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The recently discovered bactericidal properties of nanostructures on wings of insects such as
cicadas and dragonflies have inspired the development of similar nanostructured surfaces for
antibacterial applications. Since most antibacterial applications require nanostructures covering a
considerable amount of area, a practical fabrication method needs to be cost-effective and scalable.
However, most reported nanofabrication methods require either expensive equipment or a high
temperature process, limiting cost efficiency and scalability. Here, we report a simple, fast, low-
cost, and scalable antibacterial surface nanofabrication methodology. Our method is based on
metal-assisted chemical etching that only requires etching a single crystal silicon substrate in a
mixture of silver nitrate and hydrofluoric acid for several minutes. We experimentally studied the
effects of etching time on the morphology of the silicon nanospikes and the bactericidal properties
of the resulting surface. We discovered that 6 minutes of etching results in a surface containing sili-
con nanospikes with optimal geometry. The bactericidal properties of the silicon nanospikes were
supported by bacterial plating results, fluorescence images, and scanning electron microscopy

images. Published by AIP Publishing. https://doi.org/10.1063/1.5003817

Antibacterial surfaces can limit bacterial growth and
inhibit infection and therefore are extremely useful in medical
implanted medical devices,l’2 sutures,3’4 contact lenses,5 and
other medical materials that require sterile surfaces. The com-
mon approach for producing an antibacterial surface is to coat
or functionalize the surface with a substance that kills bacteria
such as metals,6 chemicals,7_11 nanopa.lrticles,]z_14 and carbon
nanotubes,'® but the antibacterial surfaces prepared using this
approach often lose antibacterial function quickly and often
lead to the development of antibiotic properties in bacteria.
Recently, scientists discovered that natural surfaces such as
wings of insects'®!” and gecko skins'® could mechanically
kill bacteria by contact solely based on their physical surface
structures, showing an alternative strategy for preparing anti-
bacterial surfaces. Recently, several nanofabrication methods
have been demonstrated to fabricate these bio-inspired anti-
bacterial surfaces such as reactive ion etching,'® glancing
angle deposition,”® microwave plasma chemical vapor deposi-
tion,”! and alkaline hydrothermal etching,***® templating
from a nanoporous membrane.”* The first three methods
require expensive semiconductor equipment and a vacuum
environment. The hydrothermal method usually requires a
controlled temperature and pressure conditions and can
directly produce nanopatterns on titanium.>* It normally oper-
ates at a temperature above the boiling point of water to gen-
erate a saturated vapor pressure. The last templating method
requires a predefined nonporous membrane as a mold.

Here, we present fabrication of antibacterial surfaces using
the metal-assisted chemical etching method (MacEtch). ¢
MacEtch has been used in various applications such as
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photovoltaic cells,>’ ' light emitting diodes,** batteries,
superhydrophobic surfaces,®>™® and thermoelectric devices.
However, no work has been presented on using MacEtch for
fabricating antibacterial surfaces. In this paper, we demonstrate
the efficient killing of gram-negative bacteria Escherichia Coli
(E. Coli) using silicon nanospike surfaces fabricated by
MacEtch. Moreover, we studied how the etching time affects
the morphology of the silicon nanospikes and how the mor-
phology affects the bactericidal properties. We found that
6 min MacEtched silicon samples render the best bactericidal
property possibly due to the optimal average pitch between
nanospikes.

Figure 1(a) illustrates the mechanism of MacEtch that is
typically modeled as two steps.*® First, the reduction of Ag™
ions injects holes to oxidize silicon at the interface because
the electrochemical potential of Ag*/Ag is more positive
than the Fermi energy of the Si substrate. Ag nuclei are
formed and then grow into Ag nanoparticles as shown in
step (i) in Fig. 1(a). In the second step, the silicon oxide
formed at the interface is etched away by hydrofluoric acid
[step (ii) in Fig. 1(a)]. As these two steps alternate, the Ag-Si
interface propagates down into the silicon substrate forming
vertical silicon nanopillars or nanospikes. The final step is to
remove Ag dendrites, rendering pristine silicon nanospikes
[step (iii) in Fig. 1(a)].

In MacEtch, a mixture of 20 mM silver nitrate and 5M
hydrofluoric was used as etchants.”® First, a single crystal sil-
icon with the (100) crystal direction was first dipped into
Piranha solution for 30 min at 100 °C to remove organic con-
taminants. Then, we dipped the silicon sample into etchants
for MacEtch. Finally, silver nanoparticles deposited on the
silicon sample during MacEtch were removed by a mixture

Published by AIP Publishing.
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FIG. 1. (a) Schematics showing the
mechanism of MacEtch: (i) Ag" ions
form silver dendrites on the silicon sur-
face; (ii) silicon underneath the silver
dendrites is oxidized and etched by
hydrofluoric acid; (ii) remove Ag
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of ammonium hydroxide and hydrogen peroxide with a 3:1
volume ratio to render pristine silicon nanospikes.

