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Abstract
Recent discoveries have shown that nanopatterns with feature sizes <100 nm could direct stem
cell fate or kill bacteria. These effects could be used to develop orthopedic implants with
improved osseointegration and decreased chance of implant-associated infections. The quest for
osteogenic and bactericidal nanopatterns is ongoing but no controlled nanopatterns with dual
osteogenic and bactericidal functionalities have been found yet. In this study, electron beam
induced deposition (EBID) was used for accurate and reproducible decoration of silicon surfaces
with four different types of nanopatterns. The features used in the first two nanopatterns (OST1
and OST2) were derived from osteogenic nanopatterns known to induce osteogenic
differentiation of stem cells in the absence of osteogenic supplements. Two modifications of
these nanopatterns were also included (OST2-SQ, OST2-H90) to study the effects of controlled
disorder and lower nanopillar heights. An E. coli K-12 strain was used for probing the response
of bacteria to the nanopatterns. Three nanopatterns (OST2, OST2-SQ, and OST2-H90) exhibited
clear bactericidal behavior as evidenced by severely damaged cells and disrupted formation of
extracellular polymeric substance. These findings indicate that controlled nanopatterns with
features derived from osteogenic ones can have bactericidal activity and that EBID represents an
enabling nanotechnology to achieve (multi)functional nanopatterns for bone implants.

Supplementary material for this article is available online
Keywords: nanopatterns, bactericidal, cells, osteogenic, electron beam induced deposition

(Some figures may appear in colour only in the online journal)

1. Introduction mechanobiological pathways including regulation of focal

adhesions [8, 9]. As for the bactericidal effect, the deforma-
Nanopatterns with feature sizes <100 nm have been recently  tions imposed by the nanopatterns are stipulated to be the
discovered to determine stem cell fate [1-4] or kill bacteria main driving mechanisms [5, 7, 10, 11]. Both effects could
[5-7]. The effects of nanopatterns on stem cells go through  therefore be seen as mechanical in nature. Regenerative as

well as permanent implants could benefit from such effects of
4 .
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nanopatterns to, on the one hand, promote tissue regeneration
and, on the other hand, prevent implant-associated infections.

In the case of orthopedic implants, instructive nano-
patterns that stimulate differentiation of mesenchymal stem
cells (MSCs) towards the osteogenic lineage are of interest.
Possible mechanisms by which nanopatterns induce osteo-
genic differentiation involve interactions at subcellular and
molecular levels, and mechanotransduction pathways via
integrin clustering, formation of large focal adhesions, and
subsequent increase in intracellular tension [2, 12-15].
Relative to chemical triggers, activation of such molecular
mechanisms by nanotopographical cues offers the advantage
of a stable, better controlled, and safer interface, as well as a
faster signal transmission towards the nucleus [16]. As for the
antibacterial behavior, specific types of nanopatterns induce
deformations in the cell wall [5, 7, 10, 11] that are beyond the
allowable limit, thereby causing rupture and deformation-
mediated cell death.

Controlled and reproducible nanopatterns that simulta-
neously instruct MSCs to commit to the osteogenic lineage
and exhibit bactericidal effects are the holy grails of nano-
pattern design for orthopedic implants [17]. The most
important research question in this regard is ‘what shapes,
dimensions, and arrangements of nanopatterns should be used
to simultaneously achieve both goals?” To answer this ques-
tion, we need to systematically study the effects of the above-
mentioned parameters on the desired effects. That has never
happened before due to the technical challenges associated
with accurate and reproducible fabrication of nanopatterns
with pre-defined shapes, dimensions, and arrangements.
Recently, we have shown how electron beam induced
deposition (EBID) could be used for free-form ornamentation
of titanium surfaces [18] that are later folded using origami
techniques to create 3D lattice structures (the basis for porous
orthopedic implants). EBID enables direct (maskless) writing
with single digit nanometer resolution by using precursor gas
molecules that dissociate under the electron beam on the
substrate and form a nano-deposit [19]. We have also
demonstrated the accuracy and reproducibility of the nano-
features (10—100 nm) that make up the free-form ornaments.
This makes EBID an ideal technique for such systematic
studies.

