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ABSTRACT: The ex vivo activation and proliferation of cytotoxic
T cells are critical steps in adoptive immunotherapy. Today, T cells
are activated by stimulation with antibody-coated magnetic beads,
traditionally used for cell separation. Yet, efficient and controlled
activation and proliferation of T cells require new antibody-bearing
materials, which, in particular, deliver mechanical and topographic
cues sensed by T cells. Here, we demonstrate a new approach for
the activation and proliferation of human cytotoxic T cells using an
elastic microbrush coated with activating and costimulatory
antibodies. We found that the microbrush topography affects the
protrusion of the cell membrane and the elastic response to the
forces applied by cells and can be optimized to yield the strongest
activation of T cells. In particular, T cells stimulated by a
microbrush showed a three-fold increase in degranulation and release of cytokines over T cells stimulated with state-of-the-art
magnetic beads. Furthermore, the microbrush induced a T-cell proliferation of T cells that was more prolonged and yielded much
higher cell doubling than that done by the state-of-the-art methods. Our study provides an essential insight into the physical
mechanism of T-cell activation and proliferation and opens the floodgates for the design of novel stimulatory materials for T-cell-
based immunotherapy.
KEYWORDS: T cells, activation, proliferation, PDMS microbrushes, immunotherapy

■ INTRODUCTION
Adoptive immunotherapy is a new, rapidly developing family
of approaches to treat cancer with a patient’s own
lymphocytes. It includes chimeric antigen receptor (CAR) T-
cell immunotherapy, which is based on T cells transfected with
engineered receptors consisting of (i) an antibody-based
extracellular domain specific to a cancer marker and (ii) an
intracellular domain that generates activating and costimula-
tory signaling. The engineered T cells are then transfused back
to the patient’s body and attack the tumor.1 Today, several
CAR T-cell immunotherapies are approved by FDA for the
treatment of B-cell acute lymphoblastic leukemia, B-cell non-
Hodgkin’s lymphoma, and multiple myeloma. Another
emerging approach of immunotherapy is based on tumor-
infiltrating lymphocytes (TILs), which are isolated from the
tumor stroma, assayed for neoantigen-specific recognition, and
expanded before re-introduction to the patient.2,3 The
advantage of TIL-based therapy over other adoptive T-cell
therapies stems from its great tumor-homing ability, low off-
target toxicity, and it showed promising clinical responses in
metastatic melanoma,4 advanced cervical cancer,5 epithelial

lung cancer,6 colorectal cancer,7 and breast cancer.8 Additional
adoptive immunotherapies employ T cells with engineered T-
cell receptors and natural killer (NK) cells. With more than
1000 ongoing or recruiting clinical trials, according to www.
clinicaltrials.gov, these methods altogether promise to
revolutionize cancer treatment in the coming years.
Despite encouraging developments in T-cell-based immu-

notherapy, it still faces several key challenges. One of them is
related to the ex vivo activation and expansion steps in the
process of immunotherapeutic T-cell production, which are
critical for obtaining a therapeutically sufficient amount of T
cells and their efficient transfection with CARs. Today, T cells
are commonly activated prior their proliferation using
magnetic beads coated with antibodies that engage activating
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TCR signaling and costimulatory CD28 signaling. However,
the commercially available beads, which were initially designed
for cell isolation, have never been optimized for the ex vivo
activation of T cells, and they fail to reproduce physical
features of the interface between T cells and their targets in
vivo. One such physical feature is the mechanical stiffness of
the target cell to the forces applied by T cells. It has become
progressively clear that T cells are mechanosensitive and that
they mechanically probe their environment to differentiate
between healthy and infected cells.9 Although the mechano-
sensing mechanism of T cells is still largely debated, it is
obvious that a solid surface of magnetic beads can unlikely
produce an optimal mechanical stimulus for T-cell activation.
Several recent studies demonstrated that the elasticity of the
stimulating surface largely modifies T-cell spreading10 and
alters T-cell activation and proliferation.11,12,34

The second key physical feature of the T cell−target
interface is its microscale morphology. In vivo, T cells contact
target cells using microscale actin-reach protrusions called
microvilli. The topography of microvilli does not only increase
the T cell−target interface but it is also believed to play a
critical role in the spatial reorganization of signaling molecules
that regulate the initial T-cell response. Recent studies based
on super-resolution microscopy demonstrated that microvilli
tips enriched with T-cell receptors (TCRs) produce tight
contacts with the membrane of the target cell,13−15 and that
the shape of the microvilli promotes the spatial exclusion of
large phosphatase CD45 molecules from these contacts.16 This
exclusion, in turn, shifts the kinase−phosphatase equilibrium in
favor of the kinase, resulting in enhanced TCR phosphor-
ylation and signaling.13,17 Interestingly, topographic TCR-
CD45 segregation can be artificially induced on stimulating
surfaces with controlled micro-topographies at the sub-cellular
scale,18 which in turn leads to enhanced T-cell activation.19

