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Colloidal lithography has emerged as a promising alternative to

conventional nanofabrication techniques, offering the ability to

create nanoscale patterns in a cost-effective and scalable manner.

However, it has been so far limited by defects such as empty areas

or multilayered regions, hindering its application. We introduce a

novel “ice-assisted transfer” technique that combines rubbing-

based particle assembly on elastomer substrates with ice-mediated

transfer to achieve defect-free, high-quality polycrystalline particle

monolayers. This approach eliminates foreign material contami-

nation and enables precise control of particle arrangement and

density. By optimizing process parameters, including surfactant

concentration and water film thickness, we minimized defects and

demonstrated the versatility of this method in fabricating func-

tional nanoscale structures. We highlighted the benefits of this

process through two applications: (1) antireflective “moth-eye”

coatings, which achieved near-zero reflection in the mid-infrared

spectrum due to improved particle monolayer quality; and (2)

nanostructured surfaces for ligand-free T-cell activation, whose

topography enhanced cell activation, showcasing potential for

immunotherapy applications. The process achieves rapid, cost-

efficient patterning without requiring specialized equipment,

making it suitable for diverse fields requiring scalable nanostruc-

turing. This work represents a significant advancement in colloidal

lithography, addressing critical challenges and unlocking its

potential for practical applications in optics, biotechnology, and

beyond.

Over the last two decades, colloidal lithography has been
recognized as an attractive alternative to traditional bottom-up
nanofabrication methods due to its ability to produce quasi-

periodic nanoscale patterns in a simple, low-cost manner,
without the need for sophisticated equipment.1,2 This assem-
bly can be performed using various self-assembly
approaches,3,4 such as dip-coating,5 spin-coating,6 solvent
evaporation,7 and Langmuir–Blodgett based assembly,8 and
broadly applied in engineering of nanoscale devices in systems
in various areas including but not limited to photonics,9

photovoltaics,10 plasmonics,11 nanofludics,12 and sensing.13

However, despite the extensive research in the field of particle
self-assembly, it has not yet been utilized for scalable fabrica-
tion of nanoscale devices and systems, beyond research proto-
types. The main reason for this is its inability to produce
defect-free structures over large areas. While self-assembly can
produce perfectly ordered architectures in short-range order,
long-range order is plagued by defects such as empty patches
or regions with multilayered particles. These defects render
the assembled structures unsuitable for practical applications.
For example, while colloidal lithography holds promise for
optical applications, such as antireflective moth-eye
structures,14,15 structural defects act as scattering centers or
diffraction gratings, preventing these structures from achieving
their optimal antireflective performance as predicted by
theory.16,17 Similarly, defects produce diffusion scattering and
degrade optical quality in self-assembled diffraction gratings
and photonic crystals.9

It is important to note that conventional colloidal lithogra-
phy methods are based on particle self-assembly from the
liquid-air interface. Alternatively, micro- and nanoparticles can
be assembled using a “dry approach”, which involves mechani-
cal rubbing between two surfaces. This method organizes par-
ticles into ordered arrays driven by particle–particle and par-
ticle–surface attraction forces. Early demonstrations of
rubbing on solid surfaces yielded limited particle
organization.18,19 However, later advancements using two elas-
tomeric (PDMS) substrates achieved polycrystalline monolayers
of Polystyrene with unprecedented quality, surpassing what is
possible through wet-phase assembly.20 Since then, there has
been a growing interest in rubbing-based particle assembly,21
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with recent works expanding this approach to particles of non-
spherical shape,22 particle material such as silica and
PMMA,23 and applications in various areas including photo-
nics,24 biology,25 and sensing.26 Despite these advancements,
rubbing-based methods of nano/micro- particle assembly into
dense periodic array are still limited mostly to PDMS sub-
strates, significantly restricting the potential applications of
this promising fabrication method. An alternative approach
includes assembly of Silica particle on other substrates coated
with molecular glue such as Polyethyleneimine (PEI), with sub-
sequent PEI pyrolysis in high temperature, but this process is
incompatible with polymer particles.18 To circumvent this
limitation, we recently demonstrated that particle monolayers
assembled on PDMS could be mechanically transferred to
other substrates using thin PEI which can be then removed by
dissolution.27 However, this process is highly sensitive to glue
thickness and process conditions, with the residual PEI layer
severely limiting the pattern transfer through the particle
mask and causing undesirable contamination when attempts
were made to remove it. Thus, there is a critical need for a
mechanical assembly and transfer method that can produce
clean, defect-free particle assembly without introducing
foreign materials. Such a method would unlock the potential
of this fabrication approach for broader and more practical
applications.

