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Points for accumulation in nanoscale topography (PAINT)
allows the acquisition of practically unlimited measurements in
localisation microscopy. However, PAINT is inherently limited
by unwanted background fluorescence at high probe concen-
trations, especially in large depth-of-field volumetric imaging
techniques. Here we present reservoir-PAINT (resPAINT), in
which we combine PAINT with active control of probe photo-
physics. In resPAINT, a ‘reservoir’ of non-fluorescent activat-
able probes accumulate on the target, which makes it possible
to drastically improve the localisation rate (by up to 50-fold)
compared to conventional PAINT, without any compromise in
contrast. By combining resPAINT with large depth-of-field mi-
croscopy, we demonstrate volumetric super-resolution imaging
of entire cell surfaces. We then generalise the approach by im-
plementing multiple switching strategies, including photoactiva-
tion and spontaneous blinking. We also implement alternative
volumetric imaging modalities including the double-helix point-
spread function, the tetrapod point-spread function and single-
molecule light field microscopy. Finally, we show that resPAINT
can be used with a Fab to image membrane proteins, effectively
extending the operating regime of conventional PAINT to en-
compass a larger range of biological interactions.
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Introduction
Single-molecule localisation microscopy (SMLM) enables
routine imaging of biological structures down to a spatial
resolution of tens of nanometres.1 Fundamentally, biology
occurs in three dimensions and therefore there has been an
increasing focus on methods that can interrogate biologi-
cal phenomena over increasingly larger volumes. This has
motivated the development of large depth-of-field (DOF)
single-molecule imaging techniques, such as the double-
helix point-spread function (DHPSF),2,3 the tetrapod point-
spread function (PSF)4 and single-molecule light field mi-
croscopy (SMLFM).5 In SMLM, it is becoming necessary
to collect substantial numbers of localisations (>100k µm-3)
to accurately represent increasingly large structures. Ob-
taining appropriate (i.e. Nyquist) sampling is difficult be-

cause 3D SMLM is limited by a combination of speed of
acquisition6 (i.e. the localisation rate), high background in
large DOF imaging and photobleaching.7 The development
of techniques capable of high localisation densities with high
contrast and elevated localisation rates would therefore en-
hance volumetric imaging. This would offer valuable insight
into numerous biological questions, including the spatial dis-
tribution of biomolecules (e.g. T-cell activation8 and chro-
matin organisation9) as well as the study of protein-protein
interactions.10,11 To achieve this, it is necessary to design
labelling approaches that: 1) minimise fluorescence back-
ground and 2) accommodate high emitter densities.

Photoactivation localisation microscopy (PALM12,13,
Fig. 1a) and direct stochastic optical reconstruction mi-
croscopy (dSTORM14–16, Fig. 1a) have been used exten-
sively to image biological structures in cells, but these tech-
niques suffer from irreversible photobleaching, which re-
duces the localisation rate over time. This is particularly
problematic for volumetric imaging, where the axial dimen-
sion greatly increases the number of localisations required
for sufficient sampling.6 Probes can be refreshed, but this re-
quires complex microfluidic approaches.17 PAINT (Fig. 1a)
circumvents photobleaching by the intermittent binding of
fluorescent probes to targets from solution. Once probes
stochastically bind, they can be localised and subsequently
vacate the site or photobleach18, thus enabling probe replace-
ment and practically unlimited acquisition times. There are
generally two strategies employed: firstly, in conventional
PAINT, a fluorescent binder intermittently attaches to the tar-
get of interest (e.g. antibody fragments (Fabs), peptides, anti-
gens, small molecules), but these are often limited by the
binding kinetics.19–23 A second approach, DNA-PAINT, in-
volves attaching a DNA docking strand to the target, typi-
cally via immunolabeling or a HaloTag-linker, which facili-
tates PAINT imaging using transiently binding complemen-
tary single-stranded DNA probes in solution.24,25

A major advantage of DNA-PAINT is the ability to tune
binding kinetics for optimal SMLM. Despite this, large DOF
3D imaging still presents a significant challenge due to in-
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Fig. 1. resPAINT combines active control of probe emission with PAINT to greatly enhance localisation rates. a) HILO: 3D SMLM is often performed using highly
inclined and laminated optical sheet (HILO) excitation as this allows some optical sectioning. When combined with PSF engineering, as in DHPSF, this enables imaging of
a large DOF of up to 4 µm, which is useful for imaging complex topography such as the cell surface. PALM: PALM uses photoactivation of stably bound probes for SMLM,
which achieves high contrast but finite localisation numbers. PAINT: In PAINT, probes transiently bind to targets, achieving virtually infinite localisations with the drawback
of increased background from unbound probes in solution. resPAINT: With resPAINT, we combine active control of probe emission with PAINT to achieve both practically
unlimited localisations and high contrast. With most probes being in the non-fluorescent state, much higher probe concentrations can be used to effectively concentrate
probes on targets that can be activated to improve localisation rates, without increasing the background. b) Representative SMLM time-series taken on the apical surface of
fixed Jurkat T cells using conventional PAINT with WGA-AF555 at 0.1 nM and resPAINT with WGA-PAJF549 at 100 nM, demonstrating how the localisation rate is improved
for similar backgrounds. c) Quantification of (b) showing 40-fold improvement in localisation rate. n = 5 cells for each condition. Error bars indicate s.d. d) Operational regimes
of PAINT and resPAINT with DHPSF imaging for a variety of targets (see main text and Supplementary Note 1 for details).

