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Ana-Suncǎna Smith,* and Mark Schvartzman*

Cite This: Nano Lett. 2025, 25, 11878−11887 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The regulation of T cell activation via engineered
arrays holds significant biomedical potential. While average
antibody density is known to influence T cell activation, antibody
clustering has shown limited benefits. This study challenges this
perspective through combined experimental and theoretical
approaches. By employing nanolithographically patterned arrays,
we show that full T cell activation is achievable with a small
number of densely packed antibody clusters�even at average
densities where homogeneous or sparsely clustered distributions
are insufficient for full activation. These results align with the
membrane-fluctuation model that considers cooperative binding
and mechanical feedback. Our findings highlight the importance of
the spatial organization of activating ligands and provide a framework for designing improved T cell activation platforms for
immunotherapy.
KEYWORDS: T cell activation, Antibody clustering, Nanolithography, Membrane fluctuation model

T cells�key players in adaptive immunity�recognize
pathogens by binding antigens on cell surfaces via T cell

receptors (TCRs). Activation of T cells requires two signals:
TCR binding to antigen-MHC complexes on antigen-
presenting cells (APCs) and costimulatory binding of CD28
receptor to ligands like B7-1. This triggers a signaling cascade
leading to T cell activation, proliferation, differentiation into
effector T cells and generation of memory T cells. Under-
standing T cell activation is crucial not only for the
fundamental understanding of T cell immunity but also for
advancing new immunotherapies. For example, the generation
of chimeric antigen receptor (CAR) T cells1 requires ex vivo T
cell activation, which significantly affects the efficiency of CAR
transduction and the proliferation of engineered T cells.2−4

Ex vivo, T cells are typically activated by stimulating TCR/
CD3 and CD28 with antibodies, either in soluble form or
bound to artificial antigen-presenting surfaces like plastic
microbeads. While both ligand−receptor and antibody−
receptor interactions trigger the same signaling pathways, key
differences remain; notably, the lower affinity and fast kinetics
of ligand−receptor binding enable serial triggering, where one
ligand can activate multiple TCRs.5 High-affinity antibody−
receptor binding prevents serial triggering, leading to distinct
spatial requirements for T cell activation compared to ligands.6

Proposed mechanisms of T cell activation are based on: (i)
TCR conformation change upon ligand binding,7 (ii) kinetic
segregation,8,9 where exclusion of large inhibitory phosphatases
from tight receptor−ligand region shifts the kinase−phospha-

tase balance, and (iii) TCR clustering that increases the
concentration of signaling molecules.10,11 These clusters may
grow from a few hundred nanometer size in early stages12,13 to
few microns in mature T cell contacts with the target cell.14−16

The clustering, even at very low ligand concentrations,17 is
promoted by the mobility of ligands and receptors within the
cell membrane, optimizing activation.18 Even so, ex vivo
activation platforms, like antibody-coated microbeads�the
standard in T cell production�use static antibodies, fixing the
position of bound receptors.19−22 Besides the simplicity of
production, the preference for ex vivo T cell activation
platforms with a homogeneous distribution of antibodies
stems from the lack of consensus on the role of molecular
clustering in T cell activation (reviewed in ref 24).

The pre-existence of nanoscale clusters of TCR in resting T
cells, however, remains controversial23 and the mechanism and
role of clustering is still highly debated.24,25 So far, self-
assembled continuous arrays of ligands or antibodies were used
to demonstrate the importance of their distribution for
activation.26,27 However, these arrays could not differentiate

Received: April 28, 2025
Revised: July 15, 2025
Accepted: July 15, 2025
Published: July 26, 2025

Letterpubs.acs.org/NanoLett

© 2025 American Chemical Society
11878

https://doi.org/10.1021/acs.nanolett.5c02361
Nano Lett. 2025, 25, 11878−11887

D
ow

nl
oa

de
d 

vi
a 

B
E

N
 G

U
R

IO
N

 U
N

IV
 O

F 
T

H
E

 N
E

G
E

V
 o

n 
A

ug
us

t 8
, 2

02
5 

at
 1

5:
44

:4
7 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guillaume+Le+Saux"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Piotr+Nowakowski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Esti+Toledo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sivan+Tzdaka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shagufta+Naaz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuval+Segal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brit+Maman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brit+Maman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jatin+Jawhir+Pandit"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammed+Iraqi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abed+Al-Kader+Yassin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angel+Porgador"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana-Sunc%CC%8Cana+Smith"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana-Sunc%CC%8Cana+Smith"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+Schvartzman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.5c02361&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02361?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02361?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02361?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02361?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02361?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/nalefd/25/31?ref=pdf
https://pubs.acs.org/toc/nalefd/25/31?ref=pdf
https://pubs.acs.org/toc/nalefd/25/31?ref=pdf
https://pubs.acs.org/toc/nalefd/25/31?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c02361?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf


between the effects of overall density and clustering. Arrays
with independently varied clustering and density revealed
spatial control of receptor binding but found no impact of
TCR clustering on T cell spreading.23 Importantly, these
studies did not assess the effects of antibody/ligand clustering
per se on T cell response, and focused on activating signaling,
neglecting the costimulatory CD28 signaling.

In this work, we focus on understanding the consequences of
joint presentation of anti-CD3 and anti-CD28 antibodies in T
cell activation, and on resolving the effects of surface density
and clustering of these antibodies. We first correlate T cell
activation and cytotoxic function with the global density of the
two homogeneously distributed proteins and determine the
threshold homogeneous density at which T cell activation
cannot be determined. Fixed at this global density, we then
engineer arrays with antibodies grouped into dense and sparse
clusters of varying sizes. This allows us to unambiguously
identify the compensatory effects of clustering. Surprisingly, we
find that for the same low global density of antibodies, tightly
packed small clusters induce full T cell activation, while either
homogeneously distributed antibodies or antibodies grouped

into differently sized diluted clusters have no effect (Figure 1).
These findings are explained by the Membrane Fluctuation
Model (MFM) which links antibody−receptor recognition to
cellular activity.28 Our results highlight the critical role of
nanoscale antibody clustering in regulating T cell responses,
offering insights into immunity and biomaterial design for
immunomodulation.

To establish a baseline for studying the effects of antibody
density and clustering on T cell activation, we first examined
the T cell activation by surfaces coated with homogeneously
distributed α-CD3 and α-CD28 at a ratio of 1:1. The surfaces
were produced by functionalizing silicon with (3-
aminopropyl)tiethoxysilane (APTES), followed by the attach-
ment of polyethylene glycol (PEG)-carboxylic acid terminated
with biotin, to which biotinylated antibody mixtures with
different dilutions were attached through a neutravidin bridge.
Three types of surfaces were used: surfaces with 100%
antibody coverage, and surfaces with α-CD3/α-CD28 diluted
with human immunoglobulin G2 (IgG2a) at 1:10 and 1:100
ratios. By considering discoid antibody footprint of 5 nm
diameter and densely packed antibody arrangement,29 we

Figure 1. Schematic plot of T cell binding to the substrate with controlled distribution of antibodies. Cell activation is not achieved when
antibodies are homogeneously distributed (left panel) or grouped into diluted clusters (middle panel) over the surface at low global densities. As
presented on the right panel, full T cell activation is achieved by binding to the substrate with the density of antibodies that is the same as on left
panel, but now antibodies are clustered in very dense small clusters.

Figure 2. (a) Schematic plot of surface covered with continuous array of antibodies. For 100% continuous array, the surface is fully covered with α-
CD3 and α-CD28 antibodies (schematically denoted as orange and blue dots, respectively). For 10% continuous array, only 10% of antibodies are
α-CD3/α-CD28. The remaining antibodies are IgG2a isotype controls, which do not bind T cells, schematically denoted with white circles. For 1%
continuous array, only 1% of antibodies bind to T cell. Finally, for negative control (NC) there are no antibodies on the substrate. (b) Schematic
illustration of the surface covered with antibodies for 10% and 100% continuous arrays. (c) Experimentally measured quantification of CD69
expression for CD4+ cells stimulated on negative control (NC) and continuous arrays (1%, 10%, and 100%) with various dilutions of binding
antibodies. (d) Experimentally measured quantification of CD69 expression for CD8+ cells stimulated on negative control and continuous arrays.
(e) Experimentally measured quantification of CD107a expression for CD8+ cells stimulated on negative control and continuous arrays. The
analysis was performed with Tukey’s multiple-comparison tests using the GraphPad Prism software <0.05,**p < 0.01,***p < 0.001,****p <
0.0001.
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estimate that this produced global α-CD3 and α-CD28
densities of ∼400, ∼4000, and ∼40,000 antibodies/μm2