Here, we introduce a novel colloidal lithography approach
for fabricating micro- and nanoscale functional structures
with highly controlled organization and density, which we
term “ice-assisted transfer” (schematically illustrated in
Fig. 1a). The process begins with the dry rubbing of nano- or
microparticles between two PDMS surfaces, resulting in both
surfaces being coated with highly dense and ordered polycrys-

talline particle monolayers. Subsequently, a drop of water is
placed onto the monolayer-coated PDMS surface, and the
target substrate is placed above and gently pressed against the
PDMS substrate, resulting in the formation of a thin uniform
water film sandwiched between the two surfaces. This “sand-
wich” is then frozen below the melting point of water, embed-
ding the particle monolayer in the ice layer. The PDMS is then
peeled off, leaving the ice film with embedded particle mono-
layer attached to the target surface. Finally, the ice is allowed
to melt at room temperature, followed by gradual water evapor-
ation, producing a high-quality, high-density polycrystalline
particle monolayer on the target substrate. This process is per-
formed without introducing any additional materials, ensuring
a clean transfer process that does not interfere with sub-
sequent patterning or fabrication steps. We first optimized the
process parameters, and mostly the addition of surfactant to
water, to obtain large area monolayers of particles of different
sizes with high quality and lowest possible defect density
(Fig. 1b). We then demonstrated the efficiency and versatility
of this fabrication approach in two key applications: antireflec-
tive sub-wavelength structures for precision optics, and 3D
structures designed for the mechanical activation of immune
cells, which hold significant potential for advancing immu-
notherapy. Overall, this fabrication method unleash the poten-
tial of bottom-up nanostructuring for the development of
engineered advanced nanoscale materials and functional
systems.

To produce monolayers, we used polystyrene nanoparticles
of various sizes, ranging from 200 nm to 2 µm. We found that
the quality and robustness of the process depend on several
parameters, the most critical being the amount of water used
for the transfer, and the addition of surfactant. Through

Fig. 1 (a) Process flow describing the rubbing-based assembly and pattern transfer using ice film. (b) Image of a 4 inch Silicon wafer covered with
ice-transferred particle monolayer and SEM images of the monolayer.
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empirical observation, we established a rule of thumb for the
optimal water amount: the water film thickness should be
approximately 20d + 10 μm, where d is the particle diameter in
microns. The thickness, in turn, can be precisely controlled
through the volume of the water drop, which can be calculated
considering the area of the target-PDMS interface. In all the
experiments described herein, the natural weight of the target
substate was enough to flatten the drop to an uniform film.
Also, gentle Oxygen plasma treatment, which was usually used
to clean the target surfaces prior to the sandwiching, produces
hydrophilic surfaces that can facilitate the uniform water
spreading. However, we found that uniform water film is
formed also without such plasma treatment, probably due to
mechanical weight of the target. The obtained water film that
is sufficiently thick to embed the particles but thin enough to
allow for reasonable drying times. The final step of the process
is technically comparable to self-assembly from a liquid phase,
similar to conventional methods such as dip-coating or
Langmuir–Blodgett assembly. In this step, particle organiz-
ation is driven by a well described mechanism highly depen-
dent on particle–particle, particle-liquid, and particle–sub-
strate interactions,28 which are influenced by particle charge
and wettability.

The zeta potential of the nanoparticles, measured using
dynamic light scattering, was approximately −30 mV (exact
values are provided in Table S1), imparting a negative charge
to the particles. This negative charge causes the particles to be
attracted to the water solution during drying, leading them to
flow with the water rather than maintaining a monolayer
organization as formed during rubbing. To counteract this
effect, the pH of the water-based solution was adjusted to 10
by adding ammonium hydroxide, which imparted a negative
charge to the solution, repelling the negatively charged par-
ticles. Additionally, particle wettability was modified by adding
a nonionic surfactant based on Octyl Phenol Ethoxylate (Triton
TX-100) at varying concentrations.

