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ABSTRACT: T cells respond not only to biochemical stimuli
transmitted through their activating, costimulatory, and inhibitory
receptors but also to biophysical aspects of their environment,
including the receptors’ spatial arrangement. While these receptors
form nanoclusters that can either colocalize or segregate, the roles
of these colocalization and segregation remain unclear. Deciphering
these roles requires a nanoscale platform with independent and
simultaneous spatial control of multiple types of receptors. Herein,
using a straightforward and modular fabrication process, we
engineered a tunable nanoscale chip used as a platform for T cell
stimulation, allowing spatial control over the clustering and
segregation of activating, costimulatory, and inhibitory receptors. Using this platform, we showed that, upon blocked inhibition,
cells became sensitive to changes in the nanoscale ligand configuration. The nanofabrication methodology described here opens a
pathway to numerous studies, which will produce an important insight into the molecular mechanism of T cell activation. This
insight is essential for the fundamental understanding of our immune system as well as for the rational design of future
immunotherapies.

■ INTRODUCTION
T cell function is regulated by activating and costimulatory
receptors, whose binding to the ligands expressed by target
cells initiates signaling cascades that determine the T cell
immune response.1,2 To maintain the balance between self-
tolerance and autoimmunity of our immune system, the
activating and costimulatory signaling is suppressed by
inhibitory receptors, which are also called inhibitory
checkpoints. The two most studied inhibitory receptors are
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and
programmed death receptor 1 (PD1), which are, in particular,
expressed by tumor cells to evade the immune surveillance of
T cells. In recent years, blockade of CTLA-4 and PD-1 with
their antibodies has emerged as a revolutionary treatment for
several types of cancer.3−5

The function of immune checkpoints has been extensively
studied since its discovery. While the biochemical aspects of
PD-1 activity are well reported, such as PD-1-mediated
phosphatase recruitment,6 the ensuing deactivation of T cell
(TCR),7 and costimulatory (CD28) receptor signaling,8 much
less is known of the physical aspects of the inhibitory signaling
mechanism. For example, it is known that T cell activating,
costimulatory, and inhibitory receptors are organized into
highly regulated nanoscale clusters, which segregate or
colocalize at different stages of T cell activation.9−11 However,

the effect of receptor clustering and segregation on the
integration of activating and inhibitory signals is still unclear.
In light of the fact that inhibitory receptors must colocalize
with activating receptors to suppress the signaling of the
latter,12 deciphering the exact role of receptor colocalization or
segregation on inhibitory signaling requires a platform on
which distinct receptors can be spatially controlled and the
ensuing response of T cells can be monitored.

Recent advances in nanotechnology have allowed the
engineering of cell-stimulating surfaces coated with controlled
molecular patterns of ligands, which, in turn, determine
receptor arrangement within the cell membrane at the
nanometric scale.13−16 In the context of immune receptors,
nanopatterns of activating ligands for T cells and for natural
killer (NK) cells were recently used to study the effect of
receptor spatial arrangement on the motility and immune
response of these cells.17−22 Alternatively, the distribution of T
cell receptors can be controlled by patterns realized using DNA
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origami.23,24 However, these nanopatterns could only position
the activating/costimulatory receptor. Therefore, such nano-
patterns could not be used to study how the arrangement of
different receptors, i.e., activating and inhibitory ones, affects
their signaling integration. Recently, we demonstrated a novel
approach for nanofabricated molecular-scale patterns of
controllably positioned activating and inhibitory ligands for
NK cells and used this approach to elucidate the effect of
spacing between the activating and inhibitory receptors on the
inhibition in NK cells.25 However, because these patterns
controllably positioned single activating and inhibitory ligands,
they did not mimic the nanoscale clustering of activating and
inhibitory ligand−receptor constructs at the interface between
the lymphocyte (e.g., T cell or NK cell) and its target. Studying
receptor segregation requires nanofabrication approaches that
allow for the configuration of activating and inhibitory
receptors into controlled nanoscale clusters.
Here, we engineered a tunable nanoscale chip used as a

platform for T cell stimulation, allowing spatial control over
the clustering and segregation of activating, costimulatory, and
inhibitory receptors. Specifically, we designed the chip surface
with arrays of patterned discoid nanoclusters filled with
homogeneously mixed antibodies for CD3ζ and CD28.
These antibodies engage TCR and CD28, respectively,
whose colocalization within nanoscale clusters produces

optimal activating-costimulatory signaling essential for T cell
activation.26 Furthermore, to introduce spatially segregated
inhibitory cues, the background of the clusters was patterned
with PD-L1�a ligand for PD-1 (Figure 1a).