creased background from excess fluorescent probes in so-
lution. This can be prevented by lowering the probe con-
centration; however, this typically results in prohibitively
low localisation rates. Instead, methods have been devel-
oped where the probe ‘lights up’ or is concentrated on tar-
get versus in solution by way of Förster resonance energy
transfer (FRET),26 fluorogenic probes,27 repeat PAINT,28

quenching,29 photoactivation30 and many others. While these
strategies greatly improve volumetric imaging with DNA
PAINT, they retain inherent drawbacks including: unspecific
binding31, photocleavage32, the necessity of immunolabel-
ing and an inability to observe direct binding events such
as peptide/receptor interactions. Application of similar light-
up strategies to Fab or small molecule binders would greatly
increase the range of biological interactions that can be ob-
served using PAINT. A notable example (where DNA-PAINT
cannot currently be used) is actin-staining using the small-
molecule binder phalloidin, which often relies on refresh-
ment of probes from the imaging volume, even in a dSTORM
mode.33

In PAINT, the background scales linearly with the con-
centration of the probe [A], while the localisation rate,
dBreservoir/dt,34 is effectively controlled by the concentration
of probe, [A], the association rate of the binder, ka, as well
as the number of bound sites, Bbound, and the total number
of the targets, Bmax (see Supplementary Note 1 for defini-
tions and discussion of our modelling). Since the associa-
tion rate is generally fixed for a given binder, the localisa-
tion rate, which scales as ka[A], cannot be increased without

increasing [A]. This inevitably leads to unacceptable levels
of background fluorescence (from diffusing probes), as the
background also scales linearly with [A]. If the target density
is high (i.e. Bmax is large), as for lipid membranes, glycoca-
lyx and nuclear staining, then proteins and small molecule
binders may achieve suitable localisation rates.6,18,20,35–37

However, in cases of relative molecular sparsity (i.e. Bmax
is small), as for membrane proteins and receptors, the local-
isation rate is often unsuitable. It is this physical limitation
in the binder kinetics that dictates the localisation rate, and
ultimately the speed of PAINT.

To solve this issue, we introduce reservoir-PAINT (re-
sPAINT, Fig. 1a), which addresses these issues by using
active control of probe emission. By ensuring that most of
the probes remain in a non-fluorescent state, the probe con-
centration can be increased by orders of magnitude with-
out introducing additional unwanted background signal (Sup-
plementary Fig. 1). This results in artificial concentra-
tion of the probe on target to create a ‘reservoir’ of bound
and non-fluorescent probes that can be activated, and impor-
tantly replenished. Note that the accumulation and replen-
ishment of this reservoir depends on the kinetics of a given
binder. Therefore, the association rate, ka, and the disso-
ciation rate, kb, dictates the types of biological interactions
that can be studied with the technique. Interestingly, there
is some suggestion that resPAINT may have been utilised in
several previous studies, without formalising or fully realis-
ing the concept, where it is typically referred to as no-wash
labelling.33,38–41 We demonstrate that resPAINT can improve

2 | bioRχiv Sanders et al. | resPAINT

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 15, 2022. ; https://doi.org/10.1101/2022.04.14.488333doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.14.488333
http://creativecommons.org/licenses/by-nc-nd/4.0/


DRAFT

the localisation rate, and therefore the speed of acquisition,
for a given binder up to 50-fold. We implement resPAINT us-
ing the DHPSF2,3 a common volumetric imaging technique.
This makes it suitable for capturing large variations in struc-
ture such as the complex morphology of the cell surface,
which we illustrate by imaging the entire membrane of a T
cell. Furthermore, we show that resPAINT is a generalisable
principle that works across a variety of probe control mech-
anisms (photoactivation or pH-tuned spontaneously blinking
probes), as well as large DOF volumetric imaging modalities
(DHPSF, tetrapod PSF4 and SMLFM5). Finally, we use the
greatly improved contrast to achieve 3D-PAINT imaging of a
T-cell membrane protein, CD45, using an antibody fragment,
(Fab). The ability to enhance the localisation rate without in-
creasing background greatly extends the application range of
PAINT, improving accessibility to volumetric imaging of bi-
ological structures and enables super-resolution imaging of a
greater variety of biologically relevant ligand-receptor inter-
actions.

Results
resPAINT enhances the localisation rate of protein
binders. To demonstrate the concept of resPAINT, we first
evaluated a standard PAINT probe-binder complex without
active control of emission. We used the probe Alexa Fluor
555 (AF555) covalently linked to the binder wheat germ
agglutinin (WGA), a commonly used cell-membrane stain
that binds to the large number of N-glycosyl sites on the
cell surface.6 First we imaged the apical surface of fixed
Jurkat T cells using the DHPSF (Fig. 1b, 30 ms exposure,
~10 kW cm-2 power density). We systematically varied the
amount of binder to determine the maximum concentration
(0.1 nM) that maintained an acceptable background (<16
photons/pixel, see Supplementary Note 1). Under these
conditions, the localisation rate was prohibitively small
(0.02 loc. frame-1, Fig. 1c) and would require ~50 hours
to acquire a dataset with 100,000 localisations to approach
Nyquist sampling (50 nm resolution, ~1000 loc. µm-2 for a
2D membrane, imaged in 3D).

Next, we investigated the performance of a photoacti-
vatable (PA) Janelia Fluor probe (PAJF549)42 attached to
WGA for resPAINT. Successful implementation of this
concept requires tuning both binder concentration and the
photoswitching kinetics, such that a ‘reservoir’ of pho-
toactivable probes can be established on the membrane,
i.e. the binder is artificially concentrated at the target site.
Conceptually, if the binder concentration or the photoacti-
vation rate is relatively low, the localisation rate would be
impractical for super-resolution imaging. Conversely, if the
concentration or photoactivation rate is excessive, the large
fluorescence background would decrease the signal to noise
ratio, which would deteriorate both the localisation rate and
the localisation precision. We imaged fixed Jurkat T cells
stained with WGA-PAJF549 under identical conditions to
that of WGA-AF555 but now with photoactivation (power
density of 2 W cm-2) and a higher probe concentration of
100 nM (1000-fold larger, Fig. 1b). We observed a 40-fold

improvement in localisation rate (0.85 loc. frame-1) for
comparable background levels compared to WGA-AF555
(Fig. 1c, Supplementary Fig. 1, Supplementary Movie
1). This demonstrates how replacement of a conventional
PAINT probe with a photoactivatable probe greatly improves
the localisation rate, given suitable binding kinetics. The
precision achieved is appropriate for 3D SMLM (18 nm
lateral, 38 nm axial, Supplementary Fig. 2a). The con-
stant localisation rate over time (Supplementary Fig. 3-4)
confirmed that the probe-binder complex was undergoing
PAINT. The large improvement in localisation rate can
be rationalised by considering a 1000-fold increase in the
binder concentration results in the effective concentration of
the probe-binder complex being high, while the observable
fraction of the probe remains low (Supplementary Fig. 1).