Here, we used EBID to study the antibacterial behavior
of nanopatterns having features derived from osteogenic
nanopatterns. These osteogenic nanopatterns have been pro-
duced on different materials such as titanium [4, 14] and
polymers [15, 20-23] by various methods [2]. Most of the
nanopatterns showing in vitro osteogenic potential in the
absence of osteogenic supplements possess small heights
(15-20 nm) [4, 14] or controlled spatial arrangements
(namely 50 nm displacement from a square arrangement of
120 nm diameter pits with 300 nm interspace) [2, 12, 15,
20-23]. In addition, nanopillars with heights of 15-20 nm
have been recently shown to exhibit osteogenic activity
in vivo, further confirming the osteogenic potential of such
nanopatterns [3]. We therefore focused on both types of
above-mentioned nanopatterns: nanopillars with heights of
15-20 nm (OST1) as well as a square arrangement of pillars

with diameters of 120-130 nm, 300 nm interspace and con-
trolled disorder (i.e. 50 nm deviation from the square
arrangement) (OST2). The study was expanded to include
other relevant nanopatterns namely an ordered square
arrangement of the nanopillars (OST2-SQ) and pillars of
lower heights (90 versus 180 nm; OST2-H90). A model
strain, namely Escherichia coli (E. coli) K-12, was used for
evaluating the antibacterial effects of all above-mentioned
types of nanopatterns.

2. Materials and methods

The nanopillars were grown on silicon wafers using trimethyl
(methylcyclopentadienyl)-platinum (IV) (CgH;¢Pt) precursor
molecules in a Nova NanoLab 650 Dual Beam system (FEI,
Oregon) (see figure S1 for more details at stacks.iop.org/
NANO/30/20LTO01 /mmedia). The background vacuum of
the system was 1.0-3.0 x 107® mbar and the EBID process
started at 4.0-6.0 x 107® mbar. Writing was performed
based on a single dot exposure with a 20 kV beam and a
current of 2.4 nA. The focused electron beam was controlled
by stream files written in MATLAB (see figure S2 for more
details). All the conditions used to generate the EBID nano-
patterns are summarized in table S1.

Following the patterning process, the precursor gas was
pumped out of the system and the patterns were kept in the
chamber overnight before imaging using the same system (to
avoid deposition of the residual precursor molecules). Top
and tilted images of the resulting nanopillars were acquired at
various magnifications. The base diameter, height and inter-
space of the pillars were estimated from tilted SEM images.
The diameter was assessed by fitting an ellipse to the base
plane whereas the height was determined by measuring the
distance between the center of the base plane and the tip of
the pillar. The height values were corrected for the tilt angle.

The UV sterilized samples were incubated with E. coli
K-12 cells (ODgpy = 0.05) at 37 °C for 18 h (see figure S3 for
more details). At least triplicates were cultured for each type
of nanopatterns. After the incubation, the samples were rinsed
with 0.01 M phosphate-buffered saline (PBS), pH 7.4, fixed,
dried and sputter coated with gold for SEM imaging. The
samples were imaged with the same Nova NanoLab 650 Dual
Beam system using an acceleration voltage of 5 kV and a
beam current of 0.4 nA. Top views and tilted images at
various angles and magnifications have been acquired for
investigating the cells, cell-pattern interface and cell-pillars
interface. Using the SEM images, characteristic dimensions of
the cells were measured (length and width) together with the
cell density (relative to the non-patterned area) and the pro-
jected area of the extracellular polymeric substance (EPS). In
addition, the ratio of damaged cells was determined for each
pattern (see figure S4 for more details). The bacteria were
considered damaged if severe deformation (change in shape)
occurred (such as wrinkling and completely flat shapes). The
same morphological characterization was performed for cells
cultured on control surfaces, namely the silicon substrate and
the smooth PtC deposit (see figures S5 and S6).
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Figure 1. (a) Top (first line) and tilted SEM images of the EBID

To assess whether the variables including cell length, cell
width, EPS area, density and damaged cell ratio significantly
varied between the groups (i.e. OST1, OST2, OST2-SQ and
OST2-H90), an analysis of variance (ANOVA) was per-
formed. For each variable, the normality of data and the
equality of variances between the groups were evaluated
using the Shapiro—Wilk and Levene’s tests, respectively. The
pair-wise comparisons of the groups were realized using
either Bonferroni (i.e. p-value >0.05 resulting from Levene’s
test) or Games-Howell (i.e. p-value <0.05 resulting from
Levene’s test) post-hoc tests, in case the data for a given
variable was normally distributed (i.e. p-value >0.05 result-
ing from Shapiro—Wilk test). When the normality assumption
was violated, the Kruskal-Wallis test followed by the Dunn’s
post-hoc test was carried out.

