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One of the methods to create sub-10 nm resolution metal-com-
posed 3D nanopillars is electron beam-induced deposition (EBID).
Surface nanotopographies (e.g., nanopillars) could play an impor-
tant role in the design and fabrication of implantable medical
devices by preventing the infections that are caused by the bac-
terial colonization of the implant surface. The mechanical pro-
perties of such nanoscale structures can influence their bacteri-
cidal efficiency. In addition, these properties are key factors in
determining the fate of stem cells. In this study, we quantified the
relevant mechanical properties of EBID nanopillars interacting with
Staphylococcus aureus (S. aureus) using atomic force microscopy
(AFM). We first determined the elastic modulus (17.7 GPa) and the
fracture stress (3.0 + 0.3 GPa) of the nanopillars using the quanti-
tative imaging (Ql) mode and contact mode (CM) of AFM. The dis-
placement of the nanopillars interacting with the bacteria cells was
measured by scanning electron microscopy (50.3 + 9.0 nm). Finite
element method based simulations were then applied to obtain
the force-displacement curve of the nanopillars (considering the
specified dimensions and the measured value of the elastic
modulus) based on which an interaction force of 88.7 + 36.1 nN
was determined. The maximum von Mises stress of the nanopillars
subjected to these forces was also determined (3.2 + 0.3 GPa).
These values were close to the maximum (i.e., fracture) stress of
the pillars as measured by AFM, indicating that the nanopillars
were close to their breaking point while interacting with S. aureus.
These findings reveal unique quantitative data regarding the
mechanical properties of nanopillars interacting with bacterial
cells and highlight the possibilities of enhancing the bactericidal
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activity of the investigated EBID nanopillars by adjusting both their
geometry and mechanical properties.

1. Introduction

An increasing number of advanced nanotechnological appli-
cations require highly repeatable fabrication of ‘three-dimen-
sional’ devices with complex and precisely-controlled geome-
tries. Depending on the targeted feature size and the complex-
ity of the desired geometry, nanofabrication techniques, such
as two-photon polymerization (TPP)," imprint lithography,>~
interference lithography,® 3D molding,” electron beam litho-
graphy  (EBL),*'° electron beam-induced deposition
(EBID),"*? ion beam lithography (IBL),"* or focused ion beam
(FIB)'®">'® could be used to fabricate such 3D structures.

At the cutting-edge of nanotechnology, however, there is
often a need for the fabrication of arbitrarily complex 3D geo-
metries with few-nanometers resolution.'” EBID is currently
the only nanofabrication technique that allows for combining
3D structures with few-nanometer (~1 nm'®) accuracy and
repeatability. Given its (theoretical) sub-nanometer resolution
and mask-free nature, EBID is a highly powerful yet straight-
forward technique for the fabrication of cutting-edge
nanodevices.

EBID is performed inside a scanning electron microscope
(SEM).">** The precursor molecules, which contain the
material of interest, are introduced into the chamber. Then,
the focused electron beam dissociates the precursor molecules
into volatile products that leave the system and non-volatile
products that form a deposit on the substrate. The gradual
layer-by-layer addition of the deposited material creates the
desired geometry that, as we have previously shown,'? can be
very complex.”® In that sense, EBID is an ‘additive’ manufac-
turing technique and, thus, distinct from subtractive (e.g., RIE,
FIB) and formative (e.g,, 3D molding) techniques.
Nanofeatures can be formed on any type of substrate. The
wide choice of precursor gases makes EBID a powerful tech-

This journal is © The Royal Society of Chemistry 2020
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nique for different types of applications, including
sensors,>* > plasmonics,'**” atomic force microscopy

probes,'” superconductive nanowires,*® and the repair of UV
lithography masks.>”

Both the structural performance and functionality of the
nanostructures made by EBID are dependent on the mechani-
cal properties of the deposited material. Mechanobiological®
and antibacterial®’* applications of nanopatterns highlight
the ‘functional’ importance of understanding the mechanical
behavior of EBID-made nanofeatures. For example, the
mechanobiological consequences of the substrate stiffness for
determining stem cell fate are currently being widely
investigated.’>***>  Dual-effect nanopatterns that simul-
taneously stimulate stem cell differentiation and kill bacteria
are envisaged as well.>® As for antibacterial applications, the
mechanical properties of the nanopillars have been shown to
play a crucial role. Nanofeatures with very specific dimensions
and aspect ratios are known to kill bacteria through pre-domi-
nantly mechanical mechanisms (i.e., overstretching the bac-
terial cell wall and rupturing cells components due to cell wall
penetration).**?%3” In general, the capability of the nanofea-
tures to penetrate the cell wall can be ascribed to two factors:
(i) the geometry of the tip, which must be as sharp as possible,
and (ii) the mechanical properties of the nanostructures,
which determine whether the nanofeatures can sustain the
interaction force with bacteria without excessive deformation
and, ultimately, failure. For such applications, it is important
to understand the nanomechanical behavior of EBID-made
structures. Moreover, the accurate determination of the
mechanical properties of single nanopillars could allow one to
estimate the interaction forces between the bacteria and
nanopillars, enabling a better understanding of the Kkilling
mechanism of bacterial cells residing on nanopatterned
surfaces.

In our previous studies, we have developed EBID-made
nanopatterns with specific dimensions for antibacterial
applications.>*?* We have found a killing efficiency of 97%
against E. coli, but a lower killing efficiency (36.5%) against
S. aureus.”® Given that the mechanical properties of single
nanopillars influence their killing efficiency against bacterial
cells,***® the mechanical characterization of the nanopillars is
necessary to optimize our surfaces and to further understand
the mechanisms involved in the bacteria-nanopatterns
interaction.

