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Aptamers, referred to as “chemical antibodies”, are short single-stranded oligonucleotides that bind to
targets with high affinity and specificity. Compared with antibodies, aptamers can be designed,
developed and modified easily. Since their discovery, aptamers have been widely used in in vitro
diagnostics and molecular imaging. However, they are relatively less studied and applied in advanced
microscopy. Here we used an RNA aptamer in dSTORM imaging and obtained a high-quality image of
EGFR nanoscale clusters on live cell membranes. The results showed that the cluster number and size
with aptamer labeling were almost the same as those with labeling with the natural ligand EGF, but the
morphology of the clusters was smaller and more regular than that with cetuximab labeling. Meanwhile,
dual-color imaging demonstrated sufficient fluorophore labeling, highly specific recognition and greatly

accurate clustering information provided by aptamers. Furthermore, the aptamer labeling method
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Accepted 16th August 2018 indicated that active EGFR formed larger clusters containing more molecules than resting EGFR, which
was hidden under the antibody labeling. Our work suggested that aptamers can be used as versatile

DOI: 10.1039/cBna00143] probes in super-resolution imaging with small steric hindrance, opening a new avenue for detailed and
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Introduction

The epidermal growth factor receptor (EGFR), as a first identi-
fied receptor of the ErbB family, plays an important role in
regulating cell proliferation, differentiation, and migration." It
has an ectodomain composed of four sub-domains, two of
which are ligand binding domains and two of which are
cysteine-rich domains.>* When ligands, such as epidermal
growth factor (EGF) or transforming growth factor-a (TGF-a),’
bind to the EGFR ligand binding domains, the EGFR confor-
mation changes® and forms homo- and hetero-dimers with
other ErbB family members.®

It has been widely recognized that exploring the spatial orga-
nization of EGFR on cell surfaces is vital for understanding its
physiological functions.” Many studies using different techniques,
such as NSOM,* dSTORM,® multiplexed exchange-PAINT"® (Point
Accumulation for Imaging in Nanoscale Topography) and
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precise morphological analysis of membrane proteins.

reversible cryo-arrest, have shown that EGFR forms clusters on
cell surfaces. Among these techniques, single-molecule localiza-
tion microscopy including (direct) stochastic optical reconstruc-
tion microscopy ((d)STORM)"** and photoactivated localization
microscopy (PALM)* has attracted our attention. It allows the
resolution limit to be bypassed and has enabled unprecedented
insights into the organization of subcellular components.'**®
Thus, it is very suitable to explore the distribution of proteins with
nanometer precision at the single molecule level** and decipher
how the protein organization is linked to its functions.

To achieve a high-quality SMLM image, sufficient fluo-
rophore labeling without being detrimental to biological targets
is a crucial prerequisite.”* The most widely used labeling
probes are organic fluorophore-conjugated antibodies and
recombinant proteins that are fused to photoactivatable fluo-
rescent proteins (FPs) or fluorogen-labeling enzymes, such as
Halo- and SNAP-tags.”* However, the large size of antibodies
results in steric hindrances and brings a linkage error of ~10 to
20 nm by displacing the fluorophore from the target,>>** and
FPs and enzyme tags may affect the expression, cellular locali-
zation and functions of the target proteins. Therefore, eluci-
dating the fine distribution and clustering of membrane
proteins calls for new labeling strategies.

Fortunately, diverse kinds of labeling molecules have been
provided and developed in recent years,'*** one of which is
aptamers. These synthetic single-stranded DNA or RNA oligo-
nucleotides form specific three-dimensional conformations to
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bind to targets. They usually contain 20-50 bases,*® whose size
is only a fifth of a full-length antibody.**” Not only does the
base sequence-identified strategy endow aptamers with strong
specificity and high affinity,”®*>° but also the small size lowers
the steric hindrance and linkage error. Additionally, aptamers
can be produced via chemical synthesis in a large quantity with
higher stability, less batch-to-batch variation, lower cost and
shorter time than monoclonal antibodies.*"** Meanwhile, they
can be labeled and modified with a wide range of organic dyes
that emit significantly more photons, thus obtaining better
precision than FPs.*

Along this line, we here used a reported RNA aptamer® to
label the membrane EGFR on live cells for high-quality dSTORM
imaging of EGFR distribution and clustering. Through
comparison with the ligand EGF and the antibody cetuximab in
both single- and dual-color imaging, we demonstrated the
benefits of aptamers for sufficient fluorophore labeling and
highly specific recognition, which elucidated more accurate and
detailed spatial organization of EGFR. More importantly, the
aptamer recognition method revealed the fine differences of
clustering between active and resting EGFR on live cell
membranes that have not been found by antibody labeling yet,
suggesting aptamers to be promising tools for super-resolution
imaging of membrane proteins.

