, or if prosthetic joint implants were involved [35].

SSI has been classified into three different categories: superficial incisional, deep
incisional, and intracavitary. Depending on the type of SSI, various procedures may
be used to solve or reduce the infection such as reopening, draining, adjuvant anti-
biotic treatment, or even a new surgical intervention [36]. It has been suggested that
an ideal suture should accomplish multiple requirements: suitable bending strength
and mechanical properties, easy sterilization and manipulation, good tissue biocom-
patibility (lack of allergies, nontoxic leakages, noncarcinogenic), and proper biode-
gradability. Moreover, suture materials should avoid the adhesion of bacteria to
reduce the risk of infections and skin complications [29]. To prevent bacterial infec-
tions, two main strategies have been performed on suture materials: (1) the use of
cationic polymers that modify the surface chemistry, called passive coatings, and
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(2) the functionalization with drugs and molecules, which are released from the
suture. However, surface modification by introducing micro- or nanotopography
features has received increased attention because several studies have reported that
nano- and microscale topographies can impair bacterial attachment [37].

Wound Dressing Materials

In the USA alone, chronic wounds are estimated to affect 1-2% of the whole popu-
lation, estimated at about 25 billion dollars per year [38, 39]. The physical barrier
and sensory system of the skin’s functional control includes a limiting capability to
prevent microbial infections and cellular regeneration. An abrasion to the skin due
to physical or chemical means, rupturing the epidermis, is defined as a wound. For
the structure and sensory functions to be regained, a novel wound dressing, “artifi-
cial skin,” should provide a barrier to the external environment ultimately leading to
accelerated tissue regeneration that in parallel limits bacterial infections. Initially,
the first stage of infection is dominated by Gram-positive organisms (S. aureus,
Streptococcus pyogenes); however, as the wound progresses, Gram-negative bacte-
ria (E. coli, P. aeruginosa) are found when the wound becomes chronic [40]. The
skin’s physical barrier protects from the external stimuli by activating the natural
immunity system. After an abrasion to the skin, the migration of microbial organ-
isms compromises the body’s natural self-defense system, limiting the function of
the fibroblasts and collagen production. The tissue scaffold from the previous
wound area begins to form about 3 days after the initial wound due to fibroblasts
and production of collagen and ground substance [41]. Despite the advancements
and progress in wound dressing applications, current dressing technologies are lim-
ited by their susceptibility to bacterial infections while promoting healthy cellular
regeneration.

Different research has highlighted the possibility of wounds developing from
different materials, natural or synthetic, with various physical forms (films, foams,
hydrogels, hydrocolloids). For example, cotton gauze is used primarily to treat shal-
low wounds and are favorable due to the low cost, availability, and easy use.
However, gauze only provides the wound with limited antimicrobial and poor wet-
ting properties. The inflammatory response and reepithelization are poorly affected
by dry gauze due to the oxygen environment under the gauze [42]. Limited by
bacterial growth and contamination, cotton gauze was coated with chitosan-Ag-
ZnO to increase the antimicrobial properties [43]. The coated gauze was able to
retain water, showed an increase in drying time and antibacterial efficiency. Foam
or sponges provide an alternative to gauze characterized by their absorbance of mas-
sive wound exudate suitable for deep wounds and minor burns [44]. Hydrogels are
characterized by their three-dimensional networks, maintain moisture levels in the
wound environment, high absorbance, and tailorable mechanical properties. The
macromolecular networks produced by chemical or physical crosslinking of suit-
able polymers give rise to biocompatible dressings sensitive to the physiological
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environments, wettability, and flexibility. However, hydrogels have been reported to
display weak mechanical properties requiring a secondary dressing or a surface
modification necessary to make it a suitable wound dressing [45].

Nanotechnology-based wound dressings offer an approach to target the rising
complexity of the cellular regeneration process as well as provide solutions to
microbial infections. Several nanotechnology approaches for the formation of
wound dressings have been tested including electrospinning, self-assembly, and
phase separation techniques that allows for polymeric scaffolds to mimic properties
of the extracellular matrix (ECM), including their fibrous nature and unique
nanoscale features [46]. Current research has highlighted electrospinning as a suit-
able technique for nanofiber fabrication due to the ability to produce well-defined
porous networks analogous to those of the ECM. Electrospinning, a voltage driven
process, uses an applied electrical force where droplets or fibers are extruded from
the soluble polymer that can produce mechanically strong pours networks with high
aspect ratios. Electrospun PLGA/silk fibroin to create scaffolds with improved bio-
compatibility that showed improved attachment and proliferation of fibroblasts for
a fast and healthy regeneration process of the skin [47]. Electrospinning thus pro-
vides the required nanotopography for a suitable cellular regeneration process
through the production of porous networks.

