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Abstract: Tumor cell-surface markers are usually overex-
pressed or mutated protein receptors for which spatiotemporal
regulation differs between and within cancers. Single-molecule
fluorescence imaging can profile individual markers in differ-
ent cellular contexts with molecular precision. However,
standard single-molecule imaging methods based on overex-
pressed genetically encoded tags or cumbersome probes can
significantly alter the native state of receptors. We introduce
a live-cell points accumulation for imaging in nanoscale
topography (PAINT) method that exploits aptamers as
minimally invasive affinity probes. Localization and tracking
of individual receptors are based on stochastic and transient
binding between aptamers and their targets. We demonstrated
single-molecule imaging of a model tumor marker (EGFR) on
a panel of living cancer cells. Affinity to EGFR was finely
tuned by rational engineering of aptamer sequences to define
receptor motion and/or native receptor density.

Introduction

Altered cancer cell behavior often is due to the occur-
rence of mutations or overexpression of certain cell-surface
receptors, known as tumor cell-surface markers. Single-
molecule imaging techniques are widely used to visualize
these markers and to evaluate relevant biological features,
such as receptor diffusion, and homotypic or heterotypic
receptor-receptor interactions.[1] Single molecule localization
microscopy (SMLM) provides static mapping of receptors

with sub-diffraction resolution,[2] typically obtained after
chemical fixation of cells. Single molecule tracking (SMT)
measures receptor dynamics by tracking the motion of sparse
biomolecules on living cells.[3,4] In both SMLM and SMT,
labeling strategies are essential to directly assess native
receptor behavior, and should ideally provide selective label-
ing with minimal alterations of both endogenous receptor
behavior and cell conditions.[5, 6]

Considerable efforts have been made to overcome tradi-
tional labeling approaches based on bulky labels, e.g., anti-
bodies (Abs) or overexpression of protein-reporter fusions.
Alternative affinity probes such as nanobodies,[7,8] affimers[9]

or aptamers[10, 11] have been proposed. Among them, aptamers
are produced via chemical or enzymatic synthesis in identical
copies with precise dye stoichiometry and have been exploit-
ed to perform quantitative nanoscale imaging.[10–12] However,
poor compatibility with some chemical fixation protocols has
been reported in some cases, which led to incomplete epitope
recognition.[11] This might pose considerable limitations in the
routine use of aptamers or other fixative-sensitive labels, since
the endogenous availability of biomolecules can be reduced.
Live-cell imaging represents a valid alternative to define
receptor behavior without altering the native status of target
biomolecules due to fixative methods.[13, 14] In live-cell imag-
ing, receptor mapping is hardly achievable at the nanoscale
because of receptor motion, but single-molecule dynamics is
efficiently assessed. Moreover, cell surface distributions of
receptors can still be observed on an intermediate scale
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(100 nm–1 mm), provided that the target biomolecules are
sampled with sufficient labeling density.

Assessment of single-molecule dynamics at high labeling
density can be achieved with photobleaching-insensitive
approaches like universal PAINT (uPAINT). In this imaging
method, living cells are directly exposed to a low concen-
tration of dye-labeled affinity probes that freely diffuse in
solution and are imaged only upon binding of their target
receptors, allowing tracking of molecules with unprecedented
density.[15] However, uPAINT still exploits rather invasive
labels such as Abs or receptor-activating endogenous li-
gands,[6, 16] while less-invasive implementations (e.g., use of
Fab fragments[17]) are still limited. In addition, the slow
dissociation rates of these high-affinity probes hampers their
turnover,[15] leading to incomplete replenishment of photo-
bleached probes with fresh ones. Photobleached labels thus
remain tightly associated to their target receptors, which in
turn cannot be further imaged. DNA duplexes with program-
mable hybridization kinetics were successfully exploited to
promote faster exchange of fluorescent reporters.[11, 18,19]

However, this strategy still requires a high affinity probe to
label target receptors and expose a DNA docking strand for
the hybridization with dye-conjugated DNA strands diffusing
in solution. In contrast, the use of inherently modular affinity
probes that bind target receptors selectively and reversibly
with minimal perturbation of their native function remains
unexplored.