Results and discussion
Super-resolution imaging of RNA aptamer-recognized EGFR

Since the size of the synthesized Cy3-conjugated RNA aptamer is
so small, which is only about 2 nm x 3.5 nm and ~13 kDa (the
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details are depicted in Fig. S1t), we first tested whether it would
be internalized in live cells when used as a labeling probe. The
live COS-7 cells were stained with the membrane fluorescent
probe DiO and Cy3-conjugated EGFR aptamer at 4 °C for 10
min, and then detected under a confocal microscope. During
the observation, the samples were always kept in a low-
temperature environment. The fluorescent images showed that
the Cy3-aptamer overlapped very well with the membrane and
was not internalized under these experimental conditions
(Fig. S21). Thus, we proved that the aptamer probe could be
used in live cells.

Next, we used the aptamer in dSTORM imaging to investigate
the spatial distribution of EGFR on live cell membranes
(Fig. 1A). The process of staining and imaging was still main-
tained at the low temperature. We found that EGFR clusters
distributed on the membranes. To characterize the detailed
distribution pattern of EGFR, we employed Ripley's K function
analysis,**** a widely used method to determine randomness or
aggregation for spatial points in super-resolution data.***” The
cell was first divided into four parts from the center, and
aregion of 3 x 3 um® in each part was stochastically selected for
examination (Fig. 1D). The value of L(r) — r in the plot will be
zero for molecules with a random distribution, and positive for
clustering molecules. As shown in Fig. 1E, the aptamer labeled
EGFR displayed a clustered distribution. The maximum of L(r)
— rwas 450, representing a high degree of clustering; the cor-
responding rm.x Was 216 nm, which was defined as the size of
maximum clustering in this examined region; and the intercept
of the plot on the horizontal axis was 740 nm, representing the
maximal clustering range above the level for a random
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Fig.1 Spatial distribution and analysis of the aptamer labeled EGFR on COS-7 cells. (A—C) Reconstructed dSTORM images of EGFR labeled with
the Cy3-conjugated aptamer on the membranes of the live cells (A), dynasore treated cells (B) and PFA fixed cells (C). (D) The expanded 3 x 3 um?
region of the dSTORM image box in (A) showing the localization distribution of EGFR. (E) Ripley's K function plot representing that the peak
clustering occurs at ~216 nm and the degree of clustering scales up to 740 nm. (F) The interpolated cluster map through Ripley's K function
analysis, indicating a highly clustered distribution. The clustering gradually deepens from blue to red color. (G) The binary cluster image
generated from the color-map using a threshold, showing the shape, number and size of the clusters. Scale bars are 5 pm in A-C, and 500 nm in
D, F and G. (H) The average number of clusters per unit area on the three kinds of cell membranes. (I) The average cluster area. Data were
collected from 10 cells in three independent experiments (mean + SD).
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distribution. Secondly, a color-coded cluster map could be
generated by interpolation with L(r) as the z-axis (Fig. 1F).
Finally, a binary cluster image was produced by an appropriate
threshold of L(r),° from which the information of clustering
could be extracted (Fig. 1G). Based on this method, we found
that there were about 0.6 clusters per um?* with an average area
of 0.11 um? on the cell membrane (Fig. 1H and I).

Considering that it would take a relatively long time to
capture the dSTORM frame sequence, we did not know whether
the low temperature could ensure the aptamer against being
internalized all the time. Hence, completely endocytosis-
inhibited cells were taken as control groups. We pretreated the
cells with dynasore, a cell-permeable dynamin inhibitor to
block cell endocytosis,”*® and then stained with the aptamer
probe. Both the morphology of EGFR clusters and their clus-
tering parameters were similar to those on live cells (Fig. 1B, H,
and I). The results demonstrated that the aptamer could bind to
EGFR but not enter the live cell at a low temperature. In addi-
tion, due to the fluidity of cell membranes,***° we also observed
the EGFR on fixed cell membranes and found that there were no
differences between live and fixed cells as well (Fig. 1C, H, and
I), which verified again that the aptamer was suitable for live-
cell labeling.

