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ABSTRACT: We introduce a novel approach for colloidal lithography based on the
dry particle assembly into a dense monolayer on an elastomer, followed by
mechanical transfer to a substrate of any material and curvature. This method can be
implemented either manually or automatically and it produces large area patterns
with the quality obtained by the state-of-the-art colloidal lithography at a very high
throughput. We first demonstrated the fabrication of nanopatterns with a periodicity
ranging between 200 nm and 2 μm. We then demonstrated two nanotechnological
applications of this approach. The first one is antireflective structures, fabricated on
silicon and sapphire, with different geometries including arrays of bumps and holes
and adjusted for different spectral ranges. The second one is smart 3D
nanostructures for mechanostimulation of T cells that are used for their effective proliferation, with potential application in
cancer immunotherapy. This new approach unleashes the potential of bottom-up nanofabrication and paves the way for nanoscale
devices and systems in numerous applications.
KEYWORDS: self-assembly, colloidal lithography, antireflective structures, nanoparticles, sapphire, T cells

■ INTRODUCTION
For several decades, colloidal lithography has been considered
as a promising bottom-up approach for producing micro/
nanoscale patterns. Its most significant advantage is undoubt-
edly its simplicity and cost-effectiveness. It requires minimal
equipment and is based on micro/nanoscale spherical particles
that are commercially available or, alternatively, can be
synthesized using relatively easy and well-established proto-
cols.1−3 Importantly, colloidal lithography is often described in
the literature as a way for producing ordered periodic patterns.
However, it is, in fact, a kinetically controlled assembly process
into polycrystalline 2D structure with short-range order, which
comprises relatively small crystalline domains separated by
pronounced grain boundaries.4,5 On the other hand, many
nanotechnological applications do not necessarily require
patterns with long-range order and can therefore be
successfully implemented using colloidal lithography.6,7

Numerous examples of such applications include, but are not
limited to, functional nanoscale structures in photonics,8−10

plasmonics,11,12 biology,13 and renewable energy.14,15

Despite significant developments in colloidal lithography
and its applications, its usage is still mostly limited to the world
of academic research, and commercial potential is still far from
being realized for two main reasons. The first reason refers to
the particle monolayer’s insufficient quality and packing
density. It must be noted that while the scientific reports on
the assembly of colloidal particles typically show images of
small areas covered with highly ordered and closely packed

monolayers of particles, they ignore commonly obtained
defects�empty areas and areas with double- and multilayers.
The size and abundance of these defects, in turn, greatly
depend on the assembly method.16,17 Spin coating, which is
likely the easiest way to assemble colloidal particles, would
always produce a substantial amount of defects, up to tens of
percents of the total area.18 Dip coating,19 solvent
evaporation,20 and Langmuir−Blodgett21 assembly produce
colloidal monolayers with improved quality, yet they cannot
completely prevent defects. Other approaches for self-
assembly, such as drop casting,22 evaporation in cell,23 drag
coating,24 and assembly at the interface between two liquids,25

also produce high density of defects, including areas uncovered
with particles, as well as the area of particle aggregations into
multilayer.
The negative impact of defects on the pattern functionality

can be illustrated in antireflective ‘moth-eye’ structures.26

Colloidal lithography is an appealing method for the
fabrication of moth-eye structures;27,28 however, the light
scattering from the defects prevents the antireflective structures
from reaching their optimal antireflective performance
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predicted by theory.29,30 The second reason that impedes the
commercialization of colloidal lithography is the low
throughput of assembly methods. For instance, it typically
takes a few hours to cover a few centimeters of surface with a
particle monolayer by the Langmuir−Blodgett method, and
such time scales make this process impractical for scalable
fabrication of optical surfaces.
Colloidal lithography has traditionally been viewed as a

method involving particle assembly from liquid suspension
onto solid surfaces, driven by meniscus drying at the liquid−
solid−air interface. Yet, particles can also be organized into a
monolayer by ‘dry assembly’, in which the particle powder is
rubbed between two surfaces. Dry assembly was demonstrated
decades ago.31,32 However, it has not been popularized,
probably due to the relatively low packing density and order of
the obtained monolayer, as compared to those produced by
Langmuir−Blodgett or dip-coating methods. The formation of
a monolayer with the high density and uniform orientation of
crystalline domains was reported later by rubbing between two
elastomer surfaces, in which the aggregation of particles is
prevented since the elastomer−particle adhesion is stronger
than the interaction between the particles.33 This approach has
opened a pathway to scalable, high-quality colloidal lithog-
raphy. However, it has been limited to producing monolayers
only on elastomer surfaces, which substantially restricts the
applications of this promising fabrication approach.
Here, we demonstrate a new approach for colloidal

