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We systematically reviewed the currently available evidence on how the design parameters of surface
nanopatterns (e.g. height, diameter, and interspacing) relate to their bactericidal behavior. The systematic
search of the literature resulted in 46 studies that satisfied the inclusion criteria of examining the bacte-
ricidal behavior of nanopatterns with known design parameters in absence of antibacterial agents.
Twelve of the included studies also assessed the cytocompatibility of the nanopatterns. Natural and syn-
thetic nanopatterns with a wide range of design parameters were reported in the included studies to
exhibit bactericidal behavior. However, most design parameters were in the following ranges: heights
of 100–1000 nm, diameters of 10–300 nm, and interspacings of <500 nm. The most commonly used type
of nanopatterns were nanopillars, which could kill bacteria in the following range of design parameters:
heights of 100–900 nm, diameters of 20–207 nm, and interspacings of 9–380 nm. The vast majority of the
cytocompatibility studies (11 out of 12) showed no adverse effects of bactericidal nanopatterns with the
only exception being nanopatterns with extremely high aspect ratios. The paper concludes with a discus-
sion on the evidence available in the literature regarding the killing mechanisms of nanopatterns and the
effects of other parameters including surface affinity of bacteria, cell size, and extracellular polymeric
substance (EPS) on the killing efficiency.

Statement of significance

The use of nanopatterns to kill bacteria without the need for antibiotics represents a rapidly growing area
of research. However, the optimum design parameters to maximize the bactericidal behavior of such
physical features need to be fully identified. The present manuscript provides a systematic review of
the bactericidal nanopatterned surfaces. Identifying the effective range of dimensions in terms of height,
diameter, and interspacings, as well as covering their impact on mammalian cells, has enabled a compre-
hensive discussion including the bactericidal mechanisms and the factors controlling the bactericidal effi-
ciency. Overall, this review helps the readers have a better understanding of the state-of-the-art in the
design of bactericidal nanopatterns, serving as a design guideline and contributing to the design of future
experimental studies.

� 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Recurrent bacterial infection is one of the major causes of
implant failure [1], hugely impacting the patients’ quality of life
and ultimately resulting in morbidity and even mortality [2]. This
type of infection starts off with the attachment of the bacteria to
the implant surface, leading to biofilm formation and, thus, high
resistance against antibacterial agents [3]. To date, numerous
strategies have been proposed to prevent biofilm formation and
implant-associated infections. The main working mechanisms of
the proposed strategies are preventing bacteria from adhering to
surfaces, killing bacteria that manage to attach to the surface,
and a combination of both aforementioned approaches. Examples
of the first approach are antibiofouling surfaces that are made by
altering the chemical and/or physical properties of the surface,
thereby making them highly unfavorable for cell and bacteria
attachment. The result is a non-adhesive or cell-repellent surface
(Fig. 1) [4]. This strategy may be suitable for implants whose
integration in the body is not dependent on tissue regeneration.
However, many implantable medical devices, in general, and
orthopedic implants, in particular, require a substantial amount
of tissue regeneration to support osseointegration and implant
fixation. It is therefore important that the implant surface
supports cell attachment and proliferation while inhibiting bacte-
rial growth [5].
Different approaches to design antibacterial surfaces. (A) 1. Common surfaces, w
ent and growth of both bacteria and human cells; 2. Antibiofouling surfaces have
vent possible bacterial infections; 3. Novel desirable advanced surfaces, which are
o improve the function of implants and tissue engineering scaffolds. (B) Two ma
l modifications. The former is usually associated with coating or chemical graftin
ysical methods, on the other hand, concern with fabricating nanoscale structure
different mechanisms. Recent advances in nanofabrication methods and the pr
The second approach is based upon surfaces that allow for cell
adhesion but kill the bacteria upon contact. They are sometimes
called bactericidal surfaces and are the holy grail of implant surface
design. The primary working mechanism of bactericidal surfaces is
either chemical or physical. Common chemical methods use sur-
face bio-functionalization or surface coatings to enhance the
antibacterial properties of the surface. For instance, coatings
releasing antibiotics [6–8] and silver ions [9–13] have been shown
to be effective in killing bacteria and preventing biofilm formation.
However, antibacterial agents such as antibiotics or silver nanopar-
ticles may cause different types of toxicity including cytotoxicity
[9,14], nanotoxicity [15], or nephrotoxicity [16]. In addition, con-
tinuous low-dose release of antibacterial agents, which is required
for long-term protection against implant-associated infections,
may cause the bacterial strains to develop resistance against those
agents [17]. Furthermore, it has been recently shown that after
repeated exposure to silver nanoparticles, some bacterial strains
develop resistance against them even without mutations [18].