To explore the experimental regimes of resPAINT, we
modelled the photophysical and binding kinetics of activat-
able probe-binder complexes binding to static targets on a
cell (see Supplementary Note 1 for details). Since the locali-
sation rate in PAINT is dependent both on the kinetics of the
binder as well as the number of targets, we evaluated typical
ranges of target densities and association/dissociation rates
to estimate the operating regime of PAINT and resPAINT
using the DHPSF (Fig. 1d, Supplementary Note 1). The
working range was defined as achieving a localisation rate of
>1 s-1µm-2 and a background signal of <0.6 probes µm-2. We
found that resPAINT greatly extends the range of practical
association rates and target densities to a regime where it
now becomes possible to use low affinity ligands to observe
a protein (or other molecules of interest) using PAINT
(Fig. 1d). The suitable range of kb spanned approximately
10-2-10-4 s-1, covering a variety of biologically relevant
interactions.43–45 These data show that at lower target
densities, it is necessary to have a faster dissociation rate,
although it should be noted that kb can be tuned for a given
binder.46 A notable example that now becomes accessible
with resPAINT, as shown in Fig. 1d, is membrane-protein
imaging using a Fab.

While we have focused on DHPSF imaging here, re-
sPAINT could be applied to any SMLM modality, such as
total internal reflectance fluorescence (TIRF) or confocal-
PAINT microscopy.47 As shown by our conventional PAINT
example, WGA is typically not a suitable binder when using
DHPSF, but WGA has been shown to work with PAINT
previously (WGA-LLS in Fig. 1d).6 However, this required
the use of a complex experimental setup, including cyclic
imaging and lattice light-sheet microscopy (LLS), to achieve
the required background reduction through optical section-
ing. In contrast, the enhanced localisation rate afforded
by resPAINT allowed us to perform WGA imaging with
DHPSF using a comparatively simple setup. Importantly,
given suitable binding kinetics, any PAINT application using
standard fluorophores could be improved by changing to an
activatable probe as in resPAINT.

Whole-cell volumetric super-resolution imaging us-
ing resPAINT. A motivation for developing resPAINT was
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Fig. 2. Optimisation of resPAINT
to enable whole-cell 3D super-
resolution imaging of the cell
membrane. a) Representative re-
sPAINT imaging of the apical sur-
face of fixed Jurkat T cells, using
a variety of photoactivation powers
and probe concentrations. b) Quan-
tification of the localisation rate in
(a), highlighting the identified opti-
mal conditions of 100 nM and 0.6
W cm-2 activation power. n =
5 cells for each condition. The
hatched black/white region indicates
the area where the background ex-
ceeded the threshold of 200 pho-
tons. c) 3D super-resolution im-
age of the entire membrane of a Ju-
rkat T cell acquired using resPAINT
with PAJF549 and DHPSF. The im-
age comprises 1,400,000 localisa-
tions, collected over 200,000 frames
per z-slice at 30 ms exposure time,
and was stitched together using four
4 µm z-slices taken in 3.5 µm steps.
The cell is coloured by the number
of localisations within a local 200
nm radius, to highlight topographical
features. The inset depicts a cartoon
of how the T cell was suspended in
an agarose gel to avoid surface in-
teractions. d) Fourier shell correla-
tion (FSC)48 was used to estimate
the isotropic resolution in (c), which
was found to be 65 nm (1/7 cutoff).
e) A y-z slice of the image (c) and
corresponding line plot (highlighted
in white) through the middle of a mi-
crovilli with measured width 240 nm.
f) As (e) for a y-x slice, with mea-
sured microvilli width of 215 nm. g)
As in (c), coloured by height, show-
ing 4 rotated views of a Jurkat T
cell that has interacted with a PLL-
coated coverslip for 10 minutes prior
to fixation. Inset shows a cartoon of
a skirt formed due to surface inter-
action that can be observed in the
super-resolution image. A line pro-
file applied to the skirt determines
the skirt thickness to be 218 nm.

to enable facile whole-cell volumetric super-resolution imag-
ing of the cell surface. To achieve this, it was necessary to
optimise the conditions of our WGA-PAJF549 binder-probe
complex. The conditions shown in Fig.1b-c (100 nM and
~2 W cm-2 405 nm power density) were determined by
exploring a wide range of concentrations and photoactivation
rates to find optimal imaging conditions for PAJF549 (Fig.
2a-b, Supporting Movie 2). It should be noted that these
conditions will vary depending on the choice of fluorophore
and imaging modality. The optimised concentration and
activation power densities are specific to WGA, PAJF549
and DHPSF imaging. To apply resPAINT with PAJF549 to
a different system, the conditions determined here should
provide a practical starting point for protocol optimisation,
provided that the dissociation rate, kb, allows the build-up of
a reservoir of bound non-fluorescent probes.

We have previously used DHPSF to image protein
distributions in Jurkat T cells using PA fusion proteins49

and dSTORM.8 However, the achievable localisation density
was always limited by the number of targets on the cell as
well as by photobleaching. We applied our optimised WGA-
PAJF549 imaging to whole-cell 3D super-resolution imaging
to achieve high localisation density without compromising
contrast.