Here we introduce the use of aptamers as reversible,
highly specific, and non-perturbing affinity probes that are
directly applied to living cells for single-molecule imaging of
cell-surface receptors. SMT of Epidermal Growth Factor
Receptor (EGFR) molecules was performed using a well-
described high-affinity aptamer.[20] Then, we rationally engi-
neered the aptamer sequence to generate a variant with
reduced affinity and faster dissociation rate from EGFR. This
reversible probe allowed photobleaching-insensitive detec-
tion of EGFR density levels on living cancer cells that was
combined with SMT to obtain high-density diffusion maps
with no perturbation of EGFR endogenous behavior.

Results and Discussion

Principles of Single-Molecule PAINT Imaging Using Aptamers as
Probes

Aptamer designs include an extended 3’-end “tail” that
efficiently anneals with an “anti-tail” oligonucleotide bearing
an organic dye (Figure 1 a) to form a stable complex with
precise 1:1 aptamer:fluorophore stoichiometry. The design is
modular and can be applied to multiple aptamers as
previously demonstrated,[21, 22] and each aptamer-tail can be
directly conjugated to virtually any fluorophore of choice.
Aptamer probes were incubated with living cells that ex-
pressed endogenous receptors. Low concentrations were used
(pm to nm) ensuring low labeling density in each image frame,
which is necessary for reliable detection of single-molecule
binding events. In addition, total-internal-reflection (TIR)
illumination was employed to selectively excite only probes

located on basal cell surface, significantly reducing fluores-
cence background from freely-diffusing aptamers. Following
the principles of PAINT, aptamers were detected and
localized only upon binding of their target receptors (Fig-
ure 1b). Tracking the motion of individual aptamer-receptor
complexes on the cell surface is performed until aptamers
dissociate from their target receptors or leave the illumination
plane or until dye photobleaching. However, because bound
and unbound probes are both present, continuous labeling of
receptors and constant localizations rate could be achieved
upon binding of fresh aptamers to cell-surface receptors, thus
overcoming dissociation and photobleaching.

Two main readouts were obtained: (i) motion of individ-
ual receptors can be tracked, enabling measurement of
molecular diffusion and extrapolation of the rates of fluo-
rophore photobleaching and aptamer dissociation from their
target receptors (calculated from analysis of trajectories
duration) (Figure 1c); (ii) localizations of individual receptors
in every acquisition frame can be merged to reconstruct
PAINT images (Figure 1d). Although PAINT images cannot
provide a quantitative receptor mapping on the nanoscale
(because diffusing receptors can appear in different locations
in multiple frames), they define localization densities that are

Figure 1. a) The fluorescently conjugated aptamer probe. The aptamer
tail (green) is annealed to its complementary anti-tail (grey) bearing
a fluorophore (green sphere). b) Schematic of live-cell imaging using
aptamers. Thanks to TIR illumination, only aptamers (green fluoro-
phores) that bind cell-surface receptors are selectively excited and
detected. In contrast, freely diffusing aptamers (grey fluorophores) are
not observed. Transient binding of aptamers to target receptors
enables single-molecule imaging on nearly unperturbed living cells.
c) Single-molecule tracking was performed using sub-nanomolar con-
centrations of probes (0.05–0.20 nm) to study receptor diffusion and
aptamer binding kinetics. Examples of single EGFR trajectories on the
surface of an A431 cell are shown (top image). Scale bar: 5 mm. X-Y
coordinates of a representative trajectory are also displayed. Diffusive
status of a receptor can be studied by analysis of thousands of
trajectories. Additionally, aptamer binding kinetics can be assessed by
analyzing the distribution of trajectory durations, which follows a sin-
gle-exponential decay (black line). d) Membrane receptor densities are
obtained by live-cell PAINT using low nm concentrations (1–20 nm).
Time-lapse sequences are recorded (on the left), then a PAINT image
(on the right) is reconstructed. Scale bar: 5 mm.
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proportional to the endogenous levels of cell-surface recep-
tors, and also determine receptor spatial distribution on
a mesoscale (40–300 nm).[23]

