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T Cells
Aleks Ponjavic,1 James McColl,1 Alexander R. Carr,1 Ana Mafalda Santos,2 Klara Kulenkampff,1 Anna Lippert,1

Simon J. Davis,2,* David Klenerman,1,* and Steven F. Lee1,*
1Department of Chemistry, University of Cambridge, Cambridge, United Kingdom and 2Radcliffe Department of Medicine and MRC Human
Immunology Unit, John Radcliffe Hospital, University of Oxford, Oxford, United Kingdom
ABSTRACT Adaptive immune responses are initiated by triggering of the T cell receptor. Single-molecule imaging based on
total internal reflection fluorescence microscopy at coverslip/basal cell interfaces is commonly used to study this process. These
experiments have suggested, unexpectedly, that the diffusional behavior and organization of signaling proteins and receptors
may be constrained before activation. However, it is unclear to what extent the molecular behavior and cell state is affected
by the imaging conditions, i.e., by the presence of a supporting surface. In this study, we implemented single-molecule light-
sheet microscopy, which enables single receptors to be directly visualized at any plane in a cell to study protein dynamics
and organization in live, resting T cells. The light sheet enabled the acquisition of high-quality single-molecule fluorescence
images that were comparable to those of total internal reflection fluorescence microscopy. By comparing the apical and basal
surfaces of surface-contacting T cells using single-molecule light-sheet microscopy, we found that most coated-glass surfaces
and supported lipid bilayers profoundly affected the diffusion of membrane proteins (T cell receptor and CD45) and that all the
surfaces induced calcium influx to various degrees. Our results suggest that, when studying resting T cells, surfaces are best
avoided, which we achieve here by suspending cells in agarose.
INTRODUCTION
T cell activation requires the engagement of membrane
receptors by their ligands, which leads to downstream
signaling (1) and activation of an adaptive immune response.
This process is believed to depend especially on the dy-
namics (2) and spatial organization (3) of a few key mem-
brane proteins, including the T cell receptor (TCR), which
recognizes antigens leading to the signaling cascade that
drives the immune response (2), and CD45, a protein tyro-
sine phosphatase that controls activation via dephosphory-
lation of the TCR and the Src kinases that phosphorylate
the receptor, including Lck (4). Although important aspects
of the activation mechanism have been investigated using
single-molecule fluorescence imaging (1,5–7), revealing
unexpected phenomena such as the formation of protein
nanoclusters (8,9) and TCR triggering elicited by the pas-
sive reorganization of proteins at ‘‘close contacts’’ (10),
the organization and dynamics of proteins in nonactivated
or ‘‘resting’’ T cells are less well described. Their elucida-
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tion is vital to determine the initial state from which
receptor triggering is initiated and hence to completely
understand the mechanisms responsible for T cell activa-
tion. It is therefore important to develop new biophysical
methods for imaging T cells as closely to their resting state
as possible.

The homopolymer poly-L-lysine (PLL) has been widely
used as a surface coating to facilitate the imaging of
T cells that were presumed to be resting using total
internal reflection fluorescence microscopy (TIRFM)
(9,11–20). However, given that the contact of T cells
with a PLL-coated surface is known to induce partial
immobilization of the TCR (21), the possibility arises
that the resting state of a T cell is perturbed under these
conditions. We recently showed that bona fide TCR trig-
gering is induced by the spatial reorganization of surface
receptors on the plasma membrane when T cells contact
protein-coated glass surfaces lacking TCR ligands by
altering the phosphorylation state of the TCR at the sin-
gle-receptor level (10,22). In these experiments and others
(23,24), noninteracting proteins, such as nonspecific
immunoglobulin G (IgG), were used in attempts to
passivate the glass surface (10). Supported lipid bilayers
(SLBs) have been used to create more physiological
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surfaces (22,25), which typically require the use of adhe-
sion molecules to anchor the cells to the surface for imag-
ing. However, even the disruption of highly dynamic and
‘‘ruffled’’ surfaces of T cells (26) when they adhere to
lipid bilayers represents a potentially significant perturba-
tion of the cells’ physiology, which could be related to the
integrin out-to-in signaling that is known to take place on
SLBs (27). Furthermore, we have shown that ligand-inde-
pendent triggering can occur on SLBs when contact is
mediated with small, nonsignaling adhesion molecules
only (10). Given these uncertainties, there is a need to un-
derstand the extent to which surface contact per se affects
the dynamics and spatial organization of single receptors
at cell-glass interfaces, i.e., at the basal plane character-
ized using TIRFM versus those less likely to be perturbed,
e.g., receptors at the apical surface imaged using other
approaches.

In recent years, new techniques have been developed
that can image individual membrane proteins away from
the coverslip interface (28). For example, single-molecule
light-sheet microscopy (smLSM) has been used to
monitor the reorganization of the TCR during T cell acti-
vation at subdiffraction resolution (29). Here, we apply
smLSM to study the dynamics and organization of two
well-characterized (30) and critically important (5) sur-
face proteins known as TCR and CD45 in Jurkat
T cells. We show that all commonly used strategies for
representing resting T cells on surfaces, such as PLL,
passivation, and SLBs, either fail to immobilize cells for
imaging or perturb membrane protein dynamics, cause
CD45 exclusion, and induce calcium signaling. Our re-
sults suggest that truly resting T cells may have to be
imaged away from surfaces altogether. We achieve this
by using smLSM to image cells suspended in a gel, estab-
lishing a platform for single-molecule imaging of live,
resting T cells.
MATERIALS AND METHODS

Full description of the methods can be found in Supporting Materials and

Methods.
Cell culture and labeling

TCR and CD45 proteins in a Jurkat T cell line were labeled using antigen-

binding fragments UCHT1 (TCR) and Gap8.3 (CD45), respectively, and

labeled with Alexa Fluor 488 (Supporting Materials and Methods).
Single-molecule imaging

TIRFM

Through-objective TIRFM was performed at room temperature (20�C)
using a 488-nm fiber-coupled diode laser and a 100� 1.49 NA objective

lens, with images being captured on an electron-multiplying charge-

coupled device camera at a frame rate of 20 Hz (Supporting Materials

and Methods).
smLSM

A secondary perpendicular objective lens was used to introduce a light

sheet created using cylindrical lenses. TIRFM and smLSM could be

switched between using a reversible mirror for direct comparison. A

custom-made sample chamber was constructed to allow the light sheet to

enter the sample with minimal aberrations (Supporting Materials and

Methods and Fig. S2). The thickness of the sheet was measured to be

1.3 mm by measuring the point-spread function of 100 nm beads (Support-

ing Materials and Methods and Fig. S3). Experiments were carried out at

room temperature (20�C).
Single-molecule tracking

Spot detection

A custom-made MATLAB (The MathWorks, Natick, MA) script (31) was

used to detect localizations with a signal-to-noise ratio above 3 (Supporting

Materials and Methods). Visualization in Fig. 3 was performed with the

Trackmate plugin for ImageJ (32).

MSD analysis

The ensemble mean-square displacement (MSD) was constructed for each

cell, and the first five points (250 ms) of the curve were fitted to determine

the diffusion coefficient (Supporting Materials and Methods).