The effect of surfactant concentration qualitatively mirrors
its impact as reported for assembly from the liquid phase,29

especially on the defects in the transferred monolayers.
Without surfactant, the resulting monolayer exhibited frequent
and relatively large micron-scale defects in the form of all the
three types (Fig. 2a). Here, we classified these defects by the
following categories: (i) grain boundaries formed between the
monocrystalline domains, (ii) particle vacancies, i.e. missing
single particles within a crystalline domains, and (iii) voids,
which are defined as empty areas regions with a minor axis
larger than the sphere diameter. Adding surfactant at a con-
centration of 0.075 mM significantly reduced both the size and
frequency of these defects. A further increase to 0.25 mM pro-
duced monolayers with minimal defects, most of which were
grain boundaries, and large, well-defined monocrystalline
domains. This structure is comparable to those formed in the
initial stages of rubbing-based assembly on PDMS (Fig. S1).
However, increasing the surfactant concentration to 0.4 mM
led to the formation of defects of the fourth type – particle
clusters on top of the monolayer (double-layer domains). Ther

formation of these clusters, in turn, which in turn created
voids within the monolayer. Such clusters have been reported
for the nanoparticle assembly from liquid phase.30,31 One pro-
posed mechanism of their formation is related to the release
of stresses in the nanoparticle lattice, which are formed due to
simultaneous formation of the lattice domains on the solid
surface at different places and with different orientations.32 An
alternatively proposed mechanism is associated with the
accumulation of the particles on top of interstices formed in
the first-layer lattice as the result of occasional sinking of
some particles prior the liquid drying.33 Notably, while Fig. 2a
illustrates monolayers formed using 1 µm particles, similar
qualitative trends in monolayer quality as a function of surfac-
tant concentration were observed for other particle sizes as
well, such as 500 nm particles shown in Fig. S2.

To quantify the quality of sphere arrangement as a function
of surfactant concentration, we analyzed the SEM images
using Fast Fourier Transform (FFT), as described in detail in
SI. For patterns obtained from pure water, as well as from
water with 0.075 mM and 0.4 mM Triton concentrations, the
FFT analysis showed ring patterns characteristic of polycrystal-
line structures with randomly oriented domains (Fig. 2a –

insets). In contrast, the optimized concentration of 0.25 mM
produced an FFT pattern indicative of uniform crystalline
orientation, demonstrating superior monolayer quality. To
further validate this, we quantified the FFT results by measur-
ing the width of the first-order FFT peaks (Fig. 2b). The com-
parison of peak broadening confirmed that 0.25 mM surfac-
tant concentration produced the highest order and quality of
the formed particle monolayer.

Also, the monolayer quality was quantified using Voronoi
tessellation34 (Fig. 2c). This method involves determining the
centers of the assembled particles as seed points, which divide
the space into polygons, with each polygon containing all
points closer to its seed point than to any other. This analysis
allows for clear visualization of particle symmetry and defect
types. The order of the assembly was further quantified using
the Voronoi Regularity Index (RI), defined as the ratio of the
standard deviation of polygon areas to their average area, and
the Areal Disorder (AD) factor, calculated as:

AD ¼ 1� 1þ σ

Ā

� ��1
ð1Þ

where Ā and σ are the average and standard deviation of
polygon areas, respectively, with AD = 0 indicating perfect par-
ticle order. Both the regularity index and the areal disorder
factor were analyzed using at least six images for each Triton
concentration and were found to reach their minimum values,
as expected, at a concentration of 0.25 mM (Fig. 2e and f).
Also, we analyzed the effect of surfactant concentration on the
occurrence of voids, as those are considered the most harmful
defects for many applications, such as optical functionalities,
as discussed hereafter (Fig. 2g). Fig. 2d shows the total void
area as a function of the surfactant concentration, which also
minimized at 0.25 mM.
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Finally, the average size of the grains formed in polycrystal-
line assembled structures is an additional merit of the assem-
bly quality and order. Here, the largest grain size was obtained,
as anticipated, for 0.25 mM surfactant concentration (Fig. S3).
Note, the bare polystyrene particles, lacking any functional
groups covering their surface, were used in this study. The
possible effect of such groups on the first part of the process
(i.e., the rubbing step) is unclear and will be the subject of
further investigation. As for the second part of the process,
which involves particle monolayer formation during water

