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ABSTRACT: T cells sense both chemical cues delivered by antigen
molecules and physical cues delivered by the environmental elasticity and
topography; yet, it is still largely unclear how these cues cumulatively
regulate the immune activity of T cells. Here, we engineered a nanoscale
platform for ex vivo stimulation of T cells based on antigen-functionalized
nanowires. The nanowire topography and elasticity, as well as the
immobilized antigens, deliver the physical and chemical cues, respectively,
enabling the systematic study of the integrated effect of these cues on a T
cell’s immune response. We found that T cells sense both the topography
and bending modulus of the nanowires and modulate their signaling,
degranulation, and cytotoxicity with the variation in these physical features.
Our study provides an important insight into the physical mechanism of T
cell activation and paves the way to novel nanomaterials for the controlled
ex vivo activation of T cells in immunotherapy.

KEYWORDS: T cells, nanowires, biofunctionalization, mechanosensing, immunotherapy

Cytotoxic T cellsthe sentinels of our immune system
directly attack cancerous, infected, and stressed cells.

Their immune function is regulated by activating, costimula-
tory, and inhibitory receptors,1,2 whose binding to ligands
expressed by target and antigen-presenting cells induces
signaling cascades that determine the immune response. Yet,
it has become progressively clear that T cells also sense
physical cues of their environment, such as the spatial order of
ligands3−7 and elasticity,8 which determine the organization
and triggering of T cell receptors (TCRs).9−12 Another largely
unexplored physical cue is the topography of the T cell−target
interface, which contains 3D nanoscale protrusions13−15 with
activating receptors localized at their tips.16 In vivo, dendritic
cells activate T cells with long projections (dendrites) whose
geometry17 and elasticity18 change with the dendritic cell
maturation. Still, the way mechanical and topographical cues
regulate T cells’ immune response is mostly unclear.
Physical regulation of T cells’ response also has clinical

importance. T-cell-based immunotherapy has revolutionized
cancer treatment.19,20 However, fast and effective ex vivo
activation of T cells, which is a critical step in immunotherapy,
remains a challenge. Currently, T cells are activated ex vivo
using magnetic microbeads functionalized with activating
antibodies. However, microbeads lack physical cues relevant
to T cell activation in vivo, which often leads to slow expansion
and compromised immune function of the resulting effector T
cells. To bridge this gap, micro/nanostructures with controlled

shape and elasticity are explored today as an alternative to
microbeads, showing improved T cell activation due to the
combined physical and chemical cues they provide.21−24

The effect of physical cues on T cell response was studied
using reductionist platforms, such as arrays of elastomer
micropillars.25 However, in vivo physical cues of the T cell
environment often span over the nanometer scale, and
micropillars cannot mimic them. Furthermore, the micropillar
stiffness spans over the MPa scale.26,27 This stiffness is orders
of magnitude higher than that of the T cell natural
environment, which include myeloid, monocyte, and dendritic
cells, whose stiffness is between hundreds to thousands of Pa,28

as well as an extracellular matrix and tumor cells and tissues
whose stiffnesses can reach 100 kPa.29,30 Recently, we
mechanically stimulated natural killer (NK) cells, cytotoxic
lymphocytes of the innate immune systems, using nanowires,
whose topography and compliance to the cell forces mimic
those of the physiological lymphocyte environment.31 We
found that the nanowires functionalized with activating ligands
induced enhanced activation of NK cells and thereby provided
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the first direct evidence that NK cells, similarly to T cells, are
mechanosensitive. However, it is unclear whether the physical
stimulation of NK cells by the nanowires was due to their
nanotopography or due to their ultrahigh compliance to the
cell forces. It is furth unclear whether the sensitivity to the
nanoscale physical stimuli is unique to NK cells or is generic
for all lymphocytes and specifically for T cells, whose
mechanosensing is a subject of intensive research.
Here, we investigated T cell sensitivity to the nanoscale