JD analysis

Jump distance (JD) analysis (31) was applied to investigate heterogeneities in

the diffusion coefficient distribution. The probability distribution Pðr2;DtÞ of
the squared distance, r2, traveled in one time step, Dt, was fitted using

P
�
r2;Dt

� ¼
Xm

j¼ 1

fj
4DjDt

e
� r2

4DjDt;

where f is the fraction corresponding to population j, and m is the number of

populations. JD distributions can be fitted with more than one population, but

this is not always appropriate. A two-component fit to a single diffusing

population, D, would result in D1 < D < D2. In this work, the purpose of

the JD analysis is to identify an immobile population. JD analysis of fixed

cells indicates that an immobile population will have a diffusion coefficient

of 0.012 mm2/s, whereas the two-component fit to this data incorrectly results

inD1¼ 0.005 andD2¼ 0.025.We chose the following criteria for using two-

component fits based on the fixed data:D1< 0.03 andD2> 0.03. This avoids

fitting two components simply because of splitting a single population into

two and instead necessitates both immobile and mobile populations.
RESULTS

Off-surface single-molecule fluorescence
imaging of T cell membrane proteins using
smLSM

smLSM was implemented using a bespoke instrument
(Figs. S1 and S2) described in the Materials and Methods
and shown schematically in Fig. 1 A. The axially thin light
sheet (1.3 mm fullwidth at half-maximum; see Supporting
Materials and Methods and Fig. S3) enables single-
molecule imaging by reducing unwanted background
fluorescence due to only a single plane of the cell being illu-
minated. We used smLSM to perform single-molecule
Biophysical Journal 114, 2200–2211, May 8, 2018 2201
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FIGURE 1 Single-molecule imaging of membrane proteins on the apical surface of living T cells. (A) A schematic depicts smLSM geometry. (B) A sche-

matic of the experiment shows how scanning of the light sheet enables sectioning of the T cell. The numbers correspond to four distinct cases in (C). (C) The

same T cell was imaged at the apical (1), central (2), and basal (3) planes using smLSM and at the basal plane using TIRFM (4). The gray dotted circle

represents the size of the cell after spreading on a PLL-coated coverslip. The arrows in 3–4 highlight the same molecules imaged using smLSM (3) and

TIRFM (4). The scale bar represents 5 mm. To see this figure in color, go online.
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imaging of the fluorescently labeled membrane proteins TCR
and CD45 in live Jurkat T cells. We imaged the TCR, labeled
with Alexa-Fluor-488-tagged (degree of labeling�2) antigen-
binding fragments (Fabs), on the apical surface of T cells
resting on coated cover slips (Fig. 1 B). We first compared
the performance of the light sheet to standard
epifluorescence (EpiFL) illumination (Figs. S4 and S5) at
similar laser power densities (0.1 kW/cm2) to those typically
used in experiments (Video S1). smLSM provided improved
contrast and facilitated accurate identification of single
fluorescent molecules compared to EpiFL illumination. To
quantify this difference, we imaged the same three cells using
both techniques. Tracking of single molecules was done as
described in Materials and Methods. As expected, the light
sheet gives a substantial increase in contrast of tracked
particles (median signal-to-noise ratio: EpiFL - 4.0 5 1.6,
smLSM - 5.95 3.2, Figs. S4 and S5). This is a clear demon-
stration of a system wherein EpiFL illumination is prone to
inaccurate tracking, as results are highly dependent on anal-
ysis parameters (see Supporting Materials and Methods for
comparison) and smLSM is required to successfully identify
most molecules. We therefore conclude that the instrument
is a suitable platform for quantitative single-molecule diffu-
sion studies.

We also compared smLSM performance to that of
TIRFM. We could observe stepwise photobleaching
(Fig. S6 A) using both TIRFM and smLSM, indicating
that we were tracking single Fabs. Fig. 1 B shows a
schematic representation of a T cell attached to a PLL-
2202 Biophysical Journal 114, 2200–2211, May 8, 2018
coated coverslip, which pulls the cell membrane toward
the coverslip. As shown, four excitation conditions (1–4)
were explored. In the first three, the light sheet was used
to image the top (1), middle (2), or bottom (3) of the same
cell. In the final case, the bottom of the cell was imaged us-
ing ‘‘standard’’ TIRFM (4). Sample images acquired under
these conditions, with TCRs labeled using Alexa Fluor
488-Fab, are shown in Fig. 1 C (also see Video S2).
These images were all taken using the same cell
within 1 min, and the excitation power density was kept
low (0.01 kW/cm2) to minimize photobleaching. Because
the PLL appeared to immobilize the TCR, the same proteins
could be identified (white arrows in Fig. 1 C, conditions 3
and 4) using both techniques, albeit with a larger autofluor-
escence background in condition 3. The light sheet enables
acquisition of high-quality single-molecule fluorescence
images that are comparable to those of TIRFM.
PLL completely immobilizes T cell membrane
proteins on glass surfaces

The application of smLSM enables precise measurements
of the mobility of membrane proteins far above the cover-
slip, where they are unlikely to be affected by interactions
with surfaces. This can be compared with results obtained
for the same cell probed at the cell/coverslip interface
using TIRFM, allowing the influence of the surface on the
mobility of proteins to be established. The diffusion coeffi-
cient of the TCR on PLL-coated coverslips was measured
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at room temperature using TIRFM (Fig. 2, A–D) at a
power density of 0.1 kW/cm2. An example of ensemble
MSD curves and diffusion coefficient histograms is shown
in Fig. S7. Compared to an expected value between
0.06 mm2/s at 37�C (8), determined by fluorescence correla-
tion spectroscopy, and 0.12 mm2/s at room temperature (33),
measured by fluorescence recovery after photobleaching,
the positively charged coating completely immobilized
the TCR (D ¼ 0.005 5 0.005 mm2/s; Fig. 2 C; Video
S3). Here, we define ‘‘immobile’’ as anything below
0.01 mm2/s, based on diffusion measurements of TCRs in
fixed cells on PLL (D ¼ 0.005 5 0.004 mm2/s, 10 cells).
Note the discrepancy in literature values for TCR diffusion,
which is higher at lower temperatures. This highlights the
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position 1 in Fig. 1, B and C) using smLSM (Fig. 2,
F–H), the diffusion coefficient was significantly larger
(D ¼ 0.093 5 0.038 mm2/s; Fig. 2, E and J; Video S4),
which is within the range of literature values (8,33), indi-
cating that the observed immobilization was caused by
surface interactions. The immobilization of TCR by PLL
could also be observed when we imaged the TCR using a
HaloTag fusion protein labeled with silicon rhodamine
using TIRFM (Video S5), which means that the observed
effect is not caused by the presence of the Fabs. However,
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we saw more TCRs using smLSM than TIRFM when imag-
ing the same cell (Video S5), and some TCRs were now
mobile, suggesting that the HaloTag labeling protocol
resulted in intracellular staining. We therefore chose to label
proteins using Fabs. We also measured the diffusion coeffi-
cient of CD45 (Fig. 2 O), which has a significantly larger
extracellular domain than that of the TCR (�21 nm vs.
�8 nm) (10). It appeared initially as though CD45, unlike
the TCR, retained some mobility on PLL. However, visual
inspection of Fig. 2, K–M and Video S6 suggested that
CD45 was mostly excluded from the glass-cell interface
likely because of the large extracellular domain and that
the CD45 located inside the interface remained immobile
like the TCR.
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TCR and CD45 are mobile on free surfaces

Although the T cell proteinsweremobile at the apical surface
of cells sitting on PLL, it is still possible that the interaction
with the coated coverslip could alter the state of the cell, as
happens during activation (29), which might manifest in a
change in mobility of the proteins at the apical surface. We
therefore also investigated the apical surface of cells resting
on nonspecific bovine IgG and cells suspended in agarose
away from the surface, wherein the environmental influence
was expected to be near-minimal. In agarose, a standard trig-
gering assay (34) based on the release of intracellular calcium
indicated that the cells could be triggered normally when sus-
pended in the gel (Fig. S8) by the addition ofOKT3, implying
that the cells were resting. In these conditions, the diffusion
coefficient of the TCR (D ¼ 0.068 5 0.023 mm2/s)
(Fig. 2 J; Video S4) was not statistically different from that
on the apical surface of the cell resting on the coverslips
coated with PLL (P ¼ 0.06) and IgG (P ¼ 0.23). Similar re-
sults were obtained for CD45 (see Table S1; Video S7). We
therefore conclude that the presence of PLL completely al-
ters protein diffusional properties at the basal cell surface
(imaged by TIRFM), whereas the diffusion properties were
unaffected on the apical surface (imaged by smLSM).
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FIGURE 3 T cell membrane proteins interact even with nonspecific IgG.