Collectively, the above results showed the clustered distri-
bution of EGFR on live cell membranes, which was consistent
with previous studies.” The differences were the cluster size
and shape, which might be caused by the different labeling
probes, and we would address this problem in the following
sections. Moreover, our data supported that the aptamer was
highly desirable to label membrane proteins in live cells,
because it neither affected a real distribution of proteins nor
entered the cells by endocytosis.

Identifying aptamer's recognition efficiency

Some studies have stated that the smaller size of fluorescent
probes made it possible for them to bind to more targets.'>** As
the size of aptamers is much smaller than that of common IgG
antibodies, to test whether the RNA aptamer can actually
recognize more EGFR molecules than a widely used antibody—
cetuximab, we observed the membrane EGFR labeled with the
Cy3-conjugated aptamer, EGF and cetuximab, respectively.
Before imaging EGFR, we detected the resolution under the
three labeling conditions (Fig. S31). The FWHM of the aptamer
probe was almost identical to that of EGF, which was ~29 nm;
whereas it was ~32 nm for the antibody. Although the resolu-
tions measured by these three probes have no significant
differences due to the same dye they conjugated, aptamer and
EGF probes showed a slightly smaller size than antibodies.

By dSTORM imaging, we found that EGFR formed clusters
on COS-7 cell membranes no matter which fluorescent probe
was utilized (Fig. 2A-F), and the clustered distribution was
confirmed by Ripley’s K-function analysis as well (Fig. S47).
Although clusters were observed in all states, the direct
morphology of clusters provided by the enlarged images
showed that aptamer and EGF labeled clusters were similar,
whereas both of them were different from antibody labeled

This journal is © The Royal Society of Chemistry 2019
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Fig.2 Comparison of different fluorescent probes in super-resolution
imaging of EGFR. (A-F) Reconstructed dSTORM images of EGFR
labeled with Cy3 conjugated RNA (A), EGF (C) and cetuximab (E), and
the corresponding magnified images (B, D and F). Scale bars are 5 pm
in A, Cand E, and 2 um in B, D and F. (G) The number of localizations
per um? on COS-7 cells with different labeling probes. (H) The number
of clusters per um?2. (1) The circularity of clusters. (J) The histogram of
cluster areas. (K) The percentage of clusters containing different
numbers of molecules. Data were collected from 10 cells in three
independent experiments (mean £ SD). **p < 0.001 (two-tailed
unpaired t-test).

clusters. Quantitative circularity analysis indicated that the
shape of the former two was more regular and more like a circle
with a circularity of more than 0.7, while that of the latter was
irregular and tended to a long ellipse with a circularity of only
0.5 (Fig. 2I). Meanwhile, large-area clusters (>0.16 um?) were
more under antibody labelling (Fig. 2J). However, both the
number of localizations (Fig. 2G) and the cluster amount per
unit (Fig. 2H) were nearly identical under the three labeling
conditions. Hence, the above results hinted us that the molec-
ular organization in clusters should be different when labeled
with diverse probes. To further clarify this problem, we utilized
semi-quantitative analysis to calculate the number of molecules
within the clusters. It was estimated via dividing the localization
number in one cluster by the average localization number of
single dye-conjugated aptamer/EGF/cetuximab (see the Experi-
mental section for details). The percentage of clusters contain-
ing different numbers of EGFR molecules (=3) is displayed in
Fig. 2K. Small clusters consisting of 3-5 molecules occupied
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a significantly large proportion in antibody labeled clusters, and
for large clusters with more than 10 molecules, they were
present in a much smaller proportion as antibody labeled
clusters than as their EGF and aptamer counterparts. This result
suggested that the aptamer and EGF can sufficiently recognize
large and complex aggregates containing a number of mole-
cules in crowded environments that antibodies cannot, which
was also found in other studies.** The reason might be that the
bivalent structure and the large size of antibodies caused their
cross-linking with each other and a relatively strong steric
hindrance.” As for the aptamer or EGF, they were greatly
small (less than 10 nm) and flexible, and did not form cross-
links, which might facilitate more efficient and correct recog-
nition. Together, the results elucidated that the aptamer had
a better and more efficient ability to recognize EGFR than the
antibody, especially for large clusters, and its usage could
largely reduce the labelling inaccuracy.

