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subcellular-sized region of interest (ROI), 
limiting its ability to investigate dynamics 
within the complex shapes and geometries 
that characterize most biological systems, 
e.g., the plasma membrane, cellular orga-
nelles, and the actin cytoskeleton.

In a typical FRAP experiment, a small 
ROI within the cell is bleached by a short 
exposure to high-power laser light,[5–7] 
and the subsequent recovery of fluores-
cently tagged molecules is monitored over 
time.[5,8] The shape of the FRAP recovery 
curve, the so-called mobile fraction, cap-
tures the complexity of the underlying 
molecular dynamics of interest. Using a 
theoretical model or numerical simula-
tions of the molecular dynamics combined 
with knowledge of the recovery time(s) 
of the respective molecule, the dynamics  

can be inferred.[2,9,10] Analysis of the recovery curve can reveal 
whether a molecule undergoes reaction kinetics or diffusion 
dynamics or a combination of both processes.[3] The presence of 
a substantial immobile fraction may result from a loss of fluores-
cence due to imaging, immobile molecules, or may signify that 
recovery has been followed over a duration that is short in com-
parison with the molecules’ actual recovery time.[3] In FRAP, the 
ROI size and the image acquisition rate can be independently 
adjusted within a given dynamic range as offered by the micro-
scope scanning hardware.[1,11,12] To this end, free diffusion and 
anomalous sub-diffusion processes can be identified and differ-
entiated from reaction kinetics by examining recovery in regions 

Quantifying molecular dynamics within the context of complex cellular mor-
phologies is essential toward understanding the inner workings and function 
of cells. Fluorescence recovery after photobleaching (FRAP) is one of the most 
broadly applied techniques to measure the reaction diffusion dynamics of 
molecules in living cells. FRAP measurements typically restrict themselves 
to single-plane image acquisition within a subcellular-sized region of interest 
due to the limited temporal resolution and undesirable photobleaching 
induced by 3D fluorescence confocal or widefield microscopy. Here, an exper-
imental and computational pipeline combining lattice light sheet microscopy, 
FRAP, and numerical simulations, offering rapid and minimally invasive 
quantification of molecular dynamics with respect to 3D cell morphology is 
presented. Having the opportunity to accurately measure and interpret the 
dynamics of molecules in 3D with respect to cell morphology has the poten-
tial to reveal unprecedented insights into the function of living cells.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smtd.202200149.

1. Introduction

Biomolecules continuously undergo reaction and diffusion 
dynamics in living cells. Quantification of these dynamics 
is profoundly important in the characterization and under-
standing of cellular function.[1,2] Fluorescence recovery after 
photobleaching (FRAP) is one of the most successful and 
broadly applied methodologies to quantify molecular dynamics, 
largely owing to its versatility to measure at sub-second 
time-scales, its ease of implementation, and its reliance on 
nonspecialist equipment.[3,4] Yet, conventional FRAP is com-
monly restricted to single-plane image acquisition within a 
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of different radii because reaction kinetics are length-scale inde-
pendent in contrast to diffusion.[3,13] Moreover, analysis of the 
direction of recovery can reveal contributions of convective flow 
and the topology of the underlying cellular architecture.[14]

The sensitivity of FRAP is critically dependent on the acqui-
sition rate and the loss of fluorescence due to the total illumi-
nation duration. Experimentally, the temporal resolution is 
imposed by the scan speed in the case of a confocal system and 
the camera readout speed in the case of a widefield system. 
Loss of fluorescence due to imaging depends on the quality of 
the fluorescent dye and thus the photon budget, the acquisition 
laser power, and the total FRAP illumination duration required 
to monitor full fluorescence recovery. Historically, these limi-
tations have enforced single-plane image acquisition of subcel-
lular regions which restricts FRAP in several ways. Single-plane 
imaging provides minimal information as to the wider cellular 
context in which the FRAP recovery takes place. Such informa-
tion is important since cellular structures or organelles outside 
of the imaging volume may contribute to the observed recovery. 
Moreover, within many biological systems of interest, e.g., the 
plasma membrane, or cellular organelles, the distribution of 
molecules within the bleach ROI may not be homogenous. 
The distinct and highly variable geometries that define these 
structures vary on length scales that are often smaller than the 
bleach ROI, thus the quantification of their specific geometry is 
vital toward accurately quantifying molecular dynamics within 
their volume or on their surface.[15] Crucially, by imaging only 
a single plane, volumetric information regarding the 3D cell 
morphology is overlooked and as a consequence, assuming a 
planar geometry for the fluorescent recovery when the under-
lying cell geometry is curved can lead to errors in the estima-
tion of molecular dynamics[16] (see Section S1 and Figure S1, 
Supporting Information). While confocal microscopy has been 
successfully applied to study diffusion dynamics in complex 
volumes and surfaces, such as the endoplasmic reticulum (ER), 
its acquisition speed is limited by the need to scan at each point 
within the sample, making the assessment of rapidly moving 
molecular components challenging.[15,17–19] In addition, confocal 
scanning introduces large amounts of light into the sample 
above and below the focal plane causing undesirable photo-
bleaching and leading to difficulties interpreting fluorescence 
recovery.[15]

To effectively capture molecular dynamics within complex 
biological morphologies, a microscopy technique is required 
that provides good optical sectioning, minimal photobleaching, 
and rapid acquisition rates. Exciting fluorescence using a sheet 
rather than a single point of light has proved to be an effec-
tive means of circumventing many of the above limitations. 
This approach was utilized by Rieckher et  al. in combination 
with FRAP to measure spatio-temporal protein dynamics in 
small model organisms using a light sheet of 10 µm in thick-
ness.[20] Similarly, a related light sheet technology, selective 
plane illumination microscopy, was recently combined with 
FRAP to measure the 2D spatial variation of intranuclear dif-
fusion.[21] To resolve dynamics within the complex 3D cellular 
and subcellular environment, lattice light sheet microscopy 
(LLSM) uniquely maintains the optical sectioning capabilities 
of confocal microscopy, producing a light sheet of ≈400 nm in 
thickness, while gaining huge increases in acquisition speed 

owing to use the camera-based acquisition.[22] These advan-
tages were recently harnessed to examine the effects of targeted 
photo-stimulation within rodent hippocampal brain slices.[23] 
Critically, the LLSM technology permits rapid 3D imaging, 
providing a means to capture not only the recovery within 
3D ROIs, but also to capture the wider cellular context within 
which the recovery takes place, facilitating the interpretation of 
molecular dynamics with reference to the cell as a whole.