(A) Sample TIRFM data show how initially mobile CD45 above the surface

sits down on IgG, becoming immobile. The blue track corresponds to the

local 11 tracks from �5 to 5 frames. The yellow circle indicates the mole-

cule. The scale bar represents 1 mm. Visualization was performed with the

Trackmate plugin for ImageJ. (B) A sample TIRFM frame (left) of CD45 on

IgG is shown with corresponding analyzed tracks (right) colored by diffu-

sion coefficient (see color bar). The scale bar represents 5 mm. The dotted

circle represents the size of the cell-IgG interface. To see this figure in color,

go online.
Protein immobilization by nonspecific IgG on
glass surfaces is size-dependent

We also investigated the mobility of the TCR and CD45 on
the basal surface of T cells sitting on nonspecific bovine
IgG. Although this is presumed to be a ‘‘passive’’ surface
that should show minimal interaction with proteins, previ-
ous measurements showed that this surface induces the local
depletion of CD45 from regions of cellular interaction with
the surface that we have called ‘‘close contacts’’ (10).
TIRFM-based single-molecule measurements showed here
that the overall diffusion of the TCR near the interface
(Fig. 2 E) was not significantly influenced by the presence
of the surface, as it was similar to that at the apical surface
(D ¼ 0.068 5 0.021 mm2/s, P ¼ 0.04). It should be noted,
2204 Biophysical Journal 114, 2200–2211, May 8, 2018
however, that the cells did not attach as vigorously to
IgG-coated glass as they did to PLL, and the TCR moved
in and out of the depth of field, which was consistent with
the formation of undulating and/or discontinuous close con-
tacts. It is possible that the bulk of the TCRs were free to
diffuse because they were located outside of close contacts.
In contrast to the TCR, the CD45 diffusion coefficient on the
IgG-coated glass surface was significantly smaller than that
on the apical surface (Fig. 2 O) measured by smLSM, which
was consistent with CD45 interacting with the IgG-coated
surface at a longer distance than the TCR. The sample
data in Fig. 3 A (also see Video S8) show that mobile
CD45 moves axially (based on the change in intensity) until
it finally becomes static, presumably when it interacts with
the surface (highest intensity). The spatial distribution of the
mobile and immobile states was observable using the
tracking analysis (Fig. 3 B; Video S6).

We further investigated the distribution of mobile
and immobile states using JD analysis, which has been
shown to be superior to MSD analysis when comparing
small changes in diffusion coefficients (31), especially for
short-track lengths. More importantly, JD is compatible
with tracks that undergo changes in mobility, as we have
shown in Fig. 3 A, and enables extraction of mobile and
immobile populations that might not show up in MSD anal-
ysis. Fig. 4 A shows the JD distributions for the TCR and
CD45 on the apical and basal surfaces of T cells resting on
IgG-coated coverslips imaged by smLSM and TIRFM,
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respectively. On the apical surface, the fitted distributions
were well described (R2 > 0.9) by a single diffusing
population (see Table S2 for all conditions). The resulting
diffusion coefficients were similar to those determined
by MSD analysis (Table S1). This was not the case at the
cell/IgG-interface that was imaged using TIRFM, where
we observed shifts in the histogram that required two-
component fits. This was most likely caused by the proteins
interacting with the surface coating. JD analysis revealed
that 755 14%of the TCRpopulation had a similar diffusion
coefficient to that on the apical surface (D ¼ 0.09 5 0.02
mm2/s), whereas the rest was immobile (Fig. 4 A). We define
‘‘immobile’’ as anything below 0.01 mm2/s, based on diffu-
sion measurements of TCRs in fixed cells on PLL (D¼ 0.01
mm2/s, 10 cells) that agreewell with the fitted immobile pop-
ulations (Fig. S9). This artificial motion appears to be due to
sampling noise and potentially mechanical vibration,
causing fixed molecules to appear as having an apparent
diffusion coefficient. CD45, on the other hand, had a larger
immobile population of 385 14% (Fig. 4A), likely because
of the more extensive interactions of its larger extracellular
domain with the surface. However, for the mobile fraction
(D ¼ 0.06 5 0.04 mm2/s), the diffusion coefficient of
CD45 was slower than that on the apical surface, which
we also observed withMSD analysis (Fig. 2O). The cartoon
in Fig. 4 B summarizes the interactions observed on PLL
and IgG. Although the Fabs increase the molecular weight
of the TCR and CD45 by �10 and �20%, respectively, we
do not expect the Fabs to influence the interactions between
the studied proteins and the tested coatings because they
bind near the membrane. UCHT-1 binds the two CD3-ε sub-
units that are part of the TCR complex (35). Gap 8.3 binds
some part of the CD45d1-d4 region of CD45 (36), which
does not include the 8–21-nm-long mucin-like region of
CD45.
Most coated glass surfaces induce calcium
signaling in T cells, unlike suspension in agarose

Having observed perturbation of TCR and CD45 dynamics
by PLL- and IgG-coated coverslips, we attempted to find a
better coating for studying resting T cells. Fibronectin-
coated glass is reported to not induce T cell activation
(37) and would enable TIRFM imaging. We found that
membrane proteins on fibronectin (TCR: D ¼ 0.058 5
0.013 mm2/s; CD45: D ¼ 0.057 5 0.019 mm2/s) (Video
S9) were mobile, unlike on PLL, while providing a suitable
interface for imaging, unlike IgG. Also, CD45 appeared to
be moving freely within the probed interface (Video S9).
JD analysis showed that 25–30% of proteins on fibronectin
were immobilized (Table S2), whereas most proteins re-
mained mobile in agarose. These results indicated that the
influence of fibronectin on TCR and CD45 dynamics was
minimal compared to on PLL, pointing to the possibility
that T cells may have a resting phenotype in this condition.
However, the morphology of the cells was altered, presum-
ably because of adhesion of membrane integrins to the fibro-
nectin (38). We applied a calcium release assay (Fig. 5)
using Fluo-4 (34) to determine whether IgG and fibronectin
are indeed nonperturbative and found that, although supe-
rior to the PLL coating in terms of effects on TCR and
CD45 diffusion, both IgG and fibronectin still caused a sig-
nificant fraction of the cells to activate (Fig. 5 G) compared
to the agarose gel. Although the time taken for calcium
release to occur on PLL appears longer for IgG and
fibronectin (Fig. 5 H) than for OKT3-coated coverslips
(77 5 21 s), the results were not statistically different. In
terms of our choice of calcium assay, it could be argued
that ratiometric calcium sensors such as Fura-2 are superior
for monitoring subtle changes. However, we typically
observed �4-fold increases in calcium, which were much
larger than that observed for cells that did not activate
(Fig. S10). We could clearly see the characteristic calcium
response observed during T cell activation on all surfaces,
Biophysical Journal 114, 2200–2211, May 8, 2018 2205
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FIGURE 5 Surface-induced calcium flux varies greatly between supposedly resting surfaces. (A and B) A low magnification (15�) epifluorescence image

shows Fluo-4-labeled Jurkat CD48þ T cells landing on an OKT3-coated coverslip at two time points. The arrows indicate individual cells that are initially

weakly fluorescent (A) but, upon activation, undergo calcium release (B). The scale bar represents 20 mm. (C and D) A fluorescence image shows Fluo-

4-labeled T cells suspended in agarose. Cells do not experience an increase in calcium as they remain resting in the gel. Out-of-focus cells appear larger

and dimmer than others because of the three-dimensional distribution in the gel. (E) Representative examples are shown from (A) and (B) of activating cells.

(F) Representative examples of cells remaining resting when suspended in an agarose gel are shown. (G) Fraction of cells activating within 5 min on sup-

posedly resting surfaces. n represents the number of cells. Data were taken from three independent experiments for each condition. (H) The average time

taken for activation for all activated cells is shown. *p < 0.01, **p < 0.001, n.s. p > 0.05, one-way ANOVA, and Tukey’s post hoc comparison. In (H), no

significance (p < 0.05) was found except for between OKT3 and ICAM-1 bilayer, as reported. To see this figure in color, go online.
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showing that Fluo-4 is a suitable calcium probe for these ex-
periments, as reported previously (34,39).