topography and mechanical compliance using vertical nano-
wires functionalized with activating antibodies. We investigated
the effect of the physical and chemical cues provided by the
nanowires and antibodies, respectively, on the immune
response of T cells. To discriminate between the topographical
and mechanical effect of the nanowires, we used nanowires of
different lengths. Such nanowires produce the same topo-
graphic environment yet different compliance to forces applied
by T cells (Figure 1a,b). We found that T cells apply shear
forces on the nanowires and bend them, and that the nanowire
length determines T cell contraction. We further found that
the signaling, degranulation, and cytotoxicity of T cells were
enhanced by the nanowires and highly depended on nanowire
length. However, the T cell response was greatly reduced for
bare nanowires, indicating that both mechanical and chemical
cues are essential for optimal T cell activation. Our findings
provide an essential insight into the role of nanotopographic
and nanomechanical cues in T cell response.
Vertical ZnO nanowires with an average diameter of 50 nm

were grown on A-plane sapphire by chemical vapor deposition
(CVD)32−34 and functionalized with anti-CD3 molecules by
coating the nanowires with biotin-terminated alkyl thiol, to
which biotinylated anti-CD3 was then attached via a
neutravidin bridge (see the SI for details). “Flat” control
surfaces consisted of sapphire covered with Au nanoparticles
functionalized with anti-CD3 and were used to provide similar
chemical cues as functionalized nanowires, yet without the

physical cues. The functionalization was confirmed by imaging
fluorescently labeled neutravidin with an epifluorescent
microscope (Figure S2a,b) and with a confocal microscope
(Figure S2d,e). Confocal imaging was used to quantitatively
compare the functionalization on nanowires and flat surfaces.
We found that the functionalization efficiency was much higher
on the flat surface than that on the nanowires, probably
because thiols form more robust and dense monolayers on Au
than on ZnO (SI).
Primary CD8+ T cells were isolated from a healthy donor

(see SI) and stimulated for 3 h on nanowires grown with
different length ins the ranges of 3−5, 8−10, and 18−20 μm,
termed as short, medium, and long nanowires, respectively
(Figure S1). The length was controlled by the growth time. We
found that T cells contacted only the top 2−3 μm of the
nanowires, regardless of the nanowire length (Figure 1c−e).
Also, the nanowires bent upon the shear forces applied by the
cells. Yet, the bending strikingly depended on nanowire
lengthfrom about 1−2 μm for short nanowires to more than
5−6 μm for long nanowires. The nanowire bending can be
described by the formula for a cantilever with a circular cross
section35

f
Er
l

3
4

4

3
π δ=

(1)

where l is the nanowire length, E is the Young modulus of the
nanowire material, and r is the nanowire radius. For the
calculation, we used an average diameter of 50 nm (Figure S1)
and a Young modulus of 45 GPa based on a reported range of
30−60 GPa for ZnO nanowires.36−39 Then, a 2 μm deflection
for 10 μm nanowires implies the detection of force as small as
80 pN, which is a few orders of magnitude smaller than those
that can be detected using elastomeric micropillars.40 This
observation highlights the potential of nanowires to detect the

Figure 1. (a) Schematic illustration of the activation of T cells by ligand-functionalized nanowires. (b) Shear force applied by T cell onto
nanowires, and the compliance of the nanowire forest to these forces, which is determined by the shear modulus of the nanowires. (c−e) False-
colored SEM images of T cells stimulated on short, medium, and long nanowires. Scale bar = 2 μm.
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mechanical activity of cells, which is unattainable by existing
experimental approaches.
Besides individual nanowires, the cumulative shear modulus

of the nanowire forest can be assessed as a figure of merit of
the environmental compliance to the cell forces. If a force F is
applied on a cell area A that contacts N nanowires, the overall
shear modulus can be calculated

F A
l

Nfl
A

N Er
A l

/
/

3
4

4

2τ
δ δ

π= = =
(2)