Currently, however, the mechanical characterization of
single EBID nanostructures is challenging and requires
complex instrumentation consisting of advanced mechanical
testing machines (e.g., AFM or nanoindenters) mounted inside
SEM chambers. Some studies®®** have investigated the
mechanical behavior of EBID-made nanostructures by using
this combination of instruments. For instance, Friedli et al.*°
have applied bending tests using an AFM tip installed inside
an SEM machine to determine the force constant and the reso-
nance frequency of high aspect ratio vertical nanopillars grown
by EBID from the organometallic precursor Cu
(C5HF(0,),-xH,0. They have demonstrated that the elastic
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modulus of the EBID deposited pillars is proportional to the
acceleration voltage and the electron dosage used during the
deposition. In another study, Lewis et al’' measured the
elastic modulus of EBID-deposited 3D nanostructures (precur-
sor: MeCpPt(iv)Me;) by compression and bending tests using a
nanoindentation system installed in an SEM chamber. The
compression tests resulted in values in the range of 8.6-10.5
GPa for the elastic modulus of nanopillars. Their bending tests
with the same setup resulted in a value of 15.2 GPa for the
elastic modulus. Although these methods enable the user to
measure the mechanical properties of EBID-deposited nano-
structure with arbitrary shapes, they do not apply to conven-
tional SEM machines, as a specific setup needs to be installed.
Arnold et al.** have measured the deflection of EBID deposited
Pt-C nanopillars using a four-axis micromanipulator installed
inside an SEM machine. The elastic modulus of the EBID
nanopillars was then calculated by using nanopillars’ deflec-
tion as an input for finite element simulation. Their study was
followed by an analysis of the effects of beam current and
acceleration voltage on the elastic modulus of nanopillars.
They concluded that at 30 kV and 5 KV as the voltage and the
lowest beam current, nanopillars had the highest elastic
modulus (i.e., 13 GPa).

The fracture stress of nanopillars deposited by EBID has,
however, not been previously measured. Utke et al.*> measured
the fracture stress on large volume structures deposited using
Co,(CO)s and Au(tfac)Me, as precursors. Reiser et al**
measured the stress at 7% strain of micro and nanopillars
using nanoindentation and micro-compression, but not the
fracture stress.

Here, we propose an approach for measuring the elastic
modulus and fracture stress of EBID nanopillars without any
need for any instrumentation beyond typical AFM. The elastic
modulus was measured by quantitative imaging (QI) mode on
individual pillars of different dimensions (height and dia-
meter). The pillars were deposited using the same precursor,
acceleration voltage, and beam current. The effects of the
structure size and EBID deposition time on the elastic
modulus of the material were investigated. We found a limited
influence of the structure size and we concluded that the
elastic modulus of EBID nanostructures can be measured by
conventional AFM methods applied on larger structures de-
posited with the same deposition parameters. In addition, we
estimated the maximum (fracture) stress of the nanopillars
using contact mode (CM) AFM.* The force-displacement
curves of the nanopillars were obtained with a finite element
(FEM) model in which the measured value of the elastic
modulus was assigned to the nanopillars material. With these
characteristics and the displacement of the nanopillars avail-
able from the SEM image of nanopillars interacting with cul-
tured bacteria, the interaction force between bacteria and indi-
vidual nanopillars was calculated. We then compared the
maximum stress of the nanopillars subjected to these forces
with the maximum (fracture) stress of the nanopillars
measured by AFM to evaluate their breaking strength and to
elaborate on the possible approaches that could be used to
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optimize the design of nanopatterns and to improve their bac-
tericidal behavior.

2. Results

2.1. Bacterial cell culture

In the case of the specimens prepared for bacterial cell
culture, the EBID nanopillars covered a surface of 20 x 20 pm?
(Fig. 1a). The actual dimensions of the nanopillars were as
follows: height = 180 + 9 nm (mean + SD), interspacing = 170 +
3 nm, base diameter = 70 + 5 nm (Fig. 1b). Upon contact with
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the cultured bacteria, a number of nanopillars underneath the
bacterial cells were bent with an average lateral displacement
of 50.3 + 9.0 nm (Fig. 1c-f).

2.2. Elastic modulus of the pillars

Five pillars with different base diameters (d = 1500 nm,
1180 nm, 867 nm, 646 nm, and 433 nm) and heights of 383 +
53 nm (Fig. 2a) and four pillars with diameters of 1112 +
78 nm and different heights (Fig. 2b(1): & = 464 nm, Fig. 2b(2):
h =309 nm, Fig. 2¢(3): & = 192 nm, Fig. 2¢(4) h = 82 nm) (the
left subfigures show the top view while the right subfigures
were taken at a 52°-tilted view) were fabricated to obtain an
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Fig. 1 The SEM images of the nanopillars (with an average height of 180 nm, an average diameter of 70 nm, and average interspacing of 170 nm)
produced by EBID at different magnifications: (a) top view and (b) 52°-tilted view. The SEM images of S. aureus bacteria on the nanopatterned

surface: (c and d) the top and (e and f) 52°-tilted views.
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500 nm

Fig. 2 The SEM image of pillars with (a) different diameters: 433, 646, 867, 1180, and 1500 nm, (b and c) different heights: 1-464 nm, 2-309 nm,
3-192 nm, 4-82 nm. (The left figures were taken from the top view while the right figures were taken from 52°-tilted view.) (d) The map of the
elastic modulus of the pillars with different diameters obtained by AFM. (e) The map of the elastic modulus of the pillars with different heights

obtained by AFM.

almost flat region large enough to perform force spectroscopy
mapping measurements (in the QI mode).