We then proceeded to investigate the possibility of using
SLBs because of their ability to maintain membrane fluidity
and their prevalent use in activation studies. Mobile anchors
were required to adhere cells to the bilayers to facilitate im-
aging, as cells interacting with neat SLBs were found to roll
around on the surface. Two anchors were tested: 1) a His-
tagged chimeric protein comprising the extracellular do-
mains rCD45rCD2 (estimated gap size of �29 nm), which
could bind to Jurkat T cells that were transfected with a non-
signaling mutant form of rat CD48 (T92A) that binds rat
CD2 with a comparable affinity to the human CD2-CD58
pair (�20 mM), and 2) His-tagged ICAM-1 (estimated gap
size of 40 nm), which could bind to LFA-1 integrin present
on Jurkat T cells. The calcium assay showed that SLBs with
rCD45rCD2 interacting with Jurkat (þCD48) resulted in
significant calcium release, whereas the ICAM-1 SLBs
2206 Biophysical Journal 114, 2200–2211, May 8, 2018
greatly reduced calcium signaling (Fig. 5 G), although not
to the extent of the agarose gel. We also measured the
diffusion of TCR and CD45 on rCD45rCD2 SLBs
(TCR: D ¼ 0.044 5 0.014 mm2/s; CD45: D ¼ 0.064 5
0.013 mm2/s), which was very similar to that on fibronectin.
JD analysis showed that 23–29% of proteins were immobile
(Table S2). We did not investigate ICAM-1 SLBs, as we
found that the cells were highly mobile.
Reorganization of CD45 upon interaction with
coated class surfaces

As membrane protein dynamics was preserved on fibro-
nectin and on SLBs, we sought to understand the possible
causes of the observed calcium signaling. Previous studies
(10) have suggested that CD45 can be excluded on glass
coated with PLL, nonspecific IgG, and SLBs carrying
mobile anchors, leading to calcium signaling and ZAP70
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recruitment. We applied two-color TIRFM imaging of
CD45, labeled with saturating levels of Alexa Fluor
488-Fab and the membrane stain CellMask Deep Red to
monitor CD45 exclusion, relative to the membrane, by
coated glass surfaces (Fig. 6; Fig. S11). In all cases in
which we observed significant calcium release (PLL,
IgG, fibronectin, and rCD45rCD2 SLBs), we also noticed
the exclusion of CD45 relative to the membrane dye
within only 5 min of interaction. Note that the exclusion
zones for cells interacting with IgG were often difficult
to resolve because of the minimal adhesion. Compared
to ICAM-1 SLBs, however, we could see rings of CD45
(yellow highlights in Fig. S11) that are characteristic of
exclusion (10). On SLBs with ICAM-1, we found that
the cells were mobile (Video S10) such that the coating
is likely to maintain cells in their resting state, but this
complicates the study of membrane protein dynamics
and organization. smLSM imaging of CD45 and
CellMask at the basal (bottom) plane of cells suspended
in agarose (Fig. 6) showed minimal CD45 exclusion
compared to cells interacting with coated surfaces. We
verified that this observation was not simply a result of
the imaging modality by directly comparing basal imag-
ing of the CD45 distribution with TIRFM and smLSM
(Fig. S12 A) and by imaging the basal and apical surfaces
of the same cell (Fig. S12 B), which clearly showed that
smLSM is capable of visualizing exclusion. To confirm
that CD45 exclusion occurred relative to the TCR, we
also imaged TCRs labeled with Alexa Fluor 488-Fab un-
der saturating conditions. On PLL, we could observe
TCRs throughout the contact area, but the distribution
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was inhomogeneous unlike the membrane stain, which
was indicative of the clustering of TCRs (Fig. S13). How-
ever, we do not suggest that these are TCR microclusters,
as the distribution was completely static, and we could not
see any centripetal motion of clusters (Video S11).
DISCUSSION

The observations made by investigating the diffusional
properties and organization of the TCR and CD45 using
smLSM and TIRFM are summarized in Table 1.

Both the TCR and CD45 were highly immobilized by con-
tact with the PLL-coated glass. Previously, the TCR was
shown to be partially immobilized on the PLL using confocal
fluorescence recovery after photobleaching (21). Given the
larger probe volume of confocal microscopy, it seems likely
that the mobile population observed in those experiments
was not associated with the cell surface. Single-molecule
fluorescence measurements have also indicated immobiliza-
tion of amebal proteins by glass (40) and of human proteins
by PLL (41). Despite this, PLL has been a popular choice for
studying ‘‘resting’’ T cells using TIRFM (9,11–16,18,19,23).
The immobilization caused by PLL is likely explained by its
electrostatic properties. The polyelectrolyte pulls the cell
membrane toward the coverslip, creating a large interface
that is tightly bound to the surface. Using both diffusion
analysis and imaging, we observed that the tightly bound sur-
face dramatically excludes CD45. Cells also adhered to
lipid bilayers presenting nickel cations only, which also led
to CD45 exclusion (Fig. S14). This effect could be sup-
pressed by removing the nickelated lipids (or by blocking
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TABLE 1 Summary of Perturbations by Coated Glass Surfaces

PLL (TIRFM) IgG (TIRFM)

Fibronectin

(TIRFM)

rCD45rCD2

Bilayer (TIRFM)

ICAM-1

Bilayer (TIRFM)

Agarose

(smLSM)

TCR diffusion immobile 75% mobile 75% mobile 71% mobile – freely

25% immobile 25% immobile 29% immobile diffusing

CD45 diffusion 55% excluded 62% mobile 70% mobile 77% mobile – freely

45% immobile 38% immobile 30% immobile 23% immobile diffusing

Calcium signaling 54.0% 53.7% 44.0% 48.7% 15.0% 2.5%

139 s 130 s 147 s 112 s 194 s 131 s

CD45 exclusion yes yes yes yes no no

Cell mobility immobilized immobilized immobilized immobilized mobile immobilized

PLL-coated glass completely immobilizes TCR and CD45 proteins in proximity to the surface. On IgG, the proteins are only partially immobilized, with CD45

having a larger immobile population. On the apical surface, both proteins diffuse freely, independent of coated coverslips or suspension in agarose. Fibronectin

and rCD45rCD2 SLBs minimally influence protein dynamics compared to PLL while providing a suitable TIRFM interface, but these coatings influence cell

morphology, induce calcium signaling, and exclude CD45. SLBs with ICAM-1 induce minimal calcium flux and CD45 exclusion but do not immobilize cells,

which complicates imaging. Agarose suspension maintains protein mobility and organization while inducing minimal calcium signaling.
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with 1% bovine serum albumin), whereupon the cells would
‘‘tumble’’ along the bilayer. These observations suggest that
charge alone, in the form of PLL or nickelated lipids, suffices
to elicit strong T cell adhesion.

On glass surfaces coated with passivating proteins (e.g.,
bovine IgG), a large fraction of the T cell proteins remained
mobile, further confirming that the major effects of PLL are
due to its charge. The largest difference between the two
membrane proteins we studied on T cells interacting with
IgG-coated glass was that there was a smaller fraction of
mobile CD45 than TCR molecules. For use in diffusion-
based studies, passivating coatings such as IgG appear to
be less perturbative than PLL but present their own prob-
lems insofar as 1) the discontinuous contacts that form allow
proteins to move in and out of focus and 2) the effects of the
surface on mobility become dependent on the size of the
extracellular domains of the proteins. Nevertheless, IgG
also immobilized a significant fraction of TCR molecules
and induced the local exclusion of CD45.