Verifying the high specificity of the RNA aptamer

To investigate the recognition specificity of the RNA aptamer,
dual-color dSTORM imaging of EGFR labeled with EGF or
cetuximab and the aptamer was performed. In these experi-
ments, cells were first incubated with Alexa 647-conjugated EGF
or cetuximab, and then stained with the Cy3-conjugated
aptamer (see the Experimental section). We found that the
majority of the aptamer labeled EGFR molecules were over-
lapped with EGF stained EGFR molecules, whereas the over-
lapping portion between the aptamer and cetuximab was not
that high (Fig. 3A-H). To quantitatively analyze the degree of
colocalization, the coordinate-based colocalization (CBC)
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algorithm** was used, which is suited for single-molecule super-
resolution data. A CBC value for each localization from species
A, defined as C,;, indicates perfect colocalization for Cy; = 1,
colocalization for 0 < C,; < 1, no colocalization for C,; = 0 and
segregated but near localizations for —1 < C,; < 0. For EGF and
aptamer labeled EGFR, their individual localizations with 0 <
Cai < 1 both occupied approximately 80 percent, and the
percentage of maximal C,; was similar (Fig. 3I and ]). This
indicated that EGF and the aptamer colocalized well with each
other, and both of them have high labeling efficiency and
specificity. For cetuximab and aptamer labeled EGFR, the
percentage of their individual C, that ranged from 0 to 1 was
0.6 and 0.8, respectively (Fig. 3K and L). Moreover, maximal
Ca, RNA-cetuximab Occupied a higher percent than maximal
Ca, cetuximab-rNA, demonstrating that most aptamer recognized
EGFR molecules were colocalized with antibody labeled EGFR
molecules but EGFR stained with the antibody occupied more
area. The reason was still the larger size of antibodies that
increased the area of the labeled clusters. All the results indi-
cated that the aptamer did not only have a high specificity but
improved precision in recognizing membrane EGFR.

It was noteworthy that if there was a competition between
the two probes, the dual-color images could not show the
accurate information of colocalization. A report has demon-
strated that only at a high concentration (>1 uM) did EGF or
cetuximab interfere with the aptamer binding.® However, the
concentration we used was 0.1 uM for EGF and 0.6 uM for
cetuximab. Even so, to rule out the possibility of competitive
labeling in experiments, we analyzed the number of total
localizations, cluster amount and area under the single and
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Fig. 4 Analysis of single and double staining of EGFR on COS-7 cells
with the aptamer and EGF or cetuximab. (A—-C) The localization density
(A), average cluster number per um? (B) and cluster area (C) under
single labeling with the Cy3-aptamer and Cy3-EGF, and double
labeling with Alexa 647—-EGF and the Cy3-aptamer. (D—F) The same
parameters as A—C under single labeling with the Cy3-aptamer and
Cy3—cetuximab, and double labeling with Alexa 647—-cetuximab and
the Cy3-aptamer. Data were collected from 10 cells in 3 independent
experiments (mean + SD).

double staining. There was nearly no difference of these
parameters under the two conditions (Fig. 4). Almost the same
staining efficiency of single and double labeling confirmed no
competition between the aptamer and EGF or cetuximab at the
experimental concentration. Moreover, the aptamer probes
were added to samples afterwards in the dual-color imaging but
localizations as many as with EGF or cetuximab were obtained
(Fig. 4A and D). Taken together, we concluded that the aptamer
can recognize membrane EGFR with a high specificity and
accuracy even in the presence of natural ligands and antibodies.

Mapping the resting and stimulated EGFR with an RNA
aptamer

EGFR is activated by ligand-induced dimerization,® and the
dynamic process of ligand binding has been studied by diverse
methods, for example, FRET* or universal PAINT.* We wondered
what changes the activation would bring to the EGFR distribution.
Our previous study using the antibody labeling method found
that the clustering characteristics of EGFR (such as size and
number) were not changed after EGF stimulation.” Nevertheless,
considering the lower labeling efficiency of cetuximab which
might cause the inaccuracy of clustering characteristics, we
decided to employ aptamers to investigate the nanoscale organi-
zations of activated EGFR on live COS-7 cell membranes. The
serum-starved cells were first stimulated by EGF (100 ng mL ) for
10 min, and then labeled with the aptamer or cetuximab,
respectively. To guarantee the active EGFR was not internalized,
we still carried out the experiment on ice.