We designed a nanochip containing various nanoclusters
with controllably varied sizes and distribution. Each array was
400 μm in size. The diameter of the clusters in the arrays
ranged between 100 and 800 nm, which corresponds to the
size scale of the nanometric receptor clusters microscopically
on the interface between T cells and their target.11 Also, we
used two types of arrays, in which the overall surface coverage
of the clusters was 20 and 40% (Figure 1b). In that way, we
defined not only the relative positions of the activating,
costimulatory, and inhibitory ligands but also their “degree of
segregation”. Indeed, for an array of discoid clusters of
activating/costimulatory ligands, only those lying at the disk
periphery are in close contact with the inhibitory ligands and
are thus considered as “proximal” ligands. Based on recent
reports on the colocalization between the inhibitory and
activating or costimulatory nanoclusters,6,8 it can be hypothe-
sized that the effective inhibitory signaling requires close
proximity between the inhibitory and/or costimulatory
receptors. In the context of our chip design, it means that
the signaling produced by TCR and CD28 bound to these
proximal ligands is expected to be mostly prone to inhibition

Figure 1. Schematic representation, chip design, and fabrication of the nanochip for the control of segregation of T cells. (a) Schematic
representation of the chip and spatial organization of ligands on the chip surface. (b) Chip design with cluster size and density. (c) Schematic
representation of ligand patterns. Colocalized or spatially segregated ligands control the spatial arrangement of integrating receptors. (d) Chip
fabrication process flow showing nanoimprint lithography using a hybrid mold on a silicon substrate coated with thermal resist. Straight evaporation
of titanium and angle evaporation of gold. The human silhouette was taken from VectorStock.com and is a free domain.
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by PD-1 receptors attached to the cluster periphery. Inversely,
other ligands within the cluster, which are positioned away
from the cluster periphery, can be considered as “segregated
ligands” since they are not in direct contact with the inhibitory
ligands that are on the background. According to the same
hypothesis, these segregated ligands are less prone to
inhibition. The relative amount of the segregated ligands
among all the ligands within the cluster is determined here as
the degree of segregation. The degree of segregation can be
calculated for each cluster size, taking into account that the
footprint of individual activating and inhibitory ligands is about
100 sq nm20,27−29 and assuming that the ligands are
immobilized onto the chip surface in a closely packed
configuration (details of calculations are given in the
experimental section). Also, control surfaces were fabricated,
in which all the ligands were homogeneously mixed. Overall,
on the stimulation platforms used here, including the control
chips, the degree of segregation ranged from 0.76 to 0.96
(Figure 1c).
The chip was fabricated by a novel approach based on

nanoimprint lithography and angle evaporations, which
resulted in bimetallic patterns of Au nano-islands surrounded
by an oxidized Ti background, with no need for pattern
transfer by etching of liftoff. This pattern was biofunctionalized
in a site-selective manner using (i) Au−thiol and (ii) TiO2−
silane PEG biotin avidin and nitrilotriacetic acid (NTA)−Ni−
histidine conjugations respectively.30 To improve the adhesion
of T cells to the chip surfaces, PD-L1 was diluted with an
intercellular adhesion molecule (ICAM). We verified the site
selectivity of this orthogonal functionalization, which is critical
for the chip fabrication, using fluorescence microscopy. As
proof of concept, we used this multifunctional nanoscale
platform to examine how ligand clustering and segregation
affected cytotoxic T cell activity. Furthermore, we examined
how the spatially controlled inhibition of T cell activation is
reduced by the immune checkpoint blockade. In summary, our
platform allows for the independent control of three crucial
variables that determine cell behavior: ligand density,
clustering, and segregation, and the modularity of our
approach will expedite the advent of future studies of the
structure and mechanism of functional biointerfaces in
multiple applications.