Furthermore, we recently stimulated T cells and NK cells on
arrays of standing nanowires with tunable elasticities20,21 and
showed that both the nanowire elasticity and nanowire
induced-microtopography produce distinct stimulatory effects
on these cells.22,23 Based on these fundamental studies, it can
be concluded that both elasticity and micro-topography of the
stimulating surface are essential regulators of T-cell response
and that these regulators should be harnessed to design
optimized and tunable platforms for T-cell activation and
expansion.
Here, we explored a novel micro-engineered platform for ex

vivo T-cell activation and proliferation that combines the
stimulatory effects of surface elasticity and microtopography.
The platform is based on a dense array of elastomeric
micropillars functionalized with activating and costimulatory

antibodies. The entire surface covered by these arrays is called
hereafter “micro-brush” (Figure 1a). In general, a topography
of dense standing features, such as micro-/nanoscale wires,
needles, or pillars, have been broadly explored today as ex-vivo
platforms for cell interactions, with the application such as
gene delivery24,25 including generation of CAR T-cell
generation.26,27 Also, elastic micropillars have been previously
used for traction force microscopy aimed at studying
mechanical forces exerted by cells,28−30 as well as for the
activation of helper T cells.31 Furthermore, micropillars coated
with the natural pMHC ligands for TCRs were recently used to
efficiently activate cytotoxic murine T cells.32 However, pillar-
structured elastomers have never been used in combination
with immunotherapeutic activating and costimulatory antibod-
ies to enhance the activation and proliferation of human
cytotoxic CD8+ T cells. In this work, we designed micropillars
with various geometries and thereby altered their flexibility and
compliance to the forces applied by the cells to study the effect
of pillar geometry on the activation and proliferation of CD8+
T cells. We found that the micropillar topography greatly
enhanced the magnitude of degranulation and cytotoxicity of T
cells, when compared to those obtained from a flat surface with
the same elasticity and from commercially available magnetic
beads. We found, however, that T-cell activation depended on
the pillar geometry, with the highest activation produced by
relatively short, standing pillars that comply to the forces
exerted by T cells, and allow the protrusion of the cell
membrane into the areas between the pillars (Figure 1b).
Surprisingly, we discovered that the micropillar-induced
topography did not affect early signaling in the stimulated T
cells, which suggests that the mechanism of topographically
induced activation unlikely involves any modulation of TCR
triggering. Finally, we found microbrush-induced activation led
to the enhancement in T-cell proliferation, both in terms of
proliferation magnitude and duration. These findings demon-
strate that CD8+ T cells sense both the surface topography and
elasticity and that an optimized microbrush is a promising
alternative to the currently available platforms for therapeutic
ex vivo activation and proliferation of T cells.

■ RESULTS
We stimulated primary human T cells on micropillars with two
different lengths�5 and 10 μm, which are termed hereafter as
the short and long pillars, respectively. The pillars have a
diameter of 1 μm in both cases and were arranged in
rectangular arrays with a periodicity of 4 μm. Since the
dimension of one T cells is around 10 μm, this periodicity
ensures that the one cells would contact several pillars at the
same time, and always sense the topography provided by

Figure 1. (a) Schematic illustration of activation and proliferation of T cells on the antibody-functionalized microbrushes. (b) Pseudo-colored SEM
micrograph of a T cell stimulated on the microbrush.
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pillars. The pillars were fabricated from polydimethysiloxane
(PDMS) using double replication from a silicon mold, as
described in detail in the Experimental Section. The protocol
used for PDMS preparation was to obtain an elastomer with an
elastic modulus of ∼2 MPa, which was previously shown to
produce strong mechanical stimulation of T cells.19 To provide
the activating and costimulatory biochemical signals necessary
to T-cell activation, the surface of pillars was functionalized
with α-CD3 and α-CD28 antibodies. Notably, these surface
provided two types of activating stimuli�biochemical (by
ligands), and biophysical, which by itself has two compo-
nents�elastic and topographical. The separate effect of the
biochemical stimulus on the elastomer surface was elucidated
previously,22,33 and it is found that the antibodies were crucial
for the activation. Also, to elucidate the effect of the
components of the biophysical stimulus, we used three control
stimulatory surfaces: (i) flat PDMS functionalized with α-CD3
and α-CD28 antibodies, which had the same elasticity as the
pillars but were devoid of any stimulating microtopography,
(ii) rigid glass slides functionalized with activating and
costimulatory antibodies via a proadhesive poly-L-lysine
(PLL) layer, and (iii) rigid glass slides functionalized with
PLL only, which lacked any activating stimuli but produce
good adhesion for T cells.34 In the activation assays,
commercial magnetic beads (Dynabeads) functionalized with
α-CD3 and α-CD28 were used as an additional control.
At first, we studied whether the pillar topography affects the

cytotoxicity of CD8+ T cells. To that end, we isolated primary
human CD8+ T cells from the peripheral blood of a healthy
donor, stimulated them on the pillars and the control surfaces
for 3 h, and assessed the amount of exposed lysosome-
associated membrane protein-1 (LAMP-1), also known as
CD107a. In the activated T cells, lytic granules containing
granzymes and perforins designed to induce death in target
cells,35 diffuse toward the immune synapse, where they merge
with the membrane and release their lytic content into the
synaptic space.36−38 Among the structural proteins found in
lytic granules is CD107a, which is brought to the surface of the
membrane during the degranulation and is thus very
commonly used as a quantitative marker for the activation of
T cells.38,39 Here, the amount of expressed CD107a in each T
cell was assessed by immunostaining with the fluorescently
labeled CD107a antibody and measuring its average
fluorescence intensity per cell.
Figure 2 a and b show top-view and z-stack confocal images