Above a certain distance from the pillar center, we observed
a significant decrease (see the dark region at the bottom, left,
and right sidewalls of the pillars) (Fig. 2d and e) or increase
(bright part corresponding to the upper sidewall of the pillars)
(Fig. 2d and e) in the measured values of the elastic modulus.
This effect (underestimation/overestimation of the elastic
modulus) can be explained by the fact that, when the tip-pillar
contact occurred on the sidewalls of the pillar, it was asym-
metric, causing the overestimation or underestimation of the
contact area depending on the tilt angle of the cantilever and
the position of the tip with respect to the pillar. Due to the
pointy tip of one of the pillars (diameter = 433 nm), establish-
ing symmetric contact between the AFM tip and the surface of
the pillar was not feasible. Therefore, for this specific height
(i.e., 383 nm), 646 nm was the minimum diameter for which
the elastic modulus could be measured. The elastic modulus
measured for the pillars with different heights and diameters
varied between 15.9 GPa and 27.7 GPa (Fig. 3a and b).

Within the distance from the center for which the tip had sym-
metric contact with the surface of pillars, we did not observe a sig-
nificant difference between the values of elastic modulus measured
for different experimental groups (i.e., with different sizes) (Fig. 3a

This journal is © The Royal Society of Chemistry 2020

and b). The different parts of the surface exhibited similar values of
the elastic modulus. A 200 nm distance from the center was the
minimum distance that yielded a Gaussian distribution. We, there-
fore, did not consider smaller areas. The elastic modulus of the
pillars with different diameters overlapped (Fig. 3a). The pillars
with larger heights (i.e., 464 nm and 309 nm) exhibited slightly (but
not significantly) higher values of the elastic modulus as compared
to those with the lower heights (ie., 192 nm and 82 nm) (Fig. 3b).
In summary, no statistically significant changes in the value of the
elastic modulus were observed for different values of the diameter
of the deposited structures and different distances from the center.
Only a slight difference (0.16%) with the height of the structure was
observed. Therefore, the elastic modulus of our nanopillars can be
assumed to be the same as the elastic modulus of the structure
with a similar height (i.e., 192 nm). The elastic modulus measured
for this structure was 17.7 + 1.5 GPa.

2.3. Fracture stress

In the case of the specimens prepared for the measurement of
the lateral detachment force, the nanopillars had the following
dimensions: height = 196.5 + 5.16 nm (measured by AFM),
interspacing = 340 + 1 nm in the x-direction and 1000 *
100 nm in the y-direction, and base diameter = 68 + 3 nm
(Fig. 4a and b). A few representative images of the experiments

Nanoscale, 2020, 12, 21988-22001 | 21991
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Fig. 3 (a) The distribution of the elastic modulus for the pillars with different diameters in different distances from the center. (b) The distribution of
the elastic modulus for the pillars with different heights (with the same diameter of 1000 nm) at different distances from the center. The pillars were
deposited with an acceleration voltage of 17.8 kV and a current of 0.6 nA.
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Fig. 4 The SEM images of the rows of the nanopillars deposited by EBID to perform the mechanical experiments: (a) the top and (b) 52°-tilted
views. (c, f and i) Contact mode topography images acquired with increasing values of setpoint forces (10 nN, 30 nN, and 50 nN, respectively); (d, g
and j) vertical deflection error images acquired with increasing values of setpoint forces (10 nN, 30 nN, and 50 nN, respectively); (e, h and k) Ql
mode topography images acquired with a low, non-destructive, setpoint force (10 nN) after each contact mode scan with increasing values of the
setpoint force (10 nN, 30 nN, and 50 nN, respectively).
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performed to measure the fracture stress are presented in
Fig. 4c-k. When low forces (e.g., Fsetpoint = 10 NN in the
example reported in Fig. 4c-e) were applied, the fracture of the
nanopillars was not visible in the CM images (Fig. 4c and d). A
little (a few nm) change in the height of the nanopillars was
observed in the QI mode images aquired with very low setpoint
force before and after the application (Fig. 4e). This indicates
that the failure of the nanopillars occurred at a height, which
was very close to their apex. This is consistent with the
mechanical behavior of a high aspect ratio conical structure.
Indeed, when a lateral force is applied to the apex of a “sharp”
conical pillar, the height of the point experiencing the
maximum stress is closer to the apex of the pillar when the tip
is smaller.*” Since the decrease of the height was low and
difficult to measure with enough accuracy, larger forces were
applied to the nanopillars by increasing the values of the
applied setpoint forces. This procedure was repeated until the
pillars were clearly observed to breake and the characteristics
of their residues could be easily measured. In the presented
example, a setpoint force (F,,) of 30 nN resulted in obvious
fracture of two of the three nanopillars (Fig. 4f-h), for which a
residue of about 26 nm was observed. Increasing the setpoint
force not only increased the magnitude of the lateral force but
also decreased the height at which the force was applied.*® For
some of the nanopillars (e.g., the nanopillar in the center of
the images in the reported example), no visible fracture was
observed in the contact mode topographies with a setpoint of
30 nN (Fig. 4g), but only a further decrease of the height was
visible in the QI mode topography images acquired after the
application of the force in the CM (Fig. 4h). For those nano-
pillars, the setpoint force was further increased (50 nN in the
reported example) (Fig. 4i-k).

The values of the setpoint forces at which the fracture of
the nanopillars was visible in the CM topographies were used
for the calculation of the lateral force. The height of the resi-
dues obtained by applying those values of forces was used to
calculate the height at which the lateral force was applied and
to estimate the maximum stress.

