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ABSTRACT: Control over particle self-assembly is a prerequisite for the colloidal templating of lithographical etching masks to
define nanostructures. This work integrates and combines for the first time bottom-up and top-down approaches, namely,
particle self-assembly at liquid−liquid interfaces and metal-assisted chemical etching, to generate vertically aligned silicon
nanowire (VA-SiNW) arrays and, alternatively, arrays of nanoscale pores in a silicon wafer. Of particular importance, and in
contrast to current techniques, including conventional colloidal lithography, this approach provides excellent control over the
nanowire or pore etching site locations and decouples nanowire or pore diameter and spacing. The spacing between pores or
nanowires is tuned by adjusting the specific area of the particles at the liquid−liquid interface before deposition. Hence, the
process enables fast and low-cost fabrication of ordered nanostructures in silicon and can be easily scaled up. We demonstrate
that the fabricated VA-SiNW arrays can be used as in vitro transfection platforms for transfecting human primary cells.
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1. INTRODUCTION

Over the past decade, progress in lithography and fabrication
tools has enabled the production of nanomaterials with well-
defined architectures.1,2 Among the range of explored nano-
material structures, vertically aligned silicon nanowire (VA-
SiNW) arrays constitute a prime example, where the presence
of controlled nanoscale topography holds the key to a large
range of diverse applications, from multispectral imaging3 to the
development of nano-biocellular interfaces.4 In all cases, control
of the geometrical parameters of the nanowires (NWs) holds
the key to their successful application and integration in
devices.5−7 For the specific case of cell−nanotopography
interactions, VA-SiNW arrays have proven to play a central
role in controlling cellular function and behavior based on the
geometry of the NWs.8 Particularly, engineered VA-SiNW
arrays have shown their potential to serve as an effective
transfection platform for gene delivery through mechanical
transfection via the NWs8,10.9 Very recently, significant
developments have occurred in regards to the integration of
porous and degradable VA-SiNW arrays fabricated by metal-
assisted chemical etching (MACE), for instance, demonstrating

sustained neovascularization in muscle tissue via intradermal
delivery10 and live intracellular sensing of pH.11 Taken
together, these pioneering studies have significantly advanced
the use of VA-SiNWs to create smart and functional NW−cell
interfaces. This research has generated a strong demand for
efficient and cost-effective routes to fabricate VA-SiNW arrays.
In parallel, arrays of nanoscale pores on Si are attractive for a

variety of applications, including solar cells,12,13 Li-ion
batteries,14 biosensors,15 templates for polymer replica
molding,16 enzyme nanoreactors1 for the detection of small
molecules via surface-assisted laser desorption/ionization, mass
spectrometry,17 and for the fabrication of antireflective surfaces.
Similarly to the case of the VA-SiNWs, the geometrical
parameters of the pore arrays, that is, their diameter and
spacing, are also crucial to determine their functionality and
performance.1
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Arrays of VA-NWs or pore arrays can be generated by several
fabrication methods, including bottom-up epitaxy-based
vapor−liquid−solid (VLS) growth,18 metal−organic vapor-
phase epitaxy (MOVPE),19 and top-down approaches such as
reactive-ion etching (RIE),20 ion- or e-beam lithography,20 and
MACE.21 Each of these fabrication processes has drawbacks
and limitations: VLS growth requires specific Si substrates,
employs expensive setups to handle hazardous silane gases at
high temperatures, and is generally restricted to circular-shaped
gold catalysts.22 Additionally, the limited ability to control
positioning, orientation, and density of VLS-generated NWs in
arrays renders studies of NW−cell interactions of little use.8

RIE only achieves a limited NW aspect ratio, and, most
importantly, the high cost and poor accessibility of these
fabrication processes restrict their use to a few laboratories.
Sequential fabrication by means of ion or e-beam lithography
affords high accuracy, but at the expense of speed, scale, and
cost-effectiveness.
Combining conventional colloidal/nanosphere lithography