■ MATERIALS AND METHODS
Platform Design and Fabrication. The chip was

fabricated by producing arrays of nanoscale disks of oxidized
titanium on a gold background using nanoimprint lithography
and site-selective functionalization of the two metals with the
ligands. First, a master mold was produced by electron beam
lithography and plasma etching. The mold surface contained
arrays of etched nanoscale pits with variable diameters, which
corresponded to the designed cluster size. The depth of the
pits was about 100 nm. The nanopattern was then transferred
from the master mold to a soft nanoimprint mold,31 which was
then used to thermally imprint a thin film of resist (polybenzyl
methacrylate, PBMA) on silicon.32 The imprint process was
then done with a nanoimprint tool (NX-B100, Nanonex) with
the following parameters: pressure of 100 psi and temperature
of 100 °C for 5 min. 10 nm titanium was evaporated followed
by 10 nm of gold at an angle of 80°. The imprint was followed
by two sequential metal evaporations: straight evaporation of 5
nm of Ti and angle evaporation (85°) of 10 nm of Au. Here,
the shadowing effect produced by the pit topography ensured

that only the area outside the circles was covered by gold, while
titanium covered the inner circle area (Figure 1d). It must be
noted that after exposing the chip to air, the surface of titanium
spontaneously oxidizes.

The degree of segregation was calculated as follows: first, the
area of the outer ring with a 10 nm width was subtracted from
the cluster area. This area corresponds to the ring of activating
and costimulatory antibodies which are in contact with the
inhibitory PD-1 ligands. The remaining portion of the cluster
corresponds to the area occupied by activating and
costimulatory antibodies, which are segregated from the
inhibitory ligands. Then, this area was divided by the total
cluster area to give the degree of segregation (Figure 1c).
Selective Biofunctionalization of the Platform. An

orthogonal approach was used to selectively immobilize the
ligands onto titanium circles and gold background.30 First,
oxidizing titanium was functionalized. The samples were
cleaned in plasma cleaning for 1 min and were immersed in
a 20 μM ethanolic solution of silane PEG Biotin for 24 h. The
samples were placed in an oven at 60 °C for 4 h without
rinsing. The samples were then copiously rinsed with water
and ethanol. Au was functionalized by reacting overnight in a
0.2 mM ethanolic solution of thiol−NTA. After generous
rinsing with ethanol and water, the samples were blocked for
30 min at 37 °C in PBS with 5% BSA, followed by 30 min of
incubation in 25 μg/mL NeutrAvidin Oregon Green 488 in
PBS with 5% BSA at room temperature. The surfaces were
rinsed in PBS with 0.1% Tween 20. The samples were then
incubated for 2 h in nickel(II) chloride, followed by rinsing in
water. The samples were then incubated overnight at 4 °C in 2
μg/mL of histidine-tagged PD-L1 and ICAM (1:1). Then, the
samples were incubated overnight at 4 °C in 2 μg/mL of
biotinylated anti-CD3 (OKT3) and CD28 (1:1). Finally, the
samples were rinsed in PBS with 0.1% Tween 20 plus once
with neat PBS and stored in PBS before being used for cell
studies. To verify the biofunctionalization selectivity, allophy-
cocyanin (APC)-tagged goat anti-rabbit IgG was attached to
the ligand PD-L1 via rabbit anti-human PD-L1. Also the
biotinylated OKT3 was attached to the Oregon Green 488-
tagged NeutrAvidin, and Alexa Fluor 568-labeled goat anti-
mouse IgG was attached to the OKT3.
Isolating and Culturing of the Human CD8+ T Cells.

Peripheral blood mononuclear cells (PBMCs) were isolated
from blood obtained from a healthy donor using the FICOLL
gradient.33,34 First, blood was diluted in 2% fetal bovine serum
in a 1:1 ratio and then loaded on 10 mL of FICOLL gradient
in 50 mL centrifuge vials and centrifuged at 287 g-force [1200
rounds per minute (rpm) in a centrifuge (Eppendorf, 5810R)
with 17.8 cm diameter] with no forced breaks or acceleration.
The collected PBMCs (buffy coat) were cultured in complete
RPMI media, supplemented with 10% human serum, 200 U/
mL of IL-2, and 50 ng/mL of OKT-3 for 2 days. Isolation of
the CD8+ T cells was performed with a positive selection of
CD8+ beads (130-045-201, Macs Miltenyi Biotec) using a
magnetic column according to the manufacturer’s instructions.
CD8+ T cells were continuously cultured in complete RPMI
media, supplemented with 10% human serum and 200 U/mL
of IL-2 only.
Cell Study. Cultured T-cells (5 × 105/mL, cultured as

