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function of cells.[8] These forces have dif-
ferent origins, such as actin dynamics,[9] 
and play important roles at different stages 
of the lymphocyte immune activity. Initial 
sampling of antigens on the surface of 
antigen presenting cells (APCs), as well as 
activation of immunoreceptors, strongly 
depends on actin polymerization and 
dynamics.[10] Moreover, immunoreceptors 
recognize antigens under mechanical load 
to discriminate between high-affinity and 
low-affinity antigens.[11] Once activated, 
the receptor–antigen complexes on the 
lymphocyte–APC interface are driven 
by retrograde actin flow and myosin 
contraction into highly regulated struc-
tures termed immune synapse, whose 
forces affect the inside-out signaling of 
lymphocytes. Today, mechanical forces in 
immune system are a subject of emerging 
research, which has so far mostly focused 
on T cells and B cells.[12,13]

Studying mechanical forces in cells is 
challenging, because these forces have rela-

tively low magnitude – mostly at the nanoNewton scale, and often 
span over miniature regions sized down to the molecular scale. 
Existing tools include optical traps,[14,15] micropipettes,[16] and  
atomic force microscopy (AFM),[17,18] which, however, apply 
and detect forces only at single point on the cell membrane, 
and do not overview the mechanical behavior of the entire cell. 
Alternatively, traction force microscopy, which determines the 
displacement of microbeads embedded in hydrogel surface 
for cell spreading, maps forces of entire cells,[19–21] however, it 
can hardly detect the exact bead movement since the beads are 
distributed randomly, and their resting position is unknown. 
Furthermore, analysis of bead movement requires complex 
force calculations based on elasticity theory.[22] These constrains 
can be overcome by elastomeric micropillars for cell spreading, 
which allow facile mapping of force distribution within cells.[23] 
Furthermore, micropillars can be functionalized with biomole-
cules that yield chemical stimuli for various cell functions, such 
as adhesion[24,25] or immune response,[26] and thereby allow 
integration of mechanical and biochemical cues. However, 
the advantages of elastic micropillars come at the expense of 
their spatial and mechanical resolution. Indeed, poly(dimethyl 
siloxane) (PDMS) – material of choice for micropillar fabrica-
tion – is limited for the fabrication of pillars with micrometer-
scale size and aspect ratio of 3:1, for which sensing forces below 

Cells sense their environment by transducing mechanical stimuli into biochemical 
signals. Commonly used tools to study cell mechanosensing provide limited 
spatial and force resolution. Here, a novel nanowire-based platform for 
monitoring cell forces is reported. Nanowires are functionalized with ligands for 
cell immunoreceptors, and they are used to explore the mechanosensitivity of 
natural killer (NK) cells. In particular, it is found that NK cells apply centripetal 
forces to nanowires, and that the nanowires stimulate cell contraction. Based 
on the nanowire deformation, it is calculated that cells apply forces of down 
to 10 pN, which is the smallest value demonstrated so far by microstructured 
platforms for cell spreading. Furthermore, the roles of: i) nanowire topography 
and ii) activating ligands in the cell immune function are studied and it is found 
that only their combination produces enhanced population of activated NK cells. 
Thus, a mechanosensing mechanism of NK cells is proposed, by which they 
integrate biochemical and mechanical stimuli into a decision-making machinery 
analogous to the AND logic gate, whose output is the immune activation. This 
work reveals unprecedented mechanical aspects of NK cell immune function 
and introduces an innovative nanomaterial for studying cellular mechanics with 
unparalleled spatial and mechanical resolution.

Bionanotechnology

Cells sense mechanical properties of their environment by 
converting physical forces into biochemical signals.[1,2] During 
the last two decades, extensive research efforts have aimed 
at exploring cellular force sensing mechanism, mostly in the 
context of adhesion receptors.[3–7] In addition, it became pro-
gressively clear that mechanical forces also regulate the immune 
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the nanoNewton scale is arduous. Interestingly, Ghassemi et al. 
have recently demonstrated that the cellular response produced 
by micrometer-scale pillars was fundamentally different from 
that of 1/2 µm pillars, since the latter could spatially resolve 
forces of localized myosin fibers.[27] Thus, the cellular forces 
monitored by miniaturized pillars do not necessary scale with 
the pillar size in a linear fashion. These findings emphasize 
the critical need in a tool that could monitor forces within cells 
with the nanometric resolution, and help reveal details invisible 
by existing tools such as micropillars.