(NSL) and MACE, large areas of arrays can be produced
cheaply and in parallel, but sacrificing flexibility and control
over the geometrical parameters of the pattern. In fact, in NSL-
based patterning, monolayers of nanoparticles are used to
produce lithography masks. There are several ways to deposit
the particles, either directly from solution,23 via spin-coating,24

controlled evaporation,25 or by means of convective assem-
bly26,27 and electrophoretic deposition.28,29 The main limitation
of NSL is that, using the conventional approaches described
above, typically close-packed arrays of particles are formed on
the substrates or in arrays where the interparticle separation is
significantly smaller than the particle size. Alternatives exist,
where the interparticle distance can be increased by etching the
deposited colloids, for example, in an oxygen plasma.30,31

Nevertheless, feature size and separation are not independently
controlled but are linked by the initial particle size.
Furthermore, there are limitations in the shrinking ratio, before
the morphology of the etched particles start to deviate
uncontrollably from the spherical shape.
In this work, we show that these limitations can be overcome

by using self-assembly at liquid−liquid interfaces (SALI)
deposition. This strategy enables the production of tunable
nonclose packed (ncp) particle arrays, exploiting nanoparticle
trapping at a fluid interface, combined with the harnessing of
long-ranged electrostatic repulsion between nanoparticles
within the interface plane.32 Here, separation and feature size
are independently tuned, where the former is controlled by
adjusting the specific area per particle at the interface and the
latter is fixed by the particle size. After deposition, the
nanoparticle arrays are used as masks for MACE. Our
alternative strategy enables the fabrication of nanopatterns in
silicon combining the flexibility of SALI with the etching
selectivity and simplicity of MACE. We demonstrate the use of
this process to produce arrays of VA-SiNW and, alternatively,
arrays of nanoscale pores in a silicon wafer. This combined
approach allows facile control over the etching sites, where,
critically, the spacing and the diameter of the SiNW or pore
elements are independently controlled. We furthermore
demonstrate that the VA-SiNW arrays are an effective platform
for gene delivery to primary human cells.

2. EXPERIMENTAL SECTION
Preparation of Si Wafers. Prior to the amidine polystyrene latex

(A-PS, Life Techologies, USA) deposition, flat silicon wafers (p-type,

3−6 Ω cm and 10−20 mΩ cm, ⟨100⟩) were cut into roughly 1 × 1
cm2 pieces, cleaned by sonication in acetone and isopropanol, washed
with deionized water (Millipore), and then blow-dried with a nitrogen
jet stream. This was followed by UV−ozone cleaning for 2 min to
remove organic contaminants and to render the silicon substrates
hydrophilic.

Liquid−Liquid Interface Deposition. A 50 mL polypropylene
centrifuge tube was filled with 40 mL of Milli-Q water. The wafer was
lowered into the water on a holder with an angle of 30°, and 7 mL of
hexane (≥95%) was added carefully on top. A needle connected to a
peristaltic pump containing 0.02−0.08% solution of A-PS (0.5, 0.2, 0.1
μm diameter) in a 60:40 mixture of Milli-Q water/2-propanol was
inserted into the centrifuge tube, and the tip of the needle was
positioned at the interface between the hexane and water. The solution
was then injected at a speed of 0.5 μL/s to a specified volume, and the
needle was withdrawn. The A-PS at the interface rearranged into open
crystals, due to the long-range electrostatic repulsions between them.
Next, the wafer was extracted at 25 μm/s through the water−hexane
interface and subsequently the hexane−air interface. To ensure
transfer of the interfacial crystalline pattern, the speed of extraction
was controlled to be equal to (or lower than) the rate of hexane
evaporation to prevent a drying meniscus forming across the sample,
which can lead to particle rearrangement.

Preparation of VA-SiNW Arrays. Samples prepared by SALI
deposition were inserted into a standard direct current (DC)
magnetron sputtering system (JEOL, JFC-1300, Japan). The
sputtering was performed for 80 s using an argon pressure of 0.08
mbar and a 30 mA discharge current to deposit gold films with
thicknesses of 30−50 nm. All etching solutions were prepared with HF
concentrations of 4.8 and 0.1 M H2O2 in Milli-Q water. Reactions
were conducted in a standard Teflon container at room temperature
for different times to achieve the desired SiNW length. The A-PS were
then removed by sonication in Milli-Q water for 20 s.

