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Multimodal probing of T-cell recognition 
with hexapod heterostructures

Xiaodan Huang1,7, Lingyuan Meng    1,7, Guoshuai Cao    1, Aleksander Prominski2, 
Yifei Hu    1,3, Chuanwang Yang4, Min Chen1, Jiuyun Shi2, Charles Gallagher5, 
Thao Cao1, Jiping Yue2, Jun Huang    1   & Bozhi Tian    2,4,6 

Studies using antigen-presenting systems at the single-cell and ensemble 
levels can provide complementary insights into T-cell signaling and 
activation. Although crucial for advancing basic immunology and 
immunotherapy, there is a notable absence of synthetic material 
toolkits that examine T cells at both levels, and especially those capable 
of single-molecule-level manipulation. Here we devise a biomimetic 
antigen-presenting system (bAPS) for single-cell stimulation and 
ensemble modulation of T-cell recognition. Our bAPS uses hexapod 
heterostructures composed of a submicrometer cubic hematite core 
(α-Fe2O3) and nanostructured silica branches with diverse surface 
modi"cations. At single-molecule resolution, we show T-cell activation 
by a single agonist peptide-loaded major histocompatibility complex; 
distinct T-cell receptor (TCR) responses to structurally similar peptides 
that di#er by only one amino acid; and the superior antigen recognition 
sensitivity of TCRs compared with that of chimeric antigen receptors 
(CARs). We also demonstrate how the magnetic "eld-induced rotation of 
hexapods ampli"es the immune responses in suspended T and CAR-T cells. 
In addition, we establish our bAPS as a precise and scalable method for 
identifying stimulatory antigen-speci"c TCRs at the single-cell level. Thus, 
our multimodal bAPS represents a unique biointerface tool for investigating 
T-cell recognition, signaling and function.

T cells, a category of leukocytes, play a central role in mediating 
cellular immune responses to cancer, infection and autoimmune 
diseases. T cells use T-cell receptors (TCRs) to recognize antigenic 
peptides presented by major histocompatibility complexes (pMHCs) 
on antigen-presenting cells (APCs), which initiates T-cell signaling and 
associated immune responses. T cells can also be transduced with 
genetically engineered chimeric antigen receptors (CARs) to recog-
nize tumor-associated antigens (for example, CD19). Upon antigen 
recognition by TCRs or CARs, T cells proliferate, differentiate and 

execute effector functions, including cytokine secretion and lysis of 
target cells1,2.

Antigen recognition by TCRs and CARs underpins many immu-
notherapies for the treatment of cancer and/or infection and the 
prevention of transplant rejection3–5. Studies using synthetic or 
artificial antigen-presenting systems with adjustable design param-
eters have elucidated TCR molecular structures, conformation, 
nano-organization, kinetics, segregation and catch bonds during 
TCR recognition6–9. For example, at the ensemble level, commercially 
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Identification of stimulatory antigen-specific TCRs is currently 
the bottleneck in development of TCR-based immunotherapies. Cur-
rent methods for identifying antigen-specific TCRs, based either on 
binding (for example, MHC multimers) or function (for example, 
ELISpot), are limited by low sensitivity, specificity, precision and scal-
ability19. For example, MHC tetramers20 lack the surface structures 
and mechanical properties of APCs and cannot apply the controllable 
forces required to effectively stimulate the mechanosensory TCRs and 
generate physiologically relevant immune responses. Furthermore, 
high affinity but non-stimulatory TCRs occur frequently in the human 
T-cell repertoire. Force-mediated catch bonds are required to differ-
entiate between stimulatory and non-stimulatory TCRs with equal 
affinity7,21,22. Conversely, function-based methods are often tedious 
and labor-intensive19. There is a critical need for a high-sensitivity, 
scalable method that combines the strengths of both the binding- and 
the function-based methods for precise identification of stimulatory 
antigen-specific TCRs.

Here, we introduce a biomimetic antigen-presenting system 
(bAPS) composed of a bifunctional hematite–silica hexapod hetero-
structure. We demonstrate how the bAPS may be applied to investigate 
the signaling and biochemical–mechanical dual sensitivity of T cells 
(Table 1). Using a glass micropipette, the bAPS can be manipulated at 
the single-cell level with single-molecule resolution via the hexapod 
branches to probe T-cell biochemical sensitivity (assay 1). The bAPS 
can be manipulated with rotating magnetic fields via the magnetic 
hematite core to investigate how magnetic torques mediate T-cell 
activation and immune responses at the ensemble level with single-cell 
resolution (assay 2). Furthermore, the bAPS provides a precise and 
scalable approach to identify stimulatory antigen-specific TCRs at 
the single-cell level, which is a significant challenge in the field of 
TCR-based immunotherapy (assay 3).

available Dynabeads are used in T-cell expansion, isolation and cytokine 
production10, and scaffolds have facilitated the expansion and manu-
facturing of T cells with increased efficiency11. At the single-cell level, 
synthetic Janus particles have been used to regulate membrane dynam-
ics, clustering of intracellular proteins, and calcium signaling in T cells12.

While existing synthetic material approaches to T-cell research 
primarily focus on the ensemble or single-cell level, the next advance 
in our understanding of immunology is expected to arise from data 
at the nanometer scale and single-molecule level. TCR-pMHC rec-
ognition is highly specific. Effective T-cell responses rely on highly 
diverse TCR repertoires for identification of a wide range of antigens, 
and a comprehensive understanding of TCR or CAR recognition at 
the single-molecule level is crucial for vaccine development and cel-
lular immunotherapy13,14. However, single-molecule studies of TCR 
and CAR recognition require precise manipulation of the synthetic 
material, which is currently beyond the scope of most existing artifi-
cial APC toolkits. TCRs have been suggested to have greater recogni-
tion sensitivity than CARs (albeit without reaching single-molecule  
resolution)15,16; therefore, single-molecule resolution is also essential 
to gain critical insights into the CAR recognition process. Furthermore, 
current artificial APCs cannot accurately probe the mechanotransduc-
tion of suspension T cells. Recently, single-molecule methods such as 
those involving nanoarrays17 and Förster resonance energy transfer 
(FRET)18 have contributed to a better understanding of immune cell 
activation dynamics. However, nanoarrays using prefabricated chips 
with geometrically arranged molecules on surfaces are mainly designed 
for sole purpose and can be costly, while FRET requires a donor–accep-
tor pair <10 nm apart to ensure effective energy transfer, precluding its 
use in large-scale cellular dynamics studies. New modes of modulation 
are required to physiologically study the nanoscale physical impact on 
T cells in vitro with single-molecule resolution.