Nanowires are quasi-1D nanomaterials with sub-100  nm 
diameter, and during the last two decades they have been 
extensively explored as building blocks for nanodevices, mostly 
for the applications in electronics,[28,29] photonics,[30] energy 
harvesting,[31] and chemical- and biosensing.[32] Recently, 
nanowires have been also demonstrated for the ultrahigh 
resolution mechanical sensing in cells.[33,34] However, integra-
tion of chemical cues with nanowires has not been shown yet, 
and the insight regarding nanowire–cell interaction remains 
limited. Here, we report a novel nanowire-based platform for 
the detection and monitoring of cell forces, which integrates 
both mechanical and chemical cues. The nanometric radius 
and ultrahigh aspect ratio of nanowires allowed us to monitor 
cell forces with ultrafine mechanical and spatial resolutions. 
We used this platform to explore mechanosensitivity of natural 
killer (NK) cells – lymphocytes of the innate immune system 
– whose mechanoregulation has been mostly unexplored up to 
date. Notably, nanowire topography mimics to certain extent 
the surface of antigen, presenting cells such as dendritic cells 
with whom NK cells come in contact, as discussed in more 
details at the end of this letter. To enable antigen-specific inter-
action between the nanowires and NK cells, we functionalized 
the nanowires with major histocompatibility complex I (MICA) 
– ligands that are recognized by NKG2D activating receptors of 
NK cells (Figure 1a). We stimulated NK cells on MICA-function-
alized nanowires, and found that nanowires permit enhanced 
cell contraction, whereas such contraction is impossible on flat 
surfaces functionalized with MICA. We used high resolution 
fluorescence microscopy and scanning electron microscopy 
(SEM) to discover that NK cells anchor and bend nearby nano
wires during their stimulation (Figure 1b). Based on the magni-
tude of the nanowire bending, we assessed that the mechanical 
load applied by NK cells on a single nanowire is of the order of 
10 pN, which is one order of magnitude smaller than the min-
imal force which can be detected by elastomeric micropillars.[26] 

Finally, we studied the effect of: i) nanowire topography and  
ii) MICA immobilization on the immune function NK cells. 
We found that while each of these two factors alone was insuf-
ficient to stimulate significant cell immune response, their 
combination substantially boosted NK cell degranulation. This 
finding indicates that NK cells use mechanical forces to sense 
their environment, and that this sensing is based on an inde-
pendent mechanotransduction pathway which is costimulatory 
to the chemical signaling. In this sense, NK cells can be analo-
gous to a Boolean AND gate, whose independent mechanical 
and chemical signaling provides two logic inputs. Our findings 
provide an important insight into the underlying mechanism 
of NK cell immune function, as well as demonstrate a novel 
toolbox for detecting cellular forces with an unprecedented 
spatial and mechanical resolution.

Vertical ZnO nanowires (Figure 2a) were grown on A-plane 
sapphire in a home-made chemical vapor deposition system 
(see the Supporting Information and refs. [35,36]). We 
calibrated the nanowire growth conditions to yield nanowires 
with an average diameter of 50  nm (Figure S1, Supporting 
Information) and length of 20 µm. We grew nanowires from 
catalyst nanoparticles obtained by thermal dewetting of thin 
Au film, calibrated to produce continuous nanowire array of 
an average surface density of ≈9 nanowires µm−2, as obtained 
from SEM images (Figure 2a). This density ensures that despite 
the nonuniform nanowire distribution at a short range, each 
cell is exposed to numerous nanowires that induce a cumula-
tive mechanical stimulus. To explore the effect of the nanowire 
topography on NK cell function, we compared NK cells stim-
ulated on nanowires to NK cells stimulated on control “flat” 
surfaces, which were made of Si wafers covered with 50 nm Au 
nanoparticles, with an average surface density of a few tens of 
nanoparticles per 100 µm2, as characterized by AFM (Figure S2 
and the Supporting Information). Both nanowire and flat sur-
faces were functionalized with the MICA ligand. In addition, 
we used the following control samples: i) bare (nonfunction-
alized) surfaces of both types, and ii) surfaces functionalized 
with a negative-control ligand (small Ubiquitin-like modifier; 
SUMO), henceforth referred to as “mock ligand.” In total, these 
six types of cell activation platforms (Figure 2b) were designed 
to separately and independently elucidate the effect of nano
wires and ligands on the immune activation of NK cells.