lithography based on the dry particle assembly into a dense
monolayer on the elastomer and the monolayer transfer to a

target substrate, which can be either flat or curved and be made
of any material. The pattern formed by the monolayer is then
further transferred to the substrate to produce a functional
micro-/nanostructure (Figure 1a). Using this method, we
demonstrated the fabrication of structures with periodicity in
the range of 200 nm to 2 μm. We also demonstrated that this
fabrication method could be used in a diverse range of
applications. In this paper, we focused on two applications: the
production of optical structures with antireflective functionality
and bioactive topographical structures for the activation and
proliferation of human T cells−white blood lymphocytes that
are exploited in novel immunotherapy against cancer. Overall,
this work produces a new, scalable, and highly effective
nanofabrication approach with numerous nanotechnological
applications.

■ RESULTS AND DISCUSSION
The first step of the fabrication process is the mechanical
rubbing of nanoparticles between two elastomer substrates.
Notably, previously reported unidirectional rubbing was shown
to align the orientation of crystalline domains in the
monolayer.33 In contrast to that method, here we focused on
applications that are insensitive to the orientation of the
crystalline domains, which allowed us to probe different ways
to move the surface, including uniaxial rotation of both
elastomer surfaces to the same or opposite directions and
linear motions of the two elastomers at various directions with
respect to each other. We found that monolayers with the
highest quality and packing are achieved while the lower

Figure 1. (a) Schematic process flow of the dry assembly followed by a pattern transfer to a functional; micro/nanostructure. (b) A monolayer of
200 nm polystyrene spheres transferred on to flat silicon surface. (c) A monolayer of 1 μm polystyrene spheres transferred to glass lens. (d) and (e)
High-magnification SEM images of 200 nm and 1 μm transferred particles monolayer. (f) Rubbing of two PDMS surfaces using an automated
machine. (g) and (h) SEM images and Voronoi Tessellations of 1 μm polystyrene spheres before and after the transfer, respectively.
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surface rotates, and the upper surface moves in a linear
direction in an oscillatory manner (Figures 1b and S1). Such
movement produced the most effective and uniform
evacuation of the excess particles from the interface between
the two elastomers, resulting in almost defect-free particle
monolayers on both surfaces (Figure S2). The obtained
monolayer is uniform through the elastomer substrate, with no
observable edge effect (Figure S3). The monolayer is formed
quickly, usually within a few seconds, as can be monitored by
microscope imaging of the rubbed surfaces at the intermediate
stages (Figure S4). Furthermore, such a combined rotational-
translational movement can be performed either manually or
automatically. For the latter case, we used a commercial
precision lens polisher (Strassbaugh 6Y) (Supplementary
movie 1), as well as a home-built lapping tool. The critical
process conditions, such as the pressure between the two
surfaces, as well as the movement direction, periodicity, speed,
and amplitude, can be precisely controlled, and this control
ensures the high repeatability of the process and its tunability
to the particle size. The used PDMS (Sylgard 184) was
obtained by mixing the resin and the hardener in the standard
ratio of 10:1, which produces the elastic modulus of a few
MPa. To check whether the PDMS modulus has an effect on
the quality of the obtained particle monolayer, an experiment
was conducted using PDMS obtained at a 5:1 ratio, which
produces a few times higher modulus.34 However, this change
in the PDMS modulus produced no observable effect on the
particle monolayer (Figure S5), thus standard 10:1 ratio was
used for all the experiments described below. Notably, to avoid
possible contamination, the assembly process and all of the

follow-up procedures were done in a clean hood with filtered
air. Particularly, contaminations in the form of particles larger
than the nanospheres used in the assembly, or the
agglomeration of nanospheres, can cause scratches in the
formed particle monolayer. Thus, the cleaning of the rubbed
powder, as well as of the environment in which the process is
done, is critical for obtaining a high-quality monolayer.
The rubbing approach has been so far limited to producing

particle monolayers on the surface of elastomers such as
PDMS. However, for practical applications, it is highly desired
to produce such monolayers on the surface of other functional
materials on which they can be used, for instance, as
lithographic masks. To achieve this, we developed a process
for the transfer of the particle monolayer from elastomer to any
target substrate. In this process, the target substrate is first
coated by a thin film of a molecular glue that electrostatically
attracts the particles, whose zeta potential is around −30 mV
(the exact values appear in Table S1). Then, the target
substrate is controllably pressed against the elastomer surface
covered with the monolayer. Then, the elastomer is pilled off,
leaving the nanoparticles attached to the target substrate. We
found that polyethylendiamine (PEI), which is dissolved in
ethanol and applied onto the target surface by spin-coating as a
thin layer with controllable thickness, acts as a highly efficient
molecular glue and enables full transfer of the nanoparticles
onto the target surface. The excess PEI can be later removed
by soaking the target substrate with the nanoparticle in ethanol
for a few hours at room temperature, making the particle
monolayer on the target substrate ready for the further pattern
transfer process. Using this approach, we successfully trans-