Despite recent progress in this area, there remains a need to 
establish a generalized experimental and analysis pipeline that 
permits FRAP within biological systems that exhibit complex 
3D morphologies. The combination of FRAP and LLSM pro-
vides a powerful experimental platform with which to investi-
gate molecular dynamics within such complex environments, 
however because it provides the potential to bleach an arbitrary 
volume at any desired position within the cell, it presents a sig-
nificant challenge for conventional analysis pipelines. Typically, 
in a 2D-FRAP analysis, the intensity within the defined bleach 
ROI, often a circle or a square is integrated, and the resulting 
1D recovery is fit using analytical expressions that are only valid 
for specifically defined experimental conditions.[3,4,24] In LLSM-
FRAP, it is not possible to apply these established models, 
since the initial conditions and complex 3D morphologies 
resulting from the bleach are not easily formulated into an ana-
lytical expression. As a remedy, numerical simulations provide 
an effective means to quantify molecular dynamics within the 
complex morphologies that characterize biological systems.[15,17]

Here, we demonstrate the power and flexibility of combining 
LLSM, FRAP, and numerical simulations by investigating the 
diffusion dynamics of lipids and proteins in morphologically 
diverse regions of the cellular plasma membrane and of the cor-
tical actin network in activating T-cells. Taking advantage of the 
ability of LLSM to rapidly image the whole cell volume during 
FRAP recovery, numerical simulations could be performed 
whereby the morphology of the cellular structure of interest 
was extracted from LLSM imaging and the transport process 
simulated subject to the specific 3D membrane geometry and 
the initial conditions defined by the FRAP bleach ROI (see the 
Experimental Section). We find that LLSM-FRAP can robustly 
extract diffusion dynamics within the low curvature apical T-cell 
membrane and highly curved lamellipodium during antigen 
stimulation. In addition, LLSM-FRAP was applied to quantify 
the dynamics of the actin cytoskeleton, revealing that the retro-
grade flow of actin at the immune synapse extended from the 
lamellipodial contact interface to the apical cortical actin sur-
face of the T cell, highlighting the experimental need for robust 
dynamic quantification within the context of the cell, enabling 
novel insights into physiological molecular dynamics of living 
cells.

2. Results

To investigate molecular dynamics within the context of 3D cell 
morphology, we utilized the LLSM imaging platform equipped 
with a photobleaching laser (see Experimental Section), 
allowing for rapid 3D volumetric imaging of living cells in addi-
tion to control over the location and size of the photobleaching 
region of interest within the cell (Figure 1a).

Small Methods 2022, 2200149



www.advancedsciencenews.com www.small-methods.com

2200149 (3 of 11) © 2022 The Authors. Small Methods published by Wiley-VCH GmbH

To illustrate the experimental power of LLSM-FRAP in com-
bination with numerical simulations, we demonstrate its appli-
cation to both lipophilic dye and membrane protein diffusion 
on the surface of stimulated living T-cells undergoing activa-
tion via T-cell receptor stimulation (TCR) with anti-CD3 and 
the formation of an immunological synapse. The dynamics of 
both lipids and proteins within the T-cell membrane play a key 

role during T-cell activation,[25,26] yet how their dynamics varies 
over the cell membrane remains unclear. Specifically, when 
in contact with an antigen-coated surface, T-cells form a large 
contact area with an actin-rich lamellipodium at its periphery. 
Consequently, activating T-cells show distinct areas of complex 
surface morphology that extend in the axial direction, with the 
apical surface showing a low curvature, while the lamellipodial 

Figure 1. Schematic of LLSM-FRAP experiments and numerical analysis pipeline. a) Schematic outlining the LLSM-FRAP setup. A Bessel beam is 
laterally scanned to create a light-sheet, while piezo scanning sweeps the sample through the illuminating light sheet. Excited fluorescence light is 
captured by an objective whose focal plane coincides with the optical axis of the illumination light sheet. A point scanning FRAP laser is coupled into 
the emission objective, allowing selective bleaching at any position within the imaging volume. b) The FRAP acquisition pipeline can be outlined 
in four steps: 1) The bleach volume for a given laser power and duration is calibrated using dye molecules immobilized within the polyacrylamide 
hydrogel. Scale bar is 5 µm. 2) After acquiring a volumetric image of the cell of interest, the bleach ROI is defined. Scale bar is 5 µm. 3) The bleach 
program is executed with predefined laser power and duration. 4) LLSM imaging is initiated at sufficiently high frame rate to capture FRAP recovery. 
c) To extract the fluorescence recovery curve from the raw LLSM imaging (1), the cell surface is extracted, and a triangulated surface mesh defined (2). 
The recovered intensity is normalized to the membrane surface area within the bleach ROI (cyan) and a control ROI (magenta) is extracted to correct 
for photobleaching. Scale bar is 5 µm. d) In order to quantify the diffusion coefficient of the molecule of interest, a numerical simulation is performed 
based on the surface geometry and bleach ROI of the cell of interest. The cell surface is defined as a level set, and a numerical method is used to solve 
the diffusion equation for molecules on the cell surface. The resulting simulated recovery curve is fit to the experimental data, yielding the geometry-
corrected diffusion coefficient for the molecule of interest.
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region shows high curvature. Crucially, the diversity of mor-
phologies exhibited by activating T-cells make the application 
of conventional FRAP approaches challenging, primarily due to 
their reliance on slow axial scanning which would fail to cap-
ture both the cell morphology and fluorescence recovery with 
sufficient temporal resolution. In contrast, LLSM-FRAP can 
capture the complex morphology of the underlying membrane 
and permits rapid volumetric imaging of the recovery within 
the context of the whole cell.