For an average density of three nanowires per sq. micron
(Figure S1), the cumulative shear modulus ranges between 0.1
to 2.5 kPa for the nanowires of the lengths used here. This
range mirrors the elasticity of myeloid, monocyte, and
dendritic cells that activate T cells in vivo,18,28 and it is hardly
accessible by elastomers, which have been used so far to study
T cell mechanosensing.11,12,41,42 Also, the nanowire morphol-
ogy has certain similarities to dendrites in dendritic cells,
although it does not directly mimic the dendritic cells, which
are fluidic, plastic, and chemically activates cytotoxic T cells
through MHC class I molecules. Thus, the nanowires produce
rather a reductionist microenvironment that stimulates T cells
with controlled chemical, mechanical, and nanotopographical
cues and can be used to systematically study the sensitivity of

T cells to these cues, independently and in combination with
each other.
Nanowires were reported to either invaginate the cell

membrane43,44 or penetrate it,45−48 depending on the type of
cell and nanowire geometry. Here, we stained T cells incubated
on the nanowires with CellMask plasma membrane stain
(white) and imaged them by z-stack confocal microscopy
(Figure 2a). We found that the membrane forms long
projections along the nanowires, indicating that the nanowires
invaginate the membrane (Figures 2b and S3). We also found
that the nanowires bent toward the center of the cells,
indicating that the cells applied contractile forces on the
nanowires. Some of the nanowires, however, crossed each
other or unevenly invaginated the membrane, probably due to
the nonuniformity in the nanowire length and also due to the
fact that sometimes forces applied by the cells on the
nanowires deviate from the direction toward the cell center.
To elucidate the nanowire effect on the morphology of T

cells, we measured their projected areas. Here, three control
surfaces were used. First, a flat control surface made of
sapphire with anti-CD3-functionalized Au nanoparticles
provided similar chemical cues as anti-CD3-functionalized
nanowires, yet without the physical cues. The second control
surface contained nanowires without anti-CD3 (bare nano-

Figure 2. (a) Confocal 3D fluorescent image of T cells stimulated on ligand-functionalized nanowires. (b,c) Z-stack confocal microscopy image of
T cells with tagged membrane onto ligand-functionalized and bare nanowires, respectively. The white arrows indicate visible invagination of the
nanowires into the cell membrane. (d,e) Cell spreading onto flat surfaces and surfaces with nanowires functionalized with anti-CD3 and bare
surfaces, respectively. Cell spreading was quantified by measuring the projected area of the cell cytoskeleton. The analysis was performed with
Tukey’s multiple-comparison tests using the GraphPad Prism software. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: not significant.
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wires), and it provided the same physical cues as functionalized
nanowires, yet without the chemical cues. Finally, a “bare flat”
surface (sapphire covered with Au nanoparticles) lacked both
the chemical and physical cues. The results are presented in
Figure 2d,e. T cells on the flat functionalized surfaces had the
highest projected area of about 170 μm2about twice than
that of functionalized nanowires. Based on the SEM images
(Figure 1c−e), this relatively small area stems from the high
nanowire compliance to the shear forces applied by T cells,
which stimulated T cell contraction. Notably, the difference in
T cell spreading between different nanowires is small, although
statistically significant (Figure 2d). The fact that cell
contraction increased with the nanowire further confirms
that the mechanical compliance of the nanowires is at the root
of the reduced T cell area on nanowires vs. that on the flat
functionalized surface. Finally, it appears that anti-CD3
functionalization does not play a role in the cell morphology,
as bare nanowires produced an average cell area similar to that
of anti-CD3-functionalized nanowires, albeit without a clear
trend or dependence on nanowire length (Figure 2e).
However, the bare flat surface yielded nearly the same cell
area as the nanowires did, which was also about half of that of
the functionalized flat surface, probably due to the lack of anti-
CD3 that promotes cell spreading.5