Figure 2. (a) Process flow of the fabrication of antireflective structures. (b)−(d) Moth-eye structures on silicon designed for mid-IR spectrum. (e)
Optical characterization of moth-eye structures on silicon in mid-IR, compared to bare silicon. (f)−(h) Antireflective structures on silicon active in
the visible spectrum. (i) Optical characterization of antireflective structures on silicon in the visible spectrum, compared to bare silicon.
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ferred monolayers of nanoparticles of different sizes, from 200
nm to 2 μm, on both flat and curved surfaces (Figure 1b−e).
In this work, we used two types of target surfaces, silicon and
sapphire, as described below; however, the method is not
limited to these materials and is applicable on any solid surface.
The target surface was pretreated with short oxygen plasma to
facilitate the wetting and adhesion of PEI. We kept the same
process conditions for all the probed particle sizes (see details
in Materials and Methods), while the only parameter that was
varied with the particle size was the PEI thickness that was
always ∼20% of the particle diameter. A cross-section SEM
image of the transferred monolayer is provided in Figure S6 to
demonstrate the formation of monolayer crystals.
We must notice that the transfer process produces almost

defect-free pattern with polycrystalline structure (Figure S7).
To demonstrate this, we imaged large areas of around half
mm2, and analyzed defects (Figure S1). To discriminate
between the defects and the naturally occurring grain
boundaries of the polycrystalline monolayer of particles, we
defined the defects as any area uncovered by particles that is
larger than an ellipse with the minor axis equal to or larger than
the particle diameter (Figure S2). We found that the average
defect density is around 0.65%. For comparison, previously
reported approaches of colloidal assembly on the dry transfer
of particles produced up to 5% defects,35 making them unlikely
to be applicable for the uses described hereafter, such as high-
performance antireflective structures.
Finally, the obtained monolayers were analyzed by Voronoi

tessellation broadly used to characterize the morphology of
nanoparticle monolayers.36 The tessellation is formed by
identifying particle centroids as seeds and dividing the space
into polygons, with each polygon encompassing points closer
to one seed than others. This analysis offers the benefit of
obtaining a clear visualization of the symmetry within the
particle arrangement and the types of its defects, allowing us to
assess the regularity indices and the areal disorder factors of
the particle monolayers before and after the transfer. We
analyzed both monolayers of particles right after rubbing on
PDMS and after the transfer (Figures 1g,h and S8). The
obtained polygonal arrays were characterized in terms of
Voronoi Regularity Index (RI), which is defined as the ratio of
the standard deviation of the areas to the average area of the
polygon, which was found to be equal to 0.13 ±0.04 and 0.12
± 0.04 for the as-rubbed and transferred particle monolayers,
respectively. Also, the areal disorder factor was calculated for
both cases. The areal disorder factor is defined as

i
k
jjj y

{
zzzA

AD 1 1
1

= +
(1)

where A and σ are the average and standard deviation of the
polygon area within the array, respectively, whereas AD = 0
represents perfect order of the particles. For the analyzed
arrays of rubbed and transferred nanoparticles, AD was found
to be, on average, 0.11± 0.03 and 0.13 ± 0.03. The similarity
between the regularity indices and the areal disorder factors of
the arrays before and after transfer indicates that the transfer
does not cause any substantial change in the array morphology
and largely maintains the polycrystalline order obtained by
rubbing.
We demonstrated this new fabrication approach on several

applications. One of them is a high-throughput fabrication of
moth eye antireflective structures37 (Figure 2a). Two examples

here show moth-eye antireflective structures on silicon, which
were designed for the mid-IR (3.7−4.3 μm) and visible spectra
and were fabricated using polystyrene spheres with a diameter
of 1 μm and 500 nm, respectively (Figure 2b−d and f−h). In
both cases, the particle monolayer was first applied on PDMS
by the above-described method, and then transferred from
PDMS to silicon. The further pattern transfer included the
trimming of the PS particles by oxygen plasma etching,
followed by silicon plasma etching though the formed PS
particle mask, and the removal of the particles by rinsing with
chlorobenzene. It must be noted that moth-eye structures for
the infrared region were designed in accordance with the
effective medium approach,38 by which the subwavelength
periodicity produces an effective antireflective layer with a
smooth index gradient. This approach is valid when the
periodicity of structures is substantially smaller than the
wavelength. This gradient can be verified by the cross-sectional
SEM of etched structures (Figure S9). It must be noted, that
the little defects observable in the SEM image are significantly
smaller than the wavelength for which the antireflective
structures are designed, therefore their effect on the
antireflective performance due to the scattering is negligible.39