detailed below) were seeded onto aα-CD3-functionalized
platform in a complete RPMI media containing <10%
human serum (Male AB, H4522) and 200 units of Il-2 (200-
02-500UG, Peprotech). For the imaging of CD107a, a
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degranulation marker, the medium was supplemented with
APC anti-human CD107a antibodies (1:1000 v/v, 328,620,
BioLegend) and was left to adhere for 3 h. After 3 h of
incubation, samples were rinsed twice in PBS to remove the
nonadherent cells, and cells were fixed with 4% paraformalde-
hyde (PFA) at 4 °C for 10 min. The PFA was then replaced
with PBS, and the samples were rinsed once with PBS. The
actin cytoskeleton was stained with Alexa Fluor 555 phalloidin
(1:40) (Life Technologies) in PBS with 5% skim milk by
incubating at 37 °C for 1 h. Importantly, cells were not
permeabilized to maintain membrane integrity and thus allow
for imaging of membrane-bound anti-CD107a. The samples
were finally rinsed once with PBS and once with distilled water.
The nuclei were stained by mounting the samples with
ProLong Gold antifade reagent containing DAPI (Life
Technologies). Samples were imaged using a Nikon Ti2e
epifluorescence microscope and analyzed using Fiji software.
High-resolution cell imaging was performed by acquiring
images using a Zeiss LSM 880 confocal microscope.
Statistics. All biological experiments were performed three

times. 30 to 60 regions were imaged and averaged for
quantification. Statistical analysis was performed by analysis of
variance, and Tukey’s multiple comparison post hoc test was
also performed. The results were considered to be significantly
different for P < 0.05.

■ RESULTS AND DISCUSSION
Effective fabrication of the nanoarrays was demonstrated by
SEM, showing discs of titanium surrounded by gold (Figure
2a−c). The site-selectivity of the functionalization was verified
using confocal fluorescent microscopy (Figure 2d,e). To that
end, the immobilized PD-L1 was immunostained with α-PD-
L1, followed by the attachment of APC-tagged secondary
antibody (blue). Concurrently, the used NeutrAvidin was
tagged with Oregon Green 488 (green). Finally, the
immobilized anti-CD3 was stained with the Alexa-fluor 568-

tagged secondary antibody (red). Figure 2e shows the same
array imaged in red, green, and blue channels. It can be seen
that the patterns produced by the three colors precisely match
the array geometry, confirming that the used orthogonal
functionalization is highly site-specific and allows a clear
separation between the ligands on the chip array.

The nanofabricated arrays of ligands can be used as
surrogate microenvironments for the controlled stimulation
of T cells.6,8 To demonstrate such a study, primary CD8+ T
cells were isolated from the peripheral blood of a healthy adult
donor, stimulated on the chip surface for 3 h, and fixed. The
immune response of T cells was assessed through the
membrane immobilization of lysosome-associated membrane
protein-1 (CD107a),28 which is a broadly used marker for the
degranulation of T cells.35 For this purpose, a fluorescently
tagged antibody for CD107a was added to the incubation
medium during the stimulation, and its intensity was quantified
by fluorescent imaging. Figure 3a,b presents representative
images of T cells stimulated on patterns with different densities
and cluster sizes, which express different amounts of CD107a
Figure 3c,d. The cells were stained with phalloidin for the
cytoskeleton and with DAPI for nuclei to facilitate their
imaging. The obtained signals were normalized to the average
CD107a expression on a negative control surface, which
included a continuous, closely packed film of PD-L1 and
ICAM. It can be seen that T cells on all the tested arrays
expressed a similarly low amount of CD107a regardless of
cluster size. One possible explanation for this low level of
activation is that the inhibitory signaling of the PD1 engaged
by the PD-L1 out of the nanoclusters is strong enough to
suppress any activating and costimulatory signaling produced
by TCR and CD-28 despite the fact that most of their cognate
antibodies are spatially segregated from PD-1. Surprisingly, this
suppression of activation was observed even for arrays where
most of the inhibitory and activating ligands were positioned
with a high degree of segregation. On the other hand, control