The density of labeled cell-surface receptors and affinity
of aptamer probes are crucial to determine the type of
readout attainable. Low labeling density (up to a few tens of
labeled cell-surface molecules) and high-affinity aptamers are
required to perform optimal SMT, in which molecules are
tracked for long time with minimal overlap of trajectories. In
contrast, high labeling density and efficient exchange of
aptamer probes on the target are preferred for acquisition of
PAINT images since a higher number of cell-surface mole-
cules (up to a few hundreds) are localized in every frame.
Thus, degree of receptor labeling and type of readout
measured can be controlled by tuning the affinity of aptamers.

Tracking Single EGFR Molecules with the MinE07 Aptamer

SMT analysis was performed on A431 cells, a human
epidermoid carcinoma cell line that expresses exceptionally
high levels of EGFR[24, 25] (Table S1). A photostable dye,
Atto647N,[15–17] was conjugated to anti-EGFR RNA aptamer
MinE07,[26, 27] which binds EGFR with high affinity (KD

& 1 nm and apparent KD of 25–60 nm). Live A431 cells were
exposed to 0.05 nm aptamer and imaged under moderate
illumination (& 200 Wcm@2) to obtain low labeling density
and relatively long tracking time, thanks to a discontinuous
irradiation (Video S1). The distributions of diffusion coeffi-
cient (D) values (Figure 2a) calculated from & 6000 single
molecule trajectories indicates one main population of mobile
receptors (D& 10@1 mm2 s@1) and a second population that can

be considered immobile (D& 10@3 mm2 s@1). The latter was
previously found to be associated with clathrin-coated
pits,[28, 29] suggesting that these immobile EGFR molecules
were being internalized via clathrin-mediated endocytosis.
Our measurements are nicely consistent with previous results
obtained on transfected EGFR labeled with fluorescent
proteins.[29] Additionally, different EGFR diffusive states
could be discriminated by SMT analysis (Figure 2b,c and
Figure S2). Similar distribution of D values was also obtained
using the same MinE07 aptamer, but conjugated with
AlexaFluor488 (AF488) (Figure S1 and Supplementary
Notes), a dye with reduced affinity for phospholipidic bilayers
than Atto647N,[30, 31] demonstrating that results are negligibly
affected by dye-driven interactions.

Simultaneous tracking of EGFR and TfR with MinE07 and Waz
aptamers

Simultaneous SMTwas performed for EGFR and a second
tumor cell-surface marker, Transferrin Receptor (TfR,
CD71), on A431 cells. The Waz aptamer binds human TfR
with an apparent KD in the range 200–400 nm.[32, 33] A431 cells
were co-incubated with both AF488-MinE07 and Atto647N-
Waz and excited using 488 nm and 647 nm lasers. Because
EGFR is expressed on A431 cells at higher levels than
TfR[34–36] (Table S1), and MinE07 and Waz possess different
KD values toward their respective target receptors, concen-
trations of the two aptamers were adjusted to 0.05 nm MinE07
and 0.20 nm Waz to achieve comparable numbers of labeled
receptors in both AF488 and Atto647N channels (Video S2).
Figure 2d,e display representative examples of frame acquis-