Table 1 | Molecular designs for the hexapod-bAPS across diverse experiments

Hexapod modification Interfaced cell Experimental purpose Results

A2D2 streptavidin and 
PE-anti-CD19

– Single-molecule imaging One single ligand molecule on each tip 
of a hexapod

None Primary 5C.C7 CD4+ T cells

Biochemical single-cell micropipette experiments

Poking or force does not induce 
calcium signal

pMHC (p = MCC) Primary 5C.C7 CD4+ T cells Single pMHC induces calcium signal

pMHC (p = MCC, 102S or Null) Primary 5C.C7 CD4+ T cells T cell discriminates peptides with only 
one amino acid mutationpMHC (p = OVA, G4 or Null) Primary OT-1 CD8+ T cells

Anti-CD3 or CD19 CAR-T cells TCR transduction is more efficient than 
that of CAR

Anti-CD3 or CD19 T or CAR-T cells Biointerface scanning electron microscopy imaging
Tight hexapod–cell biointerface

CD19 CAR-T cells Biointerface confocal imaging

AF555-streptavidin and CD19 CAR-T cells

FRET

Interaction occurs at the sites of 
physical connection

AF555-streptavidin and 
anti-CD45

CAR-T cells Biological control

pMHC (p = MCC) Primary 5C.C7 CD4+ T cells Tracking analysis No aggregation; directed motion

pMHC (p = OVA or MCC) Primary CD8+ or CD4+ T cells

Biophysical rotation experiments

Primary T-cell activation was amplified 
by rotating hexapods

Anti-CD3 or CD19 CAR-T cells CAR activation was amplified by 
rotating hexapods

Anti-CD3 and anti-CD28 Primary CD8+ or CD4+ T cells T-cell activation was amplified by 
rotating hexapods

pMHC (p = Null), BSA or 
isotype antibody

T cells or CAR-T cells
Negative controls

Streptavidin Biotinylated T cells

pMHC (p = OVA or MCC) Primary CD8+ or CD4+ T cells Identify stimulatory antigen-specific TCRs Stimulatory antigen-specific TCRs 
identified through hexapods
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Results
Hexapod heterostructure design and synthesis
We develop a synthetic material system capable of probing 
T-cell-mediated cellular immunity from the single-cell to the 
single-molecule level (Fig. 1). Three assay capabilities were considered 
essential: single-molecule stimulation of T-cell signaling for biochemi-
cal investigations (assay 1, Fig. 1a); application of torque in suspension 
T cells for biophysical investigations (assay 2, Fig. 1b); and precise iden-
tification of stimulatory antigen-specific TCRs at the single-cell level 
(assay 3, Fig. 1c). The biomimetic hexapod heterostructures of the bAPS, 
featuring a hematite (α-Fe2O3) core and six silica branches to mimic the 
structure of APCs (Fig. 1d), meet all three criteria.

We chose hematite microcubes (length ∼860 nm) as the hexapod 
core due to their weak magnetic properties, which cause less particle 
aggregation (Fig. 1e,g and Supplementary Table 1). The hematite core 
facilitates behavior analogous to magnetically controlled micro-robotics23 
by enabling magnetic torque, which directly imparts force onto the TCRs 
and CARs. The silica branches (diameter ∼50–500 nm, length ∼1–3 µm) 

were grown on each face (Fig. 1f,g), resembling dendritic cell and cancer cell 
microvilli. The branches enable direct bioconjugation of specific antigens 
and delineate spatial boundaries for the bAPS–T-cell interaction interfaces 
(Fig. 1f and Supplementary Fig. 1). This architecture enables the bAPS to 
dynamically engage and activate antigen-specific T cells. The monodis-
persed hexapods remain stable in PBS or culture medium for more than 
24 hours with minimal release of ions (Supplementary Figs. 2–4) and are 
suitable for in vitro cellular immunology applications.

Biochemical modification and quantification of hexapod 
surfaces
To investigate biochemical signaling at the single-molecule level in 
individual T cells, stimulatory or non-stimulatory ligands and pro-
teins were conjugated to the hexapods via streptavidin–biotin inter-
actions, and the modified hexapods dispersed well in PBS (Extended 
Data Fig. 1, Supplementary Fig. 5 and Table 1). To quantify the coating 
density, we labeled CD19-conjugated hexapods with phycoerythrin 
(PE)-anti-CD19 antibody. CD19 density on hexapods was quantified 
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Fig. 1 | Hexapod-enabled molecular level interrogation of T-cell recognition. 
a, Single-molecule investigation of T-cell biochemical sensitivity. The 
unique hexapod structure enables single-particle manipulation using an 
open-orifice aspiration micropipette. b, Biophysical investigation of T-cell 
mechanosensitivity. The hematite hexapods can be used for biophysical 
interrogation of the impact of force on floating T cells. c, Identification of 
antigen-specific TCRs at the single-cell level. The hexapod system can be used 
for scalable screening of antigen-specific TCRs. d, Representative scanning 
electron microscope (SEM) image of a dendritic cell showing structural similarity 
to the biomimetic hexapods. The experiment was repeated independently five 
times with similar results. e, Representative SEM image showing the synthesized 

hematite microcubes. The experiment was repeated independently ten times 
with similar results. f, Synthesized hexapods have a symmetrical structure with 
six branches, one on each face of the hematite cubes. Branch length can be tuned 
during synthesis by aging under different temperatures (left, aging at room 
temperature; right, aging at 37 °C). Branch diameter is 400 nm. The experiment 
was repeated independently five times with similar results. g, Energy-dispersive 
spectroscopy element mapping of a colloidal hexapod. Iron (Fe) in blue, silicon 
(Si) in red, oxygen (O) in green and the merged element distribution indicate that 
a hexapod has six silica branches and an iron oxide core. Scale bars: d, 5 µm; e, f 
(right) and g, 1 µm; f (left), 500 nm.
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as 7.54 (microscopy) and 7.87 (flow cytometry) molecules per square 
micrometer using PE calibration beads (Supplementary Figs. 6 and 7). 
The nanoscale branch tips (r ∼ 200 nm) of hexapod heterostructures 
spatially confine the hexapod–cell interface to 0.13 µm2. On average, 
this area harbors a single ligand molecule (Supplementary Fig. 7). The 
conjugation dosage was kept the same in all ligand modifications.

To confirm single-molecule presentation at the hexapod tip, 
we conducted single-molecule imaging experiments using our 
well-established methods13. We coated a biotinylated coverslip with 
single streptavidin–phycoerythrin (SA-PE) molecules. Meanwhile, we 
conjugated PE-labeled ligand to the hexapod surface using divalent 
streptavidin (2 alive subunits and 2 dead subunits, A2D2)24,25, which 
ensured monovalent ligand presentation on each hexapod tip (Fig. 2a). 
We then introduced the PE-labeled hexapods to the same coverslip. The 
images clearly showed that each hexapod tip contained only a single 
PE molecule, and statistical analysis fully supported the presence of a 
single ligand molecule on each tip (Fig. 2b–d). We also used wild-type 
tetrameric streptavidin (4 alive subunits, A4) and again demonstrated 
only one single molecule on each hexapod tip (Extended Data Fig. 2).

Single-molecule probing of TCR sensitivity and signaling
TCR-pMHC recognition is highly specific and single-residue alterations 
on peptides can induce distinct T-cell responses. The symmetrical 
bAPS can be applied to single-cell, single-molecule biochemical studies 
using a micropipette. A single silica branch fits into the micropipette 
orifice, four lateral branches prevent indrawing, and the last branch 
is for single-molecule probing (Figs. 1a and 2e). To form a confined 
bAPS–T-cell contact interface, we used a micromanipulator system 
(Supplementary Fig. 8) in which one micropipette holds a pMHC-coated 
hexapod and another holds a calcium indicator-labeled primary T cell. 
We observed calcium fluxes in primary 5C.C7 CD4+ T cells upon contact 
with hexapods loaded with agonist moth cytochrome c peptide 88-103 
(MCC)-bound I-Ek MHC (denoted as MCC-hexapod). However, no cal-
cium signals were detected for unmodified hexapods. We found that 
TCR signaling is specific to the agonist pMHC, but not to non-specific 
biophysical contact or poking force (Supplementary Fig. 9).