evaporation, the water content—specifically, pH and surfactant
concentration—may require further optimization depending
on the functional groups present, as these groups alter the par-
ticle’s zeta potential and influence their tendency to
aggregate.35

Voronoi regularity index, areal disorder factor, amount of
voids, and grain size, as obtained for the optimal surfactant
concentration, indicate on the higher quality of the described
assembly as compared to other assembly methods. Table S2
compares these values to their counterparts, which we

Fig. 2 Effect of surfactant on the quality of transferred particle monolayer. (a) SEM image of monolayers obtained for various surfactant concen-
trations. Insets show FFT patterns for each case. Scale bar: 10 microns. (b) Width of the first order FFT peaks, as a merit for the monolayer uniformity,
for each surfactant concentration. (c) Width of the first order FFT peak vs. surfactant concentration. (d) Voronoi tessellations of the monolayers
shown in (a). (e) Voronoi regularity index vs. surfactant concentration. (f ) Areal disorder factor vs. surfactant concentration. (g) % of area occupied by
voids vs. surfactant concentration. The data shown in (d–f ) were averaged for 10 SEM images taken for each surfactant concentration.
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obtained for the assembly of 1μm polystyrene nanoparticles
using Langmuir Blodgett (LB) assembly36 and spin-coating
(Fig. S4), as well as using recently published PEI assisted trans-
fer.27 Notably, the quality of the assembly by LB and spin
coating greatly depends on the process parameters, such as
spin coating velocity, and the Table S2 presents typical values
obtained for LB and spin coating methods with typical process
conditions, as specified in Fig. S4.

It is interesting to note the effect of the particle size on the
assembly. Specifically, the grain size and grain area tend to
increase with particle diameter, at least within the tested range
of the particle size. For example, at the optimal surfactant con-
centration at 0.25 mM Triton X-100, 1μm particles reach
average grain areas approaching 450µm2, while 500 nm par-
ticles remain closer to 120µm2. This trend aligns with prior
observations in colloidal self-assembly literature, where larger
particles typically form larger ordered domains due to reduced
Brownian motion, lower inter-particle surface charge density,
and stronger capillary interactions during the drying
process.37,38 Still, for both examined particle sizes, the optimal
surfactant concentration produces the lowest Areal Disorder
Factor and void area, and the sharpest 6-fold FFT symmetry
(Fig. 2 and S2). This indicates that the right surfactant concen-
tration effectively minimizes local defects and enhances local
hexagonal ordering regardless of particle size. Therefore,
although larger particles result in larger domain areas, the fun-
damental effectiveness of the method is retained for both par-
ticle sizes in terms of local order quality and reproducibility.

To further validate the reproducibility and scalability of our
ice-assisted transfer method, we performed a quantitative ana-
lysis of Within-Wafer Non-Uniformity (WIWNU) across three
independently fabricated 4-inch wafers. For each wafer, repre-
sentative SEM images were collected from five different
regions across the wafer, and the following structural metrics
were calculated: Voronoi Regularity Index (VRI), Areal Disorder
(AD), Void Area (%), and Grain Size. WIWNU was calculated
using the standard formula:

WIWNU% ¼ standard deviaton
mean

� �� �
� 100

Similarly, we calculated Within Batch Non-Uniformity,
using the average values of these parameters for each wafer,
and their standard deviations. The results, summarized in
Table S4, confirm the excellent uniformity and reproducibility
of the monolayers across large wafer areas. These findings
reinforce the high-throughput potential of our method and its
robustness across different fabrication batches.