of T cells stimulated on short pillars for 3 h. CD107a (green) is
clearly seen in a significant part of the cells stimulated on the
short pillars. Figure 2c shows the average amount of
degranulated CD107a signal per cell on micropillars and the
control surfaces. Short PDMS micropillars showed a maximum
level of activation in T cells which was significantly higher than
all other surfaces. In particular, the level of CD107a expression
of T cells on short PDMS micropillars was 2.5 times higher as
compared to that produced by T cells incubated with the
Dynabeads. Long PDMS micropillars also induced higher
activation signaling as compared to Dynabeads, as well as
compared to the flat PDMS functionalized with the antibodies.
The lowest level of CD107a expression was obtained, as
expected, for the rigid control surfaces lacking activating and
costimulatory antibodies since the presence of these antibodies
and the engagement of activating and costimulatory receptors
they produce are critical for the T-cell activation. Interestingly,
however the difference in CD107a signal between Dynabeads

and the rigid surface lacking the antibodies was minor and not
statistically significant, the difference between Dynabeads and
short micropillars was three folds in favor of the micropillars.
This result suggests that the combined effect of elasticity and
microtopography on the activation of T cells is at least as
potent as that of the presence of activating and costimulatory
molecules on an activating surface.
The positive effect of the micropillar topography on T-cell

activation was confirmed by assessing the secretion of
interferon-gamma (IFN-γ). IFN-γ is a cytokine with important
roles in tissue homeostasis, immune and inflammatory
responses, and tumor immunosurveillance. Also, IFN-γ plays
cytostatic, pro-apoptotic, and antiproliferative functions in
tumor immune therapies.40−44 To quantify the secretion of
IFN-γ, T cells were seeded on the micropillars and control
surfaces, as well as incubated with Dynabeads for 24 h, and the
supernatant was analyzed by ELISA (see the Experimental
Section for details). In order to maintain the same conditions
for all the cells seeded onto different surfaces, including the
controls, they were mounted in chambers that exposed a
constant surface area for all the cells, as well as constant
volume. Figure 2d shows the IFN-γ amount vs the type of
activating surface, whose trend mirrors that observed for
CD107a. The highest IFN-γ level was produced by T cells
activated on short micropillars. For instance, long micropillars
caused a higher release of INF-γ than that on flat PDMS,
Dynabeads, and rigid surfaces, yet the value was lower
compared to that produced on the short micropillars. Also,

Figure 2. (a) z-stack and (b) top-view confocal images of CD8+ T
cells activated on short the micropillar surfaces. The cells were stained
with Alexa Fluor 555 phalloidin to visualize the cytoskeleton, DAPI
for nuclei, and APC-labeled anti-CD107a as a marker of
degranulation. (c) Average amount of CD107a per cell vs type of
activating surface. (d) Amount of IFN-γ vs type of the activating
surface. The analysis was performed with Tukey’s multiple-
comparison tests using GraphPad Prism software. *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001, and ns: not significant. All scale
bars are 5 μm.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c01871
ACS Appl. Mater. Interfaces 2023, 15, 31103−31113

31105

https://pubs.acs.org/doi/10.1021/acsami.3c01871?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c01871?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c01871?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c01871?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c01871?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Dynabeads caused a lower INF -γ secretion than all the tested
elastomeric surfaces.
To understand the mechanism underlying the enhanced

activation of T cells by elastic micropillars and, specifically, to
assess whether the pillar topography modifies the TCR
function, we monitored TCR early signaling. In T cells, the
engagement of TCR by its ligand is followed by the

phosphorylation of its immune receptor activation motif
(ITAM), to which the cytoplasmic tyrosine kinase ZAP-70 is
recruited and phosphorylated. ZAP-70 phosphorylation, in
turn, initiates downstream signal propagation and is, therefore,
broadly used as a marker for the early signaling event. To
assess the intensity of early TCR signaling, T cells were
immobilized on the micropillars and the control surfaces for 15

Figure 3. Confocal images of T cells showing phospho ZAP-70, after stimulation on (a) short micropillars and (b) long micropillars. Cells were
stained with phalloidin for cytoskeleton (red), DAPI (blue) for nuclei, and phospho ZAP-70 (green). (c) Quantification of phospho ZAP-70 in T
cells on different PDMS surfaces and controls. (d) Analysis was performed with Tukey’s multiple-comparison tests using GraphPad Prism software.
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Combination of brightfield view of T cells stimulated on (d,e) short micropillars and on
(f,g) long micropillars to view colocalization of ZAP-70. All scale bars are 5 μm.