(Figure 2a,b).
Peripheral Blood Mononuclear Cells (PBMCs) from a

healthy donor were used as a source of T cells. The PBMCs
were seeded onto patterned surfaces in 96-well plates,
stimulated, and then stained for CD3, CD4, CD8, for flow
cytometry analysis. The activation was assessed by flow
cytometry using two markers: CD69 after 18 h of stimulation,
and CD107a (degranulation marker) after 4 h of stimulation.
As expected, the lowest α-CD3 and α-CD28 density produced
only ∼40% CD69-positive cells, compared to ∼80% for

surfaces at full α-CD3 and α-CD28 coverage. CD107a
expression in CD8+ cells was only ∼2% at the lowest density
versus ∼25% at the highest, with negligible degranulation in
CD4+ T cells due to their noncytotoxic nature. This suggests
that our lowest homogeneous density is insufficient to fully
activate T cells. However, the activation gradually increases
with density until fully activated cells are observed at surfaces
continuously covered by antibodies, consistently with
activation observed using only α-CD3.20 Also, similar trend
of activation vs antibody density was observed using IFN-γ
assessed by ELISA after 18 h of activation, although with less

Figure 3. (a) Schematic plots of the patterns used in our study. Each pattern is described with three numbers: distance between neighboring
clusters in nm/diameter of each cluster in nm/dilution of the antibodies in percentages. Patterns A, B, C, D, and E have the same overall density of
antibodies ∼90 μm−2. Pattern F has a density of ∼900 μm−2. (b) Schematic plots of the patterned substrates with attached antibodies. (c) High
resolution image of clusters of antibodies visualized through the green fluorescently tagged neutravidin. Scale bar: 1 μm. (d) Fluorescent image of
100 nm antibody clusters separated by 2 μm. Scale bar: 2 μm. (e) Fluorescent microscopy of T cells spread on an array of antibody clusters. Avidin
used for binding the antibodies to silicon surfaces was tagged with green, and the cells were tagged with red phalloidin for cytoskeleton and blue
DAPI for nucleus. Scale bar: 5 μm. (f) Scanning electron micrograph of T cell spread on the nanoarray. Scale bar: 5 μm.
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pronounced differences between various densities, likely to the
contributions of other cells presenting in PBMCs (Figure S1).

Following this initial observation, we selected the 1:100 (α-
CD3/α-CD28):IgG2a dilution as a benchmark for full T cell
activation, to examine the potentially compensatory effect of
antibody clustering. To that end, we designed a series of arrays
of disk-shaped antibody clusters, maintaining the 1:100 (α-
CD3/α-CD28):IgG2a dilution within each disk. Disk sizes
ranged from 100 nm to 1 μm, with center-to-center spacing set
at twice the disks diameter (Figure 3a, patterns A−D). In all

these configurations, despite different sizes and separations,
disks, and therefore the antibody clusters occupied approx-
imately 23% of the total surface area, resulting in a theoretical
global α-CD3/α-CD28 density of ∼90 antibodies/μm2.

These arrays (A−D) were created using nanosphere
lithography, an ideal method for producing dense nanoscale
patterns.30 Polystyrene nanospheres were assembled into a
closely packed hexagonal monolayer on a silicon surface, using
either the Langmuir−Blodgett method for 200 nm spheres or a
dry method for larger spheres.31 The spheres were etched by

Figure 4. CD4+ and CD8+ activation on different patterned substrates. (a)−(f) Representative examples of flow cytometry measurements for CD69
(a, b) and CD107a (c−f) expression for patterns A [100/200/1] (a,c,e) and E [100/2000/100] (b, d, f). Experimentally measured quantification of
CD69 expression for CD4+ (g) and CD8+ (h) cells stimulated on various patterned substrates. (i) Expression of CD107a for CD8+ cells stimulated
on various patterned substrates. The analysis was performed with Tukey’s multiple-comparison tests using the GraphPad Prism software <0.05,**p
< 0.01,***p < 0.001,****p < 0.0001.
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oxygen plasma to halve their diameter, followed by gold
evaporation in the interstices of the nanosphere array
Nanosphere lift-off created a hexagonal array of silicon discs
surrounded by a gold background (Figure S2). This results in a
set of patterns which we denominate with three indices [disk
diameter in nm/disk periodicity in nm/percentage of α-CD3/
α-CD28 in the antibody mix within the disk]. As shown in
Figure 3a, pattern A, noted [100/200/1] yields 29 disks /μm2,
pattern B [250/500/1] 4.6 disks/μm2, pattern C [500/1000/
1] 1.2 disks/μm2, and pattern D [1000/2000/1] 0.29 disk/
μm2. These designs allow us to assess if the introduction of a
particular length scale in the antibody organization affects T
cell activation.