It should also be noted that the experimentally found
optimal Triton X-100 concentration of 0.25 mM seem to be
greatly associated with its critical micelle concentration (CMC)
between, which was reported in to be between 0.2 to
0.3 mM.39–41 This suggests that the surfactant it the concen-
tration of 0.25 mM operates near its ideal interfacial activity,
where the surface tension is minimized and the system achieves
an optimal balance between monomeric surfactant molecules
and initial micelle formation. At this setting, enhanced particle

mobility and reduced interfacial energy will likely promote
more uniform monolayer formation and minimize defects such
as voids or grain boundaries, thereby facilitating the self-assem-
bly of the polystyrene particles into highly ordered domains.

It should be noted that the demonstrated nanofabrication
approach produces high-quality patterns within an impressively
short processing time (a few minutes), in a cost-effective
manner, and without requiring specialized equipment.
Furthermore, this approach has many advantages over the pre-
viously demonstrated fabrication methods based on rubbing-
based colloidal assembly, including recently published by us
colloidal assembly combined with PEI-based transfer PEI.27 In
particular, PEI layer connecting the micro-/nano-particles to the
target surface often produces an obstacle for the pattern trans-
fer method. Fig. S5 shows SEM images of Silicon etched though
colloidal mask produced by PEI-assisted transfer, in which the
pattern distortion due to PEI residuals are clearly seen.
Similarly, PEI layer produces an obstacle for the pattern transfer
by thin film deposition and liftoff. In functional application of
the transferred colloids, PEI (or any other molecular glue) can
attract to undesirable particle contamination. Notable, PEI can
be removed after the transfer by dissolution in ethyl alcohol,
but this process is long (up to a few hours), barely controlled,
and can lead to partial detachment of colloidal particles from
the surface. On the contrary, ice assisted transfer method pro-
duces clean interface between the particle and target surface,
with no presence of foreign material, ensuring easy and straight
forward pattern transfer by any existing nanofabrication
approach. The overall process is quick, and mostly depends on
the freezing time, which takes about 30 minutes in standard
freezer (−4 °C), but can be shortened to up to 5 minutes by
using −80 °C freezer. Also, the melting and evaporation stage of
the process can be expedited to 2–3 minutes by placing the
surface to vacuum environment, such as pumped desiccator.

These advantages of the ice-assisted colloidal transfer makes
it well-suited for numerous applications requiring scalable
nanopatterning, especially those incompatible with the expen-
sive technologies used in microchip production. Here, we
demonstrate two such applications. The first is the fabrication
of antireflective nanostructures, commonly referred to as
“moth-eye” structures due to their bioinspiration from the
cornea of moths.42 These structures consist of dense arrays of
sub-wavelength cones or nipples. When scaled significantly
below the wavelength of light, these structures act as an effec-
tively homogeneous optical medium, with a refractive index gra-
dient determined by the shape of the structures.43 Properly
designing the structure profile can achieve a broadband and
omnidirectional antireflective effect that is unachievable with
standard thin-film-based antireflective coatings. Additionally,
moth-eye structures offer superior durability under thermo-
mechanical stresses compared to antireflective films. Despite
extensive research in this area, practical realization has been
hindered by the lack of cost-effective yet reliable methods to fab-
ricate these structures with controlled size and distribution.

In this study, we designed moth-eye structures on silicon
for the mid-IR spectrum, targeting a minimum reflectance
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around 2.8 microns. To achieve this, we assembled 1 µm par-
ticles on silicon using the described method with a Triton con-
centration of 0.25 mM. Particles assembled using pure water
served as a control to demonstrate the importance of appropri-
ate surfactant concentration for achieving optimal application
outcomes. The particle monolayer was transferred to silicon,
and used as a mask for silicon dry etching, which was followed
by particle removal with acetone (details of all the fabrication
processes appear in SI). SEM images of the etched moth-eye
structures produced from colloidal masks assembled with and
without Triton are shown in Fig. 3a and b. Fig. 3c presents
high-magnification SEM images of the etched structures.
Importantly, the structures produced with and without the sur-
factant were fabricated using the same etching process and
exhibited identical geometry. Notably, the little elevated discs
on top of the pillars are the result of the plasma under-etch in
the Silicon areas which were not in the complete contact with
the masking polystyrene spheres.