After MacEtch, silicon nanospikes were examined in a
scanning electron microscope (SEM). Figure 1(b) shows an
SEM image of a typical silicon nanospike surface prepared
by 6 min MacEtch, wherein randomly distributed nanospikes
are clearly seen. Figure 1(c) shows measured heights of sili-
con nanospikes prepared by different etching durations rang-
ing from 2.5 min to 60 min, exhibiting a linear dependence.
To test the bactericidal activity of the silicon nanospike sur-
faces meaning how efficiently the silicon nanospikes sample
can kill bacteria in a liquid suspension, a protocol as illus-
trated in Fig. S1 (supplementary material) was used. See sup-
plementary material for details.

Many parameters of nanostructures can affect antibacte-
rial properties such as the size, shape, density, rigidity, and
surface chemistry.*® Among all the factors, three crucial
parameters of the nanospike topography determine the bacte-
ricidal efficiency: the diameter of the spikes, the spacing
between the spikes, and the height of the spikes. The diameter
of the nanospikes produced by MacEtch is generally intrinsic
to the process and is normally distributed between 20 and
300nm with an average diameter of around 100 nm,*' agree-
ing well with nanospikes found on wings of Cicadas. The
height of the spikes can be easily controlled by adjusting the
etching durations (biology nanospikes 200nm to 1 um). The
pitch between the silicon nanospikes remains much less stud-
ied since most applications of MacEtch use dense nanowire
geometry for light trapping in photovoltaic applications.*®

We experimentally studied the pitch dependence on the
etching durations. We discovered that 6 min MacEtch pro-
duced silicon nanospike geometry most similar to the biolog-
ical nanospikes in dragonfly in terms of both the height and
pitch. 3 samples prepared at 2.5, 6, and 10 min of MacEtch
were examined in SEM as shown in Fig. 2. The left column
of images was taken at 30 000x magnification, and the right
columns were taken at 100000x magnification, providing
more detailed morphologies. ImageJ was used to derive the

T
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T T T T
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average pitch of spikes and the height from 20 random meas-
urements based on captured SEM images. At 2.5min of
MacEtch as shown in Figs. 2(a) and 2(b), a large portion of
the silicon surface is not yet etched into the nanospike mor-
phology. As a result, spikes are formed in a low density with
the average pitch between spikes measured to be around
400 nm. As etching time increases to 6 min as shown in Figs.
2(c) and 2(d), more nanospikes are formed, and spike density
increases. As a result, the average pitch between spikes
decreases to about 220nm. As etching time increases to
10 min as shown in Figs. 2(e) and 2(f), nanospikes are more
than 2 um tall and more likely to form spike bundles due to
capillary force during sample drying.**** As a result of bun-
dle formation, the average pitch increases to about 800 nm.

Figure 3 shows the bactericidal test result of three
MacEtch samples and a smooth silicon control sample. The
control sample results in the maximum number of surviving
bacteria since it lacks the antibacterial properties. The num-
ber of survived bacteria for the control increases at 3 and
24 h due to remaining nutrients and starts to decrease at 30 h
incubation time due to the depletion of available nutrients as
also seen in other bactericidal test reports.'® The 2.5 min
MacEtched sample shows similar trends to the control and
has a similar amount of colony forming units (CFUs), indi-
cating a non-efficient bacteria killing. In contrast, we do not
observe this trend for the 6 min etch and 10 min etch, where
the CFU remains constant and lower than control, even when
considering the error bars. The 6 min sample remains mostly
with the lowest CFU. While all three nanospike samples
show significant antibacterial function at 24 h, only the 6 min
MacEtch sample still shows significant antibacterial function
at both 24 and 30h. 2.5 and 10 min samples exhibit less bac-
tericidal properties than the 6 min sample as manifested by
the much larger bacteria population.

To understand the data quantitatively, we employed a
quasi-chemical kinetics model**** widely used for studying
cell/bacteria growth and death to fit our data. We found that
the comparative death rate of E. Coli on the 6 min sample is
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two times higher than that of the control sample, further indi-
cating that the silicon nanospikes fabricated by 6min
MacEtch exhibit bactericidal properties. See supplementary
material for details of modeling.

The reason for 2.5 and 10minute nanospike samples
showing less bactericidal properties might be that the nano-
spike pitch, defined as center to center distance, is so large
that bacteria can sink down between the nanospikes and
adhere to the remaining smooth surfaces for survival. There
exists an optimal pitch of nanospikes so that bacteria cannot
sink down to smooth surfaces between the nanospikes but
rather remain on top of them. Also, the bacteria also have
limited contact sites when sitting on the nanospike surface.
In this situation, large mechanical stresses induce cell
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FIG. 3. E. Coli bacterial growth is reduced in the presence of 6min
MacEtch samples. Culture samples were plated and colonies were quantified
at 0, 3, 24, and 30h. The plot shows the number of colony forming units
(CFU)/mL in culture. *p < 0.05 and ***p < 0.005.
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2.5 min
MacEtched

H=340nm
Pitch=400nm

6 min
MacEtched
H=1.1 um
Pitch=220 nm

FIG. 2. SEM images of silicon nano-
spikes formed by MacEtch at 2.5, 6,
and 10 min.