Bioinspired Physical Barriers

High Aspect Ratio Bactericidal Nanostructures

Nature has been making high aspect ratio (HAR) nanostructures with bactericidal
properties for millions of years. Those topographies can be found in the cuticles of
certain insects like the dragonfly and cicada wings, and the skin of animals such as
a gecko (Fig. 4a). The topography of the naturally occurring bactericidal surfaces
has been replicated into a variety of materials such as silicon [48], poly(methyl
methacrylate) (PMMA) [49, 50], and diamond [51], and all of them have shown a
bactericidal activity similar to that of their native natural counterparts. Thus, and
although the data are still incomplete, various lines of evidence are consistent with
the hypothesis that bactericidal properties of HAR nanostructures are due to a
contact killing mechanism that involves the physical disruption of the bacterial cell
envelope, and that is independent of the surface composition. However, how enve-
lope damage occurs, and how the membrane layer (s) are affected remains unclear.
In Gram-negative bacteria, the cell envelope is formed by a thin peptidoglycan wall
sandwiched between the plasma and outer membrane, whereas in Gram-positive
bacteria, the cell envelope is made of a thick peptidoglycan layer and a plasma
membrane only. It has been long believed that the peptidoglycan wall is the major
responsible for the mechanical properties of the bacterial cell envelope; however,
this concept has recently challenged by showing that the outer membrane in Gram-
negative bacteria can be stiffer than the peptidoglycan wall [52].
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At least three mechanisms have been proposed to explain the bactericidal activity
of HAR nanostructures based on experimental observations (Fig. 3b, ¢). Using yeast
cells (i.e., Saccharomyces cerevisiae) seeded on the wings of cicada and dragonfly
species, Nowlin et al. [53] showed that the strength of the cell-substrate interaction
and the nanostructure geometry were critical for the reduction of cell viability, and

Dragonfly wing

(C) Shear force

Large radius and small pitch Maximum membrane stretching at the Streching of the membrane
increase adhesion and stretching nanopillar's top. Forces involved: between adhesion points
strain van der Waals forces, gravity

Fig. 3 Naturally occurring bactericidal surfaces are characterized by high aspect ratio nanostruc-
tures. (A) High aspect ratio (HAR) bactericidal nanostructures can be found in the cuticles and
skin of some insects and animals. Based on experimental observations, at least three mechanisms
are proposed for the observed bactericidal activity of HAR nanostructures: (B) mechanical stretch-
ing of the membrane with or without cell adhesion [48, 53], and (C) shear forces that tear apart the
outer membrane [55]. (D) Proposed biophysical models of microbial membrane damage depicting
the cell envelope in Gram-negative bacteria
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that stronger adhesion forces induced greater physical damage of the wall mem-
brane in S. cerevisiae. Micrographs, showing the interface between yeast cells and
the dragonfly wing surface, clearly depicted the extension of the yeast wall mem-
brane into the underlying topography, as indicated by the presence of the vacuoles
on the space separating the nanopillars (Fig. 3b). Thus, cell lysis was believed to
occur as a result of the mechanical stretching induced by the cell/substrate adhesion
strength at the top of the nanostructures. In another set of experiments, Ivanova
et al. [54] prepared hydrophilic nanocones of variable height on silicon by increas-
ing the exposure time of the material to plasma etching. This etched silicon was
shown to be hydrophilic. Thus, a set of nanostructured silicon was further modified
with a thin layer of silane to yield hydrophobic substrates. Both hydrophilic and
hydrophobic nanostructured silicon were then tested against S. aureus and P. aeru-
ginosa. Their results indicated that the adhesion affinity of bacterial cells to the
nanostructured surface did not play a pivotal role in the mechanistic killing of these
bacterial cells (Fig. 3b). They proposed a mechanism also based on the mechanical
stretching of the microbial wall membrane; however, in this case, cell adhesion to
the underlying topography was neglected. The rupture of the cell wall was proposed
to occur at the area suspending between attachment points, as mechanical stress
overcomes the elasticity of the wall [48]. Moreover, based on the same mechanism,
these authors have proposed that Gram-negative bacteria are more susceptible to
cell lysis compared to Gram-positive species due to differences in the cell wall
thickness, the latter being thicker.