The obtained moth-eye structures were characterized by
measuring the specular reflectance spectrum in the range of
2.5 to 3.5 microns (Fig. 3d). In both cases, substantially
reduced reflection was achieved compared to bare silicon.
Interestingly, the differences in the monolayers formed with
and without surfactants were directly reflected in the antire-
flective performance of the fabricated structures. The surface
structures produced using the surfactant-assisted method

exhibited an almost zero-reflection spectrum, with a minimum
reflectance at approximately 2.8 microns. This minimum
closely matched the theoretical reflection spectrum, which was
calculated based on the effective medium theory using the
transfer matrix method.44 In contrast, identically shaped anti-
reflective structures fabricated using pure water during the
transfer process showed a minimum reflectance of around 5%.
This imperfect antireflection effect is attributed to excessive
defects in the microsphere monolayers produced without sur-
factants, particularly in the form of relatively large voids.
These voids were transferred to the etched patterns, creating
unpatterned areas that contributed to overall reflection.
Additionally, the numerous voids scattered light, further
increasing the measured reflection.17,45 These results clearly
demonstrate the importance of using an appropriate surfac-
tant in the sphere transfer process: the surfactant not only
improves the visible quality of the resulting microstructure but
also significantly enhances its functional performance.

We also applied this mechanical assembly method to
produce broadband and omnidirectional antireflective struc-
tures on sapphire for the mid-IR spectrum. In this case, the
structures were designed as periodic holes with a conical
cross-section. The fabrication process involved sphere transfer
onto sapphire coated with a Poly-(butyl methacrylate) (PBMA)
sacrificial film, followed by sphere diameter reduction using
oxygen plasma, nickel evaporation (∼40 nm), and the sub-

Fig. 3 Applications of the ice-assisted transfer method in antireflective structures. (a) Antireflective structures on Silicon produced without surfac-
tant, showing voids that were transferred from the colloidal mask to Silicon by dry etching. (b) Similar structures as in (a) produced using surfactant
(0.25 mM), showing reduced number and size of voids. (c) Close – up SEM of the antireflective structures, showing their side wall profile and dimen-
sions. (d) Optical characterization of the antireflective structures, with the effect of the surfactant addition on the obtained reflection attributed to
the reduction in scattering voids. (e) Broadband antireflective structures on Sapphire. (f ) Optical characterization of the antireflective structures on
Sapphire.
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sequent lift-off of PBMA and spheres. Here, the sacrificial
PBMA layer (∼100 nm) was added to produce an undercut in
the nanosphere monolayer, and facilitate liftoff after the evap-
oration of the relatively thick metal film. The sapphire was
then plasma-etched through the nickel mask, which was then
stripped to reveal the final structure (Fig. S6a). Fig. 3e shows
the etched structures, featuring a conical shape with a depth
of 600 nm (Fig. S6b and c). Fig. 3f presents the reflectance
spectrum of the sapphire surface patterned with the antireflec-
tive structures, alongside the simulated spectrum of these
structures (using the same method as used for silicon) and the
spectrum of bare sapphire. The pronounced broadband antire-
flective effect observed in the patterned surface is likely due to
the smooth refractive index gradient created by the sidewall
profile of the etched holes, as also confirmed by the simulation.

The second application showcasing the benefits of our
novel nanofabrication approach lies in the realm of nano-
structured materials designed to interact with biological
systems. T cells, a vital component of the adaptive immune
system, play a crucial role in defending the body against patho-
gens, viruses, and stressed or mutated cells. In vivo, T cells are
activated through the specific binding of T-cell receptors
(TCRs) and costimulatory receptors to ligands expressed on
antigen-presenting or target cells. Beyond these chemical
ligand–receptor interactions, the physical characteristics of
T-cell-target interfaces, such as the mechanical stiffness of
activating surfaces and the nanoscale topography of the
interacting membranes, significantly influence T-cell acti-
vation.46–48 While the precise mechanisms underlying these
physical effects remain unclear and are under intensive study,
it is suggested that nanoscale protrusions on the T-cell mem-
brane (microvilli) facilitate the separation of TCRs, concen-
trated at the protrusion tips, from large phosphatase mole-
cules that inhibit activation signaling.49–52