We next explored how the nanowire microenvironment
affects T cell immune function by quantifying the secretion of
interferon-γ. To that end, we incubated T cells for 24 h and

analyzed the supernatant by ELISA. We found that function-
alized nanowires, overall, induced a much higher interferon-γ
secretion than functionalized flat surfaces (Figure 3a).
Furthermore, interferon-γ secretion gradually increased with
the nanowire length. On the other hand, T cells on control
surfaces secreted a much lower amount of interferon-γ,
indicating the necessity of the chemical stimulus for activation
(Figure 3b). Still, the level of interferon-γ increased with the
nanowire length also for bare nanowires, indicating that the
physical cue alone can regulate the immune response of T cells,
although the optimal stimulation requires the combination of
both cues. The necessity of the chemical cue is further
emphasized when directly comparing the functionalized and
nonfunctionalized surfaces of each type (Figure 3c−f).
The effect of the nanowire length on T cell activation

indicates that it is regulated mechanically. This regulation is a
subject of extensive studies nowadays.49 The immune
synapsethe functional interface between T cells and
antigen-presenting cellshas a highly regulated and dynamic
structure, whose periphery is rich with F actin. During the
synapse formation, the F actin undergoes retrograde flow due
to both actin polymerization and myosin contraction, and this
flow drives TCR complexes toward the synapse center.50,51

The importance of actin flow and actin-generated forces was
demonstrated by inhibiting actin polymerization, which
affected TCR signaling and activation of T cells.52−54 Here,
we examined the role of actin polymerization in the nanowire-

Figure 3. (a,b) Quantification of IFN-γ secretion by T cells activated on flat surfaces and surfaces with nanowires with and without anti-CD3,
respectively. (c−f) Effect of anti-CD3 functionalization on the activation of T cells on flat, short, medium, and long nanowire surfaces. (g) Effect of
cytochalasin treatment. (h) NF-κB p65 staining (green) of activated T cells. (i,j) The degree of nuclear NF-κΒ translocation was determined by
confocal imaging and expressed as the ratio of nuclear to cytoplasmic p65 subunits from surfaces with and without functionalization. The analysis
was performed with Tukey’s multiple-comparison tests using the GraphPad Prism software. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,
ns: not significant.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c00245
Nano Lett. 2021, 21, 4241−4248

4244

https://pubs.acs.org/doi/10.1021/acs.nanolett.1c00245?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c00245?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c00245?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c00245?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c00245?rel=cite-as&ref=PDF&jav=VoR


induced activation of T cells by treating them with cytochalasin
that inhibits actin polymerization (Figure 3g). We found that
cytochalasin barely affected the secretion of interferon-γ on the
control flat surfaces, which remained ∼2000 pg/mL, as appears
in Figure 3a. However, cytochalasin reduced the interferon-γ
level of T cells on nanowires to the same level of the flat
surface, regardless of the nanowire length, indicating that the
inhibition of actin polymerization completely erased the
nanomechanical stimulus provided by the nanowires.
We then examined how the nanowires affected T cell

signaling through the nuclear translocation of NF-κB, which is
part of the TCR signaling pathway.55 To that end, we
quantified p65 nuclear content by confocal microscopy of the
stained p65 subunit of NF-κB after 18 h of incubation (Figure
3h). We found that the nanowires increased NF-κB trans-
location for both functionalized and nonfunctionalized
surfaces, with a weak dependence on nanowire length (Figure
3i,j).
Finally, we assessed the effect of nanowires on the