We next coated the hexapods with a structurally similar pMHC 
in which the peptide differs by only one amino acid (Supplementary 
Fig. 10). Single amino acid alterations in the short peptide sequence 
induced distinct calcium profiles in the interfaced T cell, indicating that 
the TCRs can differentiate even one amino acid difference on our hexa-
pods. For example, the hexapods loaded with weak agonist G4-bound 
H-2Kb MHC (denoted as G4-hexapod) induced reduced calcium flux in 
OT-1 CD8+ T cells when compared to the OVA-hexapods, or hexapods 
loaded with agonist ovalbumin peptide residues 257-264 (OVA)-bound 
H-2Kb MHC (Fig. 2f,g and Supplementary Fig. 10). Similarly, the weak 
agonist 102S-hexapod induced delayed calcium flux with reduced 
intensity compared with the agonist MCC-hexapod in 5C.C7 CD4+ 
T cells (Supplementary Figs. 10 and 11). In addition, hexapods with 
non-stimulatory null peptides did not elicit calcium fluxes in either 
CD8+ or CD4+ T cells (Fig. 2f,g and Supplementary Figs. 10 and 11).

Altogether, the data suggest that our hexapods can serve as 
potent artificial APCs for triggering stimulatory antigen-specific T-cell 
responses. Similar peptides presented on hexapods can be structurally 
discriminated by the TCRs with a biochemical sensitivity down to the 
single-amino acid level. These observations align well with previous stud-
ies using authentic APCs13,25–27. The hexapod-bAPS is a unique synthetic 
material system capable of probing TCR recognition with single-antigen 
sensitivity and single-amino acid specificity (beyond the scope of exist-
ing artificial APC technologies) and represents a new platform to study 
signaling and function in immune cells (Supplementary Table 2).

Determining CAR sensitivity by hexapods
CARs are synthetic receptors that consist of an extracellular single-chain 
antibody fragment (scFv), an extracellular hinge, a transmembrane 

region, and intracellular signaling domains (Supplementary Fig. 
12a,b)28, and CAR-T cells have achieved remarkable success in the treat-
ment of B-cell malignancies with high levels of CD19+ tumor cells; how-
ever, much remains unknown in terms of CAR recognition and signaling.

We next used the hexapod to determine the recognition sensitiv-
ity of CAR-T cells to target ligands. We constructed CD19-targeting 
CAR-T cells, which co-express endogenous TCRs and anti-CD19 CARs 
(Supplementary Fig. 12c–g). When presented by hexapods, a single 
anti-CD3 antibody (TCR targeting) induced strong calcium signal-
ing while a single CD19 molecule (CAR targeting) induced negligible 
calcium signaling in CAR-T cells (Fig. 2h,i and Extended Data Fig. 3). By 
contrast, NALM-6 cells expressing high-level CD19 induced saturated 
calcium signals in CAR-T cells (Extended Data Fig. 3). NALM-6 cells 
and CAR-T cells formed tight interfaces with high CAR density (Sup-
plementary Figs. 13 and 14), indicating that CAR signaling strength is 
highly dependent on CD19 density. These results, obtained using our 
bAPS, also indicate that TCRs are significantly more sensitive than the 
CARs, aligning with previous findings15,16,29 and providing insight into 
the limited efficacy of CAR-T cell therapies in treating tumors with 
low or diminished antigen expression. We envision that the hexapod 
platform may facilitate large-scale screening for the rational design 
of next-generation high-sensitivity CARs against solid tumors with 
antigen downregulation and loss30.

Magnetic hexapod-induced rotation of suspension T cells
Developing a mechanical force toolkit to investigate the mechano-
sensing of suspension T cells is challenging due to their free-floating 
nature. Existing methods to investigate T-cell mechanosensing require 
immobilization of T cells onto a pre-coated substrate (Supplementary 
Table 2)7,31,32, the process of which may change both the cytoskeleton 
network and the physiological conditions, causing further stress to 
or mechanical loading on the T cells. Several studies have used mag-
netic microrobots or particles to move single cells without fixation 
or immobilization. While responses (calcium signaling, in particular) 
in individual suspension cells can be observed, mechanosensitive 
responses are not yet quantified. Conventional magnetic particles 
have also been used to create an oscillatory environment to enhance 
T-cell activation33. However, due to severe aggregations caused by 
strong magnetic forces, the evaluation of force on individual cells was 
almost impossible.

The hematite core of the hexapod is weakly magnetic and can gen-
erate exogenous forces without noticeable aggregation in a magnetic 
field. To study hexapod movement in a rotating magnetic field, we 
placed the hexapods in PBS solution and positioned a rotating magnet 
nearby (Fig. 3a). We calculated the rotating magnetic field strength 
(2.3–5.22 mT) based on our experimental set-up (Supplementary Fig. 15)  
using a mathematical model34 (Fig. 3b and Supplementary Video 1)  
and tracked the moving trajectories of hexapods. Each individual 
hexapod rotated synchronously in the rotating magnetic field without 
noticeable aggregation (Fig. 3c and Supplementary Video 2). Upon 
co-culture of functionalized hexapods with T cells or CAR-T cells, 
hexapods fastened to the cells and formed tight attachments (Fig. 3d 
and Supplementary Fig. 16). For example, confocal images showed 
that CD19 molecules strongly colocalized with anti-CD19 CARs at the 
contact site with an average Pearson coefficient of ∼0.79 (Extended 
Data Fig. 4). Furthermore, in addition to demonstrating the physi-
cal colocalization between CD19 molecules and anti-CD19 CARs, we 
also validated their interactions at contact sites using FRET analysis 
(Extended Data Fig. 5).

The tight hexapod–cell junctions enabled the rotating hexapods 
to drive movement of the cells (Fig. 3e and Supplementary Video 3). 
We used a simplified mean square displacement (MSD) analysis to 
evaluate the apparent trajectories. We found that the unbound T cells 
remained relatively stationary with minimal lateral movement, under-
going Brownian motion or normal diffusion (MSD ∝ D · tα, exponent 
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Fig. 2 | Hexapod-based biochemical investigation of T-cell calcium signaling. 
a, Schematic diagram of single ligand presentation by divalent SA (A2D2). b, 
Representative image of PE-conjugated-hexapod and single PE molecules on 
the coverslip (arrow, single PE molecule; square, hexapod). DIC, differential 
interference contrast. c, Fluorescence intensity comparison between single 
PE molecules (n = 69 independent measurements) and single hexapod tips 
(n = 39 independent measurements) using the Wilcoxon signed-rank test. 
Box boundaries span the 25th–75th percentiles with the median marked and 
all the data points from minimum to maximum presented. d, Representative 
fluorescence profiles of a single PE molecule and a hexapod tip. e, Representative 
picture showing the hexapod-bAPS micropipette experiment. f, Calcium signal 
of OT-1 CD8+ T cells stimulated using an OVA-hexapod, a G4-hexapod and a 
non-stimulatory peptide (Null)-hexapod. g, Calcium profiles (mean F/F0 ± s.e.m.) 
were observed upon stimulation with an OVA-hexapod (n = 13 independent 