The above-mentioned limitations of the chemical approach
underscore the importance of physical mechanisms to combat
implant-associated infections. The fact that physical cues such as
substrate stiffness and roughness, or surfacemicro/nanotopography
influence the behavior of both bacterial [19–22] and mammalian
cells [23–27], is a relatively recent discovery. Several studies during
the past decades have investigated the effects of surface topography
hich were traditionally used in biomaterials engineering, are a favorable place for
been developed that do not allow microorganisms adhere to the biomaterial surface
designed and fabricated to kill the bacteria while supporting human cells growth in
in approaches in the design of surfaces of advanced biomaterials are chemical and
g of functional groups and/or antibiotics to the surface in order to kill the bacteria.
s with specific dimensions on the surface that could mechanically kill the bacteria
oblem of antibiotic resistance have made the physical approach more interesting.
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on cell attachment, proliferation, and differentiation, as well as bac-
terial adhesion and motility, revealing the fact that both eukaryote
and prokaryote cells could sense the surface topography at both
micro- and nano-scales [28–30]. Due to the recent advances in
micro- and nano-fabrication techniques, it is now feasible to pro-
duce surfaceswith arbitrarily complex and precisely controlled sur-
face nanotopography, also knownas nanopatterns [29,31–33]. It has
been shown that nanopatterns are powerful tools for directing the
stem cell fate [34]. Nanopatterns appear in different shapes like
nanopillars, nanogrooves, and nanopits with different sizes in
height, width, depth, and spacing, which are dependent on the fab-
rication technique. Subsequently, the feature size modulates the
interaction of nanopatterns with cells. Not only could surface nan-
otopography determine stem cell fate, many studies have shown
that high aspect ratio nanopatterns are capable of killing bacteria
[35,36] and preventing biofilm formation [37].

An important question regarding the bactericidal behavior of
nanopatterns is the optimum design parameters to maximize the
bactericidal behavior while minimizing the potential adverse
effects such as cytotoxicity. An increasing number of studies have
addressed this research questions during the last decade. Given
that nature has always been a great source of inspiration for devel-
oping advanced materials and systems with a wide range of appli-
cations such as self-cleaning surfaces [38], antibiofouling surfaces
[39], and reversible adhesive surfaces [40], bio-inspired surfaces
have been studied in this context too. For instance, cicada wings
are known to be lethal against a wide range of Gram-negative bac-
teria [41]. Further studies on similar surfaces have led to reproduc-
ing nanopatterns of similar size and shape on implantable
biomaterials [37,42]. Despite a growing body of knowledge in this
area, there is currently no systematic study of the available evi-
dence to understand how the different design parameters of
nanopatterns influence their bactericidal behavior. Here, we pre-
sent a systematic review of the relevant data available in the liter-
ature to provide a guideline for designing bactericidal
nanopatterns and to contribute towards the development of a
quantitative theory of how nanopatterns kill bacteria.
2. Methods

We usedWeb of Science and Scopus as our primary search data-
bases, while Google Scholar served as a Supplementary Database.
Different combinations of the following groups of keywords were
searched for: (nanotopography OR nanopattern OR nanotube OR
nanopillar OR nanopit OR nanocolumn), (bactericidal OR antibacte-
rial), (bacterial adhesion OR bacterial proliferation OR bacteria),
and (mechanotransduction OR mechanosensing). The keyword
search resulted in 642 initial hits. Two inclusion criteria were used
when screening the abstracts of the articles.