3. Results and discussion

The nanopillars grown on silicon wafers using CoH;cPt pre-
cursor molecules exhibited the desired features in terms of the
shape, dimensions, and reproducibility (figure 1). The
deposits from this precursor typically consist of carbon (ca. 73
at%) with 21.5 at% Pt and some O (ca. 5.5 at%) [24-26]. The
Pt:C stoichiometric ratio of the deposit is 1:8 as a result of one
Pt—CH; bond cleavage and formation of CH, and hydrogen
under the electron beam [19]. Structurally, the nanopillar is a

nanopatterns; (b) morphological characteristics of the nanopatterns.

nanocomposite material with Pt nanocrystals of ca. 1.8-2.1
nm in size incorporated in an amorphous carbon
matrix [27, 28].

The response of E. coli K-12 was strongly dependent on
the type of nanopattern (figures 2, 3). Preliminary experi-
ments on control surfaces, namely silicon wafers and smooth
PtC deposits, indicated no toxic effects of the materials on the
E. coli K-12 cells (figure S5, supplementary document). In
addition, the optical density (ODggo) of the planktonic cells
cultured on silicon wafers and PtC were similar and increased
from 0.05 to 1.4 within 18 h.

On the OST1 nanopatterns (figures 2(a)—(d)), the cells
could adhere to the surface and kept their physiological
morphology, namely the characteristic rod shape with a
length of 1.9 + 0.6 ym and an average width of 570 £ 98
nm (mean £ SD) (figures 3(a), (b)). The cells produced EPS
that was visible on the entire cell body as well as on the
adjacent nanopatterned surface, following closely the cell
body (figures 2(b), (d)). Moreover, no damaged cells were
detected on OST1 surfaces (figure 3(d)). However, fewer cells
seemed to adhere to the patterned areas as compared to the
surrounding non-patterned areas (figure 3(e)). This observa-
tion suggests that OST1 may be inhibiting E. coli adhesion.

The cells could not easily adhere to the surfaces deco-
rated with OST2 (figures 2(e)-(h)) and their morphology
revealed significant changes including presence of cells with
extremely large lengths (maximum cell length around 7.0 pm,
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Figure 2. SEM images of the E. coli cell-nanopattern interface: (a)-(d) OST1; (e)—(h) OST2; (i)—(1) OST2-SQ; (m—p) OST2-H90.

figure 2(g)), deformed rod shapes (wrinkled cells due to
contact with the nanopillars), and completely deflated cells
(figure 2(h)). Very large cell lengths suggest that the cells
were stressed and, thus, could not divide [6, 29]. The EPS
secreted by these cells was generally present at the tip of the
nanopillars only (figure 2(f)). The EPS seemed to have been
stretched to reach the disordered nanopillars. Moreover, some
of the nanopillars in contact with the cells were bent
(figures 2(e), (f), (h)). As opposed to OSTI, where no
damaged cells were detected, 13.5 & 7% of the bacteria were
damaged on the surfaces patterned with OST2 nanopatterns
(figure 3(d)). Such severe cell damage is associated with death
of E. coli (and other motile bacteria), as previously shown by
SEM and live/dead investigations [17, 30, 31]. Although
extremely large cell lengths were observed for OST2, the

mean cell length was not significantly different from OST1
(figure 3(a)). There were however, cells significantly narrower
(figure 3(b)) and the amount of EPS was significantly lower
for OST2 (figure 3(c)) as compared to OST1. These changes
further confirm the abnormal cell morphology and limited
cell-surface contact that were qualitatively described above.
The response of the cells to OST2-SQ surfaces was
compared with OST2 to study the effects of controlled dis-
order on the bactericidal behavior of OST2. Controlled dis-
order has been previously shown to benefit osteogenic
differentiation of MSCs as opposed to the ordered square
arrangement, which preserved the stemness of the MSCs [20].
It was therefore important to investigate whether this con-
trolled disorder plays any role in the response of E. coli cells
to the nanopatterns. The ratio of damaged cells to the total
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Figure 3. Quantitative characterization of E. coli cells attached on the nanopatterns: (a) cell length; (b) cell width; (c) area of the extracellular
polymeric substance (EPS); (d) damaged cells; (e) cell density relative to the non-patterned area. (a)—(c) are box plots. (d) and (e) are bar plots
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number of cells was not significantly different between OST2
and OST2-SQ (figure 3(d)). This indicates that controlled
disorder, which is known to benefit osteogenicity, does not
adversely affect the bactericidal effects of these surfaces.
Very large cells were also occasionally observed for OST2-
SQ (figure 2(k)), while there was no significant difference in
the mean cell length as compared to both OST1 and OST2
(figure 3(a)). The amount of EPS and cell density on OST2-
SQ were also similar to the case of OST2 (figures 3(c), (e)).
The mean width of the cells was, however, somewhat higher
on OST2-SQ as compared to OST2, suggesting a healthier
less-stressed state of the cells (figure 3(b)). This observation
together with the numerically (but statistically insignificant)
higher values of the ratio of the damaged cells in the case of
OST?2 (figure 3(d)) hints that controlled disorder may be even
beneficial for inducing antibacterial effects.