To functionalize nanowires with ligands, we took advantage 
of the ability of ZnO to chemisorb.[37–39] We functionalized ZnO 
nanowires with a commercially available thiol terminated by 
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Figure 1.  a) Schematic drawing of NK activation on MICA-functionalized nanowires. b) SEM of NK cells on MICA-functionalized nanowires.
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nitrilotriacetic acid (NTA), followed by its chelation with Ni, and 
further attachment of His-conjugated ligand (Figure 2c, see the 
Supporting Information for details). We used the same protocol 
to functionalize Au nanoparticles on flat surfaces. We confirmed 
the site specificity of our functionalization by indirect MICA 
immunofluorescence, using Alexa 568-conjugated anti-mouse 
as the secondary antibody. To better detect the fluorescence 
signal from the functionalized nanowires, we intentionally pro-
duced a few scratches within the nanowire forest. We found 
that the scratched areas, which were lacking nanowires, did 
not produce any fluorescence signal, confirming that MICA 
is immobilized on nanowires but not on sapphire surface 
(Figure  2d). Interestingly, while focusing on sapphire surface, 
we could observe distinct parallel fluorescent lines, which were 
a few tens of micrometers long (Figure S4, Supporting Infor-
mation). We concluded that these lines are horizontal ZnO 
nanowires that epitaxially grew along the [1100]±  sapphire 
direction.[35,40] The high fluorescence contrast of these nano
wires with sapphire background confirms that the functional-
ization is selective to ZnO, and uniform along the nanowire. 
In addition, two less complex experimental group nonrelated 
to NK cell functions were used to prove the selectivity of thiol-
based functionalization of ZnO nanowires: i) immobilization of 
labeled avidin via biotin terminated monolayer (Figure S5, Sup-
porting Information), and ii) decoration of the nanowires with 
Au nanoparticles via thiol-terminated monolayer (Figure S6,  
Supporting Information).

To find whether the nanotopography produced by nanowires 
affects the function of NK cells, we first assessed the impact 
of nanowires on the cell spreading. To that end, we incubated 
NK cells on MICA-functionalized nanowires and on the 
control surfaces for 3  h, fixed the cells, stained their cytoskel-
eton with phalloidin to clearly visualize the cell contour, and 

measured their projected area using fluorescence microscopy 
(Figure 3). During the sample preparation and the cell experi-
ments, we took great care keeping samples in liquid to avoid 
drying effect, which could bend nanowires. We should note that 
cells on nonfunctionalized and mock-functionalized flat had 
similar projected areas to that of cells suspended in medium 
(Figure S7, Supporting Information). Even though the area on 
mock-functionalized nanowires is slightly higher than on the 
mock-flat surface, this difference is not statistically significant 
(p = 0.2055, see the Table S1 in the Supporting Information for 
the full statistical analysis). Thus, these surfaces did not stimu-
late cell spreading. Alternatively, MICA-functionalized nano-
particles stimulated cell spreading ≈2–3 times higher when 
compared to the other flat surfaces (Figure  3a). The observed 
enhancement of cell spreading on MICA-functionalized flat 
surface can be interpreted through the activation mechanism 
of NKG2D. NKG2D signals by making a complex with trans-
membrane protein DAP10.[41,42] Within the DAP10 cytoplasmic 
domain, a Src homology 2 (SH2) domain binding recruits the 
p85 subunit of the phosphatidylinositol 3-kinase (PI3K).[43,44] 
Activated PI3K binds to the small adaptor CrKL, which activates 
GTPases Rac1 and Rap1 through binding to guanine nucleo-
tide exchange factor, and thereby promotes spreading.[45,46] 
Notably, recent studies have shown that spatial distribution of 
surface-immobilized activating ligands regulates spreading of T 
cells.[47,48] Furthermore, we have recently demonstrated that NK 
cell spreading requires a minimal spatial distribution of MICA 
ligands.[49] Based on the results obtained here, we conclude that 
the control surfaces with MICA-functionalized nanoparticles 
contained enough MICA to trigger a pronounced spreading of 
NK cells.