Preparation of the Submicron Pore Arrays. Gold layers with
thicknesses of 30−50 nm were sputtered (JEOL, JFC-1300, Japan) for
80 s at 0.08 mbar of argon pressure and 30 mA of discharge current.
Deposition (SALI): the same procedure as above was used, employing
only the 0.5 μm diameter A-PS particles. The gold-coated silicon
samples with the ncp A-PS monolayer assembled on top was fixed on a
2-in. copper disc holder using carbon tape. The copper holder was
then mounted on the DC sputter head (cathode), acting as a target for
the argon ions. The chamber was pumped to about 0.1 mbar and
flushed with argon to remove adsorbed gas contaminants. When the
argon gas reached the operation pressure (0.08 mbar), the sputtering
process started at a discharge current of 20 mA and continued for a
duration of 20 s. The A-PS particles were peeled off using an adhesive
tape. The etching solutions were prepared with HF concentrations of
4.8 and 0.1 M H2O2. The reactions were conducted at room
temperature for 12 min. During the etching process the reaction
vessels were knocked at regular intervals to remove the hydrogen
bubbles generated on the silicon sample during the MACE process, as
they may negatively impact the orientation of the etched pores. After
etching, the samples were thoroughly washed with deionized water
and dried with nitrogen.

Cell Culture. Human dental pulp mesenchymal stem cells
(hDPSC) were grown and maintained at 37 °C with 5% CO2 in
Dulbecco's modified eagle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin,
and 100 μg/mL streptomycin, for 2−3 d until they were 70−80%
confluent. After trypsinization, cells were seeded at a density of 5 × 104

cells/mL in complete DMEM onto the substrates.
Cell Transfection. Cells were cultured in DMEM medium

supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin,
and 100 μg/mL streptomycin, then incubated at 37 °C in a fully
humidified atmosphere with 5% CO2, and the medium was exchanged
twice a week. The adherent cells were detached and harvested by using
a 0.05% trypsin/ethylenediaminetetraacetic acid solution treatment.
Serial passaging (1:3 split) at 70−80% confluency was performed. To
transfect gWIZ GFP plasmid into hDPSC cells, we placed the VA-NW
substrates in a 24-well sterile format. The substrates were then
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sterilized in 70% ethanol and were allowed to dry at room temperature
for 2 h in a laminar flow cabinet. Following this, the substrates were
coated with poly-D-lysine at concentration of 167 μg/L and incubated
at 4 °C for 4 h, followed by washing step with phosphate-buffered
saline (PBS). gWIZ GFP plasmid was diluted to 20 μg/mL in PBS,
and 100 μL of this solution was added per well on top of the substrate.
The substrates were then incubated at 4 °C overnight, and unbound
plasmid was washed with PBS. Cells were seeded at density of 5 × 104

cells/mL in Opti-MEM onto the substrates. The samples were then
incubated for 4−6 h at 37 °C in a humidified atmosphere with 5%
CO2. Subsequently, the Opti-MEM medium was replaced with regular
medium containing DMEM, FBS 10% and incubated at 37 °C for 48−
72 h.
The cells for Lipofectamine transfection were seeded at a density of

5 × 104 cells/mL in complete DMEM onto the sterile flat silicon
wafers in a 24-well sterile format at 37 °C and 5% CO2. After 1 d of
incubation, 20 μL of Lipofectamine 2000 and 20 μg of gWIZ GFP
plasmid were both diluted in separate microfuge tubes filled with 500
μL of Opti-MEM. After 5 min the solutions were combined and mixed
by pipetting up and down once. The mixture was incubated at room
temperature for 20 min, dropwise added to the cells, and mixed by
swirling the plate. After 6 h of incubation at 37 °C and 5% CO2,
medium was replaced with fresh complete medium containing
DMEM, FBS 10% and incubated at 37 °C for 72 h.
Determination of Transfection Efficiency. To assess the

efficiency of delivery of eGFP reporter gene, the fraction of cells
exhibiting green fluorescence was determined after 60 h of incubation.
SiNW diameter: 400 nm, average heights and spacing of 1.2 and 1.3
μm, respectively. hDPSCs counted: 22, transfection efficiency: 77%.
Scanning Electron Microscopy Imaging. SEM imaging was