Natural and biomimetic nanopatterns with bactericidal
effects often possess high-aspect ratios with heights of ~200
nm or larger [5-7] while osteogenic effects have been usually
reported for shorter pillars (i.e.<100 nm) [1-4]. We therefore
produced another group of nanopatterns (OST-H90) whose
features were similar to OST2 except for the height of the
nanopillars, which was about half of what was used in OST2.
Cells could adhere well on this surface and showed a well-
spread EPS around the cell body and in between the nano-
pillars (figures 2(m)—(p)). No stressed cells with very large
lengths were observed (figure 3(a)). The mean cell length was
also not different from the other groups. The width of the cells
(figure 3(b)) as well as the amount of EPS (figure 3(c)) were
somewhat higher for this group and comparable with that of
OST1. However, the bactericidal effects continued to be
present with many adhered cells showing flat or leaked
morphologies (figure 2(p)) and with a ratio of damaged cells
that was not significantly different from OST2 or OST2-SQ
(figure 3(d)).

The mechanisms behind the cellular responses observed
here need to be further investigated. The EPS, which is a
nonspecific adhesin used by E. coli to attach to surfaces [32],
was present on all nanopatterns but showed different surface
distributions (figure 4). While in the case of non-patterned
areas and OST1 (with small and dense nanopillars), the EPS
could extend freely on the surface around the cell body, it was
observed mainly at the tip of the nanopillars for OST2 and
OST2-SQ. In the case of OST2-H90, EPS was visible both on
and in between the nanopillars (figure 4). Furthermore, the
EPS seemed to have been stretched more on the OST2 sur-
faces to reach the disordered nanopillars than on the OST2-
SQ (figure 4, OST2-SQ inset). These observations suggest
that cells on the investigated nanopatterns may experience
different local stresses during attachment and movement,
which could play a role in the cellular responses observed.
Antibacterial mechanisms proposed so far, by which nano-
patterns induce bacterial cell death include physical damage
and rupture of the cell wall layers [5, 7, 10] and generation of
reactive oxygen species with effects on vital cellular functions
[33]. Mechanistic studies at the single cell level are required
to investigate the nanopattern-induced cell death. These stu-
dies should consider the role of nanopattern features, EPS,

cell type and properties, cell temporal changes during
attachment (adaptability) as well as the biomechanics of cell-
nanopattern interfaces [11, 31, 34]. Based on these studies,
rational design criteria can be established for antibacterial
nanopatterns.

As mentioned earlier, two major challenges when trying
to prolong the longevity of orthopedic implants are enhanced
osseointegration [35, 36] and prevention of implant-asso-
ciated infections [37-39]. Nanopatterns that could simulta-
neously address both challenges are therefore very welcome
additions to the arsenal of tools available for satisfying these
demands. In that sense, the findings of this study support a
new paradigm for development of instructive biomaterials
based on multifunctional nanopatterns. The nanopatterns of
this study should be further tested for osteogenic potential and
for maximizing the two biofunctionalities. From a technolo-
gical viewpoint, EBID provides unparalleled possibilities in
terms of accurate and reproducible fabrication of nanopatterns
with arbitrary shapes, dimensions, and arrangements on flat
and curved surfaces [40-42]. These enable systematic
mechanistic studies based on which well-defined nanopatterns
can be found for specific biofunctionalities. However, scaling
up the amount of surfaces covered by nanopatterns requires
further developments of the process for example by using
multibeam systems and by combining EBID with such tech-
niques as nanolithography [40] and nanoimprinting [43, 44].
That would allow (pre-)clinical testing of these patterns.

4. Conclusions

We showed for the first time here that controlled nanopatterns
produced by EBID and having features derived from osteo-
genic ones (e.g. interspace, controlled disorder) could exhibit
bactericidal properties for E. coli. In addition, the study
demonstrates the feasibility of EBID as an enabling nano-
technology for these applications. Therefore, these findings
pave the way towards the development of (multi)functional
nanopatterns for not only bone implants.
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