The most intriguing result, however, is the average projected 
area of NK cells on MICA-functionalized nanowires, which was 
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Figure 2.  a) SEM of vertical ZnO nanowires. b) Schematic drawing of 6 types of samples used for the activation of NK cells. c) Nanowire function-
alization with MICA. d) Immunostaining of MICA-functionalized nanowires: fluorescence image of a surface covered with MICA-functionalized and 
fluorescently immunostained nanowires. Two scratches in the nanowire array expose the bare sapphire surface with no immobilized MICA.
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about 2.5 times smaller than that obtained on the MICA-func-
tionalized flat surface (Figure 3b,c). Also, similar average areas 
were obtained for cells on bare and mock-functionalized nano
wires. Based on these findings, we conclude that when NK cells 
are placed on nanowires, their spreading is mostly regulated by 
the nanowire topography, and not by the ligands immobilized 
onto the nanowires. In other words, the effect of surface topo
graphy overruled the effect of chemistry. We also believe that 
the nonuniform distribution of nanowires has a negligible effect 
on the variation cell spreading. Indeed, we recently studied NK 
cell spreading on ordered nanoarrays of ligands, and observed 
similar variation in the cell area, which is likely inherent to 
the cells.[49] This finding can be interpreted in terms of global 
mechanical compliance of the underlying surface to the forces 
generated by cells. Indeed, it is well established that stiffer 
surfaces better simulate cell spreading due to their resistance 
to the tension within the membrane induced by cell contrac-
tion.[50–53] We assume that the array of vertical high-aspect-ratio 
nanowires provides an extremely mechanically compliant envi-
ronment, which provides minimal resistance to cell contraction.

To better understand how nanowire topography affects cell 
spreading, a deep insight into the interaction of NK cells with 
nanowires is needed. Notably, previous reports on interaction of 
various cells with inorganic nanowires showed that nanowires 
can predominantly penetrate the cell membrane,[54–57] or 
invaginate the membrane,[58,59] depending on the cell and nano-
wire types. Furthermore, adding functional chemistry—such as 
adhesion molecules—onto the nanowire surface can modulate 
the cell–nanowire interaction.[60] Naturally, understanding how 
nanowires interact with NK cells is critical for analyzing and 
interpreting the results described here.

We fixed the cells after 3  h of incubation onto MICA-func-
tionalized nanowires, dried in critical point drier, and imaged 
them in high-resolution SEM (Figures  1b and 4a). It can be 
clearly seen that the cells lay on top of the nanowires, being 
in contact with their upper ≈2 µm. It is also seen that the 
nanowires do not penetrate the top cell membrane. Yet, SEM 
images cannot tell whether the nanowires penetrate the bottom 
cell membrane and access the cytosol or invaginate the mem-
brane. To address this question, we stained the membrane and 
cytoskeleton of cells spread on MICA-functionalized nanowires 
with CellMask plasma membrane stain (green) and phalloidin 
(red), respectively, and imaged them by confocal microscopy. 
Z-stack images (top view, Figure  4b) clearly show green lines 
of ≈2 µm in length, which are projections of the membrane 
that surround the nanowires. These membrane projections, 
together with the lack of penetrating nanowires in SEM images, 
indicate that nanowires do not puncture the membrane but 
invaginate it.

The centripetal direction of membrane projections confirms 
that cells trap and bend neighboring nanowires, as was previ-
ously observed by SEM. The nanowire contours are also seen 
on XZ and YZ cross-sections of the confocal images. It should 
be noted that similar nanowire projections of the stained mem-
brane were observed for NK cells on bare and mock-functional-
ized nanowires (Figure 4c,d). The way by which NK cells bend 
neighboring nanowires, which prior to exposure to the cells 
were perfectly vertical (as seen in Figure 2 a), clearly indicates 
that the cells apply centripetal forces onto the nanowires during 
their spreading. The high compliance of the nanowires to these 
forces thus induces a smaller spreading. Again, cells spread on 
bare, MICA-functionalized, and mock-functionalized nanowires 
were found to bend nanowires in a similar way, and to contract 
to nearly the same projected areas. Based on this finding, we 
conclude that NK cells apply mechanical forces onto their envi-
ronment using a distinct mechanism which is independent 
of the incoming chemical signaling. Notably, some clustered 
nanowires outside the cells are observed in the SEM images in 
Figures 1b and 4a, despite the samples having been dried in a 
critical point drier. Careful inspection reveals the presence of 
what appear to be cell debris at the tips of the clustered nano
wires, some of which was probably left by motile NK cells. 
Still, we believe that these debris have a negligible effect on the 
ability to detect cell forces using nanowires.