experiments), G4-hexapod (n = 9 independent experiments) or Null-hexapod 
(n = 10 independent experiments). OVA and G4 have only one amino acid 
difference in their sequence, confirming the amino acid-level biochemical 
sensitivity of T cells. Right: mean calcium intensity in pMHC-hexapod stimulated 
cells at each time point (1 frame s−1 or n = 600 data points). Lines, mean F/F0 ± s.d. 
h, Second-generation CAR-T cell calcium response upon stimulation with an 
anti-CD3-hexapod or a CD19-hexapod. i, Anti-CD3-hexapods (n = 8 independent 
experiments for each type of CAR-T cell) induce a stronger calcium flux than the 
CD19-hexapods (n = 4). Data are presented as mean F/F0 ± s.e.m. Right: calcium 
intensity in anti-CD3-hexapod or CD19-hexapod stimulated cells at each time 
point (1 frame every 2 s or n = 300 data points). Lines, mean F/F0 ± s.d. Statistical 
analysis in g and i was performed using one-way analysis of variance (ANOVA) 
with Tukey’s multiple comparisons. Scale bars, 5 µm.
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α = 1, where D is the diffusion coefficient and t the elapsed time). In 
contrast, hexapod-bound cells exhibited hexapod-directed motion 
(MSD ∝ D · tα, α > 1, classic super diffusion due to active transport), 
with ∼250-fold MSD (Supplementary Fig. 17a) compared with the 
hexapod-free cells.

We estimated the diffusion coefficient from the MSD in a simplified 
two-dimensional (2D) diffusion approximation and then calculated 
the speed of suspension T cells with or without hexapod attachment. 
Hexapod-bound cells had significantly higher diffusion coefficients 
and velocity than unbound cells (Fig. 3f and Supplementary Fig. 17b). 
Hexapod-bound cells also displayed turbulent motion (Fig. 3g,h and 
Supplementary Fig. 17c), which can be attributed to the highly variable 
magnetic driving force acting on the hexapods. Based on their trajec-
tory, we calculated that a full rotation of hexapod-bound cells took 
around 1.2 seconds (Supplementary Fig. 17d). This cell rotates at the 
same speed as the rotating magnetic field, indicating synchronized 
rotation without time delays (Supplementary Fig. 17e).

Exact determination of instantaneous forces acting on the mag-
netic hexapods is non-trivial due to the intricate interplay between 

geometrical and magnetic torques35, the constantly changing orien-
tation of magnetic moment within the magnetic domain36, and the 
ever-evolving fluidic friction or dragging force acting on the moving 
cells37. However, the lack of obvious linear acceleration suggests that 
hexapod-bound cells are in quasi-equilibrium, achieving a dynamic 
pseudo-balance between several forces (Fig. 3h). We estimate the 
torque (τ = m × B) acting on the hexapod using the classical definition 
of the magnetic moment of the particle m = I0V, where the spontaneous 
magnetization per unit volume I0 = 2.2 × 103 A·m−1 for hematite38,39 and 
the volume of the hematite core V ≈ 1 µm3. Therefore, in the magnetic 
fields used in the experiments (B ≈ 2.30–5.22 mT; Fig. 3b and Supple-
mentary Fig. 18), torque (calculated as τ = m × B) is 5.06–11.48 pN·µm.

In conclusion, our hexapod differentiates itself from other mag-
netic force-based assays (Supplementary Table 2). Its unique feature 
resides in the hematite core, which has comparatively subdued mag-
netic characteristics, combined with the presence of multiple branch 
appendages designed for optimized cellular interactions. These prop-
erties enable synchronized rotational motion of the individual hexa-
pods, promoting beneficial homogenization of the cell suspension 
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experiment was repeated independently for five times with similar results. d, 
Representative SEM image showing the tight interaction between a CD19-hexapod 
and an anti-CD19 CAR-T cell. e, Moving trajectories of free-standing T cells and 
hexapod-attached T cells (MCC-hexapod and 5C.C7 CD4+ T cells). The experiment 
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bars: c, e, g and h, 5 µm; d, 1 µm.
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within a rotating magnetic field and, importantly, without obvious 
cell clumping.

Magnetic force regulation of immune responses in suspension 
T cells
Mechanical signals, such as shear stress, contact tension and substrate 
stiffness, contribute to the leukocyte adhesion cascade and regulate 
T-cell signaling and proliferation31,40,41. Although these findings were 
reported in immobilized T cells, it is highly likely that mechanical cues 
are also associated with function and activation in suspension T cells in 
physiological conditions. T cells in the circulatory system are naturally 
suspension cells (that is, non-adherent T cells). For example, there are 

more than 109 (20–45% of white blood cells) suspension T cells in a liter 
of human peripheral blood42. However, the impact of mechanical forces 
on the activation of suspension T cells is largely underappreciated.

Studying how suspension T cells respond to mechanical cues (in 
the present case, torques) will open new areas of fundamental research 
and hopefully broaden our knowledge of how cells react to their 
ever-changing environments. Although most T cells and CAR-T cells are 
usually activated when encountering adhesion cells in non-suspension 
environments, many other cells or vesicles (for example, circulating 
tumor cells43 and exosomes44 during tumor metastasis or abnormal 
B cells in blood during leukemia45) activate T cells and/or CAR-T cells 
when they are in suspension. Given these facts, there is growing support 
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performed using one-way ANOVA tests with Bonferroni’s multiple comparisons. 
Data are presented as the individual replicates and the mean ± s.e.m. of multiple 
independent measurements. Scale bar, 10 mm.
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for the use of suspension synthetic antigen-presenting materials to 
further investigate the suspension T-cell activation mechanisms12,46,47.

Having demonstrated that the hexapods can drive T-cell move-
ment through magnetic torque (Fig. 3), we next investigated whether 

exogenous forces affect immune responses of suspension T cells 
and CAR-T cells using hexapods. Hexapods were functionalized 
with stimulatory pMHC or non-stimulatory control molecules and 
co-cultured with primary mouse transgenic CD8+ or CD4+ T cells in 
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the absence or presence of a rotating magnetic field. The magnetic 
field strength of 2.13–3.07 mT corresponded to torques ranging from 
4.69 to 6.75 pN·µm on the hexapod hematite core (Fig. 4a,b and Sup-
plementary Fig. 18).

After a 24-hour incubation, agonist pMHC-functionalized hexa-
pods upregulated expression of CD69 (an early activation marker) 
and CD25 (a late activation marker) and elevated interleukin-2 (IL-2), 
tumor necrosis factor (TNF)-α or interferon (IFN)-γ cytokine produc-
tion in both CD8+ OT-1 T cells (Fig. 4c–f and Supplementary Fig. 19) 
and CD4+ 5C.C7 T cells (Extended Data Fig. 6). Notably, the rotat-
ing magnetic field further upregulated activation marker expres-
sion and cytokine production in pMHC-hexapod cells, compared 
with non-rotating pMHC-hexapod cells (Fig. 4c–f and Extended 
Data Fig. 6). This indicates that TCRs are mechanosensitive and that 
hexapod-based rotational motion can amplify T-cell activation and 
cytokine production.

After stimulation with pMHC-functionalized hexapods and a rotat-
ing magnetic field, cell viabilities altered no more than 10% compared 
with the cell-only (no hexapods) control and were maintained above 
80% (Supplementary Fig. 20 and Supplementary Table 3). Our observa-
tions indicate a minor reduction in cell viability when co-cultured with 
stimulatory hexapods (for example, OVA-hexapods) compared with 
non-stimulatory counterparts. We postulate that this might be due to 
activation-induced cell death, which would account for the slight dip in 
viability. Importantly, despite this minor effect, the overall biocompat-
ibility of the hexapod stimulation remains high.