Before conducting FRAP experiments in cells, it was neces-
sary to calibrate the photobleaching volume of the LLSM-FRAP 
microscope. This was done by photobleaching a polyacrylamide 
gel sample loaded with immobilized fluorescent dye molecules 
(see the Experimental Section, Figure  1b-1). By varying the 
 photobleaching laser power, the bleach duration, and scan area, 
it was possible to tune the size of the photobleaching volume, 
which was chosen to have a diameter of ≈4 µm. It should be 
noted that for a given bleach volume, because of the nature of 
the focused light, molecules above and below to focused beam 
are also subject to photobleaching. Crucially, in contrast to con-
focal-based FRAP approaches, LLSM imaging allowed for the 
whole cell volume to be captured at every time step, meaning 
the exact extent of the bleached region could be assessed for 
each experiment.

Following calibration, a typical LLSM-FRAP acquisi-
tion pipeline involved first selecting the cell of interest, fol-
lowed by defining the shape, size, and position in 3D space 
of a bleach ROI (see the Experimental Section, Figure  1b-2). 
Next, the photobleaching program was defined based on the 
calibration results, specifying the duration and power of the 
 photobleaching laser. In addition, the volumetric image acqui-
sition parameters were defined, including the exposure time, 
stack number, and axial spacing. Once the microscope was set-
up, the bleach program was initiated, immediately followed 
by the volumetric image acquisition, and continued until the 
bleach recovery was complete (Figure  1b-3,4). The duration of 
the bleach program and the time between the beach and the 
volumetric image acquisition of the fluorescent recovery were 
minimized to avoid the undesirable effects introduced by the 
presence of diffusion during the bleaching phase.[9]

To quantify the dynamics of the fluorescence recovery, the 
recovered intensity signal was extracted from the raw LLSM 
imaging by analyzing the total intensity within the bleach ROI 
normalized to the area of the cell membrane contained within 
the bleach ROI (see the Experimental Section; Figure  1c). To 
account for the loss of fluorescence due to photobleaching 
of the sample, the recovery was corrected by analyzing the 
intensity within a control ROI, far from the bleach ROI, also 
normalized for the cell membrane area contained within the 
ROI. To achieve this, the cell surface was extracted from the 
raw LLSM imaging (Figure  1c-1) and transformed into a com-
putationally defined triangular mesh (Figure  1c-2, see the 
Experimental Section). This allowed for the bleach and con-
trol ROIs to be defined in 3D, and their position and overlap 
with the surface area of the cell to be quantified (Figure 1c-3). 
Crucially, together with the post-bleach fluorescence distribu-
tion on the cell membrane, this computational mesh served 
as an input to a numerical simulation for each LLSM-FRAP 
experiment (Figure 1c-1). Solving the diffusion equation on the 

curved plasma membrane surface allowed the evolution of the 
fluorescence recovery to be simulated (see the Experimental  
Section, Figure  1c-2). In this way, a simulated recovery curve 
was obtained, which could be fit to the experimental recovery 
curve allowing the diffusion coefficient of the species of interest 
to be quantified (Figure 1c-3).

To assess the mobility of the lipid component of the plasma 
membrane, the T-cell membrane was labeled with Cell Mask, 
a lipophilic dye molecule which readily incorporates into the 
plasma membrane of living cells. Allowing the cells to interact 
with a stimulating glass surface for 10 min led to the forma-
tion of stable cell contacts, mimicking the formation of the 
immunological synapse. To quantify the diffusion dynamics 
of the membrane in both the apical and lamellipodial regions, 
we collected a series of FRAP recordings across these two dis-
tinct zones. To avoid excessive bleaching of the total fluorescent 
pool within each cell, a single LLSM-FRAP acquisition was 
performed per cell. The initial post-bleach fluorescence distri-
bution for a representative cell bleached in the lamellipodial 
region is shown in Figure 2a. As is clear from the XZ orthog-
onal view, the volumetric LLSM imaging reveals a bleach region 
(dashed box, Figure  2a) containing both the lower membrane 
in contact with the substrate and the upper side of the lamel-
lipodium allowing the bleach area to be correctly calculated (see 
the Experimental Section, Figure  2a). Over the course of the 
10 s recording, a full volume of the cell was acquired every 0.4 s, 
allowing the diffusive recovery of the Cell Mask to be tracked 
over time (Movie S1, Supporting Information). To extract the 
diffusion coefficient of the observed recovery, a simulation was 
defined based on the geometry of the cell surface and the ini-
tial condition of the bleach ROI. The lower panel of Figure 2a 
illustrates the recovery on the simulated cell surface, displaying 
the recovery of the bleach ROI over time (Movie S2, Supporting 
Information). Integrating the intensity of the recovery within 
the bleach region resulted in a simulated recovery curve, which 
was then fit in time to the experimentally acquired recovery 
curve (see the Experimental Section), resulting in an experi-
mental diffusion parameter of 1.27 µm2 s−1. Using the same 
approach, we next conducted a FRAP experiment where the 
apical surface of the activating T-cell was bleached (Figure  2b 
and Movie S3, Supporting Information). Similarly, the simula-
tion and fit to experimental recovery curve resulted in an exper-
imental diffusion coefficient of 1.35 µm2 s−1 (Figure  2b and 
Movie S4, Supporting Information).