The detailed mechanism of how NK cells apply forces on 
their environment still needs to be understood. Previous force 
studies of epithelial and fibroblast cells using elastomeric 
micropillars showed that actin couples to adhesions on the 
pillar tops, and flows to produce centripetal forces.[24,27] Later,  
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Figure 3.  Cell spreading. a,b) Representative images of NK cells on 
MICA-functionalized flat surface and MICA-functionalized nanowires, 
respectively. Cell area was quantified by measuring the projected area 
of the cell cytoskeleton. c) Results are shown. Analysis of variance and 
Tukey’s post hoc test were performed to assess the significant changes 
in behavior. We compared the projected area of flat-MICA surface to the 
other surfaces. The difference was considered statistically significant 
for p < 0.05. Two asterisks denote a p-value range of 0.001–0.01. Three 
asterisks equate to a p-value range of 0.0001–0.001. The minimal number 
of inputs was N = 4.
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similar force studies of T cells using micropillars with immo-
bilized activating antibodies showed that actin couples to the 
T-Cell Receptor–Cluster of Differentiation 3 (TCR–CD3) com-
plexes on the pillar tops, suggesting that T cell force genera-
tion is associated with these complexes, and shares features 
with integrin-mediated force generation.[26] Here, we found 
that actin was concentrated on the cell periphery, as well as 
on the nanowire projections, colocalizing with the membrane 
protrusions (Figure  4e–g and Figure S8 (Supporting Informa-
tion)). This finding is mirrored by the abovementioned studies 
of fibroblast, epithelial, and T cell mechanosensing, and sug-
gests that force generation in NK cells involves extensive actin 
polymerization in the vicinity of the nanowire invaginations. 
Interestingly, ZnO is a wide-gap semiconductor intrinsically 
fluorescent in blue and near-blue regions.[61] Here, the emitting 
ZnO nanowires are visible on the Z-stack cross-sections with 
enhanced blue channel, confirming that the invaginations are 
≈2 µm deep (Figure 4h), i.e., the top 10% of 20 µm long nano
wires are in contact with cells.

The forces exerted by NK cell on individual nanowires can 
be quantified through the magnitude of the nanowire deflec-
tion, using a formula for bending a cantilever with circular 
cross-section[62]

3
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where F is the force, l is the nanowire length, E is the Young’s 
modulus, δ is the nanowire horizontal deflection, and r is the 
nanowire radius. Notably, classical physics often fails to predict 
properties and behavior of nanoscale objects because of their 

extremely high surface-to-volume ratio. Indeed, both experi-
mental and theoretical studies showed size dependence of 
nanowire bending Young modulus due to surface roughness, 
surface stress, and the native oxidation layer; however, this size 
dependence is significant only for nanowires whose diameter 
is below 50 nm.[63] In this research, we will use nanowires with 
the diameter of ≈50  nm or slightly above, for which classical 
theory of elasticity is applicable. For the calculation, we used 
a typical nanowire length of 20 µm, and a radius of 50  nm 
(Figure  4i). The reported bending Young modulus for ZnO 
nanowires ranged from ≈30 to ≈60  GPa, depending on the 
measurement.[64–67] Here, we used the average modulus value 
of 45 GPa to estimate the force applied on a single nanowire. 
The average nanowire deflection roughly estimated form both 
fluorescence and SEM images (Figure 4a–h) was ≈2 µm. In this 
case, the calculated force applied on an individual nanowire 
is about 10 pN. This value provides an important insight onto 
the nanoscale mechanics of NK cells. Yet, beyond this insight, 
it also demonstrates the great potential of nanowires as a plat-
form for monitoring cell forces in general. Notably, elastomeric 
pillars previously used to quantify forces in spread cells[16] can 
be downsized to 1/2 µm diameter,[27] which is close to the min-
iaturization limit of PDMS fabrication. On the contrary, nano
wires are few tens of nanometers in diameter, and thus allow 
to monitor cell forces with spatial resolution that is an order of 
magnitude higher than that achievable by PDMS pillars. Fur-
thermore, nanowires have an extremely high aspect ratio – 400 
in our case. Therefore, although made of a rigid material, indi-
vidual vertical nanowire, as well as their ensemble, possesses 
an exceptionally high mechanical compliance, and responds to 
ultrasmall forces by relatively large bending. 10 pN is, to the 
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Figure 4.  a) SEM image of a NK cell spread on MICA-functionalized nanowires. The yellow arrows point at the nanowires bent upon centripetal forces 
applied by the cell. b–d) Z stack of confocal microscopy of NK cells with tagged membrane onto MICA-functionalized, bare, and mock-functionalized 
nanowires, respectively. Cell membrane (green) and actin (red). The white arrows point onto the projected invaginations of the nanowires in the cell 
membrane. e) Cytoskeleton image of NK cells on MICA-functionalized nanowires. f) Membrane image of the same cells. g,h) Merging of (e) and (f), 
showing colocalization of the cytoskeleton and membrane when wires invaginate NK cells, and thereby indicating the concentration of acting along 
the invaginated nanowires. i) Calculation of the force applied by NK cell onto a single nanowire.
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best of our knowledge, the smallest force that has been quanti-
fied using a micro-/nanostructured surface for cell spreading. 
For comparison, PDMS micropillars used to study mechano-
sensing of T cells could reveal forces in the order of 100 pN.[26]