Surfaces structured with nanoscale topography and coated
with activating ligands were shown to induce cell protrusion
and enhance activation of T cells and of other lymphocytes
such as natural killer (NK) cells.53–57 Interestingly, the nano-
scale topography of activating surfaces not only enhances
ligand-induced activation but can also independently activate
T cells to some extent, even in the absence of activating
ligands.58 While the mechanism behind such “purely mechan-
ical” activation is not yet fully understood, it is evident that
nanoscale topography can and should be harnessed for
designing material-based platforms for ex vivo T-cell activation.
These platforms could be used both for mimicking T-cell
environments in fundamental studies of activation mecha-
nisms and for producing immunotherapeutic T cells with
enhanced antitumor activity.

A major challenge in employing nanotopography for ex vivo
T-cell activation platforms lies in their scalable fabrication.
Top-down nanofabrication approaches adapted from elec-
tronic device production are extremely expensive and slow,
making them unsuitable for producing large-area surfaces
required for clinical-scale cell activation. We believe that our
novel fabrication approach can address this challenge. To

demonstrate this, we created large-area surfaces structured
with arrays of nanowells designed to facilitate the formation of
T-cell protrusions (Fig. 4a). This involved forming monolayers
of 1 µm polystyrene nanospheres, reducing their diameter con-
trollably using oxygen plasma, etching silicon through the
resulting sphere masks, and stripping the nanospheres to
create arrays of silicon nanopillars. These pillars were then
negatively replicated onto polydimethylsiloxane (PDMS) to
produce PDMS surfaces patterned with arrays of pores. The
pore sizes were determined by the initial pillar diameter, and
the periodicity was controlled by the original sphere diameter.
These patterned surfaces were used for ligand-free T-cell
stimulation. Pores with diameters of 200 nm, 400 nm, and
550 nm were fabricated, each with a periodicity of 1 µm
(Fig. 4b and Fig. S7). Flat PDMS was used as a control to
provide an environment devoid of topographic cues. Also, flat
PDMS coated with antibodies for activating (CD3) and costi-
mulatory (CD28) receptors was used as a positive control.
PDMS coating with antibodies were done by using
3-Aminopropyltriethoxysilane (APTES) as a linker.59,60

We isolated peripheral mononuclear blood cells from a
healthy donor and incubated them on the fabricated surfaces
for 24 hours. The cells were then fixed, stained for membrane,
cytoskeleton, and nucleus, and imaged using z-stack confocal
microscopy (Fig. 4c–e). All topographically patterned surfaces
promoted the formation of T-cell nanoprotrusions that pene-
trated the pores, as clearly seen in the z-stack cross-sections. In
parallel experiments, the cells were removed after incubation,
labeled with antibodies against CD3 (a T-cell marker) and
CD69 (an activation marker), and analyzed using flow cytome-
try to detect CD69 expression among CD3+ cells. From this
data, we calculated the percentage of CD69-positive cells
(detailed gating strategy in SI), shown in Fig. 4d.

Flat PDMS produced a negligible amount of about 2%
CD69 positive cells, likely due to tonic signaling of T cells.
Pores with diameters of 400 nm and 550 nm also produced
negligible activation, similar to flat PDMS. However, pores
with a diameter of 200 nm increased the proportion of acti-
vated cells four folds. While the overall activation level was still
lower than that typically achieved using ligand-coated surfaces
that trigger activating and costimulatory receptors, as shown
by the positive control used here, the topography-induced acti-
vation effect is striking. Furthermore, the observed activation
was size-dependent, with only certain pore sizes (200 nm)
effectively inducing activation. This phenomenon mirrors find-
ings by Aramesh et al., who reported similar size-dependent
ligand-free activation using anodized alumina surfaces.58 The
mechanism behind pore-size-dependent ligand-free activation
remains to be elucidated. It has been suggested that pores
with diameters of 200 nm or smaller facilitate segregation
between TCRs, concentrated at the protrusion tips, and large
phosphatases such as CD45, due to the size of the latter.58

This segregation, in turn, is believed to be the key factor in the
mechanism of T cell activation.61 We believe that the demon-
strated fabrication route provides precise control over topogra-
phical geometry, enabling fine-tuning of topography-induced
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activation. This capability could pave the way for designing
scalable platforms for fundamental research and clinical appli-
cations in immunotherapy.