performed using three types of instruments, namely, a Zeiss LEO
1350, a Quanta 450 FEG Environmental SEM (FEI, Netherlands), and
a FEI Quanta 400F scanning electron microscope (FEI Europe,
Eindhoven).
Optical Imaging. Optical images of the deposited A-PS particle

arrays where acquired in reflection mode at 50× and 100×
magnification with an upright Zeiss Axioscope 2 optical microscope.
Confocal Imaging. The cell samples were washed with PBS and

then fixed in a solution of 4% paraformaldehyde in PBS (pH = 7.4) for
10 min, followed by permeabilization in PBS-0.25% Triton X-100 for 5
min at room temperature. After they were washed at room
temperature in PBS three times for 5 min each, cell nuclei were
stained with Hoechst 33342 at a final concentration of 2 μg/mL for 10
min at room temperature. Confocal imaging was performed using a

Nikon A1R confocal laser scanning microscope system in V1−07A.
GFP and Hoechst 33342 fluorescence were excited using the 488 nm
argon laser line and the 405 nm laser, respectively. The fixed hDPSC
were analyzed determined using the Nikon NIS-Elements software
provided by the manufacturer.

Image Processing and Analysis. Fluorescence microscopy
images were statistically analyzed by Wimasis Image Analysis. Optical
and SEM images were processed and analyzed with ImageJ and with
custom particle location software written in Interactive Data Language
(IDL, ITT Visual Information Solutions). The contrast and the
brightness were not varied from the original images.

3. RESULTS AND DISCUSSION

A combination of SALI and MACE was used to fabricate
ordered VA-SiNW and nanoscale pore arrays. This process
involves several distinct steps, summarized in Scheme 1. A
distinct feature of the process is that the mask is produced in
the same way to obtain both final nanostructures, and only the
subsequent etching steps differ. Fabrication began with the
formation of ncp colloidal arrays at a water/n-hexane interface
exploiting SALI. Controlled volumes of the particle suspensions
were injected directly at the interface using a water/isopropanol
spreading solution and a microsyringe connected to a peristaltic
pump. Electrostatic repulsive interactions (dipole−dipole) at
the interface are responsible for the formation of ncp arrays,33

while the particles stay confined within the interface plane due
to strong vertical trapping34 (Scheme 1 upper (a)). The
patterns were then successfully transferred onto a solid
substrate by lifting the latter through the interface using a
linear motion drive32 (Scheme 1 upper b,c). SALI has been
used for deposition of particles with sizes ranging from 40 nm
to several microns, but the use of large colloids requires more
complex and delicate drying procedures to prevent particle
aggregation35 compared to the simple lift-off presented here.
The deposition was performed either on bare low-resistivity
silicon wafers or on wafers coated by a thin layer of gold. In the
first case, the nanoparticle arrays were used as masks for the
fabrication of Si-NW arrays (Route 1); in the other case, arrays
of nanoscale pores were fabricated (Route 2). More details on

Scheme 1. Schematic Describing the Fabrication Processa

aThe top row indicates the steps for the SALI deposition of tunable colloidal lithography masks using SALI. The route 1 and route 2 bottom rows
describe the two different fabrication routes to obtain arrays of SiNWs or nanoscale pores, respectively. (upper) (a) Self-assembly of amidine latex
polystyrene particles at the water/n-hexane interface. Electrostatic repulsion between the particles at the interface generates ncp particle arrays. (b, c)
The particles are deposited onto a solid substrate through lift-off at controlled velocity. Route 1 NW fabrication: (1a,b) The nanoparticle array is
coated by a thin gold layer and the particles provide masking for MACE. (1c) MACE produces arrays of VA-SiNWs (after removal of the gold layer).
The process selectively etches the underlying silicon wafer around the deposited particles, leading to the formation of NW arrays. Route 2 Nanopore
fabrication: (2a) Silicon wafers are coated with an Au-layer. (2b) The colloidal particles are deposited from the water/n-hexane interface onto the
Au-coated silicon wafer. (2c) Metal disk arrays are produced after sputter-etching and subsequent lift-off of particles. In this case, the colloids act as
masks for the sputter-etching. (2d) Ncp arrays of submicron pores etched into silicon via MACE of the gold disks.
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the experimental procedures are found in the Supporting
Information and in the Experimental Section.
In this work, we used SALI to deposit amidine polystyrene