Figure 2. a–c) SMT of EGFR on living A431 cells exposed to 0.05 nm of anti-EGFR aptamer (MinE07) conjugated to Atto647N. a) Distribution of
measured D values for MinE07 is shown in green. b) Examples of selected long trajectories for each of these four diffusive states are shown:
Brownian (black), confined (green), directed (red), and immobilization (blue). Scale bar: 2 mm. c) Corresponding mean-square displacement
(MSD) plots for four different types of EGFR motion. d–f) Two-color single-molecule tracking on living A431 cells exposed simultaneously to
0.05 nm AF488-conjugated MinE07 (EGFR, green) and 0.20 nm Atto647N-Waz aptamer (TfR, magenta). d) Representative example of one
acquisition frame is displayed. Scale bar: 5 mm. e) Examples of trajectories of single EGFR (green) or TfR (magenta) on the cell surface. Scale bar:
2 mm. f) Distributions of D values calculated for the two channels (EGFR in green and TfR in magenta).
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ition with dual-color imaging and the corresponding trajecto-
ries obtained by SMT. Comparable numbers of trajectories
for both channels were analyzed to calculate D values and
their distribution (Figure 2 f). Both receptors showed mobile
(D& 10@1 mm2 s@1) and immobile (D& 10@3 mm2 s@1) popula-
tions, albeit with different subpopulation ratios of these two
diffusive states (Figure 2 f). EGFR exhibited a clear preva-
lence of mobile molecules, as observed in single-color imaging
(Figure 2a and Figure S1). In contrast, mobile and immobile
molecules were similar for TfR, consistent with previous
reports.[37,38] As noted above for EGFR,[28] recent work found
immobile TfR to be located in proximity of clathrin-coated
pits, suggesting association with clathrin-mediated endocyto-
sis.[37] Our findings show that high-affinity aptamer probes,
such as MinE07, are well-suited for SMT of endogenous
membrane protein receptors and for multi-target tracking
using spectrally distinct dyes.

Evaluation of the MinE07 Aptamer for SMT and PAINT

As a consequence of MinE07Qs slow dissociation from
EGFR (& 1 X 10@3 s@1,[39] corresponding to t1=2

& 10 min),
tracking time is primarily limited by the photobleaching rate
of the dye (occurring in the range of seconds). Low labeling
density (up to a few tens of molecules per frame) enabled
tracking receptors over seconds, as in Figure 2, while avoiding
trajectory overlap. Because EGFR displays an asymmetric
distribution on the cell surface and is enriched on the cell
periphery,[40–42] the labeling of sparse receptors was indispen-
sable to efficiently track single EGFR at the edges of A431
cells without causing an overlap of trajectories. To achieve
low labeling density and perform optimal SMT, sub-nano-
molar concentrations of MinE07 were used. Unfortunately,
when using this range of concentrations, the influx rate of
fresh probe is quite slow and does not fully overcome the
photobleaching rate of the dye. As a result, long trajectories
are recorded, but the number of tracked EGFRs decreases
during acquisition time.

Overall, the high affinity and slow dissociation off-rate of
MinE07 make this aptamer ideal for applications of SMT,
since target EGFRs are tracked for long time, but it shows
limitations when probe concentration is increased to nano-
molar range for live-cell PAINT. In fact, to achieve simulta-
neous localization of multiple EGFRs (hundreds) in every
acquisition frame, living A431 cells were exposed to 3 nm of
MinE07 and continuous irradiation was used at relatively high
power (& 1 kWcm@2). Then, single-molecule localizations
were merged to reconstruct the final PAINT images (Fig-
ure 3a and S10a), estimating levels of cell-surface EGFRs and
their localizations. Multiple artifacts (yellow arrows) are
evident in the reconstructed image of Figure 3a, which consist
of unrealistic “blacked-out-areas” located in close proximity
to the basolateral edges of the cell. Such aberrantly irregular
distribution of EGFR in PAINT images is related to the
presence of multiple emitting probes located simultaneously
at sub-diffraction distance, and thereby not recognized as
single molecules during the analysis procedure (Figure S10a
and c).

This systematic undercounting is related to the long
association lifetime of MinE07 to EGFR (t1=2

& 10 min[39]),
which leads to a substantial lack of probe turnover during
acquisition time (& 8 min). In fact, because of the high-
affinity, MinE07 probes tend to immediately overload areas
of the cell membrane with higher EGFR levels, such as
basolateral edges of A431 cells. Then, photobleaching of
probes occurs during acquisition time, but MinE07 remains
stably associated with EGFRs, thus preventing effective
probe turnover. As a result, the localization rate during
acquisition is unsteady. Emitters are initially very crowded on
the cell surface and often over-crowded at the cell edges,
producing artifacts in PAINT images. Then, the density of
emitting probes continuously decreases, due to photobleach-
ing, without reaching a stable localization rate (Figure S10a
and S10e), because of the inefficient replacement of photo-
bleached probes.