The value of the lateral force applied to the nanopillars
corresponding to the applied setpoint force was calculated
using eqn (8) (details in the Experimental section). This lateral
force is not applied to the apex of the nanopillars but at a
certain lower height, due to the possible previous failure of the
tip of the pillars and the eventual resting of the AFM tip
against the sidewall of the pillars.*> The height of the appli-
cation of the force (ip ;o) was determined as the height at
which the lateral force has to be applied on a conical pillar
(with the geometry characteristics of the studied pillars) to
yield the maximum stress at a height corresponding to the
height of the pillar residues.”® Indeed, as previously pointed
out,” the maximum bending stress in the most loaded section
can be written as:

_ MRes —4 Faez (1)

I 7R3

res

Omax (Z )

This journal is © The Royal Society of Chemistry 2020
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where M = F,z is the bending moment, z is the distance
between the point of the application of the force and the
height of the most stressed section (i.e., the height of the

4
res

. TR . . .
residue A), and I = — is the area moment of inertia for a

circular section. R, is the radius of the section of the cone
corresponding to the height of the residue, which is given as:

Ryes = Rapex + (hpillar — hyplat + Z)tal'l a (2)

where Rpex is the radius of the apex of the pillar, which
was assumed to be 4 nm, and « is the half cone angle of the
pillar.

By calculating the derivative of the o,,,.x(2) and solving the
following equation:

domax(2)
dz

we obtain the equation for the distance z,.,, between the
point of application of the force and the most stressed section

=0 3)

_ Rapex + (hpitlar — hip,, ) tan @

—h
res 2 tan a

(4)

Zsmax = hFlm

Therefore, the height of the application of the force can be
determined as:

A Rapex + (Ppiltar + 27res) tan a
o 3tan a

(5)

We found, for eight studied nanopillars, an average value of
the lateral force of 654.4 + 69.3 nN and an average height of
the residues of 26.2 + 2.5 nm, which resulted in an average
height of the application of the force of 92.8 + 1.7 nN (from
the base of the pillar). The fracture stress was then calculated
by using eqn (1), which resulted in an average value of 3.0 +
0.3 GPa.

2.4. FEM simulations

The mean elastic modulus determined using the AFM
measurements (i.e., E = 17.7 + 1.5 GPa) was considered as
the elastic modulus of the nanopillars in our FEM simu-
lation (Fig. 5a) and the force vs. displacement curve reported
in Fig. 5b was obtained. The interaction force between bac-
teria and the individual nanopillars was calculated from this
force vs. displacement curve (purple triangles in Fig. 5b), as
the value of the force corresponding to the displacement
measured by SEM imaging for the pillars interacting with
the bacteria. The mean and standard deviation of the
interaction force between the bacteria and individual nano-
pillars was found to be 88.7 + 36.1 nN for E = 17.7 GPa
(Table 1).

In Fig. 5a, the von Mises stress distribution of a pillar
undergoing a displacement of 50.3 nm (i.e., the average displa-
cement value due to the interaction with bacteria) is shown. As
expected, the maximum stress is located at the border, in a
section close to the apex of the pillar, where the force is
applied. This indicates that possible fractures of the conical

Nanoscale, 2020, 12, 21988-22001 | 21993
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(a) A nanopillar was modeled in Abaqus to simulate the stresses experienced by the nanopillars due to the bacterial force. (b) The orange

graph represents the force-displacement curve obtained through FEM (for the nanopillar with E = 17.7 GPa). The displacement of the tip of the
nanopillars under bacterial force was fitted in the graph (purple triangles).

Table 1 The calculated interaction force between S. aureus and the
nanopillars

Tip displacement Calculated interaction force

(nm) (nN) (E=17.7 GPa)
42.8 70.4
54.6 106.6
54.4 106.1
68.7 164.8
41.1 66.2
44.7 75.7
40.6 64.9
36.5 55.1

pillars, subjected to the interaction force with the bacteria
could occur at the tip of the pillars.

The von Mises stress and the maximum principal stress
were equal to 3.16 + 0.27 GPa and 3.19 + 0.42 GPa, respectively,
which is almost equivalent to the maximum (failure) stress
found by AFM measurements (3.0 + 0.3 GPa). This indicates
that, although no visible fracture was observed by SEM
imaging, the nanopillars, under the action of the bacteria, are
highly deformed and are very close to their failure point.

3. Discussion

The main goal of this study was to quantify the relevant
mechanical properties of EBID nanopillars (elastic modulus,
fracture force, maximum displacement, and failure stress) and
the interaction forces between the nanostructures and the bac-
terial cells by the combined use of AFM and FEM simulations.
The findings of this study could help us optimize the geometry
and the mechanical properties of the nanopillars to improve
their killing efficiency. Indeed, the results of our previous bac-
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terial culture experiments clearly showed that metal-based
EBID-deposited nanostructures have the potential to decorate
the surface of biomaterials to damage/kill bacterial cells.****
However, while a killing efficiency of the nanopatterns of
about 97% was observed against E. coli cells, the killing
efficiency was significantly less for S. aurues. In this work, we
performed an SEM analysis of the pillars underneath the
S. aureus cells that revealed a very high deformation of the tip
of the pillars due to the interaction with the bacterial cells.
The average lateral displacement was 50.3 + 9.0 nm.

As the Kkilling efficiency is mainly attributed to the capa-
bility of the nanopillars to penetrate and damage the cell
wall,**?%%7 the non-optimal mechanical properties of the
pillars, which result in their excessive deformation could be a
possible reason for the low killing efficiency of the pattern
against S. aureus. A more in-depth investigation of the
mechanical properties of our EBID nanopillars is necessary, to
elucidate the possible ways through which our surfaces could
be optimized and their killing efficiency can be improved.