Figure 4. Mechanical interaction of human CD8+ T cells with different pillars. (a) 3D and (b) cross section z-stack images of T cells on the short
and long micropillars. Cells were stained in green for the membrane (CellMask) and in blue for the nucleus (Dapi). To visualize the substrate
topography, both surface bound mouse anti-human CD3 and CD28 were labeled with anti-mouse Alexa 647. (c,d) Pseudo-colored SEM images of
T cells on the short and long micropillars, respectively. (e) Average projected cell area vs type of the stimulating surface. The analysis was
performed with Tukey’s multiple-comparison tests using GraphPad Prism software. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. All
scale bars are 5 μm.
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min, fixed, and stained against ZAP-70 phosphatase by indirect
immunofluorescent staining, which is a common practice to
assess ZAP-70 phosphorylation.45 The intensity of phosphor-
ylation of ZAP-70 was quantified using confocal microscopy.
Figure 3a,b show the phosphorylation of ZAP-70 in T cells on
short and long micropillars, respectively, and Figure 3c shows
the average signal of phospho-ZAP-70 per cell on the pillars
and the control surfaces. The highest level of ZAP-70 was
obtained for all PDMS-based surfaces, with no difference
between them, while the lowest level was obtained for PLL-
coated glass slides. Also, Dynabeads produced the early
signaling that was higher than the PLL-coated surfaces yet
lower than that of PDMS-based surfaces, although with no
statistical significance. In addition, the intracellular location of
ZAP-70 was also analyzed by immunofluorescence in T cells.
The visualization with confocal microscopy (Figure 3d−g)
alongside with the brightfield channel showed that ZAP-70 was
not localized at the interaction point of T cells and the
micropillars but was found to be dispersed all over the T cell.
This can be attributed to the microstructure of the elastomeric
PDMS pillars that do not enable direct access to intracellular
compartments of the living cells, as seen in the case of
nanowire-based platforms for T-cell activation.46

To better understand the nature of the mechanical
interaction of T cells with the micropillars, we stained the
membrane of T cells and imaged them using z-stack confocal
microscopy. These images revealed quite different forms of
short and long micropillars, their different interaction with the
cell. Short micropillars, in general, maintain their standing
position, and altogether produce brush-like microenvironment
for T cells (hereafter termed as microbrush), which is
characterized by the several distinct features. First, the cells
on the microbrush (Figure 4a) seemed more spread compared
to those on the long micropillars. Also, the cross-section of z-
stack reveals that the short pillars invaginate the cell
membrane, and that the cell membrane, in turn, protrudes in
the interstices between the pillars. Finally, it is clearly seen that
the pillars in microbrush contacted by the cells are bent toward
the cell center, which suggests that these pillars complied with
the centripetal forces applied by the cells. Interestingly, all
these features are missing for long micropillars, which lay on
the surface without producing a brush-like environment, and
do not interact mechanically with the cells.
To confirm the observation of the confocal microscope, the

fixed cells were dried in a critical point drier, coated with a few
nanometer of Au, and imaged with a scanning electron

microscope (SEM) (Figure 4 c,d). The SEM images reveal the
3D picture of the cell interaction with the surface, which is
invisible in optical microscopy. First, it is clearly seen that T
cells physically interact with the short pillars (Figure 4c). The
pillars of the brushes produce invaginations in the cell
membrane of about 1−2 μm in depth. These invaginations
are used as “contact anchors” through which the cells apply
forces on the pillars, as deduced from the deflection of the
pillars. Furthermore, most of the pillars contacted by the cells
are bent toward the cell center, suggesting that they comply
with the centripetal forces applied by the cells during the early
activation stage.47 Contrary to the brushes of short micro-
pillars, long micropillars failed to provide the anchoring contact
points for T cells as they were stuck to the surface and likely
formed a “carpet” of lying micropillars (Figure 4d). This was
likely the reason why the shape of T cells on these surfaces was
rounded and lacked invaginations. Remarkably, SEM images of
the short and long pillars right after their fabrication confirmed
that their tendency for standing and lying configurations,
respectively, stemmed from their shapes and aspect ratios,
regardless of their latter interactions with cells. Finally, the
interaction of T cells with the activating surface was quantified
in terms of their projected areas (Figure 4e). Here, T cells
stimulated on microbrushes produced the highest area. These
data largely agree with the observation from SEM and z-stack
confocal microscopy that the topography of the short pillars,
which promotes the protrusion of the cell membrane into the
interstices between the micropillars, is also a trigger for the
spreading of the cells.
In vivo, T-cell activation leads to T-cell proliferation, with

the purpose of clonal selection and expansion of antigen-
specific T cells. Also, ex vivo T-cell activation is essential for T-
cell proliferation with the purpose of obtaining T-cell
quantities that are sufficient for adoptive immunotherapy. To
learn whether the microbrush-induced enhancement in T-cell
activation can also produce the enhancement in T-cell
proliferation, we carried out proliferation assays. In these
assays, T cells were incubated on the short and long pillars for
24 h, re-collected, and re-cultured in a complete culture
medium for 10 days, with a periodic supplement of interleukin-
2 (IL-2). Antibody-functionalized flat PDMS and Dynabeads
were used as control surfaces in the proliferation assays since
they showed the highest activation among the control surfaces
in the activation assays. The cell proliferation rate was
measured each day by collecting 10 μL of the cell culture,
staining it with methylene blue, and counting the cells using a