Jurkat T cells were fixed in suspension and then dis-
persed into an agarose hydrogel matrix containing fiducial
markers. Cells were imaged over four axial optical slices
(4 µm DOF taken in 3.5 µm steps) to cover the entire cell
volume, where adjacent planes shared fiducial markers to
enable drift correction and localisation alignment between
planes. 800,000 total frames were recorded with a frame
rate of 30 ms to acquire 1,400,000 localisations that were
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used to construct a whole-cell 3D super-resolution image
of the T-cell surface (Fig. 2c, Supporting Movie 3). We
characterised the resolution of the image using Fourier shell
correlation (FSC50) as 65 nm (Fig. 2d), which compared
well to LLS-PAINT6 imaging of WGA that demonstrated
an estimated FSC resolution of 110 nm. We also assessed
the ability of membrane resPAINT to resolve complex
morphological features. Line profiles were applied through
‘finger-like’ structures to assess their observable resolution-
limited FWHM and membrane thickness (Fig. 2e, Fig.
2f), which were found to be 200-250 nm and 60-95 nm
respectively in agreement with expectations.51

To demonstrate the ability of this approach to capture
large-scale deformations in membrane surface topography
at high resolution, we also imaged a Jurkat T cell that had
been allowed to interact with a poly-L-lysine (PLL)-coated
coverslip for ten minutes after which it was fixed (Fig.
2g, Supporting Movie 4). This electrostatic coating has
been found to induce activation of T cells and associated
large-scale morphology changes of the membrane.52,53 Here,
resPAINT was able to capture the formation of a large
‘skirt-like’ structure (thickness of 218 nm FWHM based on
line profile, Supplementary Fig. 5) at the glass-cell interface,
demonstrating the dramatic effect of PLL on T cell-surface
interactions. In both whole-cell imaging experiments, we
observed a constant localisation rate over extended time-
frames (~7 hours) demonstrating that resPAINT is resistant
to out-of-focus photobleaching (Supplementary Fig. 4a).

resPAINT is compatible with multiple activation
modes. Next, to demonstrate that the principle of resPAINT
can be applied to different classes of probes, and is not lim-
ited to photoactivation only, we also studied spontaneously
blinking probes (Fig. 3a).54–56 This was a good alternative
fluorescence switching strategy because: 1) these probes do
not require the use of potentially cytotoxic 405 nm laser;
and 2) their off-switching rate can be more finely controlled.
We implemented spontaneously blinking resPAINT with the
probe HMSiR55 that undergoes fluorescence intermittency
via an intramolecular spirocyclisation reaction (Fig. 3a). The
position of the cyclisation equilibrium, Kcyc = kopen/kclose, is
affected by pH, which facilitates control of the ring open-
ing, kopen, and ring closing, kclose, reactions. We therefore
hypothesised that pH could be used to optimise conditions
for resPAINT, by shifting the equilibrium, Kcyc.55 Control of
the blinking off rate would also afford greater compatibility
across a range of excitation powers and exposure times, com-
pared to the photoactivation implementation. Given a slow
dissociation rate, the duty cycle of the probe is now domi-
nated by spontaneous ring closing rather than photobleaching
rate.

We demonstrated spontaneously blinking resPAINT us-
ing WGA on fixed Jurkat T cells, but now without photoacti-
vation. We first compared the performance of WGA-HMSiR
to that of a conventional PAINT probe, WGA-SiR, and ob-
served a modest improvement (10-fold) in localisation rate
for a similar background in PBS (pH 7.4) buffer. We found
that this pH was suboptimal, owing to an inefficient kclose (ef-
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Fig. 3. resPAINT using a spontaneously blinking probe. a) Left: Cartoon
demonstrating the concept of resPAINT using a spontaneously blinking probe. The
alternative method of control is achieved via manipulation of the cyclisation equilib-
rium, Kcyc = kopen/kclose. Right: A schematic showing the tuning of Kcyc, visualising
the pH dependency of Kcyc, where at high pH most of the probe is inactive. b)
Representative SMLM time-series taken on the apical surface of fixed Jurkat T cells
using conventional PAINT with WGA-SiR at 10 pM and resPAINT with WGA-HMSiR
at 1 nM and pH 9.6, demonstrating how the localisation rate is improved for similar
backgrounds. The display contrast was adjusted individually for each condition to
aid interpretation. c) Quantification of localisation rate under background-matched
conditions, demonstrating a 50-fold improvement in localisation rate at pH 9.6. d-e)
Representative resPAINT images taken on the apical surface of Jurkat T cells using
the tetrapod PSF (d) and single-molecule light-field microscopy (e). In (e), the inset
shows the same molecule viewed from 5 different angles. f) Quantification of (d-e)
showing the improvement in localisation rate afforded by resPAINT. n = 5 cells for
each condition. Error bars indicate s.d.

fective off time of 245 ms55). This timescale was unsuitable
for fast imaging (20-100 Hz), while the relatively large on-
off ratio limited the effective accumulation of a probe reser-
voir on the cell. When we increased the pH using a sodium
carbonate buffer with pH 9.6 (HMSiR effective off-time of
17 ms55), we observed a dramatic improvement in localisa-
tion rate (1 nM WGA-HMSiR compared to 10 pM WGA-SiR
in PBS) for similar backgrounds (Fig. 3b, Supplementary
Movie 5). Under these conditions WGA-HMSiR achieved
a localisation rate of 5.8 loc. frame-1 compared to 0.1 loc.
frame-1 for WGA-SiR, corresponding to a 50-fold improve-
ment (Fig. 3c). This localisation rate resulted in some over-
lapping fluorophores and we therefore determined the opti-
mal concentration for WGA DHPSF imaging to be 330 pM.
This resulted in a localisation rate of 1.77 loc. frame-1 that
was stable over one hour (Supplementary Fig. 4b, Supple-
mentary Movie 6), achieving localisation precisions of 22 nm
laterally and 50 nm axially (Supplementary Fig. 2b). In-
creasing the pH further would limit the number of photons
collected as the blinking duration would now be shorter than
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Fig. 4. resPAINT with a Fab against CD45. a) Cartoon highlighting a resPAINT experiment where a protein is directly imaged using a Fab. Inset, a schematic of a
full-antibody and a Fab, where cleavage of the Fab region from the Fc region creates a fragment of the antibody with suitable kinetics for resPAINT. b) Representative
SMLM time-series taken on the apical surface of fixed Jurkat T cells using conventional PAINT with Fab-SiR at 10 pM and resPAINT with Fab-HMSiR at 600 nM (pH 9.6),
demonstrating how the localisation rate is improved for similar backgrounds. c) Quantification of the localisation rate as a function for PAINT, resPAINT and a mouse cell
control to which the anti-human Fab-HMSiR does not bind mouse-CD45. n = 5 cells for each condition. Error bars indicate s.d.