We studied, for the first time, the effects of the size on the
elastic modulus of EBID structures fabricated using the same
deposition parameters (precursor, acceleration voltage, and
beam current) and determined the elastic modulus of the
nanopillars. The applicability of AFM mechanical characteriz-
ation techniques (such as the QI mode) to the measurement of
the elastic modulus of EBID nanostructures was demonstrated.
AFM mechanical experiments showed that the elastic modulus
of the EBID pillars is size-independent, as pillars with
different sizes (diameter and height) deposited using the same
parameters showed no significant differences in their elastic
modulus. We could, therefore, conclude that the elastic
modulus of our nanopillars could be estimated by AFM
mechanical mapping measurements (e.g., QI mode) on larger
structures fabricated with the same deposition parameters.

This journal is © The Royal Society of Chemistry 2020
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measuring the tip displacement of
nanopillars under interaction by
bacteria (using SEM images)

FEM simulation

the force applied to
the nanopillars by bacteria

the max stress applied on
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measuring the elastic modulus of
pillars using AFM (in QI mode)

measuring the fracture stress
of nanopillars by AFM (in CM)

Fig. 6 A schematic drawing illustrating the procedure used to evaluate the stress state of our EBID nanopillars and their interaction force with bac-
teria. Pink blocks indicate the experimentally measured parameters while the yellow blocks indicate the parameters determined by simulation.

The very slight (non-significant) difference found in the elastic
modulus of structures with different heights may have been
caused by the different electron doses required to deposit
pillars with different heights. Therefore, the value of the
elastic modulus found for the structure with the closest height
to the height of the nanopillars used in the cell experiments
(structure with a height of 192 nm) was used in the FEM simu-
lations to determine the bacteria-pillars interaction force. The
average elastic modulus for this pillar was 17.7 + 1.5 GPa
(Fig. 3b).

Moreover, the fracture experiments performed on the nano-
pillars in the AFM contact mode were reported and were
shown to represent an effective technique for the evaluation of
the fracture strength of nanoscale objects. In our contact mode
AFM experiments, we did not observe any failure at the inter-
face between the nanopillars and the substrate, indicating a
strong adhesion force of the nanopillars to the substrate The
nanopillars were subjected to a bending load, which was
applied laterally by the AFM probe at a certain height. By mod-
ulating the setpoint force, we applied lateral forces high
enough and at a position low enough to cause the failure of
the pillars at a visible and easily measurable height (i.e., 26.2 +
2.5 nm). From the height of the residue, we could calculate the
height of the application of the lateral force and, consequently,
estimate the failure stress, which was 3.0 + 0.3 GPa, in very
good agreement with our previous results obtained on similar
EBID nanopillars with different dimensions.*’

We used AFM results, in combination with computational
models, to calculate the interaction force between the bacterial
cells and the nanopillars and to evaluate the stress state of the
nanopillars under the action of bacteria. The elastic modulus
measured in the AFM experiments was considered in our com-
putational models and the force vs. displacement curve of the
nanopillars was plotted. The interaction force between the bac-
terial cell and the bent nanopillars was calculated as the value

This journal is © The Royal Society of Chemistry 2020

of the force corresponding to the displacement measured by
the SEM imaging of the nanopillars interacting with the bac-
teria. The schematic drawing in Fig. 6 illustrates the steps fol-
lowed to measure the abovementioned parameters. The esti-
mated value of the interaction force was 88.7 + 36.1 nN. The
maximum value of the von Mises stress (3.16 + 0.27 GPa)
occurred, as expected, in a location close to the apex of the
nanopillars, and was almost equivalent to the fracture stress
measured through the AFM contact mode experiments (3.0 =
0.3 GPa). This result indicates that, although no visible frac-
tures of the nanopillars were observed, the pillars were close to
their breaking point. This means that the killing efficiency
could be affected not only by the excessive elastic deformation
of the tip of the conical pillars but also by some relevant
plastic deformation phenomena. Furthermore, since the
maximum stress is located in a section very close to the apex
of the pillars (as indicated by eqn (5) and by the stress distri-
bution in FEM in Fig. 5a), the fracture events could occur in
this region under the action of the bacteria and could be not
observed by SEM. Indeed, due to the presence of the bacteria
attached to the nanopillars, it was not possible to estimate the
height of the nanopillars under the bacteria with nanometric
accuracy. The possible fracture of the tip of the pillars, increas-
ing the area of the apex of the pillars could further decrease
the killing efficiency of the nanopatterned surfaces.

From our analysis, we concluded that the killing efficiency
of nanopatterned surfaces could be improved by optimizing
the mechanical properties of our single pillars. More specifi-
cally, by (i) increasing the elastic modulus of the material to
reduce the elastic deformation and improve the membrane
penetration capability, (ii) increasing the fracture strength
(6max) of the material to reduce eventual plastic deformation
and tip fracture phenomena, and (iii) optimizing the geometry
of the nanopillars, for example, by increasing the diameter of
the cone.

Nanoscale, 2020, 12, 21988-22001 | 21995
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The elastic modulus of the EBID-deposited structures could be
increased through several methods including changing the percen-
tage of the main components of the precursor gases: changing the
beam current and acceleration voltage,***® applying metal purifi-
cation techniques (e.g, introducing oxygen flux into the chamber
during the deposition’”*®), substrate annealing,” electron beam
curing, electron beam irradiation,® and laser-assisted purifi-
cation.® The abovementioned techniques may lead to higher
values of the elastic modulus for the deposited structure. Coating
the EBID-deposited structures with other stiff metals using atomic
layer deposition (ALD) or evaporation may be another approach to
obtain stiffer nanostructures*' with possibly higher values of the
killing efficiency.

The maximum stress could be increased by changing the
Pt/C ratio in the EBID-deposited structures. The abovemen-
tioned purification techniques could help in increasing the Pt
content in the final deposited structures, thereby adjusting the
maximum (failure) stress. Changing the beam current and
voltage is another way to change the composition of the
material and modulate the fracture stress.