latex (A-PS) particles of three different diameters 100, 200, and
500 nm at a controlled area density at the interface, tuned by
the injected volume. Figure 1a−c shows the resulting patterns
for particles of these three diameters at the same surface
coverage on a silicon wafer. For 500 and 200 nm diameter
particles, the deposition led to the formation of polycrystalline
monolayers with local hexagonal ordering, as visible in the
radial distribution functions of Figure 1d. In the case of the 100
nm diameter particles, at this surface coverage, the electrostatic

interactions were too weak to induce local crystallization;
however, a defined nearest neighbor distance was still present,
and electrostatic repulsion prevented aggregation of the
particles at the interface. Hence, the surface coverage of the
features was still well-defined and controlled over large areas,
even in the absence of long-range order. In addition, the
interparticle spacing in the arrays could be adjusted by tuning
the number of particles injected at the interface.
Figure 2 shows a series of optical images of 500 nm diameter

particles of increasing surface coverage. The diameter of the
deposited particles determines the diameter of the nanowires/
pores, and their separation is controllable by simply adjusting

Figure 1. SALI particle deposition. Micrographs of SALI particle depositions of (a-SEM) 100, (b-SEM) 200, and (c-Optical) 500 nm diameter
amidine latex nanoparticles (A-PS) deposited on Si at the same surface coverage. (d) Corresponding particle radial distribution functions g(r). Red
curve: 100 nm diameter A-PS, green: 200 nm, blue: 500 nm. The position of the first peak indicates the average interparticle spacing. For the 100 nm
diameter particles only the nearest neighbors ordering is visible. (inset) g(r) vs distance normalized by particle diameter, highlighting that in all
images there is an ∼5 particle diameter separation between the particles.

Figure 2. Optical images of 500 nm amidine polystyrene latex particles of increasing surface coverage (controlled by injection volume) deposited
onto a 1 × 1 cm2 Si wafer after SALI at the water/n-hexane interface.
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the volume of injected particles into a sample cell with fixed
cross section. Figure S1 shows that the interparticle separation
correlates with the injected suspension volume.
The deposited particle monolayer (Scheme 1a) was then

used as a direct mask for the deposition of a gold layer by
sputter-coating on top of the particle arrays, Scheme 1b, Figure
3a. The Au layer was used as a catalyst material for the
fabrication of ordered arrays of VA-SiNW with controlled

diameter, length, and spacing via MACE, Scheme 1c. Figure
3b,c shows top and cross-section view SEM images of SiNW
arrays with the following average NW dimensions: diameter
510 nm, length 1.1 μm, spacing 2.1 μm. Finally, the particles
residing on top of the array were lifted off by means of a short
sonication step, Figure S2. The process yielded VA-SiNW
arrays that replicated the lateral geometry of the particle mask.
Note that the MACE process introduces porosity in the

Figure 3. Fabrication of VA-SiNW arrays using SALI and MACE. (a) 500 nm amidine latex polystyrene particles were assembled on a Si wafer
creating an ncp monolayer (SEM image). The array was used as a mask for the deposition of a Au layer by sputter-coating. (b) Representative SEM
image showing a top view of VA-SiNW arrays obtained by MACE. (c) The corresponding cross-section SEM image. The red circle outlines an
example of colloidal particles that are still visible on top of the NWs. Average NW dimensions: center-to-center separation = 2.1 ± 0.2 μm, diameter
= 510 ± 20 nm, and length = 1.16 ± 0.2 μm.