Besides mechanical stretching of the microbial wall, other authors have sug-
gested that shear forces are a key factor involved in the bactericidal mechanisms of
HAR nanostructures. Bandara et al. [55] by studying the interaction between E. coli
and dragonfly wing nanopillars, indicated that wall damage in E. coli occurred with-
out direct contact with the topography (Fig. 3c). The nanopillars were proposed to
tear the outer membrane as the bacteria attempted to move away from the unfavor-
able surface. The authors also suggested that under this condition, E. coli could
secrete higher amounts of extracellular polymeric substance (EPS), which in turn
increased the adhesion strength to the underlying topography [55]. However, bacte-
rial lysis can occur only when the cell wall is compromised; therefore, cell integrity
should be preserved even after outer membrane tearing. The production of EPS can
indeed be an emergent behavior upon mechanical stress and has also been reported
for S. aureus growing on nanopillared-Si surfaces [56]. Diu et al. [57] have also
proposed that shear forces may be associated with the stronger bactericidal effects
on nanowire titania surfaces observed against motile bacteria [57]. All of these
experimental observations indicate that more than one mechanism involved in the
disruption of the bacterial cell envelope on HAR nanostructures may exist. For
example, simple differences in wall thickness do not explain the biocidal activity
observed in a variety of microorganisms with marked differences in envelope com-
position, like those of eukaryotic microorganisms (e.g., yeast) and Gram-negative
and Gram-positive bacterial cells when subject to the topographies such as those of
dragonfly wings. A complete list of biocidal nanotopographies found in nature and
obtained via synthetic means has been recently summarized in excellent reviews by
other authors (see [58, 59]).
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Like the mechanisms based on experimental observations, biophysical models
have been proposed aiming to shed light on the bactericidal mechanism observed
experimentally on HAR nanostructures. Li and Chen [50] have proposed a thermo-
dynamic model based on the balance between the adhesion energy and deformation
energy of the cell membrane. According to this model, nanopillars with a large
radius and small spacing induce more substantial stretching degree on the cell enve-
lope compared to those with a radius smaller than a critical value (Fig. 3c). It is
proposed that thick nanopillars generate a drastic increase in the contact adhesion
per unit of horizontal area, which is accompanied by an increase in the stretching
strain of the wall [50]. However, experimental observations made on cicada wing
surfaces have shown that sharper and higher number of nanopillars have enhanced
killing activity against Pseudomonas fluorescens [60]. An alternative mathematical
model using a classical elasticity theory framework has been proposed by Xue et al.
[61]. In this model, only gravity force and geometrical parameters of the surface
topography are considered and predicts that the maximum stretching of the bacterial
envelope happens at the top of the nanopillars, thus smaller and sharper nanopillars
generate greater stretching responses to bacteria resting on them [61]. Moreover,
authors indicate that the physical interactions at the interface between the bacterial
cell and the nanostructure, cannot provide enough energy to permit full cell adhe-
sion. Instead, gravity and nonspecific forces such as van der Waals interactions play
acrucial role in cell damage. However, this model does not account for the deforma-
tion of the membrane in S. cerevisiae observed by Nowlin et al. [53] in dragonfly
wing surfaces.