Firstly, the articles should have investigated the antibacterial
effects of nanopatterns with controlled or characterized shapes
and dimensions. This criterion excluded the studies on surface
nano-roughness and the studies in which antibiotic-releasing
nanoparticles have been used. Secondly, the studies should have
provided evidence of antibacterial activity or at least discuss the
possible killing mechanism induced by the nanopatterns. Based
on the above-mentioned inclusion criteria, 105 documents were
further examined to determine if they meet the following two con-
ditions: 1) the article is an original research paper and not a review
paper, book chapter, or a thesis; 2) the effects of nanopatterns are
investigated in the absence of antibacterial agents. Moreover, ref-
erence tracking was carried out in the full-text of all articles in
order to avoid missing any relevant studies. A total of 46 studies
satisfied the inclusion criteria and are further discussed in the
remainder of this work.
3. Results

The results of the literature search are detailed in Table S1 (see
supplementary document) and summarized in this section.

3.1. Literature search output

Only 23 papers provided a comprehensive discussion or clearly
presented a hypothesis regarding the possible killing mechanism
of the nanopatterns and compared it to other studies. Moreover,
Gram-negative and Gram-positive bacteria were respectively used
in 34 and 32 studies, and 21 studies used both. Twelve studies also
reported the effects of nanopatterns on mammalian cells.

The most common types of nanopatterns were nanopillars (21),
nanowires (5), nanocolumns (3), nanopores (3), nanocones (3),
spinule-like nanostructures (3), and nanospikes (2). From the 46
studies, 8 investigated nanopatterns found in nature and did not
specify any fabrication method. The most common methods for
fabrication of the nanopatterns included reactive ion etching
(RIE) (9), hydrothermal treatment (5), anodizing (3), chemical
etching (2), plasma etching (2), glancing angle sputter deposition
(2), electrodeposition (2), and nanoimprint lithography (2). The
most common types of materials used for creating the nanopat-
terns were silicon (13), titanium oxide (TiO2) (8), titanium (4),
poly(methyl methacrylate) (PMMA) (3), zinc oxide (ZnO) (2), and
gold (2).

3.2. Effective dimensions of bactericidal nanopatterns

Nanopatterns with a wide range of dimensions were reported in
the included studies to be bactericidal (Fig. 2). The dimensions of
the nanopatterns were usually presented in terms of height/length
(H/L), diameter/width (D/W), and spacing (S).

Nanopillar arrays with 100 nm < H < 900 nm,
20 nm < D < 207 nm, and 9 nm < S < 380 nm have been found to
be effective in killing bacteria. Similar effects were observed for
nanocolumns with 250 nm < H < 478 nm, 33 nm < D < 300 nm,
and 100 nm < S < 200 nm. Nanocones with the following dimen-
sions were also found to be bactericidal: 100 nm < H < 350 nm,
10 nm < D < 80 nm, and 175 nm < S < 250 nm.

These ranges are somewhat wider when considering nanopat-
terns in the shape of spikes or spinules. Spikes with S � 220 nm,
20 nm < D < 200 nm, and H > 200 nm (up to 11 mm) have been
shown to display bactericidal characteristics. Natural spinules
(mostly found on gecko’s skin) and their synthetic replicas have a
height in the microscale (1–4 mm) range but their diameters and
spacing are in the nano and submicron scales (10–85 nm and
500–1000 nm, respectively).

As for nanowires, the reported dimensions are 298 nm <
H < 350 nm, 30 nm < D < 143 nm, and S � 77 nm. The few studies
on nanopores, nanopits, and nanogrooves show that a depth of as
small as 2.3 nm may be sufficient for inducing bactericidal behav-
ior provided that it is combined with a diameter of 40–99 nm and a
spacing of 70–300 nm.

In summary, most studies report the bactericidal behavior for
nanopatterns whose dimensions lie in the following ranges:
100 nm < H < 1000 nm, 10 nm < D < 300 nm, and S < 500 nm.