Figure 2. Results of fabrication and biofunctionalization. (a−c) SEM images of nanoclusters in different fields with various sizes of 200, 300, and
800 nm, respectively. Scale bar left to right: 5, 1, and 5 μm. (d) Schematic process of the functionalization of oxidized titanium and the gold surface.
(e) Fluorescent images of a functionalized array made of oxidized titanium and background of gold taken in the red channel, green channel, and
blue channel, respectively. Scale bar: 5 μm.
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surfaces with zero degrees of segregation produced the same
low activation of T cells as the arrays of the cluster did.
To test whether and how the low activation of T cells

stimulated on the arrays of anti-CD3/antiCD28 nanoclusters
was affected by the engagement of PD-1 outside the clusters,
we carried out a control experiment, in which we stimulated T
cells on the chip in the presence of its commercial PD-1
antibody pembrolizumab (Keytruda) (Figure 4a). Pembroli-
zumab is used as an immunotherapeutic drug against several
types of cancers due to its ability to effectively block PD-1 in T
cells, thereby increasing T cells’ antitumor activity. Figure 4b,c
presents the average α-CD107a signals per cell for T cells
stimulated on the chip in the presence of pembrolizumab. In
contrast to T cell stimulation without the PD-1 blockade, in
which the ligand configuration in nanoclusters had a negligible
effect on the immune response, pembrolizumab-treated T cells
produced a highly dependent response to the ligand
configuration (Figure 4c,d). For a homogenous mix of ligands
(zero degrees of segregation), the pembrolizumab treatment
seemed to abrogate the PD-1-based inhibition, resulting in a
relatively high CD107a expression. This abrogation, however,
became lower for ligands configured into small 100 nm clusters
that corresponded to the low segregation of 0.72 and vanished
for most of the arrays with larger clusters and higher degrees of
segregation. To emphasize the effect of pembrolizumab
treatment and its dependence on the ligand configuration in
clusters, Figure 4e,f shows the fold change in the CD107a
signal between T cells stimulated without and with
pembrolizumab. The data further confirm that pembrolizumab

treatment was effective mostly for zero or very small degrees of
segregation.

The results of the control experiment confirm that the
activation of T cells stimulated without pembrolizumab
treatment (Figure 4) was suppressed by the inhibitory effect
of PD-L1 immobilized on the cluster background. However,
this effect was pronounced only for surfaces with zero or small
degrees of segregation. On the contrary, the clusters larger than
100 nm produced an insufficient activation of T cells with and
without pembrolizumab treatment. This insufficient activation
could probably stem from the cluster geometry and
configuration, which presumably were not optimal for T cell
activation. Indeed, the clustering of TCR is a critical factor in
the regulation of T cell activation. Still, whether and how the
mixture of activating antibodies confined into the nanoclusters
of variable size determine TCR clustering remain unclear, and
addressing this question requires further studies. These studies
should include monitoring of both the early signaling in T
cells, using markers such as TCR phosphorylation,10 as well as
T cell cytotoxicity, which can be quantified through the release
of cytokines such as interferon-gamma.36

This work demonstrates a robust approach for producing a
stimulation platform for T cells with a nanoscale control over
the clustering and segregation of multiple ligands with
antagonist functionalities. At the base of this platform is a bi-
metallic nanopattern, which is fabricated using a high-
throughput nanoimprint lithography. Furthermore, the pattern
transfer is done using a non-standard approach. Indeed, unlike
the usual procedure which consists of, for example, resist
etching, metal deposition, and liftoff, we performed two
sequential metal depositions, one of them being done at a
shadowing angle, thus alleviating the need for plasma etching.