Finally, another thermodynamic model based on the experimental observations
made on P. aeruginosa in contact with cicada wing topographies has been proposed
[62]. This model also suggests mechanical disruption of the microbial envelope,
being the wall rigidity a key determinant in the bacterial sensitivity to the bacteri-
cidal nature of the cicada wing topographies. As a result, less rigid bacterial walls
will be more affected by nanopillars as in the case of Gram-negative species, in
which a single peptidoglycan layer composes the cell envelope compared to the
much thicker wall in Gram-positive bacteria. It is suggested that when the bacterium
absorbs onto the nanopillar structures, the cell wall breaks in the regions suspended
between the pillars (Fig. 3d). In this model, the bending of the membrane between
adhesion points is neglected (i.e., the stretching degree of the cell wall at the vertices
of the nanopillars and suspending between the them is assumed to be the same), and
no specific biological interactions play a significant role in cell lysis [62]. Despite
the lack of clarity on the exact killing contact mechanism, all the biophysical models
proposed till now agree upon the idea that bactericidal nanopillars do not pierce the
microbial envelope, but instead, it involves some mechanical stretching. Indeed,
both superhydrophobic and hydrophilic HAR nanostructures have been observed to
induce bacterial lysis by mechanical rupture of the cell wall, pointing out that the
surface morphology rather than an alteration in the interfacial energy is the major
responsible for the observed bactericidal activity [54]. However, a common observa-
tion is that both superhydrophobic and hydrophilic HAR nanostructures yield lower
bacterial adhesion compared to smooth substrates of similar chemical composition,
probably due to a reduction in surface area available for bacterial attachment [63].
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As mentioned above, the topographies of the dragonfly and cicada wings have
been replicated in polymers such as PMMA or acrylic. However, high aspect ratio
bactericidal nanostructures have not been yet achieved in softer polymers and
hydrogels of clinical relevance, because HAR nanostructures tend to ground col-
lapse in aqueous environments due to adhesion and capillary forces acting on them
[64]. For example, HAR nanopillars fabricated on polydimethylsiloxane (PDMS)
obtained by replica molding, collapse when the dimension of the nanopillars exceed
an aspect ratio higher than six [64]. Even though HAR nanostructures have been
fabricated in polyurethane (PU), there have yet been any reports regarding their
mechano-bactericidal activity. Topographies inspired by the shark’s skin has been
reproduced in PDMS [65], but its effect on the bacterial viability and physiology is
different from that evoked by HAR nanostructures (see section “Biofilm Control via
Surface Micro and Nanotexture”). Like polymers with a low Young’s modulus (few
KPa), the fabrication HAR topographies in hydrogels at the nanoscale with precise
control of the size and shape distribution capable of resisting capillary forces have
remained challenging [64, 66]. Hydrogels possess mechanical characteristics like
those of soft tissues, which make them a desirable interface with the skin. Plasma
modification can address the needs for unique nanotopography in hydrogels and
clinically relevant polymers by altering the surface morphology and chemical com-
position. Unlike chemical modifications, plasma treatment eliminates the high cost
of chemicals and toxic by-products. For a successful wound dressing, for instance,
there is a need for plasma surface modification to alter the properties of the material
to improve the biocompatibility and increase the antimicrobial properties, leaving
the bulk material unaffected. The bulk properties of the material can be a composite
of materials that are known to have antimicrobial properties or other desirable prop-
erties. By manipulating the surface properties, the surface can be used to control the
attachment and colonization of bacteria, maintain the wettability and tissue-like
structure to improve compatibility and offer the shortest healing time.

In recent studies, we have employed plasma modification for nanostructure
growth in a variety of natural polymers including bacterial cellulose, chitosan, and
silk (Fig. 4a). Bacterial cellulose (BC) is a hydrogel produced at the interface liquid/
air by Acetobacter xylinum and is commonly used as a wound dressing material for
the treatment of burns and other skin lesions. BC has also been employed as a sub-
stitute for small blood vessels and as a platform for the design of magnetic hydro-
gels for endovascular reconstruction [67—69]. By treating bacterial cellulose with
low-energy argon ions, we have observed the growth of nanocones at the surface of
the material, which can resist heat and aqueous immersion. Preliminary results
using E. coli and Klebsiella pneumoniae cultured on these nanostructured BC have
been shown to kill these bacterial strains effectively via a contact killing mechanism
similar to that of natural bactericidal nanostructures. We have observed maximum
envelope stretching at the top of the nanocones, which may be linked to cell lysis
and the observed bacterial death.