Figure 5. (a) Proliferation of human CD8+ T cells on microbrushes and control surfaces. (b) Population doubling of human CD8+ T cells on
microbrushes and control surfaces.
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flow cytometer. The culturing media was also replaced every 3
days.
Figure 5 shows the cell count vs time in days for the different

activating surfaces. T cells incubated on PDMS microbrushes
showed maximum proliferation as compared to Dynabeads,
which are most prominently used today for T-cell proliferation.
Remarkably, for Dynabeads, flat PDMS and long micropillars,
T-cell numbers peaked at day 4 and rapidly declined afterward,
which suggests the exhaustion of the T cells after day 4. On the
contrary, the proliferation of T cells activated on the
microbrushes continued to increase at a rapid rate and peaked
at day 6 with a value exceeding 35 × 105 cfu/mL. After day 6,
the amount of T cells activated on the microbrushes gradually
decreased until day 10. T cells activated on the microbrushes
showed not only a longer proliferation time but also
proliferated to a substantially higher amount compared to
those activated on other surfaces. Figure 5b shows the
population doubling vs time. It is clearly seen that at the
peak of the proliferation, the microbrush produced a
population doubling index which was 30% higher than that
obtained on all other surfaces at their population peak. These
findings demonstrate that the microtopography of an elastic
stimulating surface is an important regulator not only of the
activation of T cells but also of their proliferation, yet the
mechanism of this regulation still needs to be understood.
Furthermore, these findings show that elastic activating
surfaces with controllably structured microtopography have
great potential for the controlled ex vivo activation of T cells
for therapeutic surfaces.

■ DISCUSSION
Surfaces structures with vertical micro-/nano-topography is
extensively explored nowadays for the interaction with living
cells,48 and it has been so far demonstrated for various
purposes, including but not limited to the intracellular delivery
of bio-materials,49−54 traction of cellular forces,55−58 electrical
stimulation and recording intracellular electrical activity,59 and
mechanical stimulation.30,60 Also, vertical microtopography has
been used in the mechanobiological studies of lymphocyte
cells31 and the regulation of their immune function.61 In this
paper, we studied the effect of microscale topography on the
activation and proliferation of T cells and demonstrated its
potential in the production of T cells for immunotherapeutic
purposes. In particular, we showed that microtopography could
strongly increase the cytotoxicity of T cells, as revealed by both
CD107a expression and INF-γ release, yet this increase is not
generic but also strongly depends on topography itself. The
long pillars with an aspect ratio of 10 used here did not retain
their free-standing shapes but stuck to the surface. This
resulted in two striking differences between short and long
micropillars. The first difference is that the short micropillars
produced a pronounced microbrush topography at the cell−
pillar interface. This topography allowed the cells to protrude
into the spaces between the pillars and restricted the cell−
surface contact to the top 1−2 μm of the pillar area. On the
contrary, the long micropillars, for which the pillars mostly
stuck to the surface, did not produce a strong, membrane-
invaginating topography and thus did not restrict the cell
contact to the pillar tips. However, SEM images clearly
revealed that the cells produced a relatively small contact area
with the surface of the long pillars. Therefore, it can be
concluded that the short, standing pillar topography acts as an
artificial “enhancer” of the contact area between T cells and the

stimulating surface, and this enhancement, in turn, increases
the overall amount of the activating and costimulatory
antibodies that trigger cell activation. This artificial enhancer
can also explain why the activation using the short micropillars
was significantly higher than that using Dynabeads. Impor-
tantly, to elucidate the possible effect of the antibody surface
density on the activating potency of the tested surfaces, we
quantified this density on each surface using fluorescent
microscopy, as described in detail in the Supporting
Information. We found that this surface density is within the
same range for all the tested surfaces, including short and long
micropillars, flat PDMS, and Dynabeads, and is above the
density of antibodies required for the optimal activation of T
cells on surfaces.62 Therefore, the difference between these
materials in terms of their activating efficiency of T cells cannot
be attributed to the antibody density.
The second, yet no less important difference between the

short and long micropillars is that the short ones greatly
complied with the centripetal forces applied by T cells, as
clearly seen from the z-stack and SEM images (Figure 4a−d).
The result obtained here faithfully mirrors our recent reports,
in which T cells and NK cells stimulated on vertical nanowires
coated with activating molecules increased their activation with
nanowire length, and therefore, nanowire compliance to
force.22,23 As mentioned before, there is growing evidence
that such compliance to cellular forces is critical for the
activation of T cells, and several studies demonstrated that
decreasing the elastic modulus of the stimulating alters the
activation of T cells.12,34,75 In this sense, while all the used
elastomer-based surfaces including short pillars, long pillars,
and flat PDMS surfaces were made of the PDMS of the same
bulk elastic modules (∼2 MPa), they produced dramatically
different compliances to the cell forces. Specifically, in the
surface with standing pillars (microbrush), where each pillar
acts as a tiny micro-spring that easily complies with the cellular
forces. The bending modulus of each pillar, which is defined
here as the ratio between the shear force and horizontal
displacement of the pillar tip, is given by63