By performing a series of FRAP experiments and corre-
sponding simulations, both the diffusion and immobile fraction 
of Cell Mask on the surface of activating T-cells at the apical and 
lamellipodium surfaces were quantified (Figure 2c). The diffu-
sion coefficient measured at the lamellipodium (DLP  = 1.09 ±  
0.33 µm2 s−1, N  = 3 cells, mean and standard deviation) was 
slightly slower than that observed at the apical surface (DA  = 
1.38 ± 0.37 µm2 s−1, N = 3 cells, mean and standard deviation). 
Because LLSM allows the surface geometry of the cell to be 
quantified, the diffusion coefficient can be straightforwardly 
plotted against membrane curvature, revealing a negative cor-
relation (r = −0.63). Because the bleach region within the lamel-
lipodium contained membrane regions at the basal and apical 
surface, we sought to investigate the diffusion coefficients 
within these two regions independently using a combination of 
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confocal 2D-FRAP and fluorescence correlation (FCS) spectro-
scopy. Confocal 2D-FRAP of Cell Mask at the basal membrane of 
T-cells activating on anti-CD3-coated glass revealed a comparable 

diffusion coefficient to those measured by LLSM-FRAP 
(DCF = 1.88 ± 0.63 µm2 s−1, N = 19 cells, median and standard 
deviation, Figure S2a,b, Supporting Information). Similarly, 

Figure 2. Contextual volumetric LLSM-FRAP to quantify the diffusion dynamics of biomolecules in activating T cells. a) Upper—Maximum projection, 
volume rendering, and vertical slice of the post bleach fluorescence distribution of Cell Mask DeepRed (DR) molecules within the membrane of an 
activating T-cell. The dashed box shows the bleach ROI within the lamellipodium of the cell. Scale bar is 5 µm. Middle—temporal snapshots of the 
fluorescence recovery from the vertical and lateral projection of the cell membrane at the bleach ROI. White dashed region indicated the extent of the 
bleach ROI. Lower-left panel displays a map of the membrane mean curvature of the cell body, showing regions of high curvature at the cell lamel-
lipodium and lower curvature of the apical surface of the cell. Lower—right panels show corresponding simulated diffusive recovery computed in the 
extracted cell surface geometry. The progression of the simulation over time shows the recovery of the fluorescence intensity within the bleach ROI. 
b) The equivalent representation of the LLSM-FRAP data as shown in part (a) but this time for a bleach ROI at the upper apical region of the cell.  
c) Upper—A plot showing the raw (dotted lines) and simulated (solid lines) recovery of Cell Mask within the activating T-cell membrane from both the 
high-curvature lamellipodial (LP) regions (orange) of the cell and the low-curvature apical surface (blue). Middle—Box plot showing the measured dif-
fusion coefficients and immobile fraction for each region of the cell. Lower—Correlation between the diffusion coefficient and ROI membrane curvature 
for each cell. Panels (d)–(f) show the equivalent representations for the diffusion of biotinylated membrane proteins as labeled with Streptavidin-647 
within the T-cell membrane during activation in both the lamellipodial and apical membrane.
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FCS of Cell Mask diffusion under the same conditions revealed 
comparable values of the diffusion coefficient (DFCS-Basal = 1.55 ± 
0.32 µm2 s−1, N = 30 cells, median and standard deviation, Figure S2c,  
Supporting Information). Interestingly, a similar trend to that 
observed using LLSM-FRAP toward faster diffusion in the apical 
compared to basal cell membrane was present in the FCS data, 
suggesting an influence of the substrate on membrane diffu-
sion (DFCS-Apical = 2.08 ± 0.39 µm2 s−1, N = 30 cells, median and 
standard deviation). This was supported by a further decrease 
in the Cell Mask diffusion coefficient using a surface coating 
of the highly charged polymer, poly-L-lysine (DFCS-Basal PLL  = 
1.18 ± 0.27 µm2 s−1, N  = 29 cells, median and standard devia-
tion, Figure S2c, Supporting Information). Taken together, these 
results suggest that the overall diffusion coefficient measured by 
LLSM-FRAP within the lamellipodium could be influenced by 
both high membrane curvature at the cell periphery and mem-
brane substrate interactions.

Next, to evaluate the corresponding diffusion of proteins 
within the plasma membrane, the T-cell surface was bioti-
nylated and subsequently labeled with streptavidin conjugated 
to Alexa 647, fluorescently tagging proteins accessible on the 
cell membrane. Note, while this method presents an effective 
means of labeling membrane proteins, the use of streptavidin 
may lead to the formation of protein clusters. Again, allowing 
the cells to interact with a stimulating glass surface for 10 min 
led to the formation of stable cell contacts. Similarly, a series 
of FRAP experiments was conducted in the lamellipodial 
region (Figure 2d), as well as the apical membrane (Figure 2e 
and Movies S5–S8, Supporting Information). In each case, 
the initial bleach condition and the cell surface geometry were 
recovered from the raw imaging and a simulation performed, 
yielding a simulated recovery curve. The diffusion coefficient 
estimation and immobile fractions for both regions are sum-
marized in Figure 2f. As expected, the overall rate of diffusion 
for the membrane proteins is around 20 x slower than for Cell 
Mask (DA = 0.04 ± 0.02 µm2 s−1, N = 3 cells and DLP = 0.03 ± 
0.02 µm2 s−1, N = 3 cells, mean and standard deviation). In this 
case, 2D-FRAP control measurements conducted at the basal 
plane showed comparable values to those obtained by LLSM-
FRAP (DCF  = 0.05 ± 0.03 µm2 s−1, N  = 16 cells, median and 
standard deviation).