Figure 2e shows the reflection spectrum for the angle of
incidence 10°. The reflectance reaches its minimum around
3800 nm and gradually increases for higher and lower
wavelengths, as predicted by the simulated spectra based on
the effective medium theory. The difference of ∼1% in the
reflection intensity between the simulated and experimental
spectra can be attributed to the slight deviation in the obtained
profile of etched structures from that of the design. The
reflection spectra taken at the higher angles of 30° and 40°
(Figure S10) show higher reflection, in accordance with higher
reflection, in accordance to the effective medium theory shown
in the simulations. On the contrary, the structures for the
visible spectrum are based on the scattering,26 in which the
antireflective effect improves the angle of incidence (Figures 2i,
S11). Overall, in both cases, the fabricated structures produce
antireflective effects comparable to that of the state-of-the-art
moth-eye structures fabricated by colloidal lithography and
other methods.40,41

It must be noted, that the antireflective effect achieved by
our method�for both IR and visible ranges�is quantitatively
comparable or better than that achieved by similar
antireflective structures fabricated by methods, such as electron
beam lithography and nanosphere lithography based on
Langmuir−Blodgett deposition.29,42,43 However, both electron
beam lithography and Langmuir−Blodgett deposition are
extremely low-throughput methods, which are incompatible
with practical optical applications. For instance, patterning on
one square inch surface by Langmuir−Blodgett takes a few
hours, while electron beam patterning usually takes even much
longer, depending on the pattern resolution and density.
Furthermore, electron beam lithography requires expensive
equipment and precise control over the process conditions,
which further limits its usage beyond making low-cost
prototypes. Additional methods are based on novel litho-
graphic approaches, such as Displacement Talbot Lithography
(DTL),44 which, however, requires sophisticated tooling and
expensive mask with submicron resolution. On the contrary,
our methodology requires no sophisticated equipment or mask
and produces large area patterns within a few minutes, which
makes it highly suitable for optical applications. Furthermore, it
can be easily scaled up for high-throughput production,
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without compromising on the functional performance of the
obtained nano/microstructures, as we demonstrated here.
Also, antireflective structures can be produced at a low cost by
maskless etching.45 However, this method cannot control the
structure geometry, which precludes the precise optical design
of these structures and its optimization for a specific range of
wavelengths. Furthermore, structures produced by maskless
etching are fragile, which substantially restricts their
applications to scenarios that preclude physical contact. On
the contrary, the method shown here allows precise
implementation of the optical design and produces mechan-
ically robust structures, as demonstrated hereafter.
The most common design of moth-eye antireflective

structures is based on conically shaped bumps, which are
bioinspired from nanometric bumps on the cornea of a
nocturnal moth.46 Alternatively, antireflective structures with
similar optical functionality can also be realized as an array of
holes with subwavelength diameter as soon as the air-material
volume-ratio, which determines the effective refractive index in
the formed antireflective layer, matches the optical design. The
arrays of holes are attractive for optics due to their mechanical
durability; however, their fabrication is more complicated than
that of bumps. Here, we demonstrate that our approach for
particle lithography can be successfully used to produce hole-
shaped antireflective structures in sapphire. Sapphire is a
broadly used optical material, especially in high-end optics and
also in consumables such as windows of luxury watches and
cameras in mobile phones because it combines excellent
optical transmittance with mechanical and environmental
stabilities. At the same time, reflection from sapphire must
be prevented for most of its optical applications. Standard
vacuum-deposited antireflective thin films on sapphire suffer
from low mechanical stability and thermal expansion

coefficient significantly different from sapphire’s. The latter
produces thermal stresses that, in turn, lead to cracks and
delamination. Alternatively, moth-eye structures offer an
attractive antireflective solution for sapphire, but their
fabrication is extremely challenging due to the difficulty of
Sapphire etching by plasma. So far, scalable plasma-etched
moth-eye structures on sapphire were demonstrated only for
the visible spectrum, where the etching depth typically does
not exceed 200 nm.47 On the other hand, sapphire is also
broadly used in mid-infrared applications. Yet, moth-eye
structures for such wavelength range, whose vertical dimension
should be almost one micron or more, depending on the
desired wavelength, have been demonstrated only by direct
laser writing,48,49 which is highly unscalable and impractical.
Here, we demonstrate that our novel colloidal lithography