Similar to BC, chitosan has shown a remarkable response to plasma irradiation
(Fig. 4b). Chitosan is a deacetylated derivative of chitin and one of the most abun-
dant natural polymers. Chitosan is known for its biocompatibility, biodegradability,
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(A) Bacterial cellulose

(B) Chitosan

(C) Silk fibroin

Fig.4 Argon plasma irradiation induces nanopillar growth in bacterial cellulose and chitosan. (A)
Pristine or unmodified bacterial cellulose (BC) is composed of interlaced fibers. After treatment
with argon plasma, nanocones evolved in the surface of the material. (B) Chitosan is characterized
by a relatively smooth surface. Similar to BC, it develops high aspect nanostructures whose orien-
tation and height depend on the irradiation parameters. (C) Pristine silk reveals a heterogeneous
surface at the microscale. When silk is irradiated with argon plasma, it develops oriented nanopil-
lars capable of impairing bacteria adhesion. All the panels correspond to scanning electron
micrographs

non-toxicity, antimicrobial properties, and biofunctionality. Its applications include
coatings for bone implant materials [70, 71], wound dressings [72] and carrier for
drug delivery [73]. We have observed the formation of nanofeatures on chitosan
upon plasma irradiation. The type and dimensions of these features have been
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shown to be dependent on the irradiation parameters. The activity of cultured bacte-
ria on these structures was studied. Surfaces with high aspect ratio nanopillars, trig-
gered by high fluence (i.e., number of ions impacting the surface per unit area)
irradiations, showed prominent bactericidal behavior. Such antibacterial activity
was observed against both Gram-negative (E. coli) and Gram-positive (S. aureus)
bacteria. Observations on these results showed a reduced presence of bacteria and
increased death on the surface with increasing HAR nanopillars (unpublished data
by the authors).

The formation of HAR nanostructures is not unique to polysaccharides such as
BC and chitosan, but instead can also be fabricated on natural proteins such as silk
(Fig. 4c). Silk fibroin, which is produced by silkworms (e.g., Bombyx mori) and
spiders (e.g., Nephila clavipes), is a biocompatible and biodegradable protein, with
tailorable mechanical properties. Thanks to these properties, silk has been used in
sutures, scaffolds for tissue engineering, and the regeneration of bone, tendon, skin,
and in peripheral nerve restoration [74, 75]. Because surface properties modulate
the immune response of biomaterials and can control microbial infections, we have
been introducing nanopillars into silk by plasma modification to enhance the cellu-
lar response and the bactericidal capabilities of this material.

Biofilm Control via Surface Micro- and Nanotexture

The manifestation of microbial association into biofilms either as a free-floating or
surface-bound community is abundant in nature, as we see the formation of biofilms
in almost every habitat on earth ranging from the plaque that grows on the surface
of our teeth to the biofilms that form in the bottom of the ocean. The key benefits of
microbial aggregation compared to a planktonic lifestyle lie in that biofilms provide
to microbial communities increased ecological stability, cooperative and collective
social behaviors, and protection against environmental challenges [76]. Bacterial
attachment to surfaces is believed to occur in two main stages. During the first stage,
bacterial cells are loosely attached or close to the surface. Bacteria can easily spin,
vibrate, and return to the planktonic state. The primary forces dominating this
reversible attachment are van der Waals forces, electrostatic forces, and hydropho-
bic interactions. The second stage is characterized by an irreversible attachment of
the bacteria to the substratum, which is assisted by exopolysaccharides, and by
adhesins such as pili and flagella [77].

One of the most outstanding puzzles in studies of microbial/surface interactions
has been to understand how surface properties affect microbial life. This has been
difficult given the complexity and variations in the composition of the outer mem-
brane among microbial species, the impact of external factors such as the medium
composition and pH in the microbial and surface properties, and the difficulty in
isolating the surface parameters in material interfaces. Many studies, for example,
have investigated the low adhesion and anti-biofouling capabilities of a variety of
leaves, including those of the rice, taro, and lotus plants based on their low-adhesion
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and hydrophobic nature, but these features seem to be more critical on water
immersed environments than on aerial habitats [59]. The consensus is that microor-
ganisms can colonize any surface sooner or later and that even hydrophobic surfaces
experienced microbial growth.

However, the investigation on microbial communities in a variety of ecological
niches has indicated that the spatial structure of the microenvironment has essential
implications on bacterial growth and biofilm structure. For example, the spatial
variation and heterogeneity of the leaf surface in plants such as composition, thick-
ness, permeability, and topography drives the nonrandom microscale spatial distri-
bution of microorganisms and its interaction with other microbial colonizers [78].
This compartmentalized microbial distribution is not unique to the leaves in plants,
but instead is a common feature in a variety of ecological niches. Regional differ-
ences in skin anatomy, for example, contribute to the selection of a unique set of
microorganisms adapted to inhabit specific body sites [1].