Having quantified the diffusion of molecules within the 
plasma membrane, LLSM-FRAP was next employed to investi-
gate directed transport phenomena in living cells. T-cell activa-
tion is known to be characterized by the centripetal retrograde 
flow of actin toward the center of the immunological synapse, 
which plays an important role in the organization and active 
transport of key signaling molecules.[27,28] Using LLSM-FRAP, 
we sought to further investigate how the filamentous actin 
flow varied over the surface of the whole cell during activa-
tion. By imaging the actin cytoskeleton in an activating T-cell 
using LLSM alone, it was possible to observe a distinct dynamic 
behavior; not only was the actin cytoskeleton flowing in the 
plane of the synapse, but a flow was also observed on the apical 
surface of the cell (Figure 3a,b), similar to that reported previ-
ously.[29] By tracking features on the apical surface, it was pos-
sible to crudely quantify the velocity of this flow, which was 
found to be 100 ± 40 nm s−1, in line with the flow rates that 
have been quantified at the T-cell synapse[30] (Figure  3a,b and 

Movie S9, Supporting Information). Finally, taking advantage of 
LLSM-FRAP, an ROI was bleached near the periphery of the 
contact area and the recovery of the actin flow monitored over 
time. The bleach region recovered in a directed manner, indi-
cating a dominant polymerization of actin at the leading edge, 
rather than in the bulk of the lamellipodium. Crucially, this 
allowed for a robust quantification of the velocity of the flow 
by creating a distinct feature that could be tracked with refer-
ence to the cell morphology over time (Figure  3c and Movie 
S10, Supporting Information). By tracking the advancing front 
of newly polymerizing actin at the apical surface of the cell, 
the flow was quantified assuming a constant velocity over the 
measurement zone giving a value of 105 ± 20 nm s−1 (N = 10 
cells, mean and standard deviation), consistent with the feature 
tracking approach (Figure 3d,e). This result, which is in agree-
ment with previous observations,[29] indicates that cytoskeletal 
flows are present at both the immunological synapse interface 
and on the apical surface during T-cell activation, which could 
have important implications for our understanding of the active 
transport of signaling molecules during activation.

3. Discussion

LLSM has provided researchers with a powerful means of 
assessing rapid volumetric cellular and subcellular dynamics. 
By combing LLSM and FRAP together with a numerical sim-
ulation analysis pipeline, we have demonstrated the ability of 
LLSM-FRAP to provide quantitative measurements of mole-
cular dynamics across the volume of the cell. Crucially, by 
looking at the diffusion of the protein and lipid component 
of the plasma membrane within different regions of the T-cell 
membrane during activation, we have shown the potential of 
LLSM-FRAP to assess dynamics within morphologically com-
plex regions of the cell.

Owing to the rapid volumetric acquisition made possible 
by LLSM (<1 s per cell volume), LLSM-FRAP was able to cap-
ture the local geometry of the bleach ROI as well as the wider 
cellular context of the dynamics of interest. This provides a 
key advantage over conventional widefield or confocal FRAP 
approaches, where limited optical sectioning or axial scanning 
rates restrict these modalities to very slowly evolving biological 
phenomena. The ability to contextualize the dynamic quantifi-
cation will be critical in determining the exact structures that 
have been bleached, and indeed the local environment of the 
bleach region, including morphology, species density, and 
distribution, facilitating more precise and quantitative FRAP 
measurements. In this work, we have demonstrated the poten-
tial of combining quantification of cell morphological features, 
such as curvature, and dynamic measurements of membrane 
diffusion. While more work is required to firmly establish the 
correlation between these two measures, LLSM-FRAP provides 
a powerful platform by which to carry out such measurements. 
Specifically, future work should focus on investigating the 
molecular mechanisms that may influence diffusion dynamics 
within curved membranes, such as a lipid packing, protein 
localization, and membrane–cytoskeleton interactions.[31] It 
should also be noted that the finite spatial resolution inherent 
to fluorescence microscopy limits the spatial resolution of the 
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Figure 3. Contextual volumetric LLSM-FRAP reveals that the retrograde actin flow extends to the apical cortical surface in activating T cells. a) Left—3D 
projection of LLSM imaging of an activating T-cell expressing actin-SNAP and labeled with SNAP-cell-505. Middle—temporal projection of the max-
imum projection of the actin distribution within the T-cell. Right—Tracking of actin features on the T-cell surface over the course of the 90 s recording, 
together with a histogram showing the distribution of the feature velocities with a mean of 100 ± 40 nm s−1. Scale bar is 5 µm. b) 3D projection of 
LLSM imaging overlaid with the 3D feature tracking, with the color of features indicating its z-position from 0 to 14 µm at each time point. Scale bar is 
5 µm. c) Upper—3D projection snap-shots of LLSM imaging after photobleaching a volume within the lamellipodium, showing the recovery of actin at 
the leading edge. The white line shows the progression of the recovery at each time-step. Lower—vertical slices showing the equivalent actin recovery 
post bleach, indicating the flow of the actin over the apical surface of the activating T-cell. Scale bar is 5 µm. d) Upper, left—1D contour overlay of the 
cell surface. Upper, right—Corresponding kymograph for the dashed contour, showing the progression of the actin recovery over the apical surface. 
Lower—Temporally colored line plot, showing the distribution of actin over time within the 1D contour. e) Left—A linear fit applied to the tracking 
of the leading edge progression of actin recovery, allowing the velocity to be quantified. Right—Quantification of the actin recovery velocity following 
LLSM-FRAP and 1D contour tracking, revealing a velocity of 105 ± 20 nm s−1 (N = 10).
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cell morphologies extracted from the LLSM imaging, thus 
interpretation of diffusion on such surfaces should consider 
the possibility that sub-diffraction features within the mem-
brane which may differ between the apical and basal surfaces 
are likely to influence the overall dynamics and concentration 
of membrane components.[31–33]

To extract quantitative measures of the observed dynamics, 
such as diffusion coefficients, because LLSM-FRAP operates 
in 3D+time and allows for the photobleaching of arbitrary vol-
umes, it necessitates a numerical simulation approach. In the 
current work, only freely diffusing molecules were considered 
to contribute to the fluorescent recovery, thus any recovery that 
was a consequence of other transport phenomena could lead to 
errors within the analysis pipeline. To increase the generality of 
this approach, future works should be directed at allowing for 
the simulation of other transport processes, e.g., reaction and 
convection processes.[34] In addition, in this study, diffusion was 
restricted to the surface of the cell, thus coupled reaction–dif-
fusion processes between membrane and the cytoplasm were 
not considered. Extending the simulation framework to consid-
erations of reaction kinetics would provide an elegant way for-
ward allowing to investigate reaction–diffusion processes in the 
cytosol as well as any coupling between cytoskeletal dynamics 
and membrane bound proteins and lipids.