approach can provide a solution for the scalable fabrication of
moth-eye structures on sapphire for the mid-infrared spectrum
(Figure 3a). As previously stated, the colloidal monolayer was
transferred from the elastomer to sapphire, which was
precoated with 200 nm film of polybenzyl methacrylate
(PBMA) and 300 nm of PEI. The sphere transfer was followed
by the removal of the excess PEI by soaking in ethanol for a
few hours and etching with oxygen plasma, which had three
purposes: (i) reducing the size of PS spheres, (ii) removal of
the excess PEI, and (iii) etching of PBMA in the open areas.
This etching also produces an undercut in PBMA (Figure
S12). Then, 330 nm of nickel�a commonly used masking
material for sapphire plasma etching�was deposited by e-gun
evaporation, and a mesh-like nickel mask was obtained after
liftoff. The thickness of the nickel mask was chosen based on
the known Ni−sapphire selectivity at 1:3 ratio in BCl3 plasma,
which was used to etch sapphire, and it to ensure that the mask
did not disappear during the etching process. It must be noted

Figure 3. (a) Schematic process flow of the fabrication of antireflective hole arrays on sapphire. (b) SEM of Ni mask after the liftoff, (c) sapphire
substrate with patterned antireflective structures, (d) SEM antireflective structures, and (e) reflection spectrum of patterned sapphire at 10° angle
of incidence vs bare sapphire.
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that the PBMA sacrificial layer was used here to elevate the
particles above the sapphire surface. Furthermore, the etching
rate of PBMA in oxygen plasma is about three times higher
than that of polystyrene. Thus, while the polystyrene
nanoparticles are trimmed to the desired diameter, an undercut
in PBMA is formed. This undercut ensures successful liftoff
after the deposition of such a thick nickel film (Figure 3b),
eliminating the need to control the exact etching profile of
PBMA. Notably, due to relatively low plasma etching rate of
sapphire, its patterning requires extremely thick mask with
extreme aspect ratio of masking features, which substantially
complicates the fabrication process.50 Our innovative usage of
a sacrificial layer with an undercut allowed us to circumvent
this limitation and obtain a robust low-aspect ratio metal mask.
Finally, sapphire was plasma-etched to obtain 800 nm deep
holes (Figure S13), and the rest of the nickel mask was
removed by hot Piranha solution. Figure 3c,d shows the hole-
based arrays of sapphire’s moth-eye structures. Figure 3e shows
the reflection spectrum of the patterned sapphire vs that of
bare sapphire and the theoretical spectrum of sapphire’s moth-
eye structures obtained by simulations based on the effective
medium theory. Reflectance measurements at higher angles are
shown in Figure S14. It can be seen that the fabricated
structures reduced the reflection in the desired spectral range
from ∼7% down to ∼2%. We believe this reflection can be
reduced by further optimizing the geometry of antireflective
structures.
We want to emphasize that while state-of-the-art moth-eye

structures fabricated by methods, such as electron beam
lithography, interference lithography, or Langmuir−Blodgett
assembly are unlikely to be suitable for practical optical
applications due to low throughput and high cost, today’s more
scalable and cost-effective alternative to these structures can be
provided by randomly shaped antireflective structures. These
randomized structures can be produced by either maskless
plasma etching51 or etching through a mask formed by
dewetting of metallic films.52 Today, randomized antireflective
structures are commercially available. However, their main
drawback is that they are highly fragile due to their
uncontrolled shape and high-aspect ratio. This fragility makes
the optical surface of these structures completely intolerable to
any mechanical contact. For instance, such surfaces cannot be
cleaned by any method commonly used in optics that involves
wiping, substantially limiting the applications of these
structures. Here, we demonstrated that the moth-eye structures
produced by our method possess extreme mechanical stability
and can also withstand mechanically aggressive clearing. To
test the mechanical stability, we performed a commonly used
pencil test. A line was drawn on the patterned surface with a
pencil of HB hardness. Then, the same area was wiped with
cleaning paper soaked in isopropyl alcohol, dried, and wiped
again with a rubber eraser. Naturally, wiping paper and erasing
did not remove the graphite line drawn by the pencil from the
surface. Finally, the graphite was entirely removed by
immersing the surface in hot piranha solution for 10 min,
followed by water rinsing and drying. Microscopic observation
of the drawing area showed that the surface pattern structure
shape was unaffected by the pencil drawing and the subsequent
attempts to clean it (Figure S15). Overall, these findings
emphasize that the new nanolithography method provides a
technological route to highly cost-effective antireflective
nanostructures with mechanical durability that is unachievable
by commercially available antireflective structures.