Rational Engineering of a Low-Affinity EGFR Aptamer

To overcome the limitations related to the high affinity of
MinE07 aptamer when performing PAINT imaging, we
generated MinE07 variants with lower affinity and faster
off-rates than MinE07 (Figure 3b). First, MinE07 variants
were designed to destabilize the MinE07 secondary structure
and/or promote alternative conformations (Table S2 and
Figure S3). Second, binding to EGFR-expressing cells was
tested by flow cytometry for a set of seven MinE07 variants.
Only for flow cytometry, aptamers were conjugated with Cy5,
and were incubated at increasing concentrations with three
human cell lines that differentially express EGFR: HeLa
(moderate levels[43,44]), HEK293T (low levels[25]) and Ramos
(EGFR-negative[45]) (Table S1). MinE07 and all aptamer
variants displayed a clear dose-dependent staining of HeLa
cells (Figure S4) relative to the low background observed with
a control RNA aptamer that binds human CD4
(CD4BA),[46, 47] a cell-surface receptor expressed on normal
and cancerous T cells but not on the employed solid tumor
cell lines. Aptamer variants MinE07_G6U, MinE07_G6U/
U46A, and MinE07_G6U/A33C showed reduced binding to
HeLa cells (Figure S4), but dose-dependent cell staining was
clearly evident in both HeLa and (to a lesser extent)
HEK293T cells (Figure S5 and S6). In contrast, no significant
binding to the EGFR-negative Ramos cells was observed for
MinE07 or any of its variants (Figure S5 and S6). To rule out
other potential mechanisms of obtaining false positive signals,
two variants were further tested in competition binding assays
against either MinE07 or CD4BA (Figure S7). As expected,
binding of each MinE07 variant was completely inhibited
upon incubation of HeLa cells with 10-fold molar excess of
MinE07, while retention of binding was observed when an
excess of CD4BA was used as non-specific competitor
(Figure S7).

Finally, binding affinity to EGFR displayed on HeLa cells
was quantitatively determined for MinE07_G6U/A33C, as
this aptamer showed the lowest cell staining among all
MinE07 variants. The apparent KD (KD app) for MinE07 (19:
4 nm) indicated 6-fold higher affinity than for MinE07_G6U/
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Figure 3. a) Reconstructed PAINT images of living A431 cells incubated with 3 nm MinE07 (high-affinity MinE07). Scale bars: 5 mm (left) and
2 mm (right). Yellow arrows indicate aberrant irregular distribution of PAINT localizations at the edges of the cell. The image on the right shows
a zoomed-in view of the area within the dashed square. b) Workflow for aptamer engineering . Variant sequences were designed to destabilize the
minimum free energy (MFE) secondary structure of MinE07 (top panel) and/or to promote alternative conformations, as shown for the MFE
structure exhibited by MinE07_G6U/A33C (top panel, see also Figure S3). For each MinE07 variant, flow cytometry was used to assess binding of
three cell lines that display differential expression of EGFR. Results and experimental details are reported in Figure S4-S6. To assess retention of
selectivity, candidate sequences were further tested in competition binding assays (Figure S7). c) Apparent dissociation constants (KD app) on
HeLa cells were determined by flow cytometry using increasing concentrations of Cy5-labeled anti-EGFR aptamers (MinE07 and MinE07_G6U/
A33C). Plots of median fluorescence intensity (MFI) versus aptamer concentration and apparent KD values are shown for MinE07 (top) and
MinE07_G6U/A33C (bottom). Representative flow cytometry curves for all aptamer samples are shown in Figure S8. d) Reconstructed PAINT
images of living A431 cells incubated with 3 nm MinE07_G6U/A33C (low-affinity MinE07). Scale bars: 5 mm (left) and 2 mm (right). The image on
the right shows a zoomed-in view of the area within the dashed square.
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A33C (116: 17 nm) (Figure 3 c and Figure S8), consistent
with the reduced cell staining observed in Figure S4–S6.
These results demonstrate that aptamer-dependent cell bind-
ing is due to the presence of EGFR on the cell surface, that
the magnitude of staining correlates with the reported levels
of EGFR expression, and that the rationally engineered
aptamer variants exhibit reduced binding of EGFR-express-
ing cells relative to MinE07 while retaining the same
selectivity.