the exposure time (Supplementary Movie 7).
Next, we investigated the performance of resPAINT with

alternative extended DOF techniques. We imaged fixed Ju-
rkat T cells using the tetrapod PSF (10 µm DOF,57 Fig. 3d)
and the recently developed SMLFM (5 µm DOF,5 Fig. 3e).
Under conditions similar to the DHPSF, we observed im-
provements in the localisation rate of 13-fold for the tetra-
pod PSF (Supplementary Movie 8) and 14-fold for SMLFM
(Supplementary Movie 9), which was lower than for the DH-
PSF due to overlapping PSFs (Fig. 3f). Appropriate labelling
densities for both tetrapod and SMLFM (Fig. 3d-e) are given
in the supplementary information (Supplementary Movies 10
and 11).

resPAINT imaging using a Fab. Having optimised and ap-
plied resPAINT to cell surface imaging, we then evaluated
the technique in a more challenging scenario, i.e., using a
Fab to image a membrane protein using PAINT. Convention-
ally, imaging of low-density targets has necessitated the use
of DNA-PAINT with antibodies (Fig. 1d) or chemical alter-
ation of Fab off-rates to enable efficient probe refreshment.46

DNA-PAINT typically requires separate imaging and dock-
ing strands to form a PAINT pair, which precludes imaging of
direct binder-target interactions. Conversely, resPAINT can
observe the binder-probe complex and protein target inter-
action directly in an experimentally straightforward manner
(Fig. 4a). We labelled an anti-hCD45Fab (hereafter referred
to as ‘Fab’) with either HMSiR or SiR. We then investigated
the binding of Fab to protein tyrosine phosphatase CD45 in
human Jurkat T cells due to the pivotal role it plays in T-cell
activation.58

We have previously imaged CD45 on T cells in 3D using
dSTORM and the DHPSF.8 Therefore, we compared PAINT
imaging using 10 pM Fab-SiR with resPAINT using 600 nM
Fab-HMSiR (Fig. 4b), which exhibited comparable back-
ground levels (Supplementary Movie 12). We first measured
the kb of the Fab bound to fixed Jurkat T cells, which we de-
termined as 1.31×10-3 s-1 at pH 7.4 and 1.65×10-3 s-1 at pH
9.6 (Supplementary Fig. 6). These values agree with sur-
face plasmon resonance measurements (1.59×10-3 s-1, Sup-

plementary Fig. 7) and lie within the previously defined
operational regime (Fig. 1d). As in membrane imaging,
resPAINT improved the localisation rate 40-fold (0.61 loc.
frame-1, Fig. 4c) with localisation precision of 22 nm lat-
erally and 56 nm axially (Supplementary Fig. 2c). To con-
firm the specificity of the Fab binding to human CD45, we
used a murine CD45 control cell line, to which the Fab lacks
cross-reactivity, and observed a minimal number of locali-
sation events (0.05 loc. frame-1, <9 % unspecific binding,
Supplementary Movie 12). These results demonstrate that
resPAINT increases the accessible range of binder kinetics
beyond conventional PAINT.

Discussion

resPAINT is a method for dramatically improving localisa-
tion rates in PAINT without comprising contrast. This is
particularly useful for large DOF volumetric imaging, as the
technique facilitates acquisition of high localisation densities
to achieve Nyquist sampling. The enhancements observed
in this work should apply universally, provided the following
conditions are met: 1) The target density ranges between 103-
108 µm-2 to support the concentrations required for reservoir
accumulation and 2) the binder has a kb where the binding
duration permits reservoir build up without inhibiting probe
refreshment by saturation of targets. PAINT is also limited
by these factors, but resPAINT extends the range of viable
binders and target densities. This makes it possible to image
targets with relatively low abundance and also alleviates the
necessity for high association rates, ka, such that commonly
used binders including Fabs, Hoechst and phalloidin now be-
come more accessible for PAINT (Fig. 1d). This allows the
use of highly specific antibody-antigen interactions with low
affinities in a resPAINT imaging mode, which is typically
selected against in the functional characterisation step in tra-
ditional monoclonal antibody production.59

resPAINT limitations include the requirement to tune the
localisation rate via two independent control mechanisms
(concentration and switching) which imposes technical com-
plexity. While some aspects of optimisation would be spe-
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cific to the probe and switching mechanism being used, we
demonstrate that activation rates can be controlled via laser
power (PAJF549) or pH (HMSiR). Importantly, the optimisa-
tions performed for these probes would apply to any system
in which they are used. Therefore, resPAINT can be applied
immediately in other PAINT systems as well as with other
probe-target complexes (e.g. photoactivatable,42,60 sponta-
neously blinking,54–56 or fluorescent proteins61).