3.3. Cytocompatibility of nanopatterns

Among the studies (12) that examined the cytocompatibility of
surface nanopatterns, the majority (11) found no adverse effects on
mammalian cells. For instance, the morphology of human mes-
enchymal stem cells (hMSCs) remained unchanged and osteoblasts
proliferated on Ti nanocolumns (250 nm < H < 500 nm and



Fig. 2. Effective dimensions for bactericidal nanopatterns. The red area indicates the range of dimensions in which the nanopatterns show bactericidal activity. The majority
of bactericidal nanopatterns reported in the literature (colored bullets) have a height of 100–500 nm, a diameter of 10–300 nm, and a spacing of 10–380 nm. Different colors
of bullets show the aspect ratio of nanopatterns reported in each study. The green, blue, and grey projections enable comparison between those three parameters. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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30 nm <W < 60 nm). Growth and proliferation of other cell types
such as keratinocyte, fibroblast, and human dental pulp stem cells
on different types of nanopatterns have been also reported in the
literature [43–45]. The dimensions of the nanopatterns were in
most cases as follows: diameter of 10 to 100 nm and heights of
200 to 650 nm. One study [46] reports that nanopatterns with
extremely high aspect-ratios (>200) may kill mammalian cells in
addition to bacteria.
4. Discussion

The results of this systematic review show that nanopatterns
with a relativelywide range of design parameters could exhibit bac-
tericidal behavior. The included studies have, in many cases, inves-
tigated the bactericidal properties of the surfaces using scanning
electron microscopy (SEM) to observe any drastic changes or defor-
mations in the morphology of the bacteria, the disruption of the
cell, and any other signs of damaged or dead bacteria. To quantify
the bactericidal efficiency, most studies count the colony forming
units (CFU) and use live/dead staining. The former determines the
number of viable bacterial cells able to form a colony after being
exposed to the nanopatterns, and the latter distinguishes between
the viable and dead bacterial cells based on the integrity of the
membrane [47,48]. As most studies found no adverse effects of
nanopatterns on mammalian cells, there seems to be a large win-
dow within which bactericidal nanopatterns could be designed
without negatively influencing the attachment and proliferation
of host cells that are required for tissue regeneration and integra-
tion of the implant in the human body. Nevertheless, most of the
included studies investigate the bactericidal activity within the first
24 h in vitro. It is therefore not completely clear what happens to
the bacteria after they are killed and what will happen if the sur-
faces are constantly exposed to subsequent bacteria. Unlike the ‘‘kill
and release” surfaces [49], the remnant components of the dead
bacteria may negate the long-term functionality of the nanopat-
terns. Further in vivo studies are, thus, required to understand if
the immune cells can effectively clean up the surface and whether
the surface will maintain its bactericidal activity in the long-term
[50]. On the other hand, the antibacterial properties of the biomate-
rials surfaces may be most crucial in the first few hours after
implantationwhere the ‘‘race for the surface” [50] is ongoing. If bac-
tericidal surfaces deter the bacteria in those first few hours, the host
cells are more likely to win that race after which there will be less
need for antibacterial protection. Indeed, it has been shown that
mammalian cells can win the race and dominate the surface in
long-term. For example, Pham et al. have shown that eukaryotic
cells could grow and proliferate on a pre-infected nanopatterned
surface right after that surface had inhibited bacterial growth on
it [45]. The fact that mechanosensing pathways could be different
in eukaryotic and prokaryotic cells [28,51], opens the way to design
nanopatterned surfaces which selectively allow eukaryotic cells to
survive [45]. Nanopatterns which initially eliminate the bacteria
and subsequently promote host cells to attach and proliferate on
the surface may therefore be able to deliver long-term benefits.

Despite the advances in micro/nanofabrication techniques, it is
very challenging to create nanopatterns on 3D-shaped devices as
the current patterning techniques are mostly only applicable to flat
surfaces. Novel strategies have been therefore proposed to create
3D structures from flat sheets that are first ornamented with
nanopatterns and are then (self-)folded into complex 3D shapes
using origami-based approaches [31]. This could be promising for
translating bactericidal and osteogenic nanopatterns to clinical use.
4.1. Bactericidal mechanisms of nanopatterns

The interactions between surface nanopatterns and bacteria are
multi-faceted, making it difficult to fully delineate the role of var-
ious influencing factors. As a consequence, the exact killing mech-