Binding and dissociation kinetics of MinE07_G6U/A33C
were assessed at single-molecule level as a complement to the
ensemble-average flow cytometry measurements. Single-mol-
ecule trajectory durations were measured at low labeling
density under discontinuous excitation and were modulated
on different sampling frequencies. Photobleaching linearly
decreased at lower sampling frequencies, allowing the ex-
trapolation of the dissociation rate constant to zero frequency
(in absence of photobleaching).[48] For both MinE07 and
MinE07_G6U/A33C probes, photobleaching was considera-
bly faster than dissociation (Figure S9). Dissociation off-rate
(koff) was too low for MinE07 to be reliably estimated with
this method, consistent with a reported value of & 1 X 10@3 s@1

from surface plasmon resonance.[39] In contrast, koff& 4 X
10@2 s@1 for MinE07_G6U/A33C could be estimated, which
corresponds to a dissociative half-life of & 15–20 seconds
(Figure S9). This value is compatible with multiple associa-
tion/dissociation events between EGFR and aptamer during
the acquisition time of a PAINT image (minutes), enabling
efficient probe turnover. Overall, estimation of the aptamer
dissociation rate and ensemble measurements of apparent KD

demonstrate that MinE07 (hereinafter “high-affinity
MinE07”) displayed high-affinity and a slow off-rate from
EGFR that resembles a “catch-and-hold” behavior. In
contrast, MinE07_G6U/A33C (hereinafter “low-affinity
MinE07”) displayed a “catch and release” behavior as
a consequence of its faster off-rate, appropriate for an
efficient probe exchange on the targets over a time range of
minutes.

Low-Affinity MinE07 Outperforms High-Affinity MinE07 as
a Probe for PAINT

The faster off-rate of low-affinity MinE07 makes it an
ideal probe when high labeling density is required as for live-
cell PAINT. When living A431 cells were incubated with 3 nm
of low-affinity MinE07 to reconstruct PAINT images (Fig-
ure 3d), the artifacts seen for high-affinity MinE07 were not
observed. Due to its faster dissociation rate, this low-affinity
aptamer did not over-accumulate in areas with high EGFR
density, and individual EGFR molecules could be accurately
localized (Figure 3d and Figure S10b). Additionally, a steady
single-molecule localization rate can be achieved during
acquisition time. Cell-surface emitters are crowded in the
initial frames of acquisition (roughly 700 frames, which are
discarded during the reconstruction analysis of the PAINT
images), and a fast decrease in localization rate occurs within
this initial phase, due to photobleaching. Then, the density of
emitting probes on the surface reaches a steady state. This

leads to a constant localization rate throughout the rest of
acquisition time (Figure S10), which is due to the effective
replacement of photobleached probes on target receptors.
Notably, these features are distinctive of photobleaching-
insensitive methodologies and allow the acquisition of PAINT
images, where the number of localizations is proportional to
endogenous EGFR levels on the basal membrane of living
cells, while avoiding persistent or invasive EGFR staining.