NK cells are the sentinels of the innate immune system, and 
contribute to immunity by cytolysis, cytokine secretion, and reg-
ulation of adaptive responses. NK cells recognize tumor, virus-
infected, or stressed cells,[68] and attack them by directed exocy-
tosis of perforins and granzymes, and secretion of cytokines.[69] 
The cytotoxicity of NK cells is regulated by the gentle balance 
of activating and inhibitory receptors that determines whether a 
target cell will be tolerated or attacked.[70] However, our under-
standing of the activation mechanism of NK cells is limited to 
its biochemical signaling aspects. Very recently, Barda-Saad and 
co-workers indicated that mechanical signals regulate NK cell 
function by demonstrating that actomyosin retrogrades flow 
controls of NK cell immune response.[71] Yet, the exact mecha-
nism of how NK cells generate and sense mechanical forces is 
still unclear.

To understand whether NK cells sense the mechanical 
properties of nanowires, and whether this sensing regulates 

the NK cell immune function, we monitored the expres-
sion of lysosome-associated membrane protein-1 (CD107a) 
in the cells activated on MICA-functionalized nanowires, as 
well as on the control surfaces. In activated NK cells, lytic 
granules are transported to the immune synapse, fused to 
the membrane, and degranulated at the membrane surface. 
During the degranulation, CD107a molecules are exposed 
to the outer side of the membrane, allowing to use CD107a 
as a quantitative marker for NK cell immune response.[72,73] 
Staining of surface-expressed CD107a and its fluorescence 
imaging is a broadly used and proven method to detect the 
immune activation of NK cells, as well as other lympho-
cytes.[74–76] Such a detection is impossible either by western 
blot which will expose cytosolic CD107a, or by flow cytometry 
that would require cell detachment from the nanowires which 
may change the cell shape, and thus lose all information on 
mechanosensing. Here, we imaged CD107a by staining NK 
cells with its fluorescently tagged monoclonal antibody, after  
3 h of incubation (Figure 5a,b). Notably, the cells were not per-
meabilized to avoid diffusion of CD107a antibody into their 
cytosol and labeling of internal CD107a.

Adv. Mater. 2018, 1805954

Figure 5.  Cell activation. a,b) Representative images of NK cells on MICA-functionalized nanoparticles (NP-MICA) and MICA-functionalized nanowires 
(NW-MICA), respectively. c) Degree of CD107a expression was quantified by measuring the fluorescence intensity of the APC-labeled anti-CD107a 
(in white in (a) and (b)). Collected value for fluorescence intensity were normalized to the unmodified nanoparticle (NP-Bare). Analysis of variance 
and Tukey’s post hoc test were performed to assess the significant changes in behavior. NP-Bare was chosen as reference for the post hoc test. An 
additional post hoc test was performed to compare the values between NP-MICA and NW-MICA. The results were considered significant for p < 0.05 
(one asterisk in (c)).  Three asterisks equate to a p-value range of 0.0001–0.001. The minimal number of inputs for each group was 4. d) Scheme and 
trust table of AND logic gate implemented by the activation of NK cell.
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We found that MICA immobilization on both flat and 
nanowire-covered surfaces is essential for the degranulation of 
NK cells (Figure  5c). Furthermore, we found that MICA-func-
tionalized nanowires stimulated a fourfold higher expression 
of CD107a compared to MICA-functionalized flat surfaces. To 
verify whether this difference stems from a possible discrepancy 
in the amount of MICA on flat and nanowire surfaces, we immu-
nostained both the surfaces with fluorescent secondary MICA 
antibody, and compared the intensity of fluorescence signals. 
Surprisingly, we found that the flat surface produces a 3 times 
higher fluorescence signal than that of the surface covered 
with nanowires. Thus, the flat surface contained nearly 3 times 
more MICA that the one with nanowires. Furthermore, based 
on our previous finding that NK cells were contact only with 
approximately top 10% of the nanowires, and that MICA is 
immobilized uniformly along the nanowire surface (Figure S9,  
Supporting Information), we can conclude that cells on nano
wires were exposed to ≈30 times less MICA than those on flat 
MICA surface. Still, the effect of the nanowire topography and 
flexibility on NK cell activation seems to overrule the effect of 
MICA quantify. On the other hand, the results obtained from 
nonfunctionalized and SUMO-functionalized nanowires clearly 
show that nanowires alone, i.e., without MICA, did not suffice 
to produce a significant immune response.