Figure 4. Nanoscale pore array fabrication process. (a) Patterns (ncp) of A-PS particles (500 nm) assembled on a gold-coated silicon wafer. (b)
SEM image of metal disc array after sputter etching process and (c) subsequent removal of the remaining PS particles. (d) Array of pores etched (1.8
μm average depth) into silicon via MACE using Au disk array as catalysts. Scale bars represent 2 μm (a, b) and 1 μm (c, d).
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crystalline silicon within the nanowires and underneath them,
as can be seen in Figure 3c.
Using the approach presented here, the SiNW diameter is

solely dictated by the initial particle size. The SiNW length is
independently controlled by the etching time, and the spacing
in the array is determined by the electrostatic interactions
between the particles and the number (volume) of the particles
inserted at the water/n-hexane interface. All of these parameters
are independent from each other and enable a fully flexible
nanofabrication route.
The versatility of our combined fabrication strategy is

effectively demonstrated by extending it to the production of
nanoscale pore arrays, Figure 4. In contrast to other studies that
reported the fabrication of pore arrays via convective assembly1

and spin-coating techniques,36 which require additional
processing steps, the deposition of the nanoparticle patterns
onto gold-coated silicon wafers offers a simpler and more
effective route (Scheme 1, Route 2). Figure 4a shows a
monolayer of 500 nm diameter particles on a wafer coated with
30 nm of Au; this is followed by sputter-etching of the gold
using the particles as a direct mask, and the subsequent removal
of the remaining particles for the formation of Au disk arrays
(Figure 4b,c). The sputter-etching process induces etching of
the gold around the particles. Finally, the Au disk arrays were
used as catalysts in MACE process to produce pore arrays
where the individual pore elements are straight and
perpendicular to the silicon wafer. The average pore diameter
is 500 nm, and average pore depth is 1.8 μm. In our previous
work, we demonstrated the feasibility of fine-tuning the
geometrical parameters of the dense pore arrays prepared
using a combination of conventional NSL and MACE.1 Here,
we show that using SALI deposition sparser arrays can be
produced, which, for instance, can find use in biosensing
platforms to avoid cross-talk between different sensing
hotspots.37

We finally demonstrate an application of the VA-SiNW
arrays produced by our combined approach in cell transfection
studies. We tested the feasibility of our VA-SiNW arrays as an
in vitro platform for transfecting primary human dental pulp
stem cells (hDPSC). This primary cell type is known to be
responsive to nanotopographical cues and is hard to transfect
by conventional methods.38,39

The fluorescence microscopy images in Figure 5a,b show
transfected hDPSC cells with an average transfection efficacy of
77%. The SiNW arrays were first coated with poly-D-lysine
(PDL). gWizTM high-expression enhanced green fluorescent
protein vector (gWizTM eGFP) was employed as a reporter

gene for successful plasmid DNA transfection. In Figure 5c, the
array of VA-SiNWs (NW average dimensions of 400 nm
diameter, 1.2 μm height, and 1.3 μm spacing) is shown that was
used for this investigation.
This result was achieved with a VA-SiNW array without

optimization of the NW array geometry (density, height, and
diameter). For comparison, we transfected hDPSC with the
cationic liposome Lipofectamine 2000 using the same plasmid
and achieved 76% transfection efficiency. This preliminary
result confirms the feasibility of using VA-SiNWs arrays to
mediate cell transfection. A systematic study is currently in
progress to assess how the SALI-produced VA-SiNW array
geometry influences cell transfection.

4. CONCLUSION

Our results demonstrate assembly of polystyrene nanospheres
into an ncp monolayer, producing a lithographical etching mask
to grow NW and pore arrays of controlled diameter and
spacing through MACE. Critically this technique decouples the
parameters of NW and pore-element spacing and diameter,
extending the combinatorial space of NW and pore geometry
that can be fabricated. Arrays of VA-SiNW were prepared using
the ncp arrays as masks during gold deposition on silicon
followed by MACE. In contrast, arrays of Au disks were
prepared, after SALI deposition on a Au-coated silicon wafer
followed by sputter etching and removal of the A-PS particles.
The Au disks then served as catalysts in MACE, generating
nanoscale pores perpendicular to the silicon wafer. The results
of our fabrication strategy will enable the screening of a large
range of topographical parameters in studies using Si-NWs as
platforms for cell transfection, a direction yet to be explored.
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A-PS, amidine polystyrene latex
pDNA, plasmid DNA
hDPSC, human dental pulp stem cells
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