Live-Cell PAINT Defines EGFR Densities on the Surfaces of a Set
of Cancer Cells

Because of the superior performance for the acquisition of
PAINT images, low-affinity MinE07 was used to qualitatively
compare EGFR density on two breast cancer cells lines that
express different levels of EGFR: MDA-MB-231 cells
(moderate EGFR levels[24, 49]) and MCF-7 cells (very low
EGFR levels[49–51]) (Table S1). A431 cell line was used as
a reference, and CD4BA was used as non-targeting control
aptamer. Time-lapse sequences were recorded using 7 nm
Atto647N-conjugated aptamer probes and reconstructed
PAINT images were used to calculate the localization density
on the basal cell surface (Figure 4). Representative PAINT
images are shown in Figure 4a–c. There is a clear difference in
EGFR localization densities among the three cell lines, which
correlated with previously reported levels of EGFR. Sepa-
rately, direct STORM (dSTORM)[52] imaging was performed
on the same cell lines to give an independent evaluation of the
relative EGFR densities using a well-established single-
molecule imaging approach. Unlike PAINT, dSTORM imag-
ing was performed after standard chemical fixation of cells
and EGFR immunostaining with a signal-amplification sys-
tem based on primary anti-EGFR Abs and AF647-labeled
secondary Abs. The relative differences in EGFR localization
densities between the cell lines obtained with dSTORM
(Figure S11) closely resembled those of Figure 4. This con-
firms that the expected trend of cell-surface EGFR levels on
these cell lines is correctly reported by live-cell PAINT,
although differences of imaging methodology precludes
a quantitative comparison.

A431 cells displayed the highest localization densities
(& 450 localizations per mm2), with a very high number of
localizations concentrated at the basolateral edges of the cells
(Figure 4a). Labeling of EGFR on MDA-MB-231 cells
(Figure 4b) was moderate (& 250 localizations per mm2)
compared to A431 cells but still detectable above back-
ground. In contrast, low-affinity MinE07 showed minimal
localizations on the cell surfaces of MCF-7 cells (Figure 4c)
that was comparable to those obtained with aptamer CD4BA
(Figure S12). Importantly, PAINT images were obtained on
unperturbed living cancer cells, showing very different
expression of EGFR (in the case of MCF-7, similar to heathy
epithelial cells[50,51, 53]) and in absence of staining protocols
that artificially amplify the signal. As for similar approaches
based on reversible binders, contribution of non-specific
interactions affects the sensitivity for the detection of low
amount of receptors. Strategies to improve the sensitivity of
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this methodology are extensively discussed in Supplementary
Notes.

Simultaneous Mapping of EGFR Dynamics and Density on the
Cell Surface

The optimal performance of low-affinity MinE07 for
single-molecule imaging at high labeling density enables to
simultaneously detect EGFR density by live-cell PAINT
(Figure 5a) and to track single-molecule motions using the
same data set. Exposing living MDA-MB-231 cells to 17 nm of
aptamer probes under continuous TIR irradiation, a high
number of trajectories (between 50000 and 70 000, with
a duration rarely exceeding 1 s) could be measured with
negligible overlaps and negligible contribution of bulk
fluorescence, allowing prompt calculation of D and other
dynamic parameters. Distribution of D values still showed
two main populations of cell-surface EGFRs (Figure S13), as
seen for A431 cells (in Figure 2 a), but with a slight prevalence
of nearly immobile molecules, which is likely due to increased
static interactions with coverslip surface at higher probe
concentrations (Figure S14). Thanks to the rapid exchange of
bound and unbound low-affinity MinE07 molecules to target
receptors, the number of trajectories detected was not
affected by photobleaching but was only dependent on the
acquisition time. As a consequence, high trajectory density
(& 50 per mm2, Figure S15a) was easily detected, in agreement
with previously reported values obtained by uPAINT.[15] In
addition, a density map of trajectory distributions on the
whole cell membrane area was calculated by binning the mass
center of each trajectory with an arbitrary pixel size (Fig-
ure 5b). Notably, because of this efficient sampling, specific
subpopulations of molecules, corresponding to a statistically
relevant number (thousands) of trajectories could be mapped
on the cell surface (Figure 5c–e). Trajectories obtained from
the tracking analysis on MDA-MB-231 cells were first filtered
according to values of their D or distance, then were spatially
localized to obtain a 2D density map of the selected cell-
surface molecules. Importantly, when MDA-MB-231 cells
were incubated with CD4BA, we observed significantly

reduced values of trajectory density and different distribu-
tions of D values (Figure S15).