The differences in the behavior of the TCR and CD45
on PLL and IgG can be explained by considering that
the TCR has a smaller extracellular domain than that of
CD45: 8 nm vs. 21 nm, respectively (10). The Fabs
used in this work each bind closely to the membrane
and are therefore unlikely to affect surface interactions.
A cartoon depicting the effects of the two surfaces on
the proteins is shown in Fig. 4 B. The TCR exhibits a
mostly homogenous distribution over the cell surface
when the cell membrane binds tightly to the PLL-coated
coverslip (Fig. 4 B, bottom), whereas CD45 is excluded,
with only a few immobilized proteins remaining inside
the contact. On IgG-coated glass, there is much less
exclusion of either protein, as the weak interaction be-
tween the cell membrane and the surface appears to create
pockets where the proteins can diffuse freely (Fig. 4 B,
top). However, the large extracellular domain of CD45
makes it more likely to interact with the surface, as re-
vealed by the observation that the immobile CD45 popu-
lation is larger than that for the TCR.
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The finding that PLL induces calcium influx in Jurkat
cells is not completely surprising given that the strong adhe-
sion of the cells to PLL-coated surfaces leads to CD45
exclusion (Figs. 6, S11; Video S12), which suffices to
initiate signaling (10). However, the extent to which an
immortal cell line like Jurkat is representative of primary
cells is questionable. Although continuously cycling cells
probably cannot be considered to be truly ‘‘resting,’’ we
would nevertheless expect primary cells to exhibit similar
immobilization, exclusion, and calcium responses on PLL
given that similar effects are observed when they interact
with IgG-coated coverslips and adhesion-molecule-present-
ing bilayers (10). Contrary to the interactions we observed
here for Jurkat T cells on PLL-coated glass, the effects of
apparently less adhesive coatings like IgG (Video S12),
fibronectin, and rCD45rCD2 SLBs on signaling can perhaps
be explained in terms of the behavior of T cell microvilli
(26,42,43). These actin-rich protrusions continually push
against surfaces in their effort to search for antigens. It is
possible that the microvilli push with sufficient force to
exclude CD45, thereby potentiating calcium signaling. For
glass coated with ICAM-1, the relatively large gap between
the cell and the surface (�40 nm) combined with both the
incomplete attachment and fluidity of the bilayer might pre-
vent microvilli from forming (large or stable enough) CD45
exclusion zones that can initiate calcium signaling. For
agarose gel, the elasticity is comparable to the cell mem-
brane (�38 kPa (44) vs. 5–11 kPa (45)), which might be
less perturbative in response to the forces and motion ex-
erted by the microvilli. Whether or not these processes in
turn affect global protein mobility is unclear, although acti-
vation is associated with large-scale reorganization and
clustering of the TCR (29). As shown here, diffusion on
the apical surface was largely unaffected by surface coating,
suggesting that surfaces mostly induce local rather than
global changes in mobility on the timescales studied here.
Nevertheless, the immobilization, slowing down, and exclu-
sion of proteins can influence signaling (10), making it
important to be able to visualize molecular behavior in
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unperturbed cells, e.g., suspended in agarose above the sur-
face and visualized using smLSM, as done here.

Fibronectin was found to be only slightly superior to both
PLL and IgG in terms of its influence on TCR and CD45 dy-
namics. The kinase Lck, which has previously been shown
to reside in nanoclusters on PLL-coated surfaces (9), is un-
clustered on fibronectin (37). However, we observed CD45
exclusion and calcium signaling on fibronectin-coated glass,
indicating that this surface is also unsuitable for imaging
resting T cells. SLBs presenting the mobile adhesion protein
rCD45rCD2 also caused partial immobilization of proteins,
CD45 exclusion, and calcium signaling despite the likely
creation of a large gap between the surface and the cell
(�29 nm). Therefore, even the use of large mobile anchors
fails to secure the resting state. We found that the least per-
turbative surfaces comprised SLBs presenting ICAM-1.
This coating has been used for numerous activation studies
(22,46,47), and our results here suggest that the coating is
minimally perturbative. However, the high mobility of cells
on SLBs coated with ICAM-1, presumably due to the lack
of calcium signaling, complicates its use for imaging resting
T cells. Although it is conceivable that glass surfaces could
be optimized in some way to prevent calcium release in the
future, we suggest that, for now, cells should ideally be stud-
ied in suspension if the aim of the experiment is to image
live, resting lymphocytes.

In our analysis, we considered the diffusion of membrane
proteins to be two-dimensional along the surface of an ideal-
ized sphere such that the images acquired using the light sheet
represent a two-dimensional projection of the spherical sur-
face. Neglecting the effects of the projection causes at most
a 35% reduction in the perceived diffusion coefficient at the
equator of the sphere (48), which is proved via simulations
(Supporting Materials and Methods and Fig. S15). Further-
more, the surface can effectively be approximated by a plane,
as only the top �1–2 mm of the cell is imaged by the light
sheet.However, this treatment neglects the fact that cellmem-
branes are highly irregular. This is particularly true for T cells,
which feature actin-rich structures, such as microvilli and po-
dosomes (26,42). Therefore, proteins diffuse perpendicularly
to themembrane surface, causing the observed diffusion to be
slower than the actual value (49).We could observe this irreg-
ular structure using smLSMby imaging at the central position
of the cell (Fig. S16). Three-dimensional tracking methods
(50) could be used to resolve this problem and to measure
the true mobility of membrane proteins on unperturbed sur-
faces, which we have begun to apply to T cells (51).

In conclusion, we have shown that membrane protein
dynamics and organization are greatly influenced by inter-
actions with surfaces used to immobilize cells for imaging,
leading to calcium signaling. These findings suggest that
T cells immobilized on coated coverslips will be perturbed
from their resting state. If the goal is to image resting
T cells, which is crucial to detect the early events that
lead to T cell activation, surfaces should ideally be avoided
altogether. smLSM of cells suspended in agarose gels allows
single-molecule imaging to be performed on live, resting
T cells and should be broadly applicable to other cell types.
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Materials and methods 

Cell culture and labeling 

Jurkat T cell line (Clone E6-1, ATCC® TIB-152™) were grown in RPMI medium supplemented with 10% FCS, 1% 

HEPES buffer (1M), 1% sodium pyruvate (100mM), 2% L-glutamine (200mM) and 1% penicillin-streptomycin. 

For diffusion measurements, Jurkat T cells were labelled using fragment antigen-binding fragments (Fabs) obtained 

from mouse anti-human antibodies (UCHT-1 and gap 8.3). Approximately 106 cells were incubated with UCHT1 

(CD3e) or Gap8.3 (CD45) Alexa Fluor 488-labeled Fabs (degree of labelling ~ 2, determined by UV-Vis 

spectroscopy) diluted in 1 ml of PBS  at a final concentration of 1 nM (TCR) or 10 nM (CD45) at 4 °C for 30 minutes. 

These concentrations were determined by titration to find a suitable density of well-separated individual 

fluorophores. A higher concentration was used for CD45 due to a significant amount of proteins being excluded 

from the cell-glass interface. After incubation cells were washed three times with PBS (P4417, Sigma-Aldrich). 

Proteins were also labelled with HaloTag® in a separate experiment, but this approach was discounted due to 

intracellular labelling (see video S10). 

For bilayer experiments, Jurkat T cell line expressing the transmembrane-anchored, non-signaling, T92A-mutated 

form of rat CD48 was prepared as previously described (1). The following mobile anchors were attached to the 

bilayers. DNA encoding the human ICAM-1 extracellular region (residues 1–480, UniProtKB P05362) and the 

chimeric protein comprising rat CD45 D1-D4 (residues 194-546, UniProtKB P04157) and rat CD2 extracellular 

region (residues 1-202, UniProtKB P08921) were ligated into pHR vector, double His6 tags were encoded at their 

3′ end. ICAM-1 and rCD45-rCD2 were expressed transiently in 293T cells. Proteins were purified using size-

exclusion chromatography. 

For two-colour imaging of CD45 exclusion, approximately 106 Jurkat CD48+ T cells were labelled with the Gap8.3 

fabs at a final concentration of 1 µM in 1ml PBS at 4 °C for 30 minutes. Labelled cells were then incubated with 50 

ng/ml CellMask Deep Red Plasma membrane Stain (C100046) for 2 minutes at room temperature (20 °C). After 

labelling, cells were washed three times with PBS. 