The geometry of the cone could be easily changed by
varying the deposition factors, such as the overall dose, beam
energy, current, and defocus.’ Increasing the width of the
cones could increase the stiffness and reduce the risk of the
fracture of the tip of the cones. This could reduce the bending
of the nanopillars and improve their killing efficiency, similar
to what was observed by Linklater et al.>®> They compared the
killing efficiency of carbon nanotubes (CNTs) with the same
shape, diameter, and interspace, but with different heights
(i.e., 1 pm and 30 pm) against S. aureus. They concluded that
shorter CNTs have higher bactericidal efficiencies. This obser-
vation could be explained by the fact that for the same applied
force, shorter CNTs (higher stiffness) experience lower tip
deflections, which result in higher forces being exerted to the
bacterial cells. Therefore, changing the geometry of the nano-
structures, while remaining in the bactericidal and non-cyto-
toxic range, can be used to increase the interaction forces and,
thus, enhance the bactericidal efficiency of nanopatterned
surfaces.

Although the elastic modulus of the EBID-deposited nano-
structures considered in the current study is suitable for osteo-
blast cells, enlarging the patterned area to hundreds of
micrometers is a crucial step needed before studies with mam-
malian cells can be performed. One such method to scale up
the deposited area is using a multi-beam scanning electron
microscopy. This technique could increase the speed of the
process by up to several hundred times (e.g., by focusing 196
beams on the substrate).””

4. Experimental section
4.1. Sample preparation

@ For bacterial culture: Double-sided polished 4-inch (diameter:
10.16 cm) Si wafers (thickness 525 + 25 pm, p-type) were diced
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into 1 x 1 ecm” specimens (Disco Hi-Tec Europe GMbH,
Munich, Germany) and were cleaned with nitric acid.

® For mechanical experiments: An array of 13 x 13 circular
holes with a diameter of 10 pm were lithographically defined on the
surface of a Si specimen (with the same properties as mentioned in
the previous paragraph), so as to obtain a visible structure that
could be easily detected by SEM and the optical camera of the AFM
microscope. Towards that end, the Si substrate was spin-coated with
a photoresist (AZ5214, MicroChem Corp, Westborough, USA) at
4000 rpm, followed by a baking step for 1 min at 110 °C. Then, the
pattern was exposed through optical lithography (EVG620 mask
aligner, NY, USA) and developed using MF321 (Rohm Haas
Electronic Materials, UK). The previous steps were followed by
inductive coupled plasma reactive ion etching (ICP RIE) (Adixen,
AMS100 Bosch, r-speeder; parameters: SFs = 200 sccm, O, = 175
scem, ICP power = 2000 W, LP power 50 W, temperature = 0 °C) for
10 s to create the intended nanofeatures of black Si, outside of the
circular areas (Fig. 7a). The black Si nanofeatures were also used to
set the focus and stigmation during the EBID process. The EBID
nanostructures were then deposited inside the circles.

4.2. (Nano)pillar fabrication using EBID

A dual-beam system (Nova Nano Lab 650 Dual Beam, FEI,
Oregon, USA) combining SEM with EBID was used to fabricate
the (nano)pillars. Trimethyl(methylcyclopentadienyl)-platinum
(v) or MeCpPt(v)Me; was used as the precursor gas. The
equipment was operated using an acceleration voltage of 17.8
kv and a beam current of 0.60 nA at a working distance of
5 mm.

® For bacterial culture: Under the abovementioned con-
ditions, three areas of 20 x 20 pm® were covered by the nano-
pillars. The writing strategy was single dot exposure (ie.,
writing the nanopillars one by one), using the stream files gen-
erated by a MATLAB (MathWorks, US) code. A stream file was
designed to create the nanopillars with a square arrangement
with the approximate dimensions of 180 nm (height), 70 nm
(base diameter), and 170 nm (center-to-center spacing).

® For fracture force measurements: 11 rows of nanopillars
with 20 nanopillars in each row were deposited by using the
same conditions as the nanopillars deposited for the bacterial
culture. The expected height and diameter were 180 nm and
70 nm, respectively. The interspacing was increased to 340 nm
to prevent the neighboring nanopillars from affecting each
other during the measurements.

® For elastic modulus measurements: Using the graphical
user interface (GUI) accompanying the dual-beam system, a
point pitch of 5.43 nm, a pixel dwell time of 10 ps, and
different number of passes, we fabricated five pillars with
different diameters (i.e., 300, 500, 700, 1000, and 1300 nm),
while Z (the parameter of height in the GUI) was set to 20 pm,
as well as four pillars with different heights (corresponding to
Z=5,10, 15, and 20 pm) with a diameter of 1000 nm. The elec-
tron dosages applied to create the pillars with different heights
were 100, 200, 300, 400, and 500 nC pm™2, respectively. In the
case of the pillars with different diameters, the electron

dosage was kept constant at 400 nC pm™>.

This journal is © The Royal Society of Chemistry 2020
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4.3. Bacterial growth conditions

A Gram-positive bacterial strain (i.e., S. aureus strain RN0450,
BEI Resources, Virginia, USA) was used to investigate the bac-
tericidal activity of the nanopatterned surfaces. S. aureus was
grown on brain heart infusion (BHI) (Sigma-Aldrich, Missouri,
USA) agar plate at 37 °C. The pre-cultures of the bacteria were
prepared by inoculating 10 ml autoclaved BHI broth (Sigma-
Aldrich, Missouri, USA) with a single colony and cultivation at
140 rpm (kept at 37 °C). The bacterial cells were collected at
their logarithmic stage of growth and their optical density at a
wavelength of 600 nm (ODgg) in the medium solution was
adjusted to 0.1.