This combined SMT and live-cell PAINT approach
appears to constitute a suitable tool to investigate complex
cell membrane processes occurring on the mesoscale, such as
confinement of membrane components that typically appears
as a relatively loose, heterogeneous, and highly dynamic
spatial organization of molecules rather than a static and well-
defined structure.[54] Similar combined analysis has been
recently employed to study the dynamics of mesoscale
confinement of CD44 receptor, bearing genetically-encoded
SNAP tag for labeling.[55]

In our approach, tracking of EGFRs at high labeling
density is achieved using “silent labels”: small, non-agonistic
MinE07 probes, which compete with EGF but still allow
formation of EGFR dimers (see Figure SN3 in Supplemen-
tary Notes) without triggering its autophosphorylation and
signaling.[26] Thus, these “silent labels” are suitable to monitor
either basal EGFR motion and confinement in mesoscale
domains or the ligand-independent EGFR signaling. Exam-
ples of potential uses of high- and low-affinity MinE07 as
“silent labels” are reported in Supplementary Notes.

Conclusion

Our findings demonstrate that small, reversible aptamer
probes with tunable affinity for EGFR can be exploited for
the accurate tracking of individual EGFR motion or for the
imaging and comparison of EGFR density levels on the
membranes of several cancer cell lines. In our approach,
unlike most of the current single-molecule imaging methods,
PAINT was performed directly on living cells and did not
require persistent labeling of target molecules with genet-
ically encoded tags or bulky, invasive probes such as Abs or
native ligands. We demonstrated SMT of EGFR at low
labeling density using a high affinity aptamer (MinE07),
achieving tracking of receptor motion on the cell surface over
relatively long times (seconds), essentially limited by the
fluorophore photobleaching rate. Additionally, simultaneous
SMT of two receptors (EGFR and TfR) was obtained using

Figure 4. a–c) Representative reconstructed PAINT images obtained upon incubation of living cells with Atto647N-conjugated low-affinity MinE07
(7 nm). Scale bars 5 mm. d) Normalized localization densities on the membrane are reported for A431, MDA-MB-231 and MCF-7 cells upon
incubation with 7 nm low-affinity MinE07 (green) or CD4BA (blue). Means and standard deviations are reported in histograms. Data were
obtained from 10 different cells in each of two independent experiments. Statistical analysis was performed with non-parametric Mann-Whitney
test: ***: p<0.001; **: p<0.05; *: p<0.1; ns: not statistically significant.
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two different aptamers (MinE07 and Waz) conjugated with
spectrally distinguishable dyes. In a complementary ap-
proach, live-cell PAINT was used to localize single EGFRs
at high labeling density on the cell surface and compare native
expression levels of EGFR on different cell types. Because
photobleaching insensitive PAINT imaging relies on transient
binding kinetics and fast turnover of probes on the target,
affinity probes with fast dissociation rates are required. Thus,
we exploited a relatively easy and quick aptamer engineering
strategy to generate anti-EGFR aptamers (MinE07 variants)
with lower affinity that retained the same selectivity as their
parental sequence (high-affinity MinE07). Importantly, a low-
affinity MinE07 aptamer, which displayed a faster dissocia-
tion from EGFR, significantly improved the performance of
live-cell PAINT. Finally, we showed that using this low-
affinity aptamer, live-cell PAINT measurements obtained at
high labeling density could be combined with SMT. Several
features of individual cell-surface receptors can be measured
with statistically relevant sampling by this combined analysis,
such as speed, distance and duration of individual trajectories,
and trajectory density. Thus, behavior of single receptors can
be mapped at a single-cell level and using small, non-invasive,
“silent” affinity probes. Moreover, spatial organization of
defined receptor subpopulations can be identified based on

diffusive parameters. These results highlight the multiple
possibilities offered by specifically tailored imaging probes
with tunable affinity, such as aptamers. Overcoming tradi-
tional methodologies for imaging of cell-surface receptors
based on persistent labeling might open the way to the
identification of multidimensional cancer-associated surface
protein signatures.
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