TIRFM 

Experiments were performed on a bespoke instrument (Fig. S1 for a schematic of the setup). A fibre-coupled 488 

nm diode laser (15 mW iFLEX-2000, Qioptic) was used for all tracking experiments and an excitation filter (FF01-

488/6-25, Semrock) was used to spectrally filter and remove unwanted residual wavelengths other than those at 

488nm. The circularly polarized laser beam was collimated and expanded 2.3× using a Galilean beam expander 

to slightly overfill the back aperture of a 100×, 1.49 numerical aperture (NA) oil immersion objective lens 

(MRD01991, Nikon). This was used for excitation and acquisition and housed in the microscope (Eclipse Ti-U, 

Nikon). Total internal reflection was achieved by reflecting the laser off a quad-edge laser-flat dichroic mirror (Di01-

R405/488/532/635-25x36, Semrock) and focusing the laser at the back focal plane of the objective, off axis, such 

that the emergent beam at the sample interface was near-collimated and incident at an angle greater than the 

critical angle, 𝑐 ~ 67 , for a glass/water interface. This generated a ~40 μm diameter TIR footprint with power 

densities in the range 0.01-0.1 kW/cm2 at the coverslip, accounting for ~4-fold near field enhancement at the 

sample plane (2). The setup could also be used in epifluorescence (EpiFL) mode by focusing the laser at the back 

focal plane of the objective on axis. The internal magnification of the microscope was used to achieve a final 

magnification of 150×. The fluorescence emission was filtered using a bandpass emission filter (#67-031, Edmund 

Optics), and focused onto an EMCCD camera (Evolve 512 Delta, Photometrics). Image stacks of 100 frames were 

acquired using an exposure time of 33 ms, an electron multiplying (EM) gain of 250 and a frame rate of 20.4 Hz. 

Glass coverslips were plasma cleaned for 30 minutes and then coated with solutions of 0.01 % (w/v) poly-L-lysine 

(PLL) (150-300 kDa, P4832, Sigma-Aldrich), 0.1 mg/ml bovine IgG (I5506, Sigma-Aldrich) or 0.1 mg/ml fibronectin 

(F0895-1MG, Sigma-Aldrich) for 30 minutes. The coated coverslips were then washed three times with PBS, and 

100 μl of 104/ml labelled cells in PBS was added to the coverslip. Experiments were performed at 20°C and all cells 

were imaged within 10 minutes of sitting down on the coverslip. 

For two-colour experiments a multichannel imaging system (DV2, Photometrics) was mounted in front of the 

EMCCD. A fibre-coupled 637 nm diode laser (20 mW iFLEX-2000, Qioptic) was used to excite the cell membrane 

stain along with additional excitation (FF01-640/14-25, Semrock) and emission (#67-038, Edmund Optics) filters. 

100 μl of 104/ml membrane- and CD45-labelled cells in PBS was added to the SLB-coated coverslips and were 

then imaged.  

Experiments were also done on fixed cells to establish ‘immobile’ cutoffs for MSD and JD analysis. The TCR was 

labelled with Alexa Fluor 488 Fabs as described previously. These cells were allowed to settle on PLL-coated 
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coverslips for 10 minutes after which they were fixed with a solution of 4% paraformaldehyde and 0.2 % 

glutaraldehyde in PBS. After 30 minutes of fixation, cells were washed 3x with PBS and were then imaged. 

smLSM 

The optical setup for smLSM (Fig. S1 and Fig. S2 for a schematic of the setup), optimised for single-molecule 

fluorescence detection, used a perpendicular secondary objective lens (10× long working distance WD = 33.5 mm, 

NA = 0.28, Mitutoyo) to introduce a thin sheet of excitation light into the sample (see Fig. 1A and Fig. S1). The 

collimated beam previously used for TIR excitation was instead directed into the secondary objective using a 

reversible mirror, such that the two illumination modes could easily be switched in-between. The light focused by 

the secondary objective was slightly defocused in the sample plane dimension (Fig. S1) using two cylindrical 

lenses, creating a wide sheet of light. Acquisition parameters was the same as for TIRFM and the power density 

was matched by achieving the same signal above background at the coverslip interface as in TIRFM experiments. 

The secondary objective was tilted by 5 ° to minimize scattering caused by light passing through other cells (Fig. 

1A). The position of the light sheet was controlled by varying the position of the light entering the secondary 

objective using a mirror. The focal point of the sheet was controlled by mounting the secondary objective onto a 

translational stage. 

A custom made sample chamber was designed to create a flat interface through which the light sheet could enter 

the sample (Fig. S1 and Fig. S2). The chamber was constructed by attaching two coverslips to each other at an 85 

° angle using a putty-like pressure-sensitive adhesive (Fig. S2B). A hydrophobic barrier pen (QVC0500, 

eBioscience) (blue trace in Fig. S2B) was used to create a border for the liquid sample to eliminate leakage. Unlike 

manufactured sample chambers (3), the coverslip chambers are very affordable. Unlike microcapillaries (4), the 

coverslips ensure complete light collection by the high NA acquisition objective and provides physical access, 

which is useful for adding cells or potentially implementing nanocapillaries for manipulation and injection (5). 

A schematic of the complete optical setup is shown in Fig. S1. Fig. S2A shows a photo of the setup. A counterweight 

in the form of a stainless steel nut is used to hold the sample chamber (Fig. S2B) down into the chamber holder 

(KM100C, Thorlabs). The chamber holder sits on a three axis piezo stage (P-611.3S Nanocube, Physik 

Instrumente), which can be used to manipulate the sample and scan the light sheet. 

Light sheet characterisation 

The point spread function of the light-sheet was evaluated by scanning diffraction-limited fluorescent beads 

suspended in a gel (6) which simulate a photo-stable point source. 1 μl of 100 nm TetraSpeck beads (T-7279, 

Thermo Fisher) were added to a 1 ml solution of 0.5 % Phytagel (P8169, Sigma-Aldrich) and 0.1 % MgSO4 in Milli-

Q water (18.3 MΩ/cm). The piezo stage was used to scan the sample over 10 μm in steps of 100 nm (see Fig. 

S3A). A 0.25 numerical aperture, 10x objective lens (FN22, Olympus) was used to image the beads due to its large 

depth of field. A Matlab (MathWorks, R2015a) script was used to fit three-dimensional Gaussian distributions to 

the acquired image stacks. The thickness of the sheet, as a function of axial distance along the light-sheet 

propagation direction, could be fitted (Fig. S3B) to determine the minimum beam waist of the sheet (ω0 = 550 nm, 

full width at half maximum, FWHM = 1.3 μm) and the Rayleigh length (10 μm). The thickness of the sheet is 

significantly smaller than that achieved using HILO excitation (FWHM = 6 μm (7) at 10 μm above the surface) and 

this implementation of the light sheet has a Rayleigh length well-suited to imaging T cells, which are about 10 μm 

in diameter. 

EpiFL and smLMS comparison 

Significant improvement in signal-to-noise-ratio (SNR) could be achieved by applying smLSM (Fig. S4). Note that 

this does not correspond to single-molecule SNR as the fabs have multiple labels (degree-of-labelling ~ 2). 

However, as the same individual cells are being compared, we are able to determine the relative improvements 

offered by smLSM. Because of the SNR improvement longer tracks (mean track length: EpiFL – 14.7, smLSM – 

21.9) were obtained. To provide a fair comparison the excitation power was kept similar in both conditions, which 

can be seen in the measured intensities (Fig. S5A). The reduction in background noise is also shown (Fig. S5B). 

Despite the improvement in signal a similar number of tracks were identified for the two imaging methods (Total 

tracks: EpiFL – 143, LSM - 132). This is caused by the significant noise and background present when imaging 

using EpiFL imaging (mean background (photons/pixel/frame): EpiFL – 25.1, smLSM – 6.5) resulting in numerous 

inaccurate localizations. Due to these localizations the diffusion coefficient determined by MSD analysis was 

different for the two methods (EpiFL - D = 0.115 μm2/s, smLSM - D = 0.066 μm2/s. This can be resolved by applying 

a larger SNR threshold (SNR=3: EpiFL - D = 0.063 μm2/s, D = 0.063 μm2/s) which also results in a significantly 

lower amount of tracks in the case of EpiFL (Total tracks: EpiFL – 72, smLSM - 116). The localization precision 

was also determined using the Peak Fit plugin for Imagej. The precision is similar in both cases (Median precision: 

https://en.wikipedia.org/wiki/Putty
https://en.wikipedia.org/wiki/Pressure-sensitive_adhesive
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EpiFL – 23.0 nm, smLSM – 21.1 nm), but again there were more localizations in the smLSM case due to the 

improved SNR (Localizations: EpiFL – 1071, smLSM – 2769). Note that the uncertainty in localization shifts the 

MSD curve, which is taken into account when fitting the MSD. Since we use the ensemble MSD curve for each 

cell, the uncertainty introduced by the localization error is minimal, as evidenced by our ability to measure diffusion 

coefficients below 0.01 µm2/s. We also compared the localization precision for smLSM with TIRFM as shown in 

Fig. S6B. 