From the reconstructed dSTORM images, it was difficult to
distinguish the clustering difference between active and resting
EGFR either by aptamer or cetuximab labeling (Fig. 5A-D). The
total localizations did not change after EGF stimulation as well
(Fig. 5E), indicating a fixed number of EGFR molecules on live
cell membranes either activated or not. However, the cluster
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View Article Online

Nanoscale Advances

« W inzctive
Cetuximab - |naf:'|ve Cetuximab .
active active

s
3

N
S

Locations per pm?
8

B AL A8 20028 18 4 32 20 4
SN QB QAL AT AN 2B AL G 6

i =
° 2 34567 8 91010-25>25

=
Z2
=

Cetuximab

Area (um?) molecule number
¥ Heo - 50 . inaclive
£ B inactive inactive i
Sos S 4 RNA b RNA oo
] I =
206 < g
s c
H g H
504 5 8
° a o
- [
%02 e
2 0
'E OBAAZAAS 0 (A 9B AL 25 80
00 5820 000200200220 200 0
H RNA  Cetuximab 0 SMoO¥QAYgARQ 20 2A 2R3 2 34567 8 9101025525

Area (pm?) molecule number

Fig. 5 The distribution and clustering of active and resting EGFR on the
serum-starved COS-7 cell membranes. (A—D) Reconstructed dSTORM
images of Cy3-cetuximab labeled inactive (A) and active (B) EGFR, and
Cy3-aptamer labeled inactive (C) and active (D) EGFR. Scale bars are 5
pm. (E) The number of localizations per pm? of inactive and active EGFR
with aptamer or antibody labeling. (F) The number of inactive and active
EGFR clusters in unit area. (G and H) Histogram of inactive and active
EGFR cluster areas labeled with cetuximab (G) or the aptamer (H). (land J)
The percentage of clusters containing different molecule numbers with
cetuximab (1) or aptamer (J) labeling. Data were collected from 10 cells in
three independent experiments (mean + SD).

number of active EGFR was a little more than that of inactive
EGFR, especially when labeled with aptamers (Fig. 5F). As for
the cluster area, we found that active EGFR formed larger
clusters than resting ones (Fig. 5G and H), which was consistent
with a previous study that used the reversible cryo-arrest
method.*” The cluster size increased more significantly under
aptamer labeling. Clusters with an area more than 0.12 um? all
went up after activation. On the contrary, such clusters kept
a downward tendency under cetuximab labeling except for
those with an area of 0.2-0.24 um”. Furthermore, by analyzing
the molecular organization of clusters, we found that aptamer-
labeled clusters with 2-3 molecules decreased and large clusters
with more than 4 molecules increased after EGF stimulation,
which was hardly shown in cetuximab-labeled clusters (Fig. 51
and J). Taken together, the aptamer labeling method revealed
that active EGFR formed more and larger clusters containing

Nanoscale Adv., 2019, 1, 291-298 | 295
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more receptors on live cell membranes, which could not be
clearly elucidated by antibody labeling. In addition, these
results supported that the formation of EGFR clusters is asso-
ciated with their activation. Molecules within the clusters have
smaller distances, which might facilitate rapid dimerization
and signal transduction.

Experimental section
Fluorescent probes

EGF (Sigma Aldrich) and cetuximab (Merck) were separately
conjugated with Cy3 (Invitrogen) or Alexa 647 (Invitrogen) to act
as probes for imaging as previously depicted.>*® Briefly,
different dyes were added to EGF or cetuximab solution at
individual appropriate concentration, and then they were mixed
and reacted at 20 °C for ~2 hours with gentle vortexing. A PD
Spin Trap G-25 filtration column (GE Healthcare) was used to
collect the dye conjugated protein with a labeling ratio of ~0.7
to 1 (dye/protein), and the excessive dye was removed.

The 40-mer RNA aptamer was synthesized based on a re-
ported sequence:® 5'-A GCCUUAGUAACGUGCUUUGAUG
UCGAUUCGACAGGAGGC-3' (Sangon Biotech). The 5’ end of the
sequence was modified by adding one adenosine residue to
which Cy3 was conjugated, and this simple modification would
not affect the functional region of the aptamer. In addition,
instead of 2’-F modified nucleic acids, only common nucleic
acids were used for RNA synthesis.® The 2-dimensional struc-
ture of the synthetic EGFR aptamer was predicted using the
mfold web server (http://unafold.rna.albany.edu).

Cell culture

COS-7 cells, purchased from the Cell Bank of the Committee on
Type Culture Collection of the Chinese Academy of Sciences,
were cultured in Dulbecco’s modified Eagle medium (DMEM,
Hyclone) supplemented with 10% fetal bovine serum (FBS,
Gibco) and antibiotics. Cells were maintained in a humidified
environment with 5% CO, at 37 °C. Before dSTORM imaging
experiments, the cells were passaged into a dish where a cover
slip was placed, and cultured for at least 24 hours.