Fig. 3. The main bactericidal mechanisms of nanopatterns. While the commonly believed theory is that bacterial cell wall is ruptured by penetration of high aspect ratio
nanopatterns, there are a few studies suggesting that EPS plays a key role in this regard. It has been shown that the strong attachment of EPS to the nanopatterns and the
attempts of bacteria to move away from the unfavorable surface leads to cell membrane damage. Moreover, mechanotransduction pathways in which the mechanical forces
affect the metabolomics and the genomics of bacteria could be possible mechanisms of bacteria death on the surface.
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anism and the role of various factors in regulating the bactericidal
behavior of nanopatterns remain controversial [35,52]. Notwith-
standing the disagreements, most researchers agree that mechan-
ical deformation in general and the rupture of cellular components
such as cell wall due to large deformations and the penetration of
high aspect ratio nano-features play a key role in this regard
(Fig. 3) [36,43,53–56]. The optimum shape and dimensions of
nanopatterns for maximizing the bactericidal behavior are, never-
theless, unknown (Fig. 2).

When trying to understand the antibacterial behavior of
nanopatterns, it is important to separate the effects of surface
chemistry from those of nanopatterns. For example, naturally
occurring bactericidal surfaces are often hydrophobic in nature
and exhibit low surface energy, which varies with the dimensions
of the nanopatterns [57]. To isolate the effects of nanopatterns and
eliminate the effect of surface chemistry, nanopatterned surfaces
have been coated with gold [58]. The coated surfaces exhibited
similar antibacterial behavior, suggesting that the bactericidal
behavior is physical in nature. Moreover, hydrophilic surfaces are
shown to exhibit bactericidal properties as well [58]. In the cases
where the nanopatterns are made from materials that possess
intrinsic antibacterial activity, e.g. TiO2 or ZnO, it may be challeng-
ing to isolate the effects of nanopatterns from those of the material
itself. Moreover, the material and nanopatterns may work syner-
gistically to kill bacteria. A number of studies that satisfied the
inclusions criteria and are therefore included in this review have
used nanopatterns based on TiO2 or ZnO. Given the fact that many
studies that use TiO2 nanopatterns coat them with gold, the intrin-
sic antibacterial effects of the material are not expected to have
played a major role in those studies. However, further systematic
studies are needed to fully understand the isolated and synergistic
effects of nanopatterns and TiO2 on bacteria, as not enough control
surfaces have been used in most of the included studies. Concern-
ing ZnO, it has been shown that the ZnO nanopillars produced on
different types of substrates kill the adhered bacteria by mechani-
cal rupturing with no significant difference in the killing efficiency
[59]. Unlike other substrates, however, the ZnO nanopillars made
on a zinc substrate were also capable of killing non-adhered bacte-
ria through release of high concentrations of superoxide radicals,
which were generated by electron donation from zinc [59]. Other
studies in the literature have also suggested that the antibacterial
activity of ZnO nanowires could be partially attributed to the
release of zinc ions [60,61]. Taken together, these results suggest
that when TiO2, ZnO, or other types of materials that possess
intrinsic antibacterial properties are used for creating nanopat-
terns, multiple control surfaces should be included in the study
to enable separating the effects of nanopatterns from those of
the material itself and to quantify any synergistic effects that
may be present.

4.2. The role of surface affinity and surface adhesion

The high aspect ratio features found in nanopatterns could also
influence the affinity of microorganisms to the surface [62]. Inter-
estingly, the level of bactericidal behavior is found to increase with
the level of adherence of the microorganism to the surface [62].
Another study has shown that the susceptibility of different types
of bacteria to mechanical rupturing by nanopattern varies with
their stage of maturity [55]. For example, the nanopillars found
on the wing of Calopteryx haemorrhoidalis damselfly were deadliest
against young Staphylococcus aureus and mature Pseudomonas
aeruginosa cells [55]. This behavior was explained to be related
to the higher affinity of the bacteria to the surface in those specific
stages of their life [63]. These studies suggest that a high degree of
adherence to the nanopatterned surface is the first necessary step
to have the bacteria killed on the nanopatterns. In contrast to these
findings, nanocolumns produced on titanium surface were found
to decrease the surface covered by bacteria, as well as biofilm for-
mation [37]. Further studies revealed that the dimensions of
nanopatterns [64] and the contact time [65] both affect the num-
ber of bacteria attached to the surface. More importantly, nanopat-
terns mainly affect the adhesion forces and not necessarily the
number of adhered bacteria [66].