It should be noted that the described method of rubbing
followed by the particle transfer produces a polycrystalline
structure, which is well-suited for optical applications like
antireflective structures. Besides these optical nanostructures,
high-throughput production of periodic nanopatterns with
polycrystalline structures can be used in endless applications,
especially in biology and biomedicine. These emerging
applications include, but are not limited to, the fabrication of
high-resolution biosensors for the detection of various
biomarkers and analytes,53 the fabrication of precisely
patterned surfaces that can influence cell behavior and guide
tissue growth,54,55 as well as promote cell adhesion56,57 and
differentiation,58 thereby facilitating the development of
functional tissues. Overall, the applications of particle
lithography in biomedicine hold immense potential for
advancing diagnostics, tissue engineering, and therapeutic
interventions.
In this work, we chose one specific biomedical application to

demonstrate the versatility of our lithography method. In
recent years, immunotherapeutic applications of T cells have
gained significant attention in cancer treatment. One notable
approach is adoptive cell transfer (ACT), in which T cells are
isolated from a patient, genetically engineered, or modified to
enhance their targeting capabilities, and then reinfused into the
patient’s body.59,60 These modified T cells can effectively
target and destroy cancer cells, leading to remarkable responses
in patients with certain hematological malignancies. The ability
to genetically modify T cells and enhance their therapeutic
potential greatly relies on their ex vivo activation and
proliferation. This activation is commonly done with magnetic
polymer microbeads covered with antibodies against activating
and costimulatory receptors. However, such beads have been
initially developed for selective cell separation, and neither
their shape nor their mechanical properties have ever been
optimized for T cell activation. In the past decade, there have
been intensive research aimed at developing new material-
based approaches for the effective ex vivo activation of T
cells.61−65 One such approach was recently demonstrated by us
wherein a surface was structured with a periodic array of elastic
micropillars, which produced much more effective activation
and proliferation of T cells than those produced by standardly
used magnetic beads.66 However, the fabrication of such arrays
on elastomer casting from a mold produced by electron beam
lithography is a low-throughput method unsuitable for
producing a cell activating area sufficient for a therapeutic
amount of T cells. The limitation of electron beam lithography
for this application is stressed by the fact that a typical single
dose of genetically modified T cells is 107−109 cells.67 Given
that the surface density of T cells on the activating surface is
∼1.8 million cells/cm2, a therapeutic amount of 108 T cells
would require an activation surface with an area of around 55
cm2. Even if a high-power electron beam lithography tool with
a typical beam current of 100 nA is used, production of such an
area would take about 12 h (detailed calculation appears in the
Supporting Information). This is an impractical fabrication
time, which is a crucial bottleneck in implementing this
nanotechnological approach for activating T cells. Other
nanoscale structures for the activation lymphocytes can be
produced from the bottom-up, in the form of vertically grown
inorganic nanowires.68−71 However, the fabrication of such
nanostructures is slow�it usually takes a few hours to grow
vertical nanowire forest on a small surface by chemical vapor
deposition. Furthermore, due to their small diameter, nano-
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wires deeply invaginate into the cell membrane, which prevents
cell detachment from nanowires upon activation. The latter
limitation makes the nanowire impractical for cell proliferation
and immunotherapeutic usage upon activation.
Here, we showed that our new nanopatterning method can

address the above-mentioned limitation of e-beam lithography
for fast and scalable production of elastomer-based brush
arrays for the activation of T cells. To that end, we assembled 2
μm polystyrene microspheres on PDMS, transferred the
obtained microsphere monolayer to silicon substrate, etched
silicon through the formed microsphere mask to obtain an
array of silicon pillars, with the height of ∼2.5 μm, bottom
diameter of 800 nm, and top diameter of 300 nm. We then
transferred this 3D pattern to PDMS by double replication, as
described in detail in the experimental section (Figure 4a).
Using this approach, we could produce activating surfaces for
T cells as large as fitting the bottom of 100 mm cell culture
dish, which can accommodate ∼1.4 × 108 cells (Figure 4b).
For the activation of T cells, we coated the surface of the

PDMS pillars with anti-CD3 and anti-CD-28, which trigger the
activating and costimulatory receptors of T cells, respectively,
using a previously reported protocol.66 We isolated primary T
cells for the peripheral blood of a healthy donor and stimulated
them for 24 h on the activating surface. Figure 4c,d shows the
electron micrograph and z-stack confocal micrograph,
respectively, of a typical T cell stimulated on the pillar array.
Notably, some pillars appear to be bent in SEM, which is an
artifact of the drying effect,72 and this effect is not seen in the
confocal microscopy image, in which the cell and the structures
have been fixed prior to imaging. It is clearly seen that the T
cell forms contact with the top of the pillars and applies