Also, to investigate the role of local antibody density within
clusters, we designed a pattern of disks as small as in pattern A
(100 nm) but separated by 2 μm (Figure 3a, pattern E, and
Figure S3). In these 100 nm disks, the antibodies were not
diluted, i.e. contained 100% α-CD3/α-CD28, and thus
mimicked the dimensions of receptor clusters in resting T
cells.25 For pattern E [100/2000/100], the 10-fold larger
distance between the clusters was designed to keep the global

density of ∼90 antibodies/μm2 as in patterns A−D. This
pattern, denominated as pattern E [100/2000/100] with 0.29
disks /μm2, was produced by electron-beam lithography of
negative tone resist, which was followed by gold evaporation
and liftoff. Notably, a T cell with a typical spreading area of 5−
10 μm2 can be exposed only to one or two such clusters on
average.

Finally, along the same line of thought that the density of
proteins within clusters and not the cluster size itself or the
number of clusters affects activation, we prepared a pattern
with a geometry identical to that of cluster A, but increased the
concentration of α-CD3/α-CD28 to 10% by 1:10 (α-CD3/α-
CD28):IgG2a dilution (pattern F [100/200/10], achieving an
average density of ∼900 antibodies/μm2 and 29 disks/μm2).
All patterns, regardless of their fabrication methods, were
functionalized by various mixtures of α-CD3/α-CD28 and
IgG2a, which were linked to oxidized silicon nanodiscs via
APTES, PEG, and biotin chemistries. The surrounding gold
was passivated by PEG to prevent nonspecific binding.
Biofunctionalization specificity was confirmed by confocal
microscopy (Figure 3c,d).

Figure 5. (a) Schematic plot of the biomechanical feedback loop in Membrane Fluctuation Model. Binding of receptors on the membrane of T cell
is increasing activity of the cell, and as a result, membrane fluctuations are increasing which promotes further binding. (b) Schematic comparison of
the binding process for inactive (left side) and active cell (right side). For active cell the fluctuations of the membrane are stronger (as illustrated in
top part of the scheme). As a result, both binding rate Kon and probability pon of binding of next receptor is increased. (c) Numerical simulations of
activity of cell assuming there is no biomechanical feedback (and thus only inactive fluctuations are present) for continuous arrays (top part) and
for all the patterns presented in Figure 3a. (d) The same results as on panel (c) but with the mechanism of biomechanical feedback increasing the
cell membrane fluctuations.
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We then studied T cell activation on surfaces with
coclustered α-CD3 α-CD28. As in baseline experiments,
PBMCs from a healthy donor were plated on antibody-
patterned surfaces, fixed, and stained for cytoskeletal and
nuclear markers (Figure 3e). Fluorescence and electron
microscopy confirmed T cell spreading, tight contact with
clusters, and formation of nanometric protrusions resembling
microvilli.32,33 Activation was assessed by CD69 (18 h) and
CD107a (4 h) expression via flow cytometry (Figure 4a−f),
with PEG-coated gold as a negative control. Patterns A−D,
despite presenting many 100 nm clusters, showed minimal
CD69 expression�similar to low-density continuous coat-
ings�indicating no clustering compensation at this global
density. In contrast, pattern E, featuring small, widely spaced
but tightly packed clusters, significantly increased CD69
expression in both CD4+ and CD8+ cells (Figure 4g, h),
outperforming even pattern F, which had 10-fold higher
antibody density. In fact, pattern E’s activation level
approached that of densely coated homogeneous surfaces.