We further tested the effect of hexapod rotation on CAR-T-cell acti-
vation. Anti-human-CD3-hexapods or CD19-hexapods were incubated 
with second-generation 4-1BB CAR-transduced primary human T cells 
for 24 hours with or without rotating magnetic fields. Consistently, 
rotating magnetic fields promoted cytokine production in human 
CAR-T cells incubated with either anti-CD3-hexapods or CD19-hexapods 
(Fig. 4g), indicating that the CAR is also a mechanosensor.

Due to the dynamic cell–hexapod interactions and the high recep-
tor density at the cell–hexapod interface (Supplementary Fig. 13), 
the force on a single bond exerted on the TCR or CAR could not be 
quantified. However, the mechanical impact exerted on the cells can 
be estimated by the torque, which is dependent on the magnetic field 
strength and the hexapod dimension. Biotinylated T cells co-cultured 
with streptavidin-hexapods (no ligands) served as a negative control. 
No activation markers were elevated, indicating that fluid shear stresses 
do not activate the T cells (Extended Data Fig. 7). The data suggest that 
T-cell activation is mediated by specific receptor–ligand interactions.

Altogether, these results demonstrate the application of the hexa-
pods to biophysical modulation studies of T cells and CAR-T cells in sus-
pension. Rotating hexapods can influence receptor activation dynamics, 
signal transduction and immune function of T cells in suspension. Both 
TCRs and CARs are responsive to piconewton·micrometer-level torque. 
Unlike other biophysical tools for studying mechanosensitivity (Sup-
plementary Table 2), our hexapod triggers T-cell signaling and ampli-
fies T-cell activation at the cellular ensemble level in suspension T cells 
without the need for immobilization.

Precise identification of stimulatory antigen-specific TCRs at 
the single-cell level
To demonstrate that our hexapods can reliably identify stimulatory 
antigen-specific TCRs, a low percentage (1%) of OT-1 TCR transgenic 
CD8+ T cells (with a known αβ TCR sequence) were spiked into a 
wild-type mouse splenocyte repertoire (with 1014–1020 possible αβ TCR 
suquences48,49). The mixture was exposed to hexapods functionalized 
with OVA–H-2Kb and magnetic force was applied, which caused the 
hexapods to search for, collide and interact with antigen-specific OT-1 
CD8+ T cells. The specific TCR–pMHC interaction led to T-cell activa-
tion and production of cytokines (for example, TNF-α and IL-2). Given 
that cytokine production is a key functional readout of T-cell immune 

function, antigen-specific T cells can be reliably identified by cytokine 
production. The cytokine-positive T cells were sorted for single-cell 
paired TCR and RNA sequencing. The TCR sequencing (TCR-seq) was 
used to identify antigen-specific TCRs while RNA sequencing (RNA-seq) 
was used to confirm antigen-specific activation (Fig. 5a). Out of the 89.4% 
of productive TCRs (10.6% was lost due to limited depth or dropout), 
97.3% of the TNF-α-positive cells were OT-1 cells (Fig. 5b,c), indicating 
that the hexapods successfully targeted the stimulatory antigen-specific 
T cells. These cells had unique transcriptional signatures compared with 
the 2.7% of non-OT-1 TNF-α-positive T cells (‘Others’), with upregulation 
of genes related to CD8+ T-cell activation and effector function (Fig. 5d). 
Furthermore, gene set enrichment analysis (GSEA) confirmed enriched 
signatures of early T-cell activation and activation-associated effector 
function rewiring in the OT-1 CD8+ T cells (Fig. 5e).

As previously mentioned, the vast diversity of TCRs in real-world 
scenarios amounts to trillions of variations. This high degree of diver-
sity can pose challenges when attempting to identify and isolate rare 
antigen-specific cells. To improve the efficiency of the identification 
process, we used enrichment techniques (Supplementary Fig. 21a). This 
led to a significant increase in the prevalence of cytokine-positive cells, 
from 0.11% in the initial stained mixture to 30.3% in the column elution 
(Supplementary Fig. 21b–d). This denotes a nearly 300-fold surge in the 
frequency of cytokine-positive T cells, thereby significantly enhancing 
the efficiency of subsequent sorting and sequencing procedures for 
the detection of stimulatory antigen-specific TCRs.

Our new strategy for identifying antigen-specific TCRs using hexa-
pods is highly flexible and can be easily extended to different antigens 
and cytokines. We validated this method using 5C.C7 CD4+ T cells and 
MCC–I-Ek functionalized hexapods (Extended Data Fig. 8). Our findings 
demonstrate the effectiveness, reliability, precision and scalability of 
the hexapods in identifying stimulatory antigen-specific TCRs.

Discussion
In this study we have developed a material-based bAPS to meet the 
single-molecule manipulation challenge and study the biochemical 
and biophysical activation of floating T cells. The bifunctional biomi-
metic bAPS enables single-molecule stimulation of T-cell signaling for 
biochemical investigations (assay 1), enables functional studies of T-cell 
mechanotransduction in suspension (assay 2), and provides a precise 
and scalable approach for identifying stimulatory antigen-specific 
TCRs at the single-cell level (assay 3).

We investigate T-cell responses across a spectrum of spatial–tem-
poral, biochemical and mechano-activation studies. Using the micropi-
pette single-cell-signaling assay, we demonstrate how our bAPS probes 
TCR recognition with single-antigen sensitivity and single-amino 
acid specificity. The bAPS can also be used to investigate CAR-T cells 
and has elucidated the insufficient sensitivity of current first- and 
second-generation CARs. It is expected to serve as a method to examine 
the recognition sensitivity of future CARs. Furthermore, as a method, 
the bAPS provides a platform to identify stimulatory antigen-specific 
TCRs and offers a tool to mechanically modulate T-cell responses. 
Although the current bAPS is mainly designed for in vitro applica-
tions, it can be further developed to detect, measure and manipulate 
T-cell recognition with good biocompatibility and high throughput 
in vivo. This material-based biochemical and biophysical investigative 
approach not only provides insights into TCR and CAR recognition but 
also fulfills outstanding technological needs in identifying stimulatory 
antigen-specific TCRs and high-sensitivity CARs, which may catalyze 
future development of TCR- and CAR-based immunotherapies for 
cancer, infection and autoimmune diseases.
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Methods
Mice
Our research complies with all relevant ethics regulations. All animal 
experiments were conducted in accordance with the guidelines of the 
Institutional Animal Care and Use Committee (IACUC) of the University 
of Chicago. The study was approved by the IACUC of the University of 
Chicago. Our study was conducted in accordance with the National 
Institutes of Health Guide for the Care and Use of Laboratory Animals. 
All of the mice were bred and maintained in the animal facility of the 
University of Chicago with an animal protocol approved by the IACUC 
of the University of Chicago. Mice aged 6–8 weeks were used in this 
study. Animals of both sexes were used, and the influence of sex was 
not considered in the data analysis. Mouse rooms and cages were kept 
at a temperature range of 20–24 °C. The relative humidity was kept  
at 45–65%.

The 5C.C7 TCR transgenic RAG2 knockout mice with a B10.A back-
ground were a generous gift from the National Institute of Allergy 
and Infectious Diseases (NIAID). The CD45.1 homozygous OT-1 TCR 
transgenic Tcra-V2 and Tcrb-V5 insert mice with a C57BL/6 background 
were a generous gift from the Swartz Lab (Pritzker School of Molecular 
Engineering, University of Chicago). Immune-competent C57BL/6J 
mice were ordered from the Jackson Laboratory (cat. no. 000664).