Complementary to the quantification of diffusion dynamics, 
LLSM-FRAP allows for directed transport phenomena to be 
determined from the LLSM imaging. We investigated the ret-
rograde flow of the lamellipodial and cortical actin cytoskeleton 
associated with immunological synapse formation. LLSM-
FRAP provided a robust means of quantifying the actin flow 
rate at the T-cell surface, which would be very challenging to 
achieve using other widefield or confocal FRAP approaches, 
primarily due to their limited acquisition rates in 3D and the 
associated increases in photobleaching and photo-toxicity. 
Intriguingly, LLSM imaging revealed that the actin flow was 
present at the basal contact area of cell, consistent with previous 
observations, but also extended to the apical cortical actin sur-
face.[29,30] The retrograde flow of actin at the immune synapse 
has been shown to be crucial for controlling the active transport 
of key signaling molecules, such as the T-cell receptor. Thus, 
the presence of this flow observed over the apical surface of the 
cell may be important in restricting transport or facilitating the 
transport of other molecules away from the contact interface at 
the immunological synapse.

To further extend the application of LLSM-FRAP, the micros-
copy would benefit from improvements in aberration correction 
and sample-adaptive optics, allowing well-defined FRAP bleach 
regions to be defined deep within more complex biological 
samples, moving beyond single cells to tissue and organisms 
in vivo.[34] Quantifying reaction and diffusion dynamics of bio-
molecules with specificity to the context of their cellular and/or 
tissue environment may thus become the method of choice to 
further our understanding of the inner workings and function 
of living cells and their surroundings.

LLSM-FRAP provides an experimental and computational 
framework for quantifying contextualized molecular dynamics 
applicable to many cell and tissue types. The combination of 
dynamic techniques like FRAP with LLSM represents a pow-
erful path toward understanding molecular dynamics within 

the native cellular environment and paves the way for the com-
bination of other dynamic techniques with advanced volumetric 
imaging offering the potential to open-up unprecedented 
insights into molecular physiology of living cells.[35]

4. Experimental Section
Cell Culture: Jurkat T cells were cultured in sterile RPMI (Sigma-

Aldrich) supplemented with 10% FCS (Sigma-Aldrich), 2 × 10−3 m 
L-glutamine (Sigma-Aldrich), 1 × 10−3 m sodium pyruvate (Sigma-
Aldrich), 10 × 10−3 m Hepes (Sigma-Aldrich), and 1% penicillin-
streptomycin-neomycin solution (Sigma-Aldrich). Cells were maintained 
at 37 °C and 5% CO2 during culturing, and handling was performed in 
HEPA-filtered microbiological safety cabinets. Typically, cells were kept at 
a density between 5 × 105 and 9 × 105 cells mL−1.

Cell Transduction: Jurkat-T cell lines stably expressing SNAP-actin 
were generated using a lentiviral transduction strategy. HEK-293T 
cells were plated in six-well plates at 3 × 105 cells mL−1, 2 L per well in 
Dulbecco’s modified Eagle’s medium (Sigma-Aldrich) + 10% FCS. Cells 
were incubated for 24 h at 37 °C and 5% CO2 before transfection with 
lentiviral packaging vectors p8.91 and pMD.G and the relevant pHR-SIN 
lentiviral expression vector using GeneJuice (Merck Millipore) as per the 
manufacturer’s instructions. 48 h after transfection, the cell supernatant 
was harvested and filtered using a 0.45 mm Millex-GP syringe filter 
unit to remove detached HEK-293T cells. 3 mL of this virus-containing 
medium was added to 1.5 × 106 Jurkat T cells in 3 mL of supplemented 
RPMI medium. After 48 h, cells were moved into 10 mL of supplemented 
RPMI and passaged as normal.

Cell Fluorescence Labeling: Dynamics of the plasma membrane were 
monitored by Cell Mask Deep Red (Thermofisher, UK). Fluorescence 
labeling was achieved by first washing 1 × 106 Jurkat T-cells three times 
in phosphate-buffered saline (PBS), followed by resuspension in 1 mL 
Leipnowitz (L-15) medium (Merck, UK) containing a 1:10 000 dilution 
of Cell Mask Deep Red (0.5 µg mL−1). Cells were then incubated with 
the dye solution for 10 min at 37 °C. Cells were then centrifuged and 
resuspended in fresh L15 and imaged immediately.

Cell surface biotinylation was achieved by first washing 1 × 106 Jurkat 
T-cells three times in PBS, followed by resuspension in 1 mL PBS 
containing 2 × 10−3 m of the cell-impermeable biotinylation reagent 
EZ-Link Sulfo-NHS-LC-Biotin (Thermofisher, UK), targeting primary 
amines present on cell membrane proteins. Cells were incubated in 
the biotinylation solution for 30 min at room temperature (RT). Cells 
were then washed three times with PBS to remove any unbound Sulfo-
NHS-LC-Biotin. To visualize the membrane proteins using LLSM, the 
biotinylated cells were incubated with a solution of Streptavidin-Alexa-647 
(Thermofisher, UK) at a concentration of 10 µg mL−1 for 30 min at RT. 
Cells were then centrifuged and washed to remove excess Streptavidin-
Alexa-647, resuspended in fresh L15 and imaged immediately.