4.3. The effects of other nanopattern design parameters

In addition to the design parameters considered here (i.e.
height, diameter, interspacing), there are a number of other param-
eters that may influence the bactericidal behavior of nanopatterns.
Fisher et al. found that a surface patterned non-uniformly (with
more varying dimensions) is more lethal to the bacteria [67]. There
is, however, a need for more conclusive data with a wider range of
studied parameters (shapes, dimensions, etc.), as other studies
have shown that disorganized nanopatterns are not as effective
as the organized ones [61]. A few studies have also investigated
the effects of compaction and density of nanopatterns on the bac-
tericidal activity. Linklater et al. showed that smaller and more
compact nanopillars on black silicon surface are more effective in
killing both Gram-negative and Gram-positive bacteria as com-
pared to larger and more separated nanopillars on the same sur-
face [68]. Furthermore, it has been recently shown that
optimizing the density of nano-features could play a crucial role
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in the killing efficiency of nanopatterns against Staphylococcus aur-
eus [69].

4.4. The effects of bacterial-dependent characteristics

The intrinsic characteristics of bacteria could also influence the
interactions between bacteria and nanopatterns [17,70]. For
instance, the bactericidal behavior of nanopatterns has been shown
to be dependent on the motility of the bacteria with highly motile
bacteria being killed more efficiently [71]. Hasan et al. demon-
strated that nanopatterns hold on to the bacterial membrane of
Escherichia coli and cell wall of Staphylococcus aureus. Due to bacte-
rial motility, the membrane/cell wall is being increasingly
stretched and eventually permanently deformed, thereby leading
to cell death [46]. Moreover, bacteria with different morphologies
exhibit different degrees of adhesion to the nanopatterns, as
observed for Staphylococcus aureus (coccoid-shaped) and Pseu-
domonas aeruginosa (rod-shaped) when cultured on the same
nanopatterned surface [72].

There may be additional effects associated with the size of the
bacteria [67,73]. According to a theory presented by Li et al. [73],
larger bacteria cells (i.e. larger than the spacing between the
nanopatterns) may get penetrated and ruptured, whereas those
that are smaller than this dimension, interact with the side edges
of the nano-features. They may be therefore either stretched due
to the gravity and adhesion forces or compressed between the
bases of the nanopatterns. In the case of spinule-like structures,
there may be different stiffness values along the height of a single
nano-feature. Those stiffness variations may further affect the via-
bility of the bacteria [73].

4.5. The role of extracellular polymeric substance (EPS)

The role of EPS in regulating the bactericidal effects of nanopat-
terns has been highlighted in some recent studies [52]. It has been,
for example, shown that at least some bacterial strains secrete
strongly adherent EPS when subjected to the nanopillars of the
dragonfly wing [52]. Once the bacteria find the surface unfavorable
and try to move away, EPS anchorage causes cell wall rupture and
cell death [52]. The findings of this study have highlighted the role
of EPS in the bactericidal behavior of nanopatterns [52]. Linklater
et al. performed a study on the bactericidal mechanism of black sil-
icon, which has been shown to be comparable to the dragonfly
wing in its killing efficiency against Gram-negative and Gram-
positive bacteria [35]. The results showed that the bacteria are
killed within 3–5 min of contact with the nanopatterns, which is
not enough for bacteria to produce and secrete EPS [35]. Moreover,
neither the affinity of cells with the surface nor the motility of the
bacteria influenced the killing efficiency of the nanopatterned sur-
face [35]. The key factor in determining the bactericidal behavior
was the height of the nanopatterns [35].