Aspects of the resPAINT principle have been partially ex-
plored in previous studies. The combination of photoactivat-
able probes and collisional flux has been shown to improve
super-resolution imaging in materials science with interface
PAINT (iPAINT).62 However, this study had no bioimaging
application, nor did it provide any kinetic framework. Within
bioimaging, there is evidence for using switching and colli-
sional flux, although these studies also lack a formal mech-
anistic description, or indeed may have applied the concept
unknowingly. These implementations have typically been
referred to as no-wash labelling protocols.33,38–41 We pro-
vide the first detailed description of the kinetic requirements
of resPAINT and explore the space over which the tech-
nique is useful for bioimaging. We generalise this concept
by using a selection of probes (photoactivation and sponta-
neously blinking), various imaging modalities (DHPSF, tetra-
pod PSF, SMLFM) and apply the technique to multiple sys-
tems (whole-cell, membrane topography and membrane pro-
teins). The flexibility and extended operational regime of re-
sPAINT demonstrated here makes the technique applicable
to numerous biological applications.

The most closely related set of techniques would be the
suite of DNA-PAINT tools, where the rapid and tunable bind-
ing kinetics of DNA strands make DNA-PAINT highly ubiq-
uitous within SMLM, due to the high localisation precision
and compatibility with low target densities. Recent modifi-
cations to DNA-PAINT enhance contrast and improve local-
isation rates in a similar fashion to resPAINT by adopting
various ‘light-up’ strategies.24,26,28–30 Furthermore, the use
of left-handed DNA has improved specificity in DNA con-
taining samples.31 When compared directly, resPAINT offers
some advantages over DNA-PAINT in that: 1) it is fully com-
patible with DNA containing samples; 2) conjugation with
DNA can be experimentally complex and 3) DNA-PAINT
can suffer from binding-site depletion, although appropriate
buffers can somewhat mitigate this.32 Indeed, a potential ap-
plication of resPAINT would be imaging DNA in whole cell
nuclei with Hoechst. This was recently achieved in 3D us-
ing Hoechst-JF646 in a stimulated emission depletion (STED)
PAINT mode.63 Hoechst-HMSiR has previously been used in
2D super-resolution imaging,38 although the authors argued
that they were not operating in PAINT mode. We suggest that
they may have inadvertently been using the resPAINT prin-
ciple based on established Hoechst binding kinetics, the high
concentration employed and no-wash labelling. Exchanging
JF646 with HMSiR and altering pH, or using a photoactivat-
able Hoechsts,64 may yield further improvements.

We show use of a Fab to localise membrane proteins. The
use of Fabs with PAINT (Fab-PAINT) has been achieved by

using specialised buffers to tune the binding kinetics but re-
quires TIRF sectioning.54 These techniques are not mutually
exclusive and a combination of Fab-PAINT with resPAINT
may be used to achieve even greater improvements in con-
trast to enable compatibility with HILO illumination and may
not require addition of thiocyanate to the imaging buffer.

Conclusions
We have demonstrated how resPAINT achieves an up to 50-
fold improvement in contrast or localisation rate by concen-
trating probes on target. This in turn extends the operational
regime of conventional PAINT and facilitates volumetric 3D
super-resolution imaging using large DOF techniques. By
simply switching to a probe with active control, it becomes
possible to improve existing implementations of PAINT, as
long as there is an excess of targets that benefit from an
increase in the effective concentration. We hope that re-
sPAINT will simplify and enable future volumetric SMLM
applications in previously inaccessible areas that could in-
clude: actin PAINT imaging using phalloidin,33 intracellu-
lar LIVE-PAINT with fluorescent proteins,22,23 pPAINT with
signalling proteins10 and IRIS with peptide fragments.35
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Methods

Cell culture: Jurkat T cells (ATCC TIB-152) were
grown in RPMI (Sigma Aldrich, Madison, WI) while mouse
thymoma BW5147 cells were cultured in Joklik-modified
Minimum Essential Medium (JMEM (Sigma Aldrich). Both
culture media were supplemented with 10% fetal calf
serum (FCS) (PAA), 10 mM HEPES (Sigma Aldrich), 1
mM sodium pyruvate (Sigma Aldrich), 2 mM L-glutamine
and antibiotics [50 units penicillin, 50 µg streptomycin and
100 µg neomycin per mL] (Sigma Aldrich)). Cells were
maintained at 37 °C and 5 % CO2 during culturing and,
typically, kept at a density between 5-9 × 105 cells mL-1.

Protein Labelling: The corresponding protein WGA
(L9640, Sigma-Aldrich, UK) or αCD45 Fab (prepared as
in previous work)8 was added in a 1:10 molar ratio to
the desired dye - PAJF549 (Tocris Bioscience, UK) or HM-
SiR (Sarafluor-650B, Kishida Chemical Company, Japan)
- in 0.02 µm filtered (6808-2002, Cytiva, MA) phosphate
buffered saline (PBS, 10010-023, Gibco, MA). 1 M sodium
bicarbonate (Sigma-Aldrich) in ultrapure water was added
to achieve a 0.1 M concentration in the reaction volume
and the reaction was left in the dark for 1.5 hours at room
temperature. The protein-dye conjugate was purified by 3
rounds of size exclusion chromatography (Bio-Spin 6 col-
umn, BioRad, CA) and then aliquoted in 5 µL portions and
stored at -80C until required.

Cell preparation: ~106 of cells were centrifuged
(600g, 2 minutes) and the supernatant was removed be-
fore washing once with filtered PBS. The cells were fixed
in 0.8 % paraformaldehyde (28906, Thermo Scientific, MA)
and 0.2 % glutaraldehyde (G5882, Sigma-Aldrich) for 15
minutes at room temperature. The cells were then washed
three times in filtered PBS and then resuspended in ~100
µL of filtered PBS.

Cell-coated coverslip preparation for apical sur-
face imaging: Glass slides (24 × 50 mm borosilicate,
thickness No. 1, VWR international, PA) were cleaned for
30 minutes with argon plasma (PDC-002, Harrick Plasma,
Ithaca, NY) and then coated with poly-L-lysine (PLL, 150-
300 kDa; P4832; Sigma-Aldrich) for 15 minutes. The
slides were then washed three times with filtered PBS be-
fore ~ 30 µL of PBS was placed with 5-20 µL of cells in
PBS and the cells were allowed to settle on the surface for
45 minutes.