In micropatterned arrays, bacteria have been observed to organize spontaneously
and follow the symmetry of the underlying topography independently of the surface
composition, especially when the characteristic dimensions of the topographical fea-
tures become comparable to those of the bacterial cells. A variety of geometries have
been considered, and all of them support the idea that bacteria tend to maximize the
adhesion area when presented with features at the micro- and nanoscale. Bacterial
arrangement in some of those geometries is exemplified in Fig. 5. For example, by
using a periodic array with variable dimensional parameters such as post diameter,
height, pitch, and array symmetry, Hochbaum and Aizenberg [79] showed that
P. aeruginosa oriented normal to the substrate and along the nanoposts when the
spacing between adjacent features approached that of the characteristic size of the
cell. In contrast, when the nearest neighbor post spacing was more significant than
the length of the cell, the adhesion of P. aeruginosa to the substrate was random, as
depicted in Fig. 5. Inspired by the nonfouling properties of the skin of echinoderms
and other marine organisms, the same authors employed static and dynamic
microscale wrinkle topographies on polydimethylsiloxane (PDMS) to reduce and

(A) Nanopillars (B) Microscale Wrinkles (C) Microchannels
Bacteria
valley

Fig. 5 Bacteria self-organization in nano- and microscale topographies. Bacteria attached perpen-
dicular to a substrate with nanopillar arrays when the spacing between posts is comparable to the
bacterium size. The same effect is observed in microscale wrinkles, channels, and ridges with simi-
lar dimensions. Bacteria adopt those configurations to maximize the contact area with the
substratum
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control bacterial biofilm attachment. In the static configuration, bacteria patterned
spontaneously on the PDMS wrinkles following the spacing and orientation of the
trough [80]. By applying a dynamic uniaxial mechanical strain to the PDMS, those
authors showed up to 80% of P. aeruginosa biofilm reduction for a specific set of
strain parameters. In our laboratory, we also have fabricated wrinkles in PDMS by
using argon plasma irradiation for bacteria/surface interaction studies, but at dimen-
sions much smaller than those used by Epstein et al. [80]. We have observed that
besides the preferential settlement of E. coli on the valley of the wrinkles, bacterial
deformation also occurs as a result of the tortuosity imposed by the topography.

Microtopograhies inspired by the sharkskin have also been demonstrated to limit
bacterial communication and alter biofilm formation. For example, Chung et al.
[65] used a topography inspired on the sharkskin (Sharklet AF™), which was fabri-
cated in PDMS with 2 pm width and spacing and 3 pm height and cultured with
S. aureus for 14 days. At the end of the incubation period, the Sharklet AF™ topog-
raphy did not show evidence of biofilm development, whereas, on flat PDMS, bio-
film formation was evident at day 7 [65]. The authors suggested that the height of
the features contributed to colony isolation. In a similar study, Sakamoto et al. [81],
using the sharkskin micropatterned surface, determined whether the height of the
patterns in the Sharklet AF™ topography was a determinant for biofilm disruption.
Those authors found that the depth of the groove was not crucial for the antibacterial
effect, but instead, the tortuosity due to the variety of surface topography was vital
for the decrease in biofilm formation and swarming motility [81].

Future Perspectives

A key issue in the treatment of skin infections is the presence of bacterial biofilms,
which are particularly difficult to manage when they are associated with the surface
of biomaterials. Interfaces implementing nano- and microscale topographies offers
an unprecedented opportunity to prevent the microbial colonization and biofilm for-
mation in common biomaterial products used in contact with the skin, such as
medical adhesives, sutures, and wound dressing materials, which usually serve as
the origin of infection. One of the major advantages that anti-biofouling and antimi-
crobial physical barriers provide compared to other methods is that they do not con-
tribute to bacterial resistance, do not pollute the environment, and are easy to
implement. Moreover, the potential application of those nano- and microscale inter-
faces are not limited to the design of materials for the treatment of infections but also
provide a tool for studying how variations in the structural space of natural environ-
ments modulate the interactions between microbial communities and the host.
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