Monomeric actin labeling was achieved by incubating SNAP-actin 
expressing Jurkat T-cells with a 5 × 10−6 m solution of SNAP-cell-505 
(NEB, USA), for 30 min at 37 °C. Excess dye was removed by washing 
three times in L15 prior to imaging.

Coverslip Preparation: Microscope coverslips were functionalized 
for T-cell activation experiments by coating with anti-CD3 (OKT3, 
eBioscience, UK). Coverslips with a diameter of 5 or 18 mm diameter 
(#1 thickness, Warner Instruments and #1.5 thickness, SLS, USA) were 
coated with a 10 µg mL−1 solution of OKT3 or a 10 µg mL−1 poly-L-lysine 
overnight at 4 °C. Coverslips were washed with 3 × 1 mL of PBS before 
use.

LLSM Image Acquisition: LLSM imaging was performed at the 
Advanced Imaging Center, Howard Hughes Medical Institute, Janelia 
Research Campus, VA, using a custom-built system described in the 
study of Chen et  al.[22] Anti-CD3-functionalized 5 mm coverslips were 
secured in a custom-made surgical steel holder onto a piezo stage 
(Physik Instrumente, Germany) and fluorescently tagged Jurkat T cells 
were dispensed above the coverslip into the medium bath prior to each 
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experiment. All experiments were performed at 37 °C and 5% CO2. 
Once a cell of interest was within the focal plane of the light sheet, the 
imaging was initiated with the sample laterally scanned through the 
light sheet. All microscope hardware was controlled by Labview control 
software. The total scan distance was ranged from 0 to 15 µm at 10 to 
40 ms exposure. Light was collected from the single excitation plane by 
a 1.1 numerical aperture (NA) 25 × water-dipping objective (Nikon) and 
recorded on an Orca Flash4.0 V2 sCMOS camera (Hamamatsu). The 
minimum and maximum NA of the LLSM pattern was 0.44 and 0.55, 
respectively. Cells were excited by either 488 (SNAP-505) or 647 nm (Cell 
Mask DeepRed and Streptavidin-Alexa-647) wavelength laser light at 1% 
to 5% acousto-optic tuneable filter transmittance of 300 and 500 mW 
laser power (MPB Communications, USA). Following data acquisition, 
all images were deskewed to correct for the 31.8° angle of the detection 
objective relative to the vertical axis of the sample and run through 
multiple iterations of a Richardson-Lucy deconvolution algorithm. 
Volumetric rendering and 4D visualization were carried out using napari, 
a multi-dimensional image viewer for Python.[36]

LLSM-FRAP: The LLSM-FRAP optical setup allowed the simultaneous 
execution of FRAP and LLSM experiments in living cells. FRAP was carried 
out using an FRAP UGA-42-Firefly laser unit (Rapp OptoElectronic, 
Germany) coupled to the emission 1.1 NA 25 × water-dipping objective 
of the LLSM system. This optical system generated a diffraction-limited 
bleach spot which could be scanned laterally to generate a bleach region 
of the desired shape and size, enabling rapid sequential photobleaching 
of an ROI and subsequent volumetric imaging within the imaging 
volume of the LLSM. The FRAP protocol can be described as follows: 
First, a cell of interest was located using LLSM imaging generating a 
pre-bleach image of the cell. Next, using the Rapp SysCon software, pre-
calibrated to the dimensions of the LLSM imaging output, a bleach ROI 
of a defined shape and size was drawn on the pre-bleached image of the 
cell. The bleach program was then selected, including laser power (40% 
of max), duration (100–1000 ms), and repeats (1x). The bleach program 
parameters were selected based on the results of the bleach calibration 
(see below). Once the bleach program was defined, it was initiated and 
LLSM imaging was resumed immediately following its completion. The 
frame rate of the LLSM acquisition was optimized for the molecular 
species of interest and the signal to noise of the resulting image volume, 
ranging from 0.4 to 3 s per volume.

To assess the size of the bleach spot, a calibration was performed 
using FITC-labeled polyacrylamide gel prepared as described in ref. [37]. 
The immobilized dye molecules allowed the 3D bleach volume to be 
assessed for a given laser power and exposure time.

LLSM-FRAP Analysis: To extract the diffusion coefficients from the raw 
LLSM acquisition, it was necessary to computationally extract both the 
fluorescence recovery within the plasma membrane coinciding with the 
bleach volume, and to extract the geometry of the plasma membrane 
across the whole cell. Using these inputs allowed numerical simulations 
to be performed and the diffusion parameters estimated. The details 
of each step within the analysis pipeline are explained in detail in the 
following.

First, to extract a surface representing the plasma membrane 
of the cell, the pre-bleach LLSM volumetric intensity image was 
binarized, resulting in a binary volume equal to 1 inside of the cell and 
0 outside. Next, to transform the binary volume into a triangulated 
mesh, a marching cubes algorithm was applied (skimage.measure.
marching_cubes, scikit-image v.0.19.0), resulting in a closed triangulated 
iso-surface mesh at the cell boundary which could be exported in the 
standard .ply format. Post processing of the mesh, including smoothing 
(100 iterations of Taubin smoothing with μ  = 0.1 and λ  = 0.5[38]) and 
the calculation of the surface mean curvature[39] was performed in the 
Meshlab software package.[40] Having established the location of the 
plasma membrane within the volumetric image, a spherical bleach 
volume was defined, centered on the intensity minimum within the 
bleached region of the LLSM image. The dimensions of the bleach 
region were matched to those acquired using the polyacrylamide 
calibration sample. The intersection between the bleach volume and 
the plasma membrane surface allowed the area of the membrane within 

the bleach volume to be established. Thus, by dividing the integrated 
intensity within the bleach volume by the intersecting membrane area, 
the average intensity per unit area of the ROI membrane as a function 
of time could be extracted, representing the experimentally acquired 
recovery curve. A volume outside of the bleach ROI was also selected 
to normalize for the pre-bleach intensity per unit area of the membrane 
and for any photobleaching.