T-cell coated coverslip preparation for whole cell
imaging: T cells were adhered to a coverslip using PLL
as before. Fiducial markers were prepared as follows. A
100 µL solution containing 50 µm agarose beads (20349,
ThermoFisher) was incubated with PLL solution in a 1:1 ra-
tio for 10 minutes followed by centrifugation at 1500 × g for
1 minute. The beads were washed three times with filtered
PBS and incubated with nitrogen vacancy fluorescent nan-
odiamonds (798134, Sigma) in a 1:1 ratio for 10 minutes at
room temperature. The labelled beads were then washed
three times with filtered PBS and resuspended in 100 µL
of filtered PBS. Onto a pre-prepared T-cell coated coverslip

was added 3 µL of fluorescent nanodiamond-coated 50 µm
diameter agarose beads, which were allowed to settle on
the surface. The sample was heated to 37oC and 50 µL
of 1 % agarose solution in filtered PBS was added and
allowed to settle for 10 minutes. The sample was then al-
lowed to cool to room temperature before 50 µL of filtered
PBS was added to the set agarose.

DHPSF Microscopy: The microscope used for Fab
and WGA imaging with the DHPSF was as in our previ-
ous work,49 incorporating a 1.27 NA 60× water immersion
objective lens (1.27 na Plan Apo VC 60×, Nikon) and a
quad-band dichroic (Di01-R405/488/561/635-25x36, Sem-
rock) with minor alterations to the optics in the emission
path. Namely, for SiR and HMSiR dyes a phase mask
(PM) optimised to a different wavelength (650 nm, Double-
Helix, Boulder, CO) was used and the fluorescence signal
isolated by placement of band-pass and long-pass filter
(FF02-675/67-25 and BLP01-647R-25, Semrock) placed
immediately before the camera. Excitation light on the
sample was filtered using a bandpass filter (FF01-640/14-
25, Semrock) In the case of the dyes AF555 and PAJF549
the PM was replaced with a 580 nm optimised PM (Dou-
bleHelix, Boulder, CO). The fluorescence signal was iso-
lated by use of band-pass and long-pass filters FF01-
580/14-25 and BLP02-561R-25 (Semrock, Rochester, NY)
and collected by an EMCCD (Evolve Delta 512, Photo-
metrics, Tucson, AZ) operating in frame transfer mode.
The excitation light was filtered by use of a bandpass filter
(LL02-561-25, Semrock). The DHPSF was calibrated by
use of Tetraspeck beads (Thermofisher, T7279) for both
PMs and filter combinations, where the fluorescent bead
slides were prepared on PLL coated coverslips as in pre-
vious work.49

resPAINT imaging of apical T-cell surface: The liq-
uid was carefully removed from a T cell coated coverslip
and the surface then gently washed with a prediluted so-
lution of probe at the required concentration in either fil-
tered PBS or in the case of HMSiR in filtered pH 9.6
sodium carbonate-bicarbonate buffer and then imaged on
the custom-built DHPSF microscope. For experiments that
involved HMSiR and SiR, a 20 ms exposure time was used
in both the WGA and Fab imaging cases and a continu-
ous 641 nm excitation beam at (~5 kW cm-2) used in a
HILO illumination configuration. The photoactivation mode
experiments were conducted with 30 ms exposure times
while a continuous 561 nm excitation beam (~10 kW cm-2,
measured after objective) was used in combination with a
continuous 405 nm beam used for activation at a range of
power-densities during optimisation experiments (~ 0-6 W
cm-2, measured after objective). An image was collected
that centred on the apical surface and contained most of
the DHPSFs 4 µm depth of field. In order to quantify the
resPAINT improvement, the background was matched in
conventional PAINT and resPAINT cases by titrating probe
into the imaging volume before an average z-project of an
area off cell was taken and the counts measured for a
small ROI in the centre of the centre of the frame. The
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localisation rates at similar background were compared.
The quoted improvements are indicative of the difference
in localisation rates under these matched conditions.

Whole cell resPAINT imaging: A coverslip prepared
for whole cell experiments was imaged using the same ex-
citation and emission path configuration as for the optimi-
sation PAJF549 experiments. Continuous 561 nm illumina-
tion (~ 5kW cm-2, measured before objective) and 405 nm
excitation (~ 5 W cm-2, measured before objective) was in-
cident on the sample. Four ~4 µm planes were imaged,
where each position contained at least one fiducial marker
shared with adjacent planes to allow alignment of localisa-
tions post-drift correction. 200,000 frames were recorded
at 30 ms exposure for each plane and then the focus was
shifted in 3.5 µm steps using a piezo motor. An auto-focus
script written in Beanshell was used to maintain the axial
position of the sample while acquiring in individual planes.

The resolution of resulting images was evaluated using
Fourier shell correlation with a custom MATLAB script. The
3D point cloud dataset was randomly split into two equal
parts. This was then used to create a 3D image using 10
nm3 voxels, where each point contributed to a Gaussian
intensity distribution with σxy = 40 nm and σz = 60 nm.
Finally, an existing script 48 for Fourier shell correlation in
MATLAB was applied to the two images to determine the
resolution at the 1/7 intercept.