We suggest that the enhanced activation of NK cells on 
MICA-functionalized nanowires indicates that NK cells use 
mechanical forces to probe their environment. Our finding is 
mirrored by the recently demonstrated mechanosensing ability 
of other lymphocytes, such as T cells and B cells, which were 
studied on surfaces with different rigidities. Interestingly, the 
immune response of these cells to surface rigidity was found 
to be dependent on the cell and surface types. For example, T 
cells activated in antigen-functionalized hydrogels with a Young 
modulus below 200  kPa increased their immune response 
with an increase in surface rigidity,[8] whereas T cells activated 
on antigen-functionalized PDMS with a Young modulus up to 
2 MPa showed the opposite trend.[77] Also, B cells were reported 
to increase their immune activation with an increase in surface 
rigidity ranging below 22 kPa.[78] Similar to these studies, this 
work provides evidence that NK cells sense the mechanical 
features of their environment. The exact mechanism of this 
sensing is yet to be elucidated. It is possible that mechanical 
forces modify the downstream signaling of NKG2D, and 
perhaps of other receptors, and affect the formation of the 
immune synapse in NK cells. Notably, mechanotransduction at 
focal adhesions has been extensively studied during the last two 
decades. Many of the focal adhesion proteins, such as vinculin, 
paxillin, talin, and Pyk2, are also involved in the immune syn-
apse of NK cells.[70] These proteins may thus be involved in the 
mechanosensing mechanism of NK cells.

Our results clearly indicate that the mechanical signaling 
alone is not sufficient to stimulate an immune response, but 
must be combined with a biochemical signal, such as that 
provided by MICA ligands. Notably, lymphocytes express a 
repertoire of activating receptor whose engagement requires 
independent activation of costimulatory receptors. In recent 
years, combining orthogonal activating and costimulatory 
signaling pathways has been harnessed to engineer AND-gate 
T cells with precisely tuned therapeutic discrimination.[79–81] 

Here, we created a set of environmental conditions in which 
NK cells behave like an AND logic gate, whose two inputs – 
chemical and nanomechanical – define the immune outcome 
(Figure 5d). The logic 1 (true) output is defined as the increase 
of CD107a expression for at least one order of magnitude as 
compared to nonactivated NK cells.

As we mentioned before, nanowire shape, mechanical prop-
erties, and arrangement, can greatly impact cell behavior. For 
instance, it was recently shown that variations in the nanowire 
geometry and density alter the response of cultured epithelial 
and cancer cells.[82] Similarly, different responses to different 
nanowires were described for neurons.[34,83] Furthermore, 
Shalek et  al. showed that the penetration of different cells 
by nanowires depends on the cell type and nanowire dimen-
sions.[54] In particular, they showed that silicon nanowires 
which were 2–3 µm long and up to 150 nm in diameter pen-
etrated the membrane of primary NK cells. Interestingly, they 
demonstrated that those Si nanowires, which were substantially 
shorter and thicker than the nanowires used in the present 
paper, neither deflected upon the forces applied by NK cells, 
nor induced an immune response of NK cells. Conversely, in 
the present work, we deliberately produced nanowires with 
a relatively small diameter of 50  nm and high aspect ratio to 
ensure that they would not penetrate the cell membrane, and 
would be highly compliant to small forces exerted by cells. We 
analyzed the bending compliance, which is defined as the ratio 
of the lateral nanowire deflection to the applied bending force, 
and can be calculated using the formula given in Figure  4i, 
for the two types of compared nanowires. We found that for 
ZnO nanowires with a typical length of 20  µm and diameter 
of 50 nm used in the present work, the bending compliance is 
193 kN m−1, while for Si nanowires with the typical length of 
2.5 µm and diameter of 150 used by Shalek et al., the compli-
ance is 1.27 N m−1. This more than fivefold difference in the 
mechanical compliance, which stems mostly from the different 
geometries of the compared nanowires rather than from the 
difference between the Young moduli of Si (1.65 GPa[84]) and 
of ZnO, is among the key reasons for the different functional 
behavior of NK cells described in the two papers. This com-
parison clearly shows that geometry and physical properties 
of nanowires can largely regulate the response of NK cells. In 
particular, we believe that the minimal invasion of nanowires 
into the cell membrane, as described in this paper, ensured 
that survival rate of NK cells in our experiments was close to 
100%, as was indicated by negligible amount of cell debris on 
the nanowires in SEM images.