In summary, the fabrication methods described in this
paper offer significant advantages in producing high-quality,
scalable, and cost-effective nanoscale patterns without the need
for specialized equipment. By employing the novel “ice-assisted
transfer” technique, the approach ensures clean, defect-free
transfer of particle monolayers onto target substrates, overcom-
ing the limitations of traditional colloidal lithography methods,
which often produce defects over large areas. The process also
allows precise control over particle arrangement and defect
minimization through optimized surfactant-assisted assembly.
The rubbing of particles on PDMS elastomer produces high-
qualities polycrystalline structures with practically zero defects.
To transfer such structures from PDMS to other surfaces, the

assembly order should be maintained as much as possible
during the transfer process. The great advantage of the
described ice-assisted transfer is that during the initial freezing
step, ice provides a mechanical confinement effect, stabilizing
the particle monolayer. Upon melting, the thin water layer that
forms at the particle and ice interface generates gentle capillary
flows, facilitating minor rearrangement of particles during the
final drying phase, thereby contributing to the reduction of
small voids. Additionally, the low adhesion between the hydro-
phobic polystyrene particles and the ice surface minimizes
mechanical disruption during release, helping to maintain the
integrity of the monolayer. Notably, defects can be formed at
different stages of the process. Individual particle vacancies can
be formed due to the incomplete transfer from PDMS to ice.
These defects can be minimized by ensuring a proper physical
contact between the particle monolayer on PDMS and the

Fig. 4 Nanotopography for T cell activation: (a) process flow: fabrication of the structures by PDMS replication. (b) SEM of the mold containing
arrays of pillars of 400 nm diameter. (c–e) z stack confocal microscope of T cells stimulated on arrays of pores with the diameter of 200 nm,
400 nm, and 550 nm, respectively. (f ) Effect of the pore size on T cell activation, expressed as the fold change in % of activated (namely CD69+ posi-
tive) T cells relative to the flat PDMS. The data was obtained in triplicates, and analysis was performed with Tukey’s multiple-comparison tests using
the GraphPad Prism software. *p < 0.05, ***p < 0.001.
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initially formed water layer prior the freezing, as freezing at a
sufficiently low temperature and long time. Alternatively, grain
boundaries, voids, and double layers are formed due to the par-
ticle rearrangement in the melting and subsequent drying.
These defects can be minimized by the proper surfactant
addition to the solution. Overall, trapping the particle structure
initially formed on PDMS within ice ensures its reliable transfer,
in an analogy with conceptually similar maintenance of the
assembled particle structures in processes such as freeze-
casting of ceramic nanoparticles.62

This versatility enables the fabrication of functional struc-
tures, two examples of which were demonstrated here: antire-
flective “moth-eye” coatings for precision optics and nano-
structured platforms for T-cell activation, demonstrating its
utility across diverse applications. Additionally, the process
achieves rapid patterning within minutes. This timescale is
much shorter than that of state-of-the-art colloidal lithography
techniques, such as those based on Langmuir–Blodgett or dip-
coating methods and is more comparable to the timescale of
high-throughput lithography. On the other hand, the demon-
strated process provides a patterning resolution (i.e., minimal
separation between patterned objects) down to the sub-100 nm
scale. This level of resolution is unachievable by standard UV-
based photolithography and can only be reached using
advanced deep-UV or extreme-UV photolithography. However,
the latter are extremely expensive in terms of both equipment
and operation, making them incompatible with applications
beyond microchip production—such as the micro-/nanopat-
terning for optics or biomedicine demonstrated here. Overall,
the unique combination of simplicity, low cost, high pattern
resolution, excellent pattern quality, and fast processing time
makes this method ideal for applications requiring scalable
nanopatterning while remaining cost-efficient and adaptable
for practical implementations across a wide range of fields
requiring material shaping at the nanometric scale.
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