F Er
l

/
3

4

4

3=

where F is the force, l is the pillar length, E is the Young
modulus of the material, δ is the horizontal tip deflection, and r
is the pillar radius. For short pillars used here, the calculated
bending modulus is ∼2 mPa. Thus, the microbrush with the
short pillars can be viewed as an “activating continuum”
structure of many highly elastic elements, and the overall effect
of elasticity of this continuum is much stronger than that of a
flat surface or of a nearly flat surface such as that of long
micropillars.
To allow a direct comparison between how a flat surface and

a surface with pillar-topography comply with the forces applied
by cells, we numerically modeled this compliance using finite
element analysis (Figure S3). Here, we first modeled the
compliance of a pillar with a circular cross-section upon
horizontal mechanical load applied on the pillar top. The
dimensions and bulk elasticity of the modeled pillar were kept
the same as those of the used short pillars in the cell
experiments. We calculated the mechanical load (e.g., force per
area of the pillar top), in Pa, required to displace the pillar top
horizontally through different distances, from 1 to 5 μm. Then,
we modeled the compliance of a flat surface with the same bulk
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elasticity (2 MPa), assuming that a horizontal force is applied
to a circular area with the same diameter as the pillar top.
Specifically, we applied on this area different forces with the
same values obtained previously for the pillar displacement in
the range of 1�5 μm and found that the displacement of the
loaded area on a flat surface is 6 orders of magnitude lower
than that of the pillar top, for all the forces used in the
calculations. This quite intuitive observation quantitatively
demonstrated how dramatic is the effect of surface micro-
structures and their shape on the mechanical compliance of
this surface to forces exerted by cells (Figure S3).
The mechanism of elasticity-induced activation is still greatly

debated and can be attributed to different features of T-cell
activation. One of these is related to growing evidence that
TCR is a force sensor whose change in conformation upon the
applied force onto the TCR-ligand bond triggers the activation
signaling.64,65 In this context, the elasticity of the surface that
supports the activating ligands greatly alters the overall load on
the TCR-ligand bond, and, as a consequence, the intensity of
TCR signaling. However, here the early signaling, which was
characterized by the overall amount of ZAP-70 phosphatase,
was the same for the short micropillars, long micropillars, and
flat PDMS surface, suggesting that enhanced activation of T
cells by the short micropillars is unlikely associated directly
with increased TCR engagement or early signaling. While the
activation time used in the ZAP-70 assays was more sufficient
for the detection of early signaling,66,75 negligible differences in
ZAP-70 signals among the probed surfaces can be attributed to
poor synapse was formed between the cells and the substrate.
Furthermore, similar levels of ZAP-70 phosphatase produced
by the brushes and PDMS surfaces suggest that the different
activation levels these surfaces produced are unlikely associated
with the difference in the overall contact area with T cells. We,
therefore, suggest that the ability of the microbrush topography
to boost T-cell activation stems rather from the ability of the
standing pillars to comply with the mechanical forces at the
cell−pillar interfaces. Such forces are an important regulator of
T-cell activity, and they play a critical role in the formation of
the immune synapse.67 Also, the microbrush geometry allowed
the stimulated cells to form protrusions, which recently were
shown to be critical in the development and the upkeeping of
the forces in the immune synapse and effective killing by T
cells.16 These protrusions were clearly observed in T cells on
short microbrushes by SEM and confocal microscopy, and
their presence correlates with the enhanced activation and
cytotoxicity of T cells on these surfaces. To confirm this
suggestion, we performed three control experiments, in which
we stimulated T cells on short microbrushes in the presence of
three protrusion inhibitors: (i) latrunculin that inhibits actin
polymerization, (ii) cytochalasin that inhibits actin polymer-
ization and induces actin depolymerization, (iii) and
blebbistatin that inhibits myosin function. In all three cases,
we found that the inhibitors significantly lowered the release of
INF-γ compared to the non-treated cells (Figure S4).
In addition to the possible direct effect of the elasticity of the

ligand-supporting substrate on TCR signaling, this elasticity
also mediates T-cell activation by affecting cytoskeleton
dynamics. The distal ring of the immune synapse is rich with
actin, whose retrograde flow is driven by actin polymerization
and myosin contraction. This flow, in turn, drives clusters of
antigen receptors toward the synapse center.68 The dynamics
of this flow is an important regulator of the immune synapse,69

and its inhibition was shown to negatively affect T-cell

activation, highlighting its importance in TCR signal trans-
duction.70 This dynamics of actin within the immune synapse,
in turn, strongly depends on the stiffness of the underlying
substrate. Importantly, the cytoskeleton is linked with the T-
cell environment through integrin receptors and so-called
“clutch proteins”.71 The distinct feature of the clutch bond
formed by the integrin is that its strength increases with the
stiffness of the underlying surface. On the other hand, the
increase in the mechanical coupling between the integrin
complexes and cytoskeleton impedes retrograde actin flow72

and could indirectly affect the signal propagation within the
immune synapse. This linkage between the strength of TCR
signal propagation and the stiffness of the T-cell environment
was mirrored by several studies, in which the response of T
cells activated on flat elastomeric surfaces depended on the
substrate elasticity.34,73,74