The interplay between global α-CD3/α-CD28 density and
clustering is even more pronounced when examining CD107a.
The difference between the A−D and E configurations resulted
in more than a 10-fold increase in the percentage of CD8+ cells
expressing CD107a (Figure 4i), providing a level of activation
larger than pattern F, and not showing significant differences to
a continuous, fully packed surface. This demonstrates that
while a low global antibody density may be insufficient for full
T cell activation when antibodies are randomly distributed,
confining them into dense clusters can compensate for this
limitation. Furthermore, this shows that the size of the cluster
is not definitive for T cell activation but that it is enough to
create a small number of stable bindings.

It is noteworthy that here, as in our previous work,34 we
used PBMCs, which, in addition to primary T cells, also
contain various amounts of NK cells, APCs and B cells.
However, both our continuous array and patterned surfaces
were coated with α-CD3/α-CD28, and were therefore T cell-
specific, thus ensuring a minimal effect of these surfaces on
other cell types present in the PBMC population. This, in turn,
ensured a minimal impact of other cell types on T cells across
different used activation surfaces. This is confirmed by the
consistently significant differences in CD69 and CD107a levels
between surfaces with and without α-CD3/α-CD28, thus
ensuring the negligible effect of other cell types on the CD69
and CD107a signals produced by T cells.

These observations can be rationalized by adapting the so-
called Membrane Fluctuation Model (MFM) for immune cell
activation (Figure 5a) originally conceived for natural killer
cells.28,35 In essence, MFM captures the dynamic coupling
between the ligand−receptor binding and the activity of the
cell through a mechanical feedback (Figure 5b), while the rates
for binding and unbinding directly depend on the proximity of
neighboring ligand(antibody)−receptor constructs. The model
assumes that the activation is proportional to the density of
ligand−receptor bonds of the cell, which, in the stationary
state, is given by = +K /(K K ),on off on with ϱ denoting
antibody density, and Kon and Koff being average binding and
unbinding rates, respectively. These average rates are
calculated from the first-principles assuming bonds to be
springs with defined stiffness and rest length (see SI for
details), while the averaging is performed over possible surface
binding sites and bond distributions.36

MFM was first applied to homogeneous antibody distribu-
tions, showing that T cell signaling increases with global
antibody density (Figure 5c, d, top). However, only when
mechanical feedback was included�linking cell activity to the
fraction of bound antibodies rather than average density�did
the model align qualitatively with experimental results (see SI
for a more detailed discussion). The lowest probed density of
∼400 antibodies/μm2 produced the lowest percentage of
bounded receptors, which initiated partial biomechanical
feedback and could not induce full activation. Yet, the activity
of the cell increases between ∼400 and ∼4000 antibodies/μm2,
until it reaches saturation between ∼4000 and 40,000
antibodies/μm2. This highlights the fact that activation is
indeed a process in which the dynamic evolution of the
number of formed bonds influences the state of the cell and
consequently, the state of the membrane. We, furthermore,
conclude that undiluted arrays provide an excess amount of
activating and costimulatory signal.37

Encouraged by this agreement, we applied the MFM model
to patterned surfaces (Figure 5c, d, bottom). As in experi-
ments, diluted patterns failed to trigger mechanical feedback,
while dense clustering of antibodies�even at low global
densities�enhanced binding rates and bond stability,
activating T cells through a proximity-driven feedback loop
(Figure 5b). MFM shows that the binding and unbinding rates
(Kon, Koff respectively) are directly coupled to the membrane
configuration and are explicit functions of the average height
and the fluctuation amplitude, while the latter increases with
the cell activity following a logistic function.39 Following
previous arguments, TCR receptor binding induces transversal
proximity between the T cell and a target cell, but away from
the bond, the gap between the two membranes is set by the
size of large phosphatase molecules.38−40 This is directly
implemented in the MFM model by setting the size of the
ligand−receptor bond and the parametrization of the gap.
MFM model shows that both the deformation of the
membrane due to antibody binding and the change of
fluctuations due to change in activity is necessary to initiate
biomechanical feedback.