Hexapod synthesis
Hexapods were synthesized following a two-step process50, which 
includes core synthesis via ferric hydroxide gel condensation and silica 
branch growth via hydrolysis and condensation from six emulsion 
droplets, one on each face of the cubic hematite core. First, hematite 
cubic cores were prepared by thoroughly mixing 10 ml deionized water, 
100 ml 2 M FeCl3 solution, and 90 ml 6 M sodium hydroxide solution. 
The mixture was aged in a 100 °C oven for 8 days in a sealed Pyrex bot-
tle and as-synthesized hematite cubes were washed three times using 
ethanol by sedimentation and resuspension before drying at 60 °C.

To grow the silica branches, 1 ml anhydrous ethanol, 200 µl deion-
ized water, 200 µl hematite microcube water suspension (1.6 wt%), 
100 µl 0.18 M sodium citrate aqueous solution, 200 µl ammonia 
(28 wt% in water) and 100 µl silica precursor, tetraethoxysilane (TEOS), 
were introduced in sequence into a 10 ml 1-pentanol with 10% wt/v poly-
vinylpyrrolidone (molecular weight 40,000) solution. All ingredients 
were mixed by stirring or shaking by hand, and the mixture was aged in 
a sealed bottle for 12 hours. Then, reddish powders were washed three 
times using ethanol and collected by centrifugation at 400 ×g for 5 min. 
A stock solution of hexapods was prepared by adding 1 ml ethanol to 
the above sedimentation (∼6 × 108 particles ml−1). The hexapods can 
be stored in ethanol in 4 °C for a few months. Hexapod synthesis steps 
are shown in Extended Data Fig. 1.

Hexapod surface functionalization
Hexapods (150 µl from stock solution) were incubated with 6% (v/v) 
(3-aminopropyl) triethoxysilane (APTES) in ethanol for 30 min for 
amino group modification. For biotinylation, washed hexapods were 
re-dispersed in 450 µl 0.1 M sodium bicarbonate (NaHCO3, pH 8.2) 
buffer solution, and 50 µl 0.01 M sulfobiotin-NHS (Calbiochem, 203118, 
freshly prepared in deionized water) was added to make a 1 mM bio-
tin coating environment. Biotinylation was conducted at room tem-
perature (20–23 °C) for 30 min and the hexapods were washed in PBS 
three times. The washed hexapods were collected using centrifuga-
tion and re-dispersed in 400 µl PBS. Then streptavidin (2 mg ml−1) 
was added to the biotinylated hexapods 1:1 (v/v) for 30 min at 4 °C. 
Streptavidin-modified hexapods were then blocked with 1% bovine 
serum albumin (BSA) before incubation with biotinylated pMHC mono-
mers. Hexapods were centrifuged at 400 ×g and washed in PBS three 
times between each step. After the last wash, the modified hexapods 
were stored at 4 °C ready for use. The functionalization steps are shown 
in Extended Data Fig. 1.

Biotinylated molecules (pMHCs, CD19, anti-CD3 and 
anti-CD28)
Biotinylated pMHC monomers were generated at the NIH Tetramer 
Core Facility. Biotinylated class I H-2Kb MHC was complexed with 
SIINFEKL (OVA), SIIGFEKL (G4) or RGYVYQGL (VSV, null) peptide. 
Biotinylated class II I-Ek MHC was covalently complexed with ANE-
RADLIAYLKQATK (MCC), ANERADLIAYLKQASK (102S) or PVSKMR-
MATPLLMQA (human CLIP 87–101, null) peptide. The biotinylated 
pMHC monomers and biotinylated human CD19 (ACROBiosystems, 
CD9-H82E9) were aliquoted and stored at −80 °C and a fresh aliquot 
was used in each experiment. Biotin anti-mouse CD3ε (clone 145-2C11, 
BioLegend, 100304), biotin Armenian hamster IgG isotype (clone 
HTK888, BioLegend, 400904), biotin anti-mouse CD28 (clone 37.51, 
BioLegend, 102104), biotin Syrian hamster IgG isotype (clone SHG-1, 
BioLegend, 402004), biotin anti-human CD3 (clone OKT3, BioLegend, 
317320), biotin mouse IgG2a, κ isotype (clone MOPC-173, BioLegend, 
400204) and biotinylated BSA (BioVision, 7097-5) were stored at 4 °C 
prior to use.

For surface functionalization, biotinylated pMHC monomer (class 
I peptide-H-2Kb, 0.2 mg ml−1; class II peptide-I-Ek, 0.18 mg ml−1), bioti-
nylated CD19 (ACROBiosystems, 20 µg ml−1), biotinylated anti-mouse 
CD3ε (BioLegend, 20 µg ml−1) and biotinylated anti-mouse CD28 
(BioLegend, 5 µg ml−1) antibodies, biotin Armenian hamster IgG iso-
type (BioLegend, 20 µg ml−1) and biotin Syrian hamster IgG isotype 
(BioLegend, 5 µg ml−1), biotinylated anti-human CD3 (BioLegend, 
20 µg ml−1), or biotin mouse IgG2a, κ isotype (BioLegend, 20 µg ml−1) 
were added to streptavidin-modified hexapods. For co-coating with 
both anti-mouse CD3 and anti-mouse CD28, the molar ratio was con-
trolled to 2:1 (anti-mouse CD3/anti-mouse CD28).

Surface protein quantification
Hexapod surface protein modification was verified with 
AF488-anti-CD19 (HIB19, BioLegend, 302219) and CD19-hexapods (Sup-
plementary Fig. 5b and Supplementary Video 4). For quantification, 
PE-anti-human CD19 antibody (HIB19, BioLegend, 302207) was used to 
label CD19-hexapod and NALM-6 cells. NALM-6 cells were cultured in 
RPMI 1640 with 10% fetal bovine serum (X&Y Cell Culture, FBS-500), and 
CD19-hexapods were stored in 1× PBS prior to PE labeling. PE-anti-CD19 
labeling was performed under 37 °C for 30 min. Surface protein density 
was quantified using BD Quantibrite PE beads (BD, 340495, LOT 61567), 
which have four PE density levels, as the reference. BD Quantibrite 
PE beads were reconstituted using 0.5 ml 1× PBS with sodium azide 
plus 0.5% BSA. Optical imaging (Nikon Eclipse Ti2 inverted micro-
scope, ×60 oil immersion objective, numerical aperture (NA) 1.40, 
pco.panda sCMOS camera, Supplementary Fig. 6) and flow cytom-
etry (BD LSRFortessa Cell Analyzer, Supplementary Figs. 7 and 14)  
were independently performed to quantify the fluorescence levels 
on PE-anti-CD19-labeled CD19-hexapods and NALM-6 cells. The BD 
Quantibrite PE beads were used with PE-labeled CD19-hexapod bAPS 
and NALM-6 cells in their optimized instrument settings.

Cells
To obtain mouse T cells, 5C.C7 or OT-1 mouse spleen was collected and 
run through a 70-µm cell strainer with warm complete medium, that 
is, RPMI 1640 with L-glutamine medium (Cytiva, SH30027.01) contain-
ing 10% FBS (X&Y Cell Culture, FBS-500) and supplemented to a final 
concentration with 1% Penicillin–Streptomycin (Life Technologies, 
15140122_3683884612) and 50 µM β-mercaptoethanol (Sigma-Aldrich, 
M3148).