10 min
MacEtched

H=2.4 uym
Pitch=800 nm

deformation and eventually cause fatal damage to the bacte-
ria. We believe that this is the case for the 6 min MacEtch
sample. This 220nm pitch also agrees well with the
130-380nm range reported by antibacterial studies using
nanopatterned polymer surfaces*® and the 170nm pitch of
nanopillars on wings of Cicada.'®

After the bactericidal test, we took the control sample
and the 6 min MacEtch sample out of the bacteria suspension
and let them dry out in air for 24 h. Then, we coat the two
samples with the Snm thick Ti/Pd film and imaged them
under a SEM. The standard cell fixation protocol might be
the ideal protocol, but here, air drying is the simplest method
without further manipulating the bacteria on the sample for
imaging. The fact that we obtained good-quality SEM
images of bacteria clearly showing the difference between
the survived bacterium and the killed bacterium indicates
that this method is sufficient for qualitatively showing the
difference.

Figure 4(a) shows a typical surviving bacterium on the
smooth silicon sample, showing one bacterium that has just
finished duplicating while maintaining its rod-shape, indicat-
ing being alive on the smooth silicon sample. Figure 4(b)
shows several bacteria killed by the 6 min silicon nanospike
sample where bacteria have lost their rod-shape as their cell
membranes are ruptured.

Figures 5(a) and 5(b) show an example of a fluorescence
image of the stained bacterial suspension incubated 6 h in the
presence of the smooth silicon control and the 6min
MacEtch sample, respectively. Living bacteria are tagged
with only the green SYTO 9 dye, while non-viable cells are
tagged with both SYTO 9 and the red propidium iodide stain.
Less live bacteria and less dead bacteria are observed in sus-
pension incubated with the nanospike sample compared to
that incubated with the control sample, further proving the
bactericidal property of the silicon nanospikes. Figure 5(c)
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Bacteria survived on the
smooth silicon control sample

plots the average counts of live bacteria and total bacteria
(both live and dead) observed under a fluorescence micro-
scope for 10 random images. Bacterial suspension incubated
with the silicon nanospike sample has many less live and
dead bacteria. We speculate that this phenomenon is due to
more attached bacteria getting killed on the nanospikes and
many dead bacteria with disrupted membranes that are not
visible under the fluorescence microscope.

The produced silicon nanospikes can be used in two
strategies. One strategy is to employ a controlled spalling
process®’ that peels off a thin film of silicon containing nano-
spikes off the substrate. The peeled thin film can be flexible
and mounted on non-flat surfaces requiring antibacterial
functions. The silicon material offers the advantages of easy
integration with electronics, and therefore, more advanced

Smooth Silicon Control

(a)

Nanospike

181 [ Smooth Silicon Control .
1__] Nanospike 1

Average Bacteria Counts
©

Live Cells Total Cells

FIG. 5. Fluorescence image of E. coli bacteria samples incubated with (a) a
smooth silicon control sample and (b) a 6 min MacEtched nanospike sample.
(c) The average live bacteria counts and total bacteria counts after incubation
with either a smooth or spiked silicon sample across 10 fluorescence images.
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Bacteria killed on the
silicon nanospike sa

mple

|

FIG. 4. Scanning electron microscopic
image of E. coli on a 6 min MacEtch
sample surface.

functions such as a smart implant device with antibacterial
surfaces can be achieved. Moreover, biocompatible materials
such as titanium can be coated on top of the silicon nano-
structures if bio-compatibility is a concern. The other strat-
egy is to use the nanostructured silicon surface as a mold to
replicate twice, rendering bio-compatible polymer or a plas-
tic material with similar nanostructures for mass-producing
antibacterial surfaces.

We present a low-cost and scalable approach for fabri-
cating bio-inspired antibacterial surfaces using MacEtch. We
identified the optimal condition of 6 min MacEtch to form
the silicon nanospike surface with an average pitch of
220 nm and a tip radius averaged around 100 nm. The 6 min
MacEtched nanospike surface can reduce bacterial popula-
tion by more than half in just 3 h and reduce by more than 3
times the population in 24 h and up to 30 h. Due to its sim-
plicity, low-cost, and scalability, this MacEtch approach is a
promising candidate for mass-producing antibacterial
surfaces.

See supplementary material for the bactericidal test pro-
tocol, the quasi-chemical kinetics model for the cell growth/
death with the antibacterial surface, and the fluorescence tag-
ging protocol.

This work was supported by internal IBM research
funding. The authors thank Dr. Vikhram Swaminathan for
help with the metal-assisted chemical etching experimental
design.
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