■ CONCLUSIONS
The increased activation of T cells on the antibody-
functionalized microbrushes led to their increased prolifer-
ation, which makes the microbrush-structured surface
attractive for immunotherapeutic production of T cells. In
recent years, there has been emerging research aimed at
developing new nano- and microscale materials that can
potentially replace magnetic beads in the process of ex vivo
expansion of T cells. These materials include, but are not
limited to antibody-modified nanoparticles,75 microrods,76

graphene,77 polymer microfibers,78 molecular brushes,79 and
carbon nanotubes.80 Each of these new material approaches
has its own advantages and disadvantages, but their common
characteristic is that they are introduced to T cells in the
soluble form. Therefore, the amount of chemical and physical
stimuli received by each cell is only statistically controlled.
Furthermore, these nano-/micromaterials, as well as the
currently used magnetic beads, have to be completely sorted
from the cells upon completion of the activation stage, which is
challenging. An incomplete sorting can lead to the leftovers of
the activating materials in the culture of T cells, whose effect
on the therapeutic function of T cells in the patient’s body is
unclear. In our work, we suggest a radically different approach
by which T cells are stimulated on a surface with topographical
and elastic features that provide the optimal physical cues for
T-cell expansion and activation. Upon activation, T cells are
separated from the surface with no residues of foreign material.
Furthermore, activation on the surface ensures that each T cell
is exposed to nearly the same amount of physical and chemical
cues, which would otherwise potentially produce high
homogeneities in the resulting T-cell phenotype. Overall, our
findings open a new avenue in the design of micromaterials for
activation and proliferation of T cells, charting the course to
more effective immunotherapies.

■ EXPERIMENTAL SECTION
Fabrication of PDMS Micropillars via Double Replication.

Silicon master mold, containing micropillars, was created using
electron beam lithography and Bosch process. The silicon master
molds were first coated with trichloro(1H,1H,2H,2H-perfluorooctyl)-
silane overnight under vacuum to obtain an anti-adhesive hydro-
phobic layer on the silicon micro pillars. Then, the Sylgard 184 PDMS
kit was mixed (10:1 PDMS/hardener) and poured onto the surface of
the silicon micro pillars, degassed, and then cured for an hour at 60
°C. The cured PDMS was then peeled off from the silicon and coated
with anti-adhesive coating of trichloro(1H,1H,2H,2H-perfluorooctyl)-
silane. This negative PDMS mold containing holes was further used
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for double replication by pouring PDMS (1:10) and curing at 60 °C
overnight. The cured PDMS was then peeled off from the negative
mold to obtain PDMS micropillars. The double replication of PDMS
is a known process for fabricating PDMS micropillars81 and was
optimized to obtain micropillars of two different heights (∼5 and 10
μm).
Bio-Functionalization of PDMS Micropillars. PDMS surfaces

were functionalized with a mix of activating ligands α-CD3 and α-
CD28. The samples were first treated in oxygen plasma for 5 s
(Harrick PDC32G) and then modified with (3-aminopropyl)-
triethoxysilane (APTES, Sigma-Aldrich) by immersing into a 10%
ethanolic APTES solution for 10 min, rinsing with ethanol, and
baking for 10 min in an oven at 60 °C.82 The samples were incubated
overnight at 4 °C in a 2 μg/mL solution of 1:1 v/v α CD3 and α
CD28 in sterile phosphate-buffered saline (PBS), then rinsed three
times, and stored in sterile PBS until use.
T-Cell Purification and Propagation. CD8+ T cells were

isolated from fresh blood peripheral blood of a healthy adult volunteer
donor, recruited by the written informed consent, as approved by the
Institutional Review Board of Ben-Gurion University of the Negev.
PBMCs were isolated from the blood using the FICOL gradient. First,
blood is diluted in 2% FBS at a 1:1 ratio, then loaded on FICOL
gradient, and centrifuged at 1200 RPM with no breaks or acceleration.
The collected PBMCs were cultured in complete RPMI media with
10% human serum supplemented with 200 units of IL-2 and 50 ng
OKT-3 for 2 days. Isolation of the CD8+ T cells was performed with
a positive selection of CD8+ beads using a magnetic column
according to the company instructions. CD8+ T cells were
continuously cultured in complete RPMI media with 10% human
serum supplemented with 200 units of IL-2.
Immunostaining for Phospho-Zap-70. Cultured T cells were

seeded on the platforms in growth medium containing <2% serum
and 50 units of IL-2 and left to adhere for 15 min. After 15 min of
incubation, within which most of the early signaling occurs,83 the cells
were fixed with 4% paraformaldehyde (PFA) for 15 min at 4 °C.
Then, the samples were gently rinsed with PBS, permeabilized with
0.1% Triton X100 in PBS for 3 min at 4 °C, and ice cold methanol for
10 min at −20 °C, and then blocked with 2% BSA for 1 h at 37 °C.
Phospho-Zap-70 (1:50 in 2% BSA in PBS, Cell Signaling) was added
on the samples and kept overnight at 4 °C. The samples were then
rinsed with PBS and incubated with anti-rabbit Alexa Fluor 647 and
Alexa Fluor 555 phalloidin (1:1000 and 1:40 respectively, both from
Invitrogen) at room temperature for 1 h. Finally, the samples were
rinsed with PBS twice, once in deionized water, and then, the nuclei
were stained by mounting the samples with the ProLong Gold
antifade reagent containing DAPI.
Interferon-Gamma Secretion of T Cells. IFN-γ production