To determine the diffusion coefficients from the experimentally 
acquired recovery curves, it was necessary to carry out numerical 
simulations that capture the curved surface geometry of the cell and the 
bleach ROI. To simulate the diffusive recovery of both Cell Mask and 
the membrane proteins in the curved membrane surface, a numerical 
simulation algorithm implemented in FORTRAN-90 based on the Parallel 
Particle Mesh (PPM) Library was used.[15,17,41] The same computer 
code had previously been used to simulate diffusive FRAP recovery 
on curved membranes and is comprehensively detailed in ref. [17].  
For completeness, a brief description of the methods is provided here. 
The simulation can be subdivided into three steps. First, the .ply mesh 
extracted from the LLSM imaging was transformed into a level set 
function defined in the volumetric domain matching the LLSM image 
volume, with the zero level set defining the surface of the cell and an 
underlying mesh resolution of k  = 0.1 µm. Next, particles, possessing 
both a position and a mass, were created within a narrow band around 
the zero-level set (band radius = 5k), whose initial mass was defined to 
match the observed distribution of fluorescence molecules in the post-
bleach LLSM image. The diffusion of fluorescent molecules was then 
simulated by the transfer of mass between the particles, as governed by 
the underlying isotropic continuum diffusion equation discretized using 
the Particle Strength Exchange method,[17] with diffusion coefficient, Dsim 
set to 1 µm2 s−1 constrained to the direction tangential to the membrane. 
At each time step, the mass within the bleach ROI was numerically 
integrated, leading to a fluorescence recovery curve. The convergence of 
the numerical simulation was verified for a known analytical solution in 
Figure S3 in the Supporting Information, as demonstrated in ref. [17]. 
Volumetric rendering and 4D visualization of the simulations were 
performed using ParaView.[42]

Lastly, the resulting simulated FRAP recovery curve was fit to the 
normalized experimental data by stretching in time, optimizing the 
objective function min∑|Fsim(f.tsim) − Fdata(tdata  + d)| using the Python 
function scipy.optimize.minimize from the SciPy library v.1.5.2, where Fsim 
denotes the simulated mean fluorescence within the bleach ROI, Fdata 
the mean fluorescence within the bleach ROI extracted from the LLSM 
imaging, tsim and tdata represent the simulation and experiment time-
scale, and d is the delay between the bleach and recovery acquisition. 
The value of f was then used to scale the diffusion coefficient between 
the experimental and simulated data ( Dfit = Dsim/f).

Conventional 2D-FRAP: Conventional 2D-FRAP experiments were 
conducted using a Leica SP8 confocal microscope equipped with an 
HC PL APO 100 × 1.40 NA oil objective and environmental control 
maintaining a temperature of 37 °C in and an atmosphere of 5% CO2. 
For each FRAP acquisition, a 2 µm diameter circular bleach region was 
defined and following an initial bleach period at 100% laser intensity, the 
fluorescence recovery was monitored for a further 40 s at a frame rate 
of 2.2 s−1. Further details for the optimization of FRAP experiments are 
presented in Fritzsche and Charras.[3] Fitting of the normalized diffusive 
FRAP recovery was performed in Python using scipy.optimize.curve_fit 
implementing the Soumpasis fit[24] for a uniform 2D circular bleach ROI:  
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bleach intensity, Fmob the mobile fraction, τD the characteristic diffusion 
time, I0 and I1 are modified Bessel functions of the first kind.

Fluorescence Correlation Spectroscopy: Confocal FCS measurements 
were acquired on a Zeiss 980 confocal microscope equipped with a 
Zeiss 40x C-Apochromat NA 1.2 W Corr objective. Prior to the FCS 
measurement, Jurkat T cells were loaded with Cell Mask Deep Red, at 
a concentration of 0.5 µg mL−1. FCS recordings were directly controlled 
by the Zeiss Zen Blue software and fluorescent light from recordings 
in both the apical and basal membrane was collected onto a GaAsP 
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detector (Channel S) in photon counting mode, with the pinhole set to 
1 airy unit. To translate transit times to diffusion coefficients, the width 
of the microscope PSF was quantified using a 10 × 10−9 m solution of 
ATTO655-COOH, with a known diffusion coefficient of 426 ± 8 µm2 s−1.[43] 
FCS data were fit with a 2D diffusion model using the FoCuS-point fitting 
software.[44]

Actin Velocity Quantification: Actin velocity quantification of raw LLSM 
images was performed using custom written code written in Python 
and based on the tracking library known as Trackpy (http://soft-matter.
github.io/trackpy/v0.4.2/). The algorithm permits the localization of 
spherical features of a user defined size and intensity range in each 
volume of the time-lapse (tp.batch). Defining a minimum displacement 
between frames, and a minimum track length, the code linked individual 
localizations into tracks allowing the actin velocity to be estimated  
(tp.link_df and tp.filter_stubs).

Actin velocity quantification of LLSM-FRAP data was performed using 
a kymograph approach. For each bleached cell, an xz slice was extracted 
from the 3D volume, allowing the recovery of the actin intensity within 
the lamellipodium and over the apical surface of the cell to be visualized. 
Next, a contour was plotted aligned to the cell surface and a kymograph 
calculated, producing an evolution of the actin intensity over the contour 
through the recovery. Tracking and plotting the leading edge of the 
recovering actin intensity over time and applying a linear fit permitted 
the quantitation of the actin velocity.

Statistics: LLSM-FRAP experiments of Cell Mask and membrane 
protein diffusion in activating T-cells and their corresponding numerical 
simulations were carried out in 3 cells per condition, with a total of 12 
cells. LLSM-FRAP experiments quantifying actin retrograde flow within 
the lamellipodium and cortical actin of activating T-cell were carried out 
in a total of 10 cells.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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