Even though only one study has so far demonstrated the role of
EPS in regulating the bactericidal behavior of nanopatterns, it may
have more far-reaching effects than currently thought. Previous
studies have shown that pressure-induced EPS production leads
to higher levels of bacterial death since the membrane efflux
pumps open during this process and impair the membrane barrier
function [66]. Bacterial EPS mainly consists of proteins, extracellu-
lar DNA, and polysaccharides, which all play various crucial roles in
the development of the biofilm including forming the 3D architec-
ture of the biofilm, protecting it against environmental factors, and
facilitating cell-cell signaling [74,75]. For instance, studies on the
EPS composition in Pseudomonas aeruginosa, widely studied as
the model biofilm-forming organism, have shown that it is mainly
composed of two polysaccharides, namely Pel and Psl. Pel is highly
involved in the adhesion of bacteria to the surface and maintaining
the cell-cell interactions in the bacterial biofilm, as well as provid-
ing a level of protection against aminoglycoside antibiotics
[74,76,77]. Manipulating the Pel secretion is proposed to be effec-
tive in disrupting the biofilm [76]. Moreover, Pel is associated with
making the adhesion forces short-ranged and symmetric [78].
Therefore, it is plausible to hypothesize that mechanical forces
which disrupt the function of Pel, eventually kill the bacteria
through a direct mechanotransductory pathway. The indirect
mechanotransduction pathways could also be responsible for the
bacterial death, as nanoscale topography may affect the genomics
and proteomics of the bacterium [79]. Further studies are therefore
required to determine the exact mechanisms through which
nanopatterns kill bacteria and the role of EPS.
4.6. Interactions of mammalian cells with the nanopatterns

There are differences in the ways bacteria and mammalian cells
attach to surfaces and sense them. While bacteria form a commu-
nity within the EPS to live on the surface, eukaryotic cells are able
to adhere to the surface as single cells [29]. Unlike bacteria, this
adhesion is always mediated through the extracellular matrix
(ECM) [29]. Cellular features to probe the surface also differ
between these two types of cells. The adhesion of mammalian cells
to the ECM or other nanotopographical structures is mediated by
integrins, which form dynamic adhesion structures known as focal
adhesions [34]. It has been shown that nanotopography could alter
the expression of integrins and focal adhesions signaling, which
finally influences the cytoskeletal structure [80] indicating activa-
tion of mechanotransduction pathways. Moreover, the design
parameters of nanopatterns (e.g. height) have been shown to affect
the size and density of the focal adhesions in MSCs [81,82]. Bacte-
rial cells are much smaller than mammalian cells and due to their
more rigid cell wall, they are less deformable. These differences
affect the sensing mechanisms and the following mechanotrans-
duction pathways induced by nanotopographical features whose
dimensions are comparable with the size of the bacteria [29].
Therefore, those nanopatterns, which are lethal to the bacteria,
could possibly trigger direct or indirect mechanotransduction
pathways within mammalian cells affecting their function. For
instance, it has been shown that the osteogenic differentiation of
MSCs is sensitive to a variety of factors including the spatial
arrangement of the nanopatterns and their shapes [83,84]. More-
over, an optimum height of nanopillars could be identified yielding
the highest osteogenic marker expression in MSCs [28]. Thus, using
nanopatterns with specific designs could be a promising tool in
directing stem cell fate.

Although more studies on nanotopography-induced cellular
responses and mechanotransduction pathways have been carried
out on mammalian cells than bacterial cells, the exact molecular
mechanisms and outcomes are yet to be discovered, as these path-
ways are complex and involve a large number of biomolecules and
signals [34].
5. Conclusions

We systematically reviewed the studies on the bactericidal
effects of nanopatterned surfaces. Different types of nanopatterns
with heights of 100 nm to >900 nm, diameters between 10 and
300 nm, and interspacings of <500 nm have been reported in the
literature to exhibit bactericidal properties. Most of the studies
that also examined the impact of nanopatterns on the mammalian
cells found no evidence of adverse effects with the only exception
being nanopatterns with extremely high aspect ratios.

Controversy exists over the exact killing mechanism of
nanopatterns and the factors controlling the bactericidal efficiency.
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While the main mechanism is thought to be mechanical in nature
and associated with the rupturing of the bacterial cell wall by high
aspect ratio nanopatterns, some studies suggest that the EPS pro-
duced by the bacteria and the intrinsic properties of bacteria such
as motility and size play a role as well. Overall, high aspect ratio
nanopatterns could be considered as an effective tool for killing
bacteria, especially because they achieve this goal without any
need for chemical agents or antibiotics, thereby offering an alterna-
tive route for the design of the next generation of implantable
medical devices.
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