centripetal forces that are clearly detectable due to the
relatively high elastic response of the pillars to these forces.
We previously showed that the response of vertical elastic
microstructures to these forces is critical for the activation of
lymphocyte cells.68−71 Here, we examined the effect of the
elastic microstructures produced by colloidal lithography on
the proliferation of T cells. The T cells were activated for 24 h
on the pillars and transferred to a culture dish for proliferation.
The proliferation lasted 7 days, during which interleukin was
added to the culture medium on a daily basis. Figure 4e shows
the proliferation of T cells activated on the pillars in
comparison to control groups�T cell activation on bare
Petri dishes (negative control) and T cells activated using
commercially activating magnetic beads (Dynabeads TM).
Overall, elastic pillars produced a substantially higher
proliferation rate of T cells as compared to beads, which
stemmed from the superior mechano-stimulating ability. This
ability, in turn, was caused by two independent factors (i) the
elastic compliance of the activating surface to the forces
applied by cells,73 and the microtopography that induces the
formation of microvilli in T cells, which regulate signaling and
gene expression in T cells.74 The results shown here
demonstrated that harnessing mechanotopographical stimula-
tion in immunotherapy can be implemented in a scalable
manner, using the high-throughput activation method
described in this paper. Furthermore, an important insight
into the T cell mechano-stimulating topography, beyond its
fabrication, refers to its structure. Whereas elastic pillars have
been previously used for interactions with living cells for
mechanobiological studies in general,75 and T cell studies in
particular,76 all of them were fabricated by top-down

Figure 4. (a) Fabrication process flow of the antibody-functionalized elastic pillars for the activation of T cells. (b) Scalable platform for T cell
activation fabrication by dry rubbing implemented by a Petri dish with a diameter of 10 mm. (b and (c) SEM and confocal images of T cells
stimulated on the elastic pillars. (e). Proliferation of T cells after 7 days: the amount of proliferated T cells (per 2 mL of medium) activated on the
pillars is compared to that of T cells activated using antibody-functionalized magnetic beads (Dynabeads) and that of T cells activated on clean
Petri dish (negative control). The data were obtained in triplicates, and analysis was performed with Tukey’s multiple-comparison tests using the
GraphPad Prism software. *p < 0.05.
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lithographic approaches with strict period structure and long-
range order. Here, we demonstrate that the pillars can be
configured into a polycrystalline array with a short-range order,
without compromising on their functionality, which is the
activation and proliferation of T cells in this case.

■ CONCLUSIONS
In summary, we have demonstrated a versatile and robust
nanofabrication approach. Its great advantage, as compared to
the common bottom-up fabrication based on the nanostruc-
ture assembly from liquid to solid phases, is its simplicity, high
throughput, and scalability. Whereas previously demonstrated
dry assembly of colloids was restricted to the formation of
monolayer of elastomer (PDMS) substrates, with limited
applications, our work unleashes this attractive fabrication
approach from elastomer substrate constraints and enables its
implementation to substrates of any solid material. Besides its
high speed, the presented assembly process is superior to the
state-of-the-art assembly process due to its high robustness.
For instance, colloidal lithography based on Langmuir−
Blodgett self-assembly is highly sensitive to particle size and
composition of the solvent, and it requires tight environmental
control and accurate in situ monitoring of the process
parameters, such as the surface tension and speed of the
sample extraction.77 On the contrary, the colloidal lithography
process described in this paper has a very wide process window
and very low sensitivity to its process parameters, such as
rubbing motion as well as the pressure and time of the transfer
process. The automatic rubbing process can be done in a
highly scalable manner using existing equipment that is
originally designed for polishing or rubbing, as we demon-
strated in this paper. This equipment allows easy and accurate
control over the process conditions, such as pressure and
rotation speed. Thus, the existing infrastructure can be used to
increase the scalability of this fabrication approach. The two
applications demonstrated here�one in the field of optics and
another in the field of the manipulation of immune cells�
illustrate the high versatility of this approach. Overall, this
novel lithography process opens a pathway to precise, scalable,
and high-throughput fabrication of endless micro/nanoscale
devices and systems.

■ MATERIALS AND METHODS
Rubbing of Particle Monolayer on PDMS. The PDMS

(Sylgard 184) surface was prepared by mixing PDMS and its
hardener in 1:10 ratio (unless otherwise specified), with casting on
polished silicon wafer and curing at 60 °C for 1 h, to obtain an elastic
modulus of around 1.5 MPa. The cure PDMS was cut to desired sizes,
then a small amount (∼0.3 mg per sq. inch) of the nanoparticle
powder was placed between two PDMS surfaces and rubbed, with the
translational movement of the upper surface and rotational movement
of the lower surface. The rubbing itself was done either manually or
using a lapping tool, with the controlled rotation of 30 rpm and
translational frequency of 0.5 Hz.
Transfer of Particles from PDMS. The target surface was first