The result is strongly increased binding close to an existing
bond in a transversal proximity of about 40 nm41,42 due to the
finite lateral correlation length of the membrane.43 This further
facilitates the formation of more similarly sized ligand−
receptor bonds around already formed bonds.44 The
accumulation of these bonds can counteract the repulsive
forces between the membranes, further stabilizing the bonds,
even in an activated state.45 The formation of bonds triggers
the signaling and initiates the activation process, which, in turn,
changes the state of the cell, enhancing the cytoskeleton
dynamics, cytoplasmic flows and/or ion channel activity
among other processes. The ensemble of these processes
boosts the dynamics of the membrane, which is reflected in
increasing fluctuation amplitudes with activation.25,39 In turn, a
change in membrane fluctuations leads to changes in the
binding and unbinding rates, hence serving as mechanical
feedback. Nearby receptors on the membrane are affected in a
geometry-dependent manner, yielding strong correlations that
promote further binding. Hence, the amplification process
ensues until the number of bonds and the activity of the cell
saturates in a new steady state. Therefore, even though a
certain global antibody density could be insufficient for full T
cell activation if the antibodies are randomly distributed over
the surface, a compensatory effect can be achieved at the same
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density if the antibodies are grouped into clusters. Interest-
ingly, these small cluster sizes and large periodicity mimic the
ligand−receptor nanoclusters observed at the physiological
interface between T cells and target cells.46

In summary, our study demonstrates that clustering plays a
central role in regulating T cell activation, particularly at low
ligand or antibody densities�a finding well accounted for by
the membrane fluctuation model. This model highlights
membrane elasticity as a key contributor to the clustering
mechanism while integrating the well-established increase in
cytoskeletal dynamics in activation. The resulting rapid actin
remodeling, cytoplasmic flows, and enhanced membrane
trafficking significantly modulate membrane fluctuations,
owing to the membrane’s low bending stiffness. A critical
next step will be to directly correlate T cell binding dynamics
with quantitative measurements of membrane state. Exper-
imentally, this could be done, for instance, by combining
dynamic optical displacement spectroscopy with super-
resolution microscopy, alongside precise control of photo-
bleaching. An alternative approach could involve reflection
interference contrast microscopy operated in dynamic
fluctuation mode; however, without accounting for the
evolution of the refractive index, this method would only
provide relative amplitude measurements. Although such
simultaneous measurements present substantial technical
challenges, they remain a crucial objective for future work, as
they would provide definitive evidence of the role of cell
mechanics in T cell activation.

Additional research should, furthermore, combine clustering
with additional mechanical cues, such as the viscoelastic-
ity47−50 and nanoscale topography51−54 of the surface to which
the molecules are tethered. This is possible by using
reductionist platforms that controllably alter each of these
parameters55 while combining them with patterning meth-
ods,26,56−59 which today are achieving control at the individual
molecule level.60−62 Such sophisticated platforms will offer
valuable insights into the forces exerted by cells and their
correlation with immune responses. This will lay the
foundation for optimizing mechanical stimuli and drive
significant progress in understanding the physical mechanisms
underlying T cell activation.

We believe that, beyond providing insights into the
fundamental mechanisms of T cell activation, our findings
pave the way for the development of next-generation T cell
priming platforms for clinical applications, such as adoptive T
cell transfer and Chimeric Antigen Receptor (CAR) T cell
immunotherapy. Current T cell priming approaches�such as
those based on beads coated with activating and costimulatory
antibodies�deliver a maximal dose of stimulation due to the
uncontrolled and dense distribution of surface-bound antibod-
ies. However, it is increasingly evident that excessive
stimulation does not necessarily yield optimal antitumor
potency,63 as overstimulation can lead to rapid T cell
exhaustion. By further exploring the strategy of tuning
activation through antibody clustering, one could design
immunotherapeutic priming platforms in which activating
and costimulatory molecules (e.g., receptor-specific ligands or
antibodies) are presented in well-defined nanoclusters with
controlled size and spacing. According to our findings, this
approach could maintain an overall low stimulus level per T
cell while still enabling adequate activation�sufficient for
effective transfection with artificial receptors and for expansion

to clinically relevant cell numbers�while minimizing
exhaustion and prolonging antitumor effects.

Finally, T cell priming platforms could harness this newly
generated understanding of the importance of molecular
clustering in synergy with other mechanical stimuli. We have
already demonstrated that tuning the microtopography and
elasticity of the surface enables the production of CAR T cells
with antitumor potency exceeding that of T cells generated by
standard priming methods, even with excessive concentrations
of tethered antibodies.64 Moving forward, engineering an
optimized T cell priming platform, where all physical
parameters are precisely orchestrated, offers a promising path
toward achieving superior immunotherapeutic outcomes.
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