Splenocytes were resuspended in 5 ml RBC Lysis Buffer (Life Tech-
nologies, 00-4300-54) for 5 min, washed three times, and resuspended 
in 5 ml complete medium. A total of 10 µM MCC peptide (amino acids 
88–103, ANERADLIAYLKQATK) or 10 nM OVA peptide (amino acids 
257–264, SIINFEKL) was added to stimulate T-cell proliferation on day 0,  
and 100 U ml−1 recombinant mouse IL-2 (Sigma-Aldrich, I0523) was 
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added the following day. Naive T cells were used for the cell surface 
marker test and cytokine production evaluation; day 6–10 T-cell blasts 
were used for the cytokines and calcium tests. Live T-cell suspensions 
were separated from the dead cells using Ficoll-Paque Plus density 
gradient media (GE Healthcare, 17-1440-02) and density gradient cen-
trifugation (centrifuged at 400 ×g for 10 min at 4 °C, acceleration/
deceleration SLOW/SLOW). CD4+/CD8+ T cells were then collected by 
negative selection with the MojoSort Mouse CD4+/CD8+ T-cell Isola-
tion Kits (BioLegend, 480033, 480035). After three washes, cells were 
resuspended in the complete medium for use.

NALM-6 cells were a generous gift from J. Rowley (purchased from 
DSMZ, cat. no. ACC128). E6-1 Jurkat cells were a generous gift from H. 
Schreiber (purchased from ATCC, cat. no. TIB-152). 293T cell line for 
lentiviral packaging was purchased from Takara Clontech (632180).

2D fluorescent micropipette assays
A single-cell micropipette set-up was used to investigate the biochemi-
cal impact of single hexapod stimulation on an individual cell, with 
calcium signaling as the readout. The micropipette apparatuses were 
constructed using a Leica DM IRB inverted microscope placed on an 
anti-vibration table (Newport) equipped with manometer systems to 
apply suction pressure through glass pipettes (Supplementary Fig. 8). 
Two opposing micropipettes mounted on two identical piezoelectric 
micromanipulators (Sensapex) were used to capture and control the 
contact between a hexapod and a cell. A sample chamber of the desired 
size was prepared by cutting coverslips. The temperature of the sample 
chamber (37 °C) was maintained by an objective heater (Bioptechs). To 
avoid medium evaporation during heating, the chamber was sealed 
with mineral oil (Sigma, M8410) on both sides.

For real-time calcium imaging, the sample was illuminated 
by sequentially triggered exposure to 470 ± 25 nm cyan light or 
550 ± 20 nm green light (Spectra X, Lumencor) and a white LED light 
(TLED+, Sutter Instrument). Triggering of light channels and data 
acquisition were performed with analog modulation using µManager 
software (v. 1.4.22)51. Time-lapse calcium images were acquired through 
a ×100 objective by an Andor iXon Ultra EMCCD camera. Signals from 
calcium dyes were collected at intervals of 500 ms for up to 10–20 min 
and postprocessed with Fiji software (v.2.3.0) and MATLAB (R2020b). 
This duration of recording was determined based on our experiences 
and the literature7,12,14,52,53.

Single-cell calcium staining
For calcium signaling experiments, ∼106 cells were incubated with 
10 µM calcium indicator (CD4+, CD8+ T cells, Calbryte 520 AM, AAT 
Bioquest, 20650; CAR-T cells, Calbryte 590 AM, AAT Bioquest, 20700) 
for 1 hour in HHBS buffer (Hanks’ Buffer with 20 mM Hepes) at 37 °C and 
5% CO2 and then incubated at room temperature for 30 min. All imag-
ing experiments were performed in the presence of 2 mM probenecid 
(Thermo Fisher Scientific, P36400). After incubation, T cells were 
washed three times with HHBS, resuspended in minimal imaging media 
(MIM: colorless RPMI with 5% FBS and 10 mM HEPES), incubated in 
MIM for 10 min at 37 °C and transferred to the micropipette sample 
chamber before data collection. T cells and hexapods were added to 
MIM (600 µl) in the homemade cell chamber. Hexapods functionalized 
with anti-CD3 or CD19 protein were used to investigate TCR or CAR 
signaling, respectively. The CD19+ NALM-6 B-cell precursor leukemia 
cell line was used as a positive control.

Rotating magnetic field device
An N52 neodymium permanent magnet (1-inch cube) was attached to a 
home-built servo-based rotating system (parts obtained from electron-
ics vendor Adafruit, Supplementary Figs. 15 and 18). The rotation speed 
can be controlled from 0 r.p.m. to 180 r.p.m. The portable devices can 
be positioned near the cell culture dishes and inside the CO2 incubator 
or on the microscope. A three-axis magnetometer was connected to 

measure the real-time direction and strength of the rotating magnetic 
field as well as to calibrate the rotation speed. Logfiles and readouts 
are stored in an SD (secure digital) card. A detailed manual and code 
of the customized magnet rotator can be accessed via the link https://
github.com/MagneticRotor/rotating-magnetic-field.

Magnetic field calculations
Magnetic field ӽ
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 calculations for the cube magnet were performed 
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For all plotting, the starting point of rotation was chosen so that 
the magnetization vector was pointing along the x axis. Calculation 
and visualization were performed in Wolfram Mathematica (13.0).

Rotation tracking and mean square displacement analysis
To understand the rotational dynamics of the hexapods, we recorded 
videos of the rotational motion with a Leica DM IRB inverted micro-
scope equipped with a ×100 oil immersion objective (NA 1.40). Naive 
CD4+ cells (3 × 106 ml−1) were cultured with MCC-hexapods (cell/hexa-
pod ratio, 1:5). Rotation speed was set to 50 r.p.m. and an Andor iXon 
Ultra EMCCD camera was used for recording (10 frames s−1 or 100 ms 
per frame). Rotational motion was characterized by tracking the center 
point of the rotating hexapod iron oxide core and the end of one branch 
tip, or by tracking the center point of hexapod-attached T cells using 
ImageJ TrackMate. To estimate the MSD, tracking trajectories were 
analyzed with MATLAB msdanalyzer (https://github.com/tinevez/
msdanalyzer) (Supplementary Fig. 17). Diffusion coefficients were 
calculated based on the first 20% of the MSD curve from the free 2D 
diffusion equation (MSD = 4 D · t).

Co-cultures of rotating hexapods and T or CAR-T cells
To study the impact of biophysical forces on floating primary T cells or 
CAR-T cells, we set up the rotating magnet device on top of cell culture 
plates with the help of home-built acrylic holders (Supplementary 
Fig. 15). Each culture-containing well was the same distance from the 
magnet. Functionalized hexapods were mixed with T cells or CAR-T cells 
(1 × 105 cells in 200 µl complete medium per well) with a hexapod/cell 
ratio of 10:1 and co-cultured for 24 hours. For primary T-cell stimula-
tion, anti-mouse-CD3-hexapods, null-hexapods, MCC-hexapods and 
OVA-hexapods were used. For CAR-T cell stimulation, CD19-hexapods, 
BSA-hexapods and anti-human-CD3-hexapods were used. The fre-
quency of the field (optimal rotation speed) was determined to be 
30 r.p.m. using optical imaging when the cell’s rotation trajectories 
could be easily tracked.