cytotoxicity of T cells through lysosome-associated membrane
protein-1 (CD107a). In activated CD8+ T cells, lytic granules
that contain CD107a fuse with the membrane, degranulate,
and expose CD107a, making it a very commonly used marker
for T cell activation.56 Here, we stained T cells stimulated for 3
h with a fluorescently labeled CD107a antibody (Figure 4a).
The trend of the average CD107a signal per cell closely
matched that obtained for interferon-γ: anti-CD3-function-
alized nanowires, in general, induced higher CD107a than the
functionalized flat surface. Also, the CD107a signal increased
with nanowire length, similarly to the secretion of interferon-γ
(Figure 4c), although its absolute magnitude was lower
compared to that of anti-CD3-functionalized nanowires
(Figure 4d−g). This further confirms that although the
nanowire-induced mechanical cues can alone stimulate T
cells, their combination with the chemical cues provides
optimal stimulating conditions.
Here, we produced a stimulating platform for T cells to

independently assess the effects of (i) a chemical cue and (ii)
two physical cuesnanotopography and elasticity on T cell
activation. Our results show that the physical cues have a

striking effect on T cell response. Notably, different responses
on nanowires and flat surfaces do not stem from the chemical
cues: the fluorescent signal of neutravidin on the flat surface
was higher than that on the nanowires (Figure S2d,e). Thus, T
cells on the flat surface were exposed to a higher amount of the
activating molecules. Still, the nanomechanical cues produced
by the nanowires were so high that they compensated for the
relatively small amount of the chemical stimulus. Even more
intriguing is the comparison between differently elongated
nanowires. First, SEM images of nanowires (Figure S1)
confirm that all the nanowires, regardless of their length,
have a similar average surface density of ∼3 nanowires per μm2

since. Also, SEM and z-stack confocal images of T cells on
nanowires (Figures 1c−e, 2b, and S5) show that all the
nanowires invaginate ∼2−4 μm of the cell membrane. We,
therefore, deduce that T cells stimulated on nanowires were
exposed to a similar amount of chemical and topographic cues
regardless to the nanowire length. Thus, the nanowire elasticity
was most probably the dominant factor in the regulation of the
immune response.
It should also be noted that the chemical cue was provided

here solely by anti-CD3 that triggers a CD3-TCR complex. In
vivo, this triggering is accompanied by the triggering of
costimulatory receptor CD28, whose signaling pathway is
integrated with that of TCR and plays an essential role T cell
response.57−59 Also, CD28 triggering is used to induce T cell
effector function for cancer immunotherapy.60 On the other
hand, T cells can also be activated solely by TCR triggering.
Activation of naiv̈e CD8+ T cells without CD28 meditated
costimulation but only by a strong TCR signale.g., using
ligands in tetramer configurationwas shown to induce
effective T cell proliferation, cytokine production, and
differentiation, which were unaffected by CD28 costimula-
tion.61 Reductionist platforms designed to study T cell
activation commonly rely on TCR triggering alone, either by
pMHC or anti-CD3,3,6,62−64 to isolate the effect of TCR
signaling from the signaling diversity of the natural T cell
environment. Similarly, our reductionist system aims to
examine the integration between mechanical and chemical
cues and, for simplicity, relies only on one chemical cue that

Figure 4. (a) Representative image of activated T cells on ligand-functionalized surfaces. Cells were stained with phalloidin for cytoskeleton (red),
DAPI for nuclei (blue), and CD107a (white). (b,c) The degree of CD107a expression was quantified by measuring the fluorescence intensity of the
APC-labeled anti-CD107a for surfaces with and without anti-CD3. Importantly, T cells were not permeabilized prior to the staining to avoid the
detection of cytoplasmic CD107a. (d−g) Effect of anti-CD3 on activation of T cells stimulated on flat surfaces and short, medium, and long
nanowires. The analysis was performed with Tukey’s multiple-comparison tests using the GraphPad Prism software. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001, ns: not significant.
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triggers TCR. Still, the amount of this chemical cue was
sufficient to achieve high activation of T cells, as CD107a and
INF-g results indicate. In the follow-up studies, we will design
more sophisticated platforms that incorporate additional
costimulating or inhibitory cues and allow us to study how
these cues, together with the mechanical cues provided by the
nanowires, affect the response of T cells.
Our findings mirror the growing evidence of the T cell