The nanopatterned specimens were immersed in 70%
ethanol and exposed to UV light for 20 min prior to the
addition of the bacterial culture. A sample containing three
nanopatterned areas was inoculated with 1 ml of bacterial sus-
pension in a 24-well plate (Cell Star, Germany). The sample
was then incubated at 37 °C for 18 h. Subsequently, the
adhered bacteria were fixated for SEM imaging using a fixation
solution containing 4% formaldehyde (Sigma-Aldrich,
Missouri, USA) and 1% glutaraldehyde (Sigma-Aldrich,
Missouri, USA) in 10 mM phosphate buffer. The samples were
then washed with MilliQ water and 50%, 70%, and 96%
ethanol, respectively, and eventually, soaked in hexamethyl-
disilazane (HMDS) (Sigma-Aldrich, Missouri, USA) for 30 min
and air-dried.

4.4. Morphological characterization of the nanopillars

The resulting nanopatterns were characterized by SEM at
different magnifications using a Nova Nano Lab 650 Dual
Beam system (FEI, Oregon, USA). The heights and base dia-
meters were measured using 52°-tilt SEM images. The center-
to-center spacing of the nanopillars was measured using top-
view images.

4.5. Quantification of the elastic modulus using AFM

The elastic modulus of the pillars was determined through the
AFM experiments performed in the quantitative imaging (QI)
mode and using an NM-TC probe (Bruker, Billerica, USA) with
a cantilever length of 125 um, a cantilever width of 30 pum, a
spring constant of 350 N m™', a resonant frequency of 750
kHz, a tip half angle of 45°, and a tip radius of 25 nm (all
nominal values) (Fig. 7c). The QI images of the pillars (128 x
128 pixels) were acquired. In the QI mode, a force-distance
curve was measured and recorded for each point of the
scanned area. The Hertz’s contact theory®® was used to calcu-
late, from those curves, the elastic modulus corresponding to
each scanned point and to obtain a quantitative map of the
elastic modulus.

The deflection sensitivity of the cantilever was calibrated
with the contact method, i.e., by acquiring a deflection vs. dis-
placement curve on a sapphire surface, resulting in a value of
21.33 nm V. Since the accurate estimation of the spring con-
stant of stiff probes cannot be obtained using the direct cali-
bration technique,®® we assumed the spring constant of the

This journal is © The Royal Society of Chemistry 2020
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probe to equal the nominal value and applied the relative
method of calibration to estimate the corresponding tip
radius.’”*® A fused-silica reference specimen with a nominal
elastic modulus of 72 GPa (test samples kit, Bruker, Billerica,
USA), which is relatively close to the elastic modulus of the
material of interest, was chosen as the reference material. The
tip radius was then adjusted to make the measured elastic
modulus of the reference sample equal to the nominal value at
an indentation depth of 5 nm. The Poisson’s ratio was set to
0.15 (as its nominal value). Under the mentioned condition, a
tip radius of 90 nm was found to result in an elastic modulus
of 71.13 GPa for the fused silica specimen. The experiment
was then conducted on the Si substrate containing the EBID
deposited pillars. A constant maximum force of 10 pN was
applied to each sample to achieve an indentation of at least
5 nm. A data processing program (JPK SPM, JPK instruments,
v6.1, Berlin, Germany) was then used to calculate the elastic
modulus of the EBID-deposited material at each point of the
scanned area and the same indentation depth of 5 nm as:**%°

4 .
Fapp = 5 E VRS (6)
where F,,, is the applied force, E* is the reduced elastic
modulus, R is the tip radius (calibrated on the reference speci-

men), and § is the indentation depth (=5 nm). The elastic
modulus of the pillars can be calculated by:

1 1-0

1 1= v6p”
E B,

Etip

7)

where vg and E; are the Poisson’s ratio and the elastic modulus
of the pillar, respectively. vy, is the Poisson’s ratio of the tip
and Eyp, is the elastic modulus of the tip. The second term of
the equation is considered negligible (i.e., Eg, > Es). v, is con-
sidered to be 0.3, which is the average of the Poisson’s ratios
reported for its main components (i.e., amorphous carbon and
platinum) (Upiacinum = 0.39°'-0.396, Vearbon = 0.12-0.25%).

To prevent the substrate from affecting the final results, the
indentation depth should be less than 10% of the pillar
height.®>®* In all of our experiments, the indentation depth
was 5 nm, which is <7% of the minimum height of the pillars.

The average and standard deviation of the results for each
pillar were calculated by extracting and fitting a Gaussian
curve to the histogram of the elastic modulus values in the
selected areas corresponding to the top of the pillars. The
homogeneity of the elastic properties of the pillars with
different diameters and heights were evaluated by comparing
the mean elastic modulus calculated for areas with different
sizes (with increasing distances from the center).

4.6. Quantification of fracture stress using contact mode
AFM

The fracture force of the nanopillars was measured using an
AFM (JPK Nanowizard 4, Berlin, Germany) operated in the
contact mode and using an SSRM-DIA probe (Bruker, USA)
(Fig. 7b left) with a cantilever length of 225 pm, a cantilever
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(a) A schematic representation of the process to create black Si on the surface of Si substrate, (b) Left: SEM images showing the top (top) and

cross-sectional front (bottom) views of the AFM tip used for the measurement of the fracture force and the maximum displacement of nanopillars.
Right: A schematic drawing of the top (top) and cross-sectional side (bottom) views of the AFM probe during the contact with the nanopillars. (c)
SEM images showing the top (top) and cross-sectional front (bottom) views of the AFM tip used to measure the elastic modulus.

width of 50 pm, a cantilever thickness of 5 um, and a spring
constant of 27 N m™?, as the nominal values. The line scan
rate used was 2 Hz. The tilt angle of the cantilever holder (¢ in
Fig. 7b, bottom right) was 10°. The calibration of the probe
was performed by using the thermal noise method,® resulting
in a spring constant (k.,) of 26.01 N m~" and a sensitivity (S,)
of 58.3 nm V.