Cytokine enzyme-linked immunosorbent assay
To measure cell cytokine secretion, supernatants were collected for 
enzyme-linked immunosorbent assay (ELISA). The supernatant was 
diluted 1:2 (IL-2) or 1:10 (IFN-γ and TNF-α) with PBS and analyzed using 
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ELISA MAX Deluxe Set kits according to the manufacturer’s instructions 
(human IL-2, BioLegend, 431804; human IFN-γ, BioLegend, 430104; 
mouse IL-2, BioLegend, 431004; mouse IFN-γ, BioLegend, 430804; 
mouse TNF-α, BioLegend, 430904). ELISA plates (Nunc MaxiSorp ELISA 
Plates, BioLegend, 423501) were read in a microplate spectrophotom-
eter (Epoch, BioTek). For each ELISA, an 8-point standard curve was 
generated (R2 > 0.99). The raw data were transformed into pg ml−1 after 
fitting to the standard curve.

Cell surface staining and flow cytometry
Following 24 hours of incubation, cell–hexapod pellets obtained by 
centrifugation were first washed with cold FACS buffer (PBS, 2% BSA, 
0.05% sodium azide). Next, Fc receptors were blocked by incubation 
with Human TruStain FcX (BioLegend, 422302) or Mouse BD Fc Block 
(clone 2.4G2, BD Pharmingen, 4182991) at 1:50 dilution for 15 min at 
4 °C. Cells were incubated for 30 min at 4 °C in the dark with an anti-
body cocktail (staining solution). The staining solution for CD4+ and 
CD8+ T cells contained Alexa Fluor 488 anti-mouse CD69 (clone H1.2F3, 
BioLegend, 104516) and APC anti-mouse CD25 (clone PC61, BioLegend, 
102012). Monoclonal antibodies were generally used according to 
manufacturer recommendations. After staining, cells were incubated 
briefly with Live/Dead Fixable Near-IR Dead Cell Stain Kit (Invitrogen, 
L34975), diluted 1:1,000 in PBS, for 30 min at 4 °C in the dark. Cells 
were washed three times in FACS buffer at 4 °C before analysis by flow 
cytometry. A total of 50,000 events were acquired on a BD LSRFortessa 
Cell Analyzer and analysis was performed with the FlowJo software 
(v10.7.2, BD). The gating strategy is shown in Supplementary Fig. 19.

Single-cell omics assays
OT-1 CD8+ T cells (1%) were added into the wild-type mouse splenocytes 
repertoire. The cell mixtures were either pretreated with 1 µM TAPI-0 
(Sigma, SML1292) (for TNF-α) or incubated with 10 µl IL-2 cytokine 
catch reagent (Miltenyi Biotec, 130-090-491) (for IL-2). Following two 
washes, OVA/H-2Kb pMHC-functionalized hexapods were added to the 
cell mixture and magnetic force was applied. The hexapod–cell mixture 
was incubated in full culture media with (for TNF-α) or without (for IL-2) 
1 µM TAP I-0 in a cell culture incubator maintained at 37 °C and 5% CO2 
to enable the secretion of cytokines.

Following 6 hours of incubation, the hexapod–cell mixture was care-
fully washed with cold FACS buffer (PBS, 2% BSA, 0.05% sodium azide). Fc 
receptors were blocked with Mouse TruStain FcX (BioLegend, 156604) 
at 1:50 dilution for 5 min at 4 °C. Cells were incubated for 30 min at 4 °C 
in the dark with a staining solution containing BV421-labeled anti-mouse 
CD45 (clone 30-F11, BioLegend, 103133), BUV395-labeled anti-mouse 
CD3ε (clone 145-2C11, BD Biosciences, 563565), AF488-labeled 
anti-mouse CD8α (clone 53-6.7, BioLegend, 100723) or AF488-labeled 
anti-mouse CD4 (clone RM4-5, BioLegend, 100529), and PE-labeled 
anti-mouse TNF-α (clone MP6-XT22, BioLegend, 506306) or mouse IL-2 
detection antibody (Miltenyi Biotec, 130-090-491) for activated CD8+ 
or CD4+ T-cell phenotyping and detection. Subsequently, stained cells 
were conjugated with Live/Dead Fixable Near-IR viability dye (Invitro-
gen, L34975) at 1:1,000 dilution in PBS for 15 min at 4 °C. Finally, cells 
were washed three times in cold cell media (RPMI 1640, 10% FBS) before 
fluorescence-activated cell sorting (BD Biosciences, FACSAria Fusion).

A total of 15,000 sorted cytokine-positive CD8+ T cells 
(CD3+CD8+IL-2+ or CD3+CD8+TNF-α+) were separately partitioned into 
droplets for single-cell omics assays using the Chromium Next GEM 
Single Cell 5’ Kit v2 (10x Genomics, 1000263). RNA-seq libraries were 
prepared according to manufacturer protocols. TCR-seq libraries 
were prepared using the Chromium Single Cell Mouse TCR Amplifica-
tion Kit (10x Genomics, 1000254). All sequencing libraries (RNA-seq, 
TCR-seq) were quantified via the Qubit dsDNA HS Assay Kit (Invitrogen, 
Q32851), quality checked for fragment sizes via high-sensitivity D5000 
ScreenTapes (Agilent, 5067–5592), pooled, and sequenced (Illumina, 
NovaSeq 6000).

Joint single-cell RNA-seq and TCR-seq data processing
The cellranger multi pipeline (10x Genomics, version 7.1.0) was 
used to jointly map and quantify the coupled single-cell RNA-seq 
(scRNA-seq) and single-cell TCR-seq (scTCR-seq) data for each sam-
ple. The reference genome and the TCR pre-assembly reference were 
all based on mm10 (Mus musculus) and provided by 10x Genomics 
(refdata-gex-mm10-2020A for scRNA-seq; refdata-cellranger-vdj-GRC
m38-alts-ensembl-7.0.0 for scTCR-seq). The resultant clonotype and 
filtered contig annotation data for each sample were used for down-
stream analyses.

TCR clonotype information for each cell was extracted from the 
scTCR-seq analyses and matched to the scRNA-seq data for further 
analyses. Cells in the scRNA-seq data without matched TCR infor-
mation were categorized as ‘NA’ for their clonotype and excluded 
when appropriate from frequency calculation. Cells with the produc-
tive target TCRα and TCRβ sequences were categorized as the target 
antigen-specific cell (for example, for OT-1, Tcra-V2 and Tcrb-V5), and 
cells with other TCRs were categorized as ‘Others’.

Data analysis
Analysis of numerical data and plotting were performed using Microsoft 
Excel or MATLAB scripts, GraphPad Prism (v.8.4.3), Adobe Illustrator or 
Wolfram Mathematica (13.0). Codes are available upon request. Statistical 
analyses were performed in GraphPad Prism (v.8.4.3) using the unpaired 
two-tailed t-test or ANOVA test as indicated in the figure legends.

Data availability
Source data are also provided at https://osf.io/c5y3q/. Sequence data 
generated in this study are deposited in the National Center for Bio-
technology Information Gene Expression Omnibus at https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE229249. Source data 
are provided with this paper.

Code availability
The source code for the customized magnet rotator used in this 
study can be accessed at https://github.com/MagneticRotor/
rotating-magnetic-field. Sample codes for analyzing calcium signals 
using MATLAB and rotation magnetic field simulation using Wolfram 
Mathematica are available at https://osf.io/c5y3q/. All sequencing 
analysis was done using standard R packages.
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