exposed to the O2 plasma for 40 s (Harrick plasma) and then spin
coated with a thin film of PEI dissolved in ethanol. Different degrees
of dilutions were used to achieve PEI thickness of about 20% of the
diameter of the used spheres. The nanoparticle monolayers were
transferred to the target surface by bringing it in contact with PDMS,
and applying pressure of 2 bar for 30 s, using a homemade
nanoimprint machine. Finally, the elastomeric surface was peeled off
and the particle monolayers were fully transferred to the solid surface.
Pillar-Like Antireflective Coating on Silicon. For the

antireflective structures on silicon in the visible spectrum, the

nanosphere size was first reduced from 500 to 350 nm by dry
etching in O2 plasma (Oxford Plasmapro 100 Cobra, 70 sccm O2, RF
= 116 W, p = 19 mTorr, 1:46 min). Then, the nanosphere pattern was
transferred to silicon by dry etching using a Bosch process (Oxford
Plasmapro 100 Estrella). Finally, the remaining microspheres were
removed by sonication in chlorobenzene.
For the antireflective structures on silicon in the mid infrared

spectrum, the nanosphere size was first reduced from 1000 to 860 nm
by dry etching in O2 plasma (Oxford Plasmapro 100 Cobra, 70 sccm
O2, RF = 100 W, p = 15 mTorr, 3 min). Then, the nanosphere pattern
was transferred to silicon by dry etching using (Oxford Plasmapro 100
Estrella, RF = 20 W, ICP = 800, p = 10 mTorr, C4F8 = 50 sccm, SF6 =
25 sccm, t = 3 min). Finally, the remaining microspheres were
removed by sonication in chlorobenzene.
Pillar-Like Antireflective Coating on Sapphire. Sapphire was

first coated by PBMA using spin coating, and then covered by an array
of 1 μm polystyrene particles. Then, dry etching by O2 plasma
(Oxford Plasmapro 100 Cobra, 70 sccm O2, RF = 100 W, p = 15
mTorr, t = 3:45 min) was used to reduce the particle diameter to 820
nm and create an undercut in PBMA. 330 nm nickel film was
deposited by e-gun evaporation, following liftoff to obtain a Ni mask.
Sapphire was etched through the mask (Oxford Plasmapro 100
Cobra, RF = 200 W, ICP = 1750, p = 2 mTorr, BCl3 = 25 sccm, t = 6
min), and finally, Ni was removed by piranha solution.
Platform for T Cell Activation. Silicon master mold was

produced using 2 μm diameter polystyrene microspheres. The
microsphere diameter was reduced to 800 nm by dry etching in O2
plasma (Oxford Plasmapro 100 Cobra, 70 sccm O2, RF = 100 W, p =
20 mTorr, 12 min). Then, the microsphere pattern was transferred
directly to the silicon by etching the silicon through the sphere mask
(Oxford Plasmapro 100 Estrella mix gas, ICP = 800 W, RF = 20 W,
SF6 = 25 sccm, C4F8 = 25 sccm, p = 10 mTorr, t = 2 min). The
remaining microspheres were removed by sonication in chloroben-
zene. The following steps included coating the mold with antiadhesive
agent, double replication with PDMS, and PDMS coating with
activating and costimulatory antibodies, as described in our previous
work.66 Peripheral blood mononuclear cells (PBMCs) were isolated
from blood using the FICOL gradient. First, blood was diluted with
PBS augmented with 2% fetal bovine serum (FBS), at a 1:1 ratio, then
loaded on FICOL gradient, and centrifuged at 16 °C at 1200g (with
no breaks or acceleration). The PBMCs were collected as the middle
disc and a small portion of the underlying phase but taking care not to
withdraw the pellet, washed three times with at least 1:2 with PBS 2%
FBS at room temperature, and sedimented at 500 g. The cells were
finally suspended in the final medium in the ratio of 2 mL per 7 mL of
collected blood, counted, and diluted with the medium to final
concentration of 1 × 106 cells per mL. The cells were then seeded
onto PDMS surfaces in the growth medium containing <2% serum
and 50 units of IL-2 and left inside incubator to adhere for 24 h.
Then, the cells were transferred to 48-well plate. After 7 days, the cells
were counted using trypan blue (1:1 diluted) to check the
proliferation on DeNovix CellDrop.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.3c18554.

Calculation of time for electron beam lithography, values
of zeta potential of the used nanoparticles, comparison
of different rubbing movements, defect analysis of the
rubbed monolayer, analysis of the edge effect, develop-
ment of the particle monolayer with time, analysis of the
effect of PDMS elasticity on the monolayer quality, cross
section imaging of the transferred monolayer, analysis of
polycrystalline structure of the particle monolayer,
morphology characterization by Voronoi Tessellation,
profile of the etched structured in silicon, reflection
spectra of the fabricated antireflective structures, AFM
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and SEM images of the antireflective structures on
sapphire, and the results of the pencil-based durability
test (PDF)
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