anti-hCD45-Fab off rate imaging and calculation: T
cells were prepared and adhered to a coverslip using PLL
as for apical surface imaging before incubation with 200
nM of anti-hCD45-Fab-SiR (Gap8.3-Fab-SiR) for 15 min-
utes. Imaging was performed on a bespoke microscope as
in previous work66 using a 641 nm excitation laser (Obis,
Coherent). The beam was filtered with an appropriate ex-
citation bandpass filter (FF01-640/14-25, Semrock) and
circularly polarised using a wavelength specific quarter-
wave plate. The beam was then expanded, collimated and
aligned for epifluorescence with an air immersion objec-
tive (20× Plan Fluor, NA 0.5, air immersion, Nikon Corpo-
ration) mounted on an inverted microscope body (Eclipse
Ti2, Nikon Corporation). Emitted light was collected by
the same objective lens and separated from excitation light
by way of a dichroic mirror (Di01-R405/488/561/635, Sem-
rock) and an appropriate emission bandpass filter (FF01-
692/40-25, Semrock). The emitted light was then ex-
panded and focused onto an electron-multiplying charge-
coupled device (Evolve 512, Photometrics) for imaging,
where the pixel size was 535 nm. A stack of single im-
ages was taken in 20 s intervals, with an EM gain of 250,
where the exposure time was 100 ms and the power den-
sity incident on the sample was ~0.3 Wcm-2. The off rate
was measured by fitting the decay in fluorescence signal
overtime to an exponential function in Fiji.

anti-hCD45-Fab surface plasmon resonance mea-
surements: Gap8.3-CD45 interactions were analysed on
a Biacore 8k instrument (Cytiva Life Sciences) at a flow
rate of 10 µl min-1. Running buffer was HBS-P. A Protein
A Chip (Cytiva Life Sciences) was used to capture Gap8.3

(~2000RU) onto Flow cell 2 (FC2) at 10 µl min-1. Before
injection of CD45 the chip surface was conditioned using
3 injections of HBS-P for 60 s each. Serial dilutions of
CD45D1-D4 or CD45RABC were injected for 60 s at 30 µl
min-1 over both FC1 (reference) and FC2 using single cy-
cle kinetics with a final dissociation time of 300 s. A blank
run was also performed using PBS in HBS-P to match the
serial dilutions of CD45 for blank subtraction and together
with FC1 used for double reference subtraction. All mea-
surements were performed at 20 °C. Results were anal-
ysed using the Biacore Evaluation Insight Software (Cytiva
Life Sciences) using 1:1 kinetic model binding.

DHPSF fitting: The whole cell dataset was fitted using
easyDHPSF67 as previously described. 49 Briefly, a cali-
bration dataset was acquired by scanning the stage in 40
nm steps. Using the calibration file, camera parameters
and manually selected thresholds, easyDHPSF produced
a point cloud of localisations. Drift was corrected based
on individual fiducial markers present in each plane. The
five planes were aligned by identifying overlapping fiducial
markers between planes and correcting localisation posi-
tions. Repeated localisations were removed via temporal
filters where a localisation was removed if within 500 nm
and 0.5 s of a previous localisation. For the images pre-
sented and analysed in Fig. 2, a density filter with 200
nm radius was used to remove spurious noisy localisations
with less than 5 neighbours.

For all other datasets, DHPSF fitting was done
using a custom MATLAB script (currently available
at https:github.com/TheLaueLab/DHPSFU). Image se-
quences were first analysed with the GDSC plugin
PeakFit,68 to extract localisations. These were paired us-
ing the DHPSFU MATLAB script, which uses a PSF cali-
bration file to accurately assign x,y,z positions to the point
pairs. Repeat localisations within 20 frames and a 200 nm
radius were combined into singles using a temporal filter
(~0.5 s depending on exposure time).

Tetrapod microscopy: A piezoelectric deformable
mirror (DMP40-F01, Thorlabs) was used to generate a
tetrapod PSF based on a previous implementation.57 The
deformable mirror was placed in the conjugate back fo-
cal plane of the objective (Plan Apo, 60 ×A/1.40 Oil,
DIC H, inf/0.17 WD 0.21, Nikon) using a relay of achro-
matic doublet lenses (AC254-200-A, Thorlabs). The de-
formable mirror was controlled using the manufacturers
software (version 3.2, Deformable Mirror Software Pack-
age, Thorlabs). The tetrapod pattern was generated us-
ing a 0.25:-0.75 ratio of secondary and primary astigma-
tism. The microscope setup was based on a Nikon Eclipse
Ti2-E. Two 638 nm diode lasers (each 180 mW, 06-MLD
638 nm, Cobolt) were focused to the back focal plane of
the objective using a lens (AC254-250-A, Thorlabs) on
a linear translation stage to allow HILO illumination. A
dichroic (Di01-R405/488/532/635, Semrock), and emis-
sion filters (FF02-675/67-25 and BLP01-647R-25, Sem-
rock) were used. The power density at the sample was
~2.5 kWcm-2. A sCMOS camera was used (Prime 95B,
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Teledyne Photometrics) and controlled with µManager 2.0
gamma.69 Data analysis was performed using the ImageJ
plugin ZOLA-3D.57 The experimental PSF was modelled
using 66 Zernike coefficients. Localisations were filtered
based on goodness of fit and photon number (>2000 pho-
tons).

Light field Microscopy: A bespoke lightfield micro-
scope was used as in previous work.5 Jurkat T cell mem-
branes were imaged using WGA-SiR or HMSiR with con-
tinuous excitation at 638 nm (~1 kW cm-2). HILO illumi-
nation configuration was used to minimise fluorescence
background to image a plane near the apical surface of Ju-
rkat T cells. Quantification of resPAINT improvement was
conducted in the same way as for DHPSF images.

Light field fitting: The microlens array in the SMLFM
system encodes the 3D position of the point emitters in the
displacement of the focused image from the optical axis of
each lenslet. Sub-diffraction localisation of the point emit-
ter images were performed by fitting a 2D gaussian profile
using the ThunderSTORM package.70 The 3D localisation
was estimated using the previously described method.5

This uses knowledge of the optical model and the set of
2D localisations to estimate a 3D localisation for each point
emitter. The 3D fitting parameters were: Perspective views
(3-5), 2D Gaussian fitting widths (0.4 - 1.2), paraxial angle
for grouping (0.5 ), 3D fit threshold (0.5 µm) and intensity
threshold of (200 photons).
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