It must be noted that the plasma etching rate is highly
affected by the micro-loading effect. Therefore, while
producing arrays with various geometries on the same
substrate using a pattern transfer process that involves plasma
etching of the imprinted resist, the etching rate would vary
among differently sized clusters. This could likely result in
incomplete pattern transfer for clusters of a specific range of
size and pattern distortion due to high over-etch for clusters of
another range of sizes. On the other hand, plasma etching is
avoided in the pattern transfer approach demonstrated here.
Accordingly, the overall process flow is largely simplified, and
the pattern transfer fidelity is improved.

The nanofabricated heterogeneous bi-metallic pattern of
segregated Au/Ti nanodomains was functionalized using an
orthogonal approach that was first demonstrated by us in the
fabrication of micron-scale patterns of spatially segregated
activating and inhibitory ligands for NK cells,30 yet its
downscaling to sub-micron scale has not been shown so far.
Importantly, this approach is based on broadly used
bioconjugation techniques, making this a versatile approach
to orthogonally immobilize any combination of biomolecules
on the surface. Here, we demonstrated this by applying it to
the combination of activating/costimulatory and inhibitory
functionalities for T cells. Furthermore, the site-selectivity of
this orthogonal approach was previously demonstrated by
fluorescent imaging of (i) a ligand immobilized onto Au
through NTA−Ni conjugation and (ii) NeutrAvidin immobi-
lized onto Ti through biotin−NeutrAvidin conjugation.
Attachment of NeutrAvidin is an intermediate step in the
functionalization process. On the other hand, the site-selective
surface immobilization of the second, biotinylated ligand,

Figure 3. T cells activation. (a) Fluorescent imaging of activation
expression on the surface with 0 segregation. (b) Fluorescent imaging
of activation expression on the surface with 0.96 segregation. The cells
were stained with phalloidin for the cytoskeleton (red), DAPI for the
nucleus (blue), and anti-CD107a (white). (c,d) Normalized amount
of bound α-CD107a per cell on ligand patterns compared to that of
cells stimulated on a surface with mixed ligands. All the data
normalized to the control surface with only inhibitory ligands. (c)
20% of activating ligands. (d) 40% of activating ligands. The small
graph in (c) shows the degree of segregation against cluster size.
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which is the final step in the functionalization process, was only
indirectly verified using a biotin-labeled fluorophore. Here, for
the first time, to the best of our knowledge, we confirmed the
complete site-selectivity of our orthogonal approach through
its final step by separate immunostaining of activating/
inhibitory antibodies and PD-L1 and verifying that the
produced two-color fluorescent pattern matches the geometry
of the fabricated nanoarray.
Micropatterns of segregated functionalities are an emerging

tool to study the spatial segregation of different molecules
within the cell membrane and their functional cross-talk. Early
examples of such micropatterns were fabricated by photo-
lithography combined with orthogonal functionalization. Since
then, such patterns have been used to elucidate the effect of
chemical heterogeneity of the extracellular environment on
vital cell functions, such as motility, proliferation, and
differentiation.37,38 In the context of the immune function,
heterogeneous micropatterns consisting on microdomains of
activating ligands surrounded with adhesion ligands were
produced by photolithography and used to mimic the
geometry of the immunological synapse.39 Another example
includes a micropattern of alternating strips of activating and
inhibitory antibodies for NK cells produced by contact
printing.40 Still, all the patterns could allow the spatial
segregation between different biomolecules on the micron
scale due to the resolution limitations of the used lithography

methods. However, many processes related to the spatial
segregation between different biomolecules in the living
systems occur at the nanometric scale. To produce an artificial
cell-stimulating environment in which different stimulating
biomolecules are segregated at the nanoscale, a pattering
method is required, which combines nanometric resolution,
high throughput, and pattern arbitrariness. This requirement
precludes contact printing with limited resolution, electron
beam lithography with low throughput, and self-assembly
patterning methods that are limited to produce only periodic
patterns with one geometry. Thus, nanoimprint lithography,
which addresses all three requirements, is the ultimate choice
for fabricating patterns with nanoscale segregation of
stimulating biomolecules of different functionalities. Our
work provides a clear demonstration of the benefits of using
nanoimprint lithography to produce such nanopatterns in
combination with orthogonal biofunctionalization. Further-
more, the demonstrated fabrication approach paves the way to
endless studies aiming to understand how nanoscale
biochemical heterogeneity in the extracellular environment
affects the functions of cells.
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