Single-molecule imaging on the free surfaces of cells 

For smLSM imaging of cells, the custom made sample chamber coverslips were coated with PLL and IgG as was 

described for TIRFM. A lower density of cells (103/ml) was used to minimize scattering caused by the light sheet 

passing through cells, which is not an issue when using TIRFM imaging. Experiments were performed at room 

temperature and all cells were imaged within 10 minutes of sitting down on the coverslip. 

Measurements were also performed on cells suspended in gels, where potential effects induced by surface 

interactions could be eliminated. Low melting point agarose (A9414, Sigma-Aldrich) was dissolved in PBS by 

heating at a concentration of 2 % (w/v). The agarose solution was then placed in a heated water bath (37 °C). A 

10 μl suspension of labelled cells was mixed with 100 μl of the agarose solution, and the mixture was finally pipetted 

onto the sample chamber where it gelled within a few seconds. While the gelation temperature (26-30 °C) of the 

low-melt agarose used is below body temperature the melting point is much higher (<65 °C), such that brief gelation 

at room temperature creates a gel that is stable at 37 °C. It would thus be possible to use the developed platform 

at physiological temperatures. 

SLB preparation  

SLBs were prepared as described previously (1). Glass coverslips were cleaned for one hour using piranha solution 

(3:1 sulfuric acid/ hydrogen peroxide). After rinsing the slides with Milli-Q water (18.3 MΩ/cm) the slides were 

plasma cleaned for 30 minutes and a silicon well (Grace Bio-Labs) was attached to each slide. 20 μl of lipid vesicle 

solution consisting of 1 mg/ml of 95% 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 5% DGS-

NTA(Ni) (Avanti Polar Lipids, Alabaster USA), which binds to His-tags, was added to each PBS-filled silicone well 

and was incubated for 30 minutes. Wells were washed three times with PBS solution and 20 μl of protein solution, 

either His-rCD45rCD2 (labelled with Alexa Fluor 647) or His-ICAM1, at 30 μg/ml were added to each well. After 

one hour of incubation at room temperature the wells were washed three times with PBS. We also prepared some 

SLBs without any nickelated lipids and some with nickelated lipids that were blocked with 1% BSA in PBS for 15 

minutes followed by washing 3 times in PBS, to study the effect of charge on calcium release. 

Calcium triggering assay 

We slightly modified a standard calcium triggering assay used for identifying T-cell activation (8). Jurkat T cells 

were labelled with the calcium sensitive dye Fluo-4 (F14201, Thermo Fisher Scientific). Approximately 106 cells 

were incubated in 1 ml of cell culture medium with Fluo-4 at a final concentration of 5 nM 37 °C for 30 minutes. 

After incubation cells were washed and resuspended in 0.1 ml of cell culture medium (for agarose) or PBS (for 

coated glass surfaces) with 2.5 mM probenecid (P36400, Thermo Fisher Scientific). To study activation in agarose, 

the cell suspension was mixed in equal amounts with 2 % agarose and the final solution was deposited on a cover 

slip. To study activation on coatings, the cell suspension was directly deposited on coated coverslips. 

Cells were imaged in EpiFL mode with a 0.25 numerical aperture, 10× objective lens (FN22, Olympus), 1.5× internal 

magnification. A low power density of 1 W/cm2 was used to avoid laser-induced activation of T cells, which could 

be observed at higher powers. Time lapse sequences were taken using an exposure time of 100 ms and a cycle 

time of 1 s. TTL modulation of the laser was used to minimize the effect of excitation on activation. For cells in 

agarose, 1 μl of 25 μg/ml OKT3 (produced in the Davis lab) was added to the gel to artificially activate the cells. 

Given the large pore size of the agarose gel the OKT3 can diffuse towards the cells readily. 

Calcium triggering was analysed by tracking cells and monitoring intensity changes over time. A difference of 

Gaussians filter (pixel radii 1 and 5) was applied to remove noise and extract signal over background. The intensity 

for each cell was averaged in a 3x3 matrix centered on the peak intensity. The baseline intensity was determined 

by the threshold used in the tracking algorithm. This was confirmed to coincide with cells falling onto the surface. 

We then considered cells to be triggered when the peak intensity reached more than 2.5 times the baseline 

intensity. This threshold was based on the typical noise level for non-activating cells (Fig S9) and the typical 

increase in fluorescence on OKT3-coated surfaces (Fig S9). 
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Single-molecule tracking 

A Matlab script was used for single-molecule detection, tracking and diffusion analysis (9). A bandpass filter was 

applied to raw images, which enabled identification of local maxima. A signal-to-noise ratio (SNR) threshold of 3 

was then applied to these local maxima to select likely single-molecule localizations. The noise for each localization 

was calculated using the intensities of the pixels in a shell around the maxima. Pixels overlapping with other maxima 

were excluded from the SNR calculation. Selected localizations were linked together to form tracks (10). Only 

tracks longer than 4 frames were used for diffusion analysis. 

Mean square displacement (MSD) analysis 

The MSD (9) for each track was calculated. To determine the diffusion coefficient, an ensemble MSD curve was 

constructed by averaging the MSD of each track. The first 5 points of the ensemble MSD curve were then fitted 

using 𝑀𝑆𝐷 = 4𝐷𝑡 + 4𝜎2, where 𝑡 is time and 𝜎 is localization precision, to determine  the diffusion coefficient, 𝐷, 

for two-dimensional diffusion over the membrane (10). 

Simulations of 2D plane approximation 

The diffusion of 3000 randomly distributed particles about a 100 pixel diameter spherical surface was simulated 

over 300 time steps using Matlab (see end of SI for code). The diffusion coefficient was chosen such that most 

particles travel less than a pixel in a single time step.  For each pixel, the instantaneous diffusion coefficient was 

determined by averaging the jump distances of each particle that travelled through that pixel. A comparison was 

made between the known great circle distance (in 3D) and the ‘perceived’ 2D distance that would be projected to 

and recorded on the image plane by a detector. The reduction in diffusion coefficient due to the geometry of the 

sphere is shown in Fig. S15A. A profile of this reduction along the centre of the sphere is shown in Fig. S15B, which 

indicates that the maximum reduction in perceived diffusion coefficient occurs at the equator of the sphere where 

there is a 33 % reduction. If a 2 μm thick light sheet images the top of a T-cell, the radius of the 2D projection of 

the excited volume would be 3 μm for a 10 μm diameter T cell (corresponding to pixels 20-80 in Fig. S15B). In this 

case the maximum reduction in perceived jump distance is only 10%. This simulation neglects any membrane 

disarrangement or surface ruffles and assumes a perfectly spherical cell, nonetheless it demonstrates that the 

spherical geometry of the cell does not radically alter the recorded 2D diffusion coefficient as measured by both 

MSD and jump-distance analysis. 
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Supplementary tables 

Table S1: Ensemble MSD diffusion cofficient measurements. D – diffusion coefficient, n – number of cells, t – number 

of tracks, tL – mean track length. The error indicates the standard deviation of the cell-cell variation. TIRFM experiments 

probe the cell-glass interfaces whereas smLSM and agarose experiments probe the free cell surface. 

  TCR CD45 (μm2/s) 

  D (μm2/s) n t tL D (μm2s-1) n t tL 

TIRFM 
PLL 0.005±0.005 13 1040 31.5 0.033±0.014 16 1136 21.5 

IgG 0.068±0.021 15 965 19.0 0.040±0.012 14 567 17.7 

smLSM 
PLL 0.093±0.038 13 557 18.1 0.072±0.029 11 344 17.2 

IgG 0.079±0.023 10 422 18.7 0.095±0.020 11 367 15.8 

Agarose 

(smLSM) 
0.068±0.023 13 572 16.2 0.081±0.022 11 462 16.3 

Fibronectin 

(TIRFM) 
0.058±0.013 17 4836 19.3 0.057±0.019 12 1477 25.8 

rCD45rCD2 

bilayer (TIRFM) 
0.044±0.014 14 1351 12.0 0.064±0.013 16 2758 14.6 

Fixed cells 

(TIRFM) 
0.005±0.004 11 8539 23.5 - - - - 

Table S2: Jump distance analysis of single-molecule experiments. D – diffusion coefficient, R2 – goodness of fit, Dj – 

diffusion coefficient of population j, Fj – fraction of popluation j. Bold data indicates chosen fitting model based on D1 < 

0.03 and D2 > 0.03. 