Besides a possible role of the nanowire morphology and 
mechanical properties in the immune function of NK cell, high 
clustering of the MICA ligands on the nanowire surface might 
also stimulate NK cell activation. Indeed, the overall density 
of MICA on the flat control surface was substantially higher 
than on nanowires, yet the MICA molecules are immobilized 
on evenly dispersed nanoparticles. By contrast, MICA mole-
cules immobilized on nanowires formed highly concentrated 
clusters. These clusters could lead to the high agglomeration 
of NKG2D at the cell–nanowire interface, which would in turn 
enhance NK cell activation. Interestingly, in vivo, activated NK 
cells interface APCs by forming the immune synapse. The 
periphery of the NK synapse contains phosphotyrosine-rich 
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NKG2D–DAP10 microclusters, that move toward the synapse 
center, where they lose the phosphotyrosine signal.[85] However, 
a flat 2D synapse structure is unlikely possible on the surface of 
MICA-functionalized nanowire. Our activation results demon-
strate that although NKG2D clusters differently on nanowires 
and within an in vivo synapse, both the clusters share similar 
functional features that stimulate degranulation of NK cells. 
We believe that the MICA-functionalized nanowires used here 
allow two processes which are vital for NK cell activation in vivo: 
clustering of ligand at the nanowires (as shown in Figure S4  
in the Supporting Information) and mobility of these clusters 
stemming from the flexibility of the wires (as shown in the 
SEM and fluorescence images in Figure 4). In addition, nano-
wire invaginations change of the morphology of membrane and 
surrounding cytoskeleton. These changes alone can possibly 
produce a stimulus to enhance NK cell activation. To separately 
probe the effect of invagination and mechanical compliance to 
the forces, an experimental system in which these two para
meters can be varied independently is required. Engineering 
such a system, which may consist, for instance, of nanowires 
with varied bending moduli but similar invagination depths, is 
the subject of our ongoing studies.

The receptor clustering on nanowires may have a certain in 
vivo relevance. Recent morphological studies of the immune 
synapse in T cells showed a structure consisting of nanosized 
elongated protrusions (posodomes), which are formed both 
on the T cell membrane and APC membrane.[86] Furthermore, 
NK cells are activated by dendritic cells through the formation 
of a stimulatory synapse in the cell–cell interface.[87] Dendritic 
cells are notable for the distinct branched projections on their 
surface, which resemble nanowires in their size, scale, and 
shape, and which transform during the cell maturation to 
villi by cytoskeletal rearrangement.[88] The role of the surface 
nanotopography and nanomechanics of dendritic cell in the 
immune activation of NK cells, as well as other lymphocytes, 
is mostly unclear. Nanowires functionalized with antigens can 
mimic the nanotopography of dendritic cell surface. Systematic 
variations in the nanowire dimensions and shape, achievable 
by their growth conditions, can be harnessed for the study of 
how dendritic cell nanotopography regulates NK cell activation. 
Furthermore, such a study does not have to be limited to NK 
cells, and can be extended to other important components of 
the immune systems, such as T cells and B cells.

In summary, our study demonstrates that nanowires in 
combination with antigen functionalization can regulate 
the function of immune cells. This novelty paves the way to 
utilizing nanowires as a unique experimental platform to 
harness the nanoscale mechanisms of cell immune activity. 
Furthermore, due to their small diameter and high aspect ratio, 
nanowires allow force monitoring in cells with unique spatial 
and mechanical resolution. Finally, we provided the direct evi-
dence for the nanoscale mechanosensing of NK cells, and its 
role in immune activity. Importantly, besides the impact of our 
findings on the fundamental understating of NK immune func-
tion, and, in particular, the mechanical features the NK immune 
synapse, they may also have practical importance. Shaping NK 
cell antitumor activity by ex vivo upregulation of their activating 
receptors is an emerging strategy for NK-cell-based adaptive 
immunotherapy. To that end, NK cells are cultivated in the  

presence of cytokines, accessory cells, or feeder cells, which 
control the obtained NK cell phenotype.[89] Enhanced NK 
cell activation on antigen-functionalized and mechanically 
stimulating nanotopography, as demonstrated here through 
nanowires, foreruns novel nanoengineered platforms for cell 
expansion toward therapeutic purposes, with improved effi-
ciency and control of their cytotoxic activity.
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