after stimulation of T cells on PDMS micropillars was determined by
a standard sandwich immunoassay. Functionalized PDMS surfaces
were incubated at 37 °C with T cells in a growth medium containing
50 units of IL-2 for 24 h, which is enough time to collect detectable
levels of INFγ.84 After the incubation period, the cells were collected
and centrifuged at 1500 rpm for 5 min at 4 °C. The supernatant was
then collected and analyzed for IFNγ detection. Prior to the test, 96-
well plates were coated with 100 μL/well of anti-human IFNγ
(capture mAb, 1 μg/well). Blocking (PBS + 10% FCS) was applied
for 2 h at room temperature. Following 2 h of incubation with the
supernatant, biotin anti IFNγ detection mAb (2 μg/well) was added
to each well. For detection, streptavidin-HRP (Jackson, 016-030-084)
diluted to 1:1000 was added for 30 min. Following copious washing,
10 μL per well of the TMB substrate (DAKO, S1599) was added to
each well and left to react for 10−15 min. After the addition of a stop
solution, the optical density in each well was read at 450 nm (Thermo
Electron Corporation Multiskan Spectrum). Between each step, wells
were washed five times with PBS containing 0.05% Tween 20
(PBST).
T-Cell Activation on Micropillars. Cultured CD8+ T cells were

seeded onto PDMS surfaces in growth medium containing <2%
serum and 50 units of IL-2 and left to adhere for 3 h, which is enough
time to observe degranulation.85 After 3 h of incubation, samples were

rinsed twice in PBS to remove the nonadherent cells, and the
adherent cells were fixed with 4% PFA and blocked with 5% BSA in
PBS. The actin cytoskeleton was stained with Alexa Fluor 555
phalloidin (Invitrogen), and the nuclei were stained by mounting the
samples with ProLong Gold antifade reagent containing DAPI (Both
from Life Technologies). For the imaging of CD107a, a degranulation
marker, the cultured T cells were seeded as mentioned before. The
medium was supplemented with APC anti-human CD107a (1:1000
v/v in IL-2 poor medium, Biolegend) and was left to adhere for 3 h.
The samples were rinsed twice in PBS, fixed with 4% PFA, and then
directly stained with Alexa Fluor 555 phalloidin without permeabiliza-
tion to prevent damage to the cell membrane. Finally, the nuclei were
stained by mounting the samples with ProLong Gold antifade reagent
containing DAPI.
T-Cell Proliferation. T-cell proliferation was carried out

according to the standard protocol employing Dynabeads. CD8+ T
cells were incubated on the activating platforms (including
Dynabeads), as described previously, but this time for 24 h. The
cells were then isolated from the platforms and re-cultured in
complete RPMI media for 10 days to study their proliferation rates
after activation. The culture was kept in a 96-well plate, 20,000 cell in
200 μL per well, according to the standard protocol of ThermoFischer
for human T-cell activation and expansion with Dynabeads (https://
www.thermofisher.com/il/en/home/references/protocols/proteins-
expression-isolation-and-analysis/t-cell-activation-and-expansion/
dynabeads-human-t-activator-cd3-cd28.html). Each day 10 μL of cells
was collected and stained with methylene blue to measure the cell
count using the flow cytometer. The media was replaced every third
day.
Imaging the T-Cell−Micropillar Interface. Cultured CD8+ T

cells were seeded onto functionalized PDMS surfaces in growth
medium containing <2% serum and 50 units of IL-2 and left to adhere
for 3 h 10 min before the end of incubation, the medium was
supplemented with the CellMask green plasma membrane stain to a
final dilution of 1:1000 (Invitrogen). After incubation, samples were
rinsed twice in PBS to remove the nonadherent cells, and the
adherent cells were then fixed with 4% PFA. The surface-bound
mouse α-CD3 and α-CD28 antibodies were fluorescently labeled by
incubation in goat anti-mouse Alexa 647 in PBS + 2% BSA overnight
at 4 °C. Finally, samples were mounted with the ProLong Gold
antifade reagent containing DAPI to stain the nuclei. For SEM
imaging, cells were incubated on the surface, as previously described.
After fixation in 4% PFA, cells were dehydrated with four successive
ethanol baths, dried using critical point drying, and plated with 1−2
nm of gold to limit surface charging during imaging.
Microscopy. Confocal and z-stack images of cells on the various

surfaces were acquired using a Zeiss LSM 880 confocal microscope
and quantified using Fiji imaging software. SEM images were acquired
using a FEI Verios XHR 460L scanning electron microscope and
pseudo-colored using an Adobe illustrator.
Statistics. All biological experiments were performed three times.

30−60 regions were imaged and averaged for quantification. In
Figures 2−5, means with SD are shown. Statistical analyses were
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.
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