The experiments were performed on 10 different nano-
pillars. The analyzed nanopillars were scanned several times
in contact mode, with increasing values of the applied force,
obtained by increasing the setpoint force (from 10 nN to 50
nN), until the visible rupture of the nanopillar was observed.
After each contact mode scan, the topography of the same
area was acquired in the QI mode, with a low setpoint force
(10 nN), so as to evaluate any possible changes in the mor-
phology of the nanopillars due to the previously applied
force.

The lateral force applied to the nanopillars was calculated
as reported elsewhere.”> The applied methodology is briefly
described below.

21998 | Nanoscale, 2020, 12, 21988-22001

Calculation of the fracture force. The fast and slow scan
directions were chosen along the x and y axes, respectively. As
a result, the contact between the probe and the nanopillar
occurs on one of the lateral faces on the front of the pyramidal
AFM tip (Fig. 7b, right). In this configuration, the force Fy
applied to the nanopillar is directed along the normal to the
plane of that face.

When interacting with the nanopillar, the AFM cantilever
can be described as a beam subjected to the combined action
of a point load and a bending moment at its free end. Using
the beam theory and applying the relevant geometry consider-
ations, Fy can be calculated:**

ke .d;

. 3 (hap + %) .
siny — stm pcosy

2 L (8)

FSetpoint + Fdeﬂm

. 3 (hp + 3
smy——( tip 2)

2 L

FN:

sin ffcos y
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where k. ,d, = Fsetpoint + Fdeflerr iS the measured vertical signal,
Ferpoint i the user-defined set point force, and Fyeq_err is the
additional force due to the deflection of the cantilever, which
can be retrieved from the deflection error image. f is the half
front angle of the base of the pyramidal probe (Fig. 7b, top
right), which, considering the cantilever tilted of an angle ¢,
was calculated as:

2
p= arctanL
lip cos @

7, which is the inclination angle of the sidewall of the pyrami-
dal tip, was calculated as:

y = arctan (L) s ﬂ) (9)

where the height of the AFM tip (hp), the length (Ip), and the
width (w/2) of the face of the AFM tip were measured through
SEM imaging of the probe and were found to be 5.47 pum,
5 um, and 5 pm, respectively (Fig. 7b, left).

The magnitude of the lateral component of the force
applied to the pillar can, therefore, be calculated as:

Flat = Fx cos(y) (10)

4.7. FEM model

A nonlinear finite element solver (Abaqus, 6.14) was used to
numerically simulate a 3D nanopillar with the same dimen-
sions as those used in our bacterial cell culture experiments
(i.e., a base diameter of 70 nm, a height of 180 nm, and a tip
diameter of 8 nm) (Fig. 5a). A linear elastic material model and
quadratic solid elements (C3D20) were used for all of the simu-
lations. The elastic modulus of the material varied between 1
and 40 GPa. The Poisson’s ratio was assumed to equal 0.3. To
apply the displacement-controlled boundary conditions, a
reference point was defined at the tip of the nanopillar, which
was kinematically coupled with the corresponding nodes of
the top surface of the nanopillar. The top surface of the nano-
pillar was free to rotate or move in all other directions. The
bottom surface of the nanopillar was clamped. The reaction
force was calculated at the reference point. A mesh conver-
gence study was performed by changing the minimum size of
the elements from 30 nm to 2 nm. The calculated values of the
maximum force varied <5% for the finest mesh. We, therefore,
selected the finest element size (i.e., 2 nm) for all of our sub-
sequent simulations.

The deflections of the nanopillars when in contact with
bacteria were measured using SEM images and were used to
back-calculate the interaction forces between the nanopillars
and the bacteria. In addition, the numerical simulations were
used to calculate the failure lateral force of the nanopillars as
the force needed to be applied to the apex of the pillar to
obtain the value of the failure stress measured by the contact
mode AFM method.

This journal is © The Royal Society of Chemistry 2020
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5. Conclusions

In summary, a quantitative study on the mechanical behavior
of EBID nanopillars interacting with bacterial cells was per-
formed. To achieve our objective, the challenging issue of the
mechanical characterization of single pillars at the nanoscale
had to be addressed. A new AFM-based approach was used to
measure the elastic modulus and the fracture stress of EBID
nanopillars. The elastic modulus of the nanopillars was deter-
mined by applying AFM force spectroscopy mechanical
mapping (QI mode) to larger structures deposited under
similar EBID conditions. Limited influence of the size was
observed on the elastic modulus measured on the different
studied structures and an elastic modulus of 17.7 + 1.5 GPa
was found for the nanopillars. AFM experiments performed in
the contact mode were conducted to push the EBID nano-
pillars beyond their fracture point. By measuring the applied
lateral fracture force and the height of the residue after failure,
we were able to determine the fracture stress of the analyzed
nanopillars, namely 3.0 + 0.3 GPa.

An FEM model was developed to calculate the interaction
force between the nanopillars and the cultured S. aureus bac-
teria and to determine the stress state of the nanopillars. The
interaction force between the nanopillars and bacteria was cal-
culated as 88.7 + 36.1 nN while the maximum von Mises stress
of the nanopillars was 3.16 GPa.

In addition to generating unique quantitative data on the
mechanical properties of single EBID nanopillars interacting
with S. aureus, the current study resulted in new potential
strategies for enhancing the bactericidal efficiency of nanopat-
terned surfaces, which have to do with the geometry and
mechanical properties of the nanopillars.
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