  TCR CD45 

  1 pop 2 pop 1 pop 2 pop 

  D R2 D1 D2 F2 R2 D R2 D1 D2 F2 R2 

TIRFM 

PLL 0.007 0.97 0.004 0.015 0.50 0.99 0.013 0.90 0.006 0.041 0.55 0.99 

IgG 0.052 0.90 0.013 0.086 0.75 0.98 0.027 0.90 0.010 0.063 0.62 0.98 

smLSM 

PLL 0.085 0.96 0.054 0.169 0.48 0.99 0.080 0.92 0.031 0.132 0.70 0.97 

IgG 0.085 0.96 0.039 0.127 0.69 0.98 0.110 0.94 0.053 0.178 0.66 0.97 

Agarose 

(smLSM) 
0.097 0.94 0.054 0.185 0.56 0.98 0.093 0.94 0.038 0.146 0.71 0.98 

Fibronectin 

(TIRFM) 
0.049 0.94 0.015 0.076 0.75 0.99 0.050 0.95 0.020 0.082 0.70 0.99 

rCD45rCD2 

bilayer (TIRFM) 
0.032 0.92 0.01 0.057 0.71 0.99 0.042 0.90 0.01 0.067 0.77 0.99 

Fixed cells 

(TIRFM) 
0.012 0.95 0.005 0.025 0.61 0.99 - - - - - - 
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Supporting videos 

All movies show raw and unprocessed data. Contrast and brightness settings are identical across environments 

within each video. 

Video S1: TCR imaged on the same cell using Epifluorescence (left) and smLSM (right). The scale bar is 5 μm and the 

frame rate is 20 Hz. 

Video S2: smLSM and TIRFM imaging of the TCR in a single cell. The schematic on the top indicates the exciation 

method and position of the light sheet, which is scanned from bottom to the top of the cell. TCR is immobile at the 

basal surface and mobile on the apical surface. The scale bar is 5 μm and the frame rate is 20 Hz. 

Video S3: Sample TIRFM videos of TCR in cells resting on PLL (left) or IgG (mid) compared with imaging in agarose 

(right). The scale bar is 5 μm and the frame rate is 20 Hz. 

Video S4: Sample smLSM videos of TCR on the apical surface of 3 different T cells resting on either PLL (left) or IgG 

(mid) and suspended in agarose (right). The scale bar is 5 μm and the frame rate is 20 Hz. 

Video S5: TIRFM (left) and smLSM (right) video of TCR in Jurkat T cells resting on PLL. The TCR is expressed with a 

HaloTag protein that is labelled with Silicon Rhodamine. 

Video S6: Sample TIRFM videos of CD45 in cells resting on PLL (left) or IgG (mid) compared with imaging in agarose 

(right). The scale bar is 5 μm and the frame rate is 20 Hz. 

Video S7: Sample smLSM videos of CD45 on the apical surface of 3 different T cells resting on either PLL (left) or IgG 

(mid) and suspended in agarose (right). The scale bar is 5 μm and the frame rate is 20 Hz. 

Video S8: TIRFM imaging of a single CD45 protein in a T cell resting on IgG. The protein is initially dim and mobile. As 

it interacts with the surface (becomes brighter) it becomes immobilized. The tracks represent +-5 frames. The scale 

bar is 1 μm and the frame rate is 20 Hz. Visualization was performed with the Trackmate plugin for ImageJ. 

Video S9: Sample TIRFM videos of TCR (left) and CD45 (right) in cells resting on fibronectin. The scale bar is 5 μm and 

the frame rate is 20 Hz. 

Video S10: TIRFM video of membrane stain CellMask Deep Red showing how T-cell microvilli move around on ICAM-1 

SLBs. The scale bar is 2 μm, the exposure time is 600 ms, the frame rate is 1 Hz and the playback rate is 6x real time. 

Video S11: TIRFM video of Jurkat T cells spreading on PLL. TCR is labelled with Alexa Fluor 488-Fabs under saturating 

conditions. The scale bar is 2 μm, the exposure time is 100 ms, the frame rate is 1 Hz and the playback rate is 10x real 

time. 

Video S12: Two-colour TIRFM videos of Jurkat T cells spreading on various surfaces. CD45 is labelled with Alexa Fluor 

488-Fabs under saturating conditions and the membrane is labelled with CellMask Deep Red. The scale bar is 5 μm, the 

exposure time is 200 ms, the frame rate is 1 Hz and the playback rate is 10x real time. 
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Simulation code 

clear all 

parts = 3000;   %Number of particles 

r = 50;         %Radius of sphere 

frames = 300;   %Number of timesteps 

  

%Initialize positions 

x = zeros(parts,1); 

y = zeros(parts,1); 

z = ones(parts,1)*r; 

  

% Prebake - Evenly distributes particles on sphere surface 

for i = 1:100 

    for j = 1:parts 

        rotot = (rand(1,3)-0.5)/1; 

        M = rot3(rotot(1),rotot(2),rotot(3)); 

        res = [x(j),y(j),z(j)]*M; 

  

        x(j) = res(1); 

        y(j) = res(2); 

        z(j) = res(3); 

    end 

end 

  

% Simulate 

nDis = zeros(r*2);  %Number of particles travelled through nDis(x,y) 

dis = zeros(r*2);   %2D distance at dis(x,y) 

disGC = zeros(r*2); %Great circle distance at disGC(x,y) 

for i = 1:frames 

    for j = 1:parts 

        rotot = (rand(1,3)-0.5)/10;             %Set random rotation vector 

        M = rot3(rotot(1),rotot(2),rotot(3));   %Determine rotation matrix 

        res = [x(j),y(j),z(j)]*M;               %Apply rotation 

        d(i,j) = sqrt( (x(j)-res(1))^2+(y(j)-res(2))^2 );   %Calculate jump distance 

        Pd = [x(j),y(j),z(j)];  %Starting position 

        Ps = res';              %Post rotation position 

        rd(i,j) =  r*atan2(norm(cross(Pd,Ps)),dot(Pd,Ps));  %Calculate angle between Pd and Ps 

         

        xPos = floor(x(j))+r+1; %Find nearest integer position 

        yPos = floor(y(j))+r+1; %Find nearest integer position 

        nDis(xPos,yPos) = nDis(xPos,yPos)+1;    %Count local number of particles 

        dis(xPos,yPos) = dis(xPos,yPos)*(nDis(xPos,yPos)-

1)/nDis(xPos,yPos)+d(i,j)/nDis(xPos,yPos);         %2D jump distance 

        disGC(xPos,yPos) = disGC(xPos,yPos)*(nDis(xPos,yPos)-

1)/nDis(xPos,yPos)+rd(i,j)/nDis(xPos,yPos);    %Real jump distance 

        x(j) = res(1);  %Update positions 

        y(j) = res(2); 

        z(j) = res(3); 

    end 

    i   %Display current frame 

end 

  

%Plot results 

subplot(1,2,1) 

imagesc(dis./disGC); 

colorbar 

subplot(1,2,2) 

plot(1:100,dis(50,:)./disGC(50,:)); 

 

%Function for applying spherical rotation 

function M = rot3(roll,pitch,yaw) 

    rM=[1    0           0; 

        0    cos(roll)   sin(roll); 

        0    -sin(roll)  cos(roll)]; 

    pM=[cos(pitch)      0       -sin(pitch); 

        0               1       0; 

        sin(pitch)      0       cos(pitch)]; 

    yM=[cos(yaw)        sin(yaw)        0; 

        -sin(yaw)       cos(yaw)        0; 

        0               0               1]; 

    M = rM*pM*yM; 

end 
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