mechanosensing, which was previously observed by stimulating
T cells on either elastomeric surfaces or microstructures.
Interestingly, a positive trend of T cell response vs modulus
was reported for the modulus range of a few hundred Pa to a
few hundred kPa,42 yet a negative trend was reported for the
range of 0.1−2 MPa.65 These studies, together, suggest that T
cells might have a bell-shaped response to the variation in the
environmental stiffness with a peak around 100 kPa49 and that
different mechanosensing mechanisms could govern T cell
response at different modulus ranges. Indeed, a similar bell-
shaped response to the elastomer stiffness was recently
reported for NK cells.66 However, flat elastomer surfaces do
not mimic the nanoscale features of the T cell environment,
such as membrane protrusions of antigen-presenting cells.
Here, we demonstrated that these features are critical for the
immune response of T cells. In contrast to the continuous
elastomeric surfaces, a nanowire forest presents mechanosti-
mulating discontinuities with multiple independent nanosized
contact points at the nanowire tips, whose bending depends on
the nanowire geometry. The bending moduli of individual
nanowires are 440, 88, and 20 kPa for the nanowire lengths of
4, 9, and 29 μm, respectively. These moduli are within the
range for which a negative trend of activation vs modulus was
reported.65 The same trend was obtained here. On the other
hand, the cumulative shear moduli of the nanowire forests are
2.5, 0.5, and 0.1 kPa for the nanowire lengths of 4, 9, and 29
μm, respectively. Whether T cells sense the individual
compliance of each point or their cumulative compliance is
still an open question. What is clear is that the nanowire
elasticity had a striking effect on T cell response. This effect
was dominant over the effect of nanotopography, which was
the same for all the studied nanowires. Also, cytochalasin
abrogated both the activation and mechanosensitivity of the T
cells, indicating a critical role of cell contractility in the cell
response.
Another important factor of T cell mechanosensing is the

“catch-bonds” between the TCR-CD3 complex and its
ligand,67 whose affinity first increases vs the applied load up
to a certain peak and then decreases vs the load a until the
bond ruptures. This suggests that the elasticity of the substrate
that supports this bond affects the receptor−ligand affinity. In
our case, the elasticity depends on the nanowire length.
Indeed, the cells horizontally bent nanowires by ∼3 μm on
average (Figure 1c−e). This required loads of 2 nN, 200 pN,
and 10 pN applied on one short, medium, and long nanowire,
respectively. Naturally, the mechanical loads experienced by
the receptor−antibody bonds varied between differently
elongated nanowires by orders of magnitude, yielding different
receptor−antibody affinities and, as a result, different T cell
responses.
This work provides a glimpse of how nanoscale topography,

elasticity, and stimulating functionalities cumulatively regulate
T cell immune response. The mechanism of regulation should
be further explored, including signaling assays targeting TCR
directly and its proximal signaling molecules such as LCK and

ZAP as well as downstream signaling molecules such as ERK1/
2. These assays will reveal whether the nanotopography and
nanofeature elasticity directly affect TCR triggering and
signaling or regulate T cell response by other signaling
pathways that perhaps involve cytoskeleton reorganization in
the proximity of nanowires. Furthermore, the immune
response of T cells leads to their apoptosis, which drastically
reduces the number of activated T cells. The regulation of T
cell apoptosis is important for the prevention of autoimmune
processes. Future studies should be aimed at understanding
whether and how the environmental nanoscale topography
affects the apoptosis of T cells. Besides the fundamental
mechanism of T cell activation, the nanowire platform
described herein provides an intriguing perspective for the ex
vivo T cell activation and expansion in immunotherapeutic
applications. Here, the easiness and robustness with which the
mechanical cues provided by the nanowires can be leveraged to
produce a nanomaterial-based platform with the efficacy and
control over T cell activation inaccessible to the currently used
technologies.
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