Confocal microscopy

COS-7 cells were cultured in glass bottom dishes for at least 24
hours. Then the cells were washed with warm PBS, and incu-
bated with 5 pM DiO (Biotum) at 4 °C for 20 min. After removing
the excess DiO and washing three times with PBS, cells were
further stained with 0.2 uM EGFR aptamer at 4 °C for 10 min.
Imaging was performed on a Leica TCS SP2 confocal micro-
scope. Cy3-labeled EGFR was excited with a 532 nm He-Ne
laser, and DiO-labeled cell membranes were excited with a 488
nm Ar-Kr laser. The fluorescence images were collected with
a 100x 1.49 NA oil-immersion objective.

Preparation of dSTORM samples

For imaging live cells (Fig. 1), cultured cells at ~60% confluence
were washed with warm PBS three times and stained directly with
the Cy3-conjugated aptamer in 3% BSA solution at 4 °C for 10
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min. The samples were kept on ice all the time during treatment
and imaging. For dynasore treated cells, they were pretreated with
80 pM dynasore (Sigma-Aldrich) for 30 min to inhibit EGFR
endocytosis, and then washed with PBS and stained with the
EGFR aptamer as done in live cell imaging. For imaging fixed cells
(Fig. 2), they were fixed with 4% PFA at room temperature for 10
min, blocked with 3% BSA for 30 min, and stained with the Cy3-
conjugated aptamer, EGF or cetuximab at 4 °C for 10 min. For
dual-color imaging (Fig. 3), the cells were fixed, blocked, first
labeled with Alexa 647-conjugated EGF or cetuximab at 4 °C for 10
min, and subsequently stained with the Cy3-conjugated aptamer
at 4 °C for 10 min. For imaging active EGFR (Fig. 5), cells were pre-
cultured in serum-free DMEM medium for 24 h, and stimulated
with EGF (100 ng mL™") for 10 min. Immediately after that, they
were washed three times with PBS and stained with the Cy3-
conjugated aptamer or cetuximab (in 3% BSA) at 4 °C for 10 min.

The labeling concentration of the Cy3-conjugated aptamer
was 0.6 uM, which was determined by the concentration plot
(Fig. S51). Alexa 647 (Cy3)-conjugated EGF was 0.1 uM and
cetuximab was 0.6 UM, according to a previous study.’

After staining, the cells were washed three times with PBS.
Before sealing the sample, 25 pL imaging buffer containing 0.5
mg mL ™" of glucose oxidase (Sigma-Aldrich), 40 pg/mL catalase
(Sigma-Aldrich) and 140 mM beta-mercaptoethanol (BME) were
added.

Super-resolution imaging

dSTORM images were acquired using a Nikon Ti-E microscope
(Nikon, Japan) equipped with a 100x 1.49 NA objective lens and
TIRF illumination. Samples were illuminated in TIRF mode
with a 532 nm (200 mW) and 640 nm laser (150 mW). For single-
color imaging of EGFR, only a 532 nm laser was used to illu-
minate the samples. As for dual-color imaging, a 640 nm laser
was first utilized to excite Alexa 647-conjugated EGF/cetuximab
and then a 532 nm laser was switched on to excite the Cy3-
conjugated aptamer. A dichroic mirror and an emission filter
were installed in a beam splitter for illumination and an
EMCCD camera (Photometrics, Cascade II) was equipped for
capturing. To avoid the entering of aptamers into cells, samples
were kept on ice during the whole imaging process. Cells were
imaged at a 30 ms frame rate for 5000 frames. Thus, the capture
time of one cell was usually less than 5 min. During this time,
the sample was stabilized by a focus lock to eliminate the z-drift.

The raw data were analyzed by a free available plug-in
ThunderSTORM*® in Image J. First, the imaging stacks were
processed with a series of feature-enhancing low-pass and
band-pass filters, and the approximate molecular positions
could be determined. Then, through post-processing routines
to eliminate molecules with poor localization, merge molecules
reappearing in subsequent frames and correct molecular posi-
tions for lateral drift, we finally obtained a reconstructed image
of the precise localization of single fluorescent molecules.

Data analysis

To measure the resolution of the instrument under different
labeling conditions, we recorded 5000 frames of different
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fluorescent probes on fixed cells at a very low concentration (~5
nM) and analyzed the localization precision by measuring the
FWHM of the Gaussian profile.*** As shown in Fig. S3,f the
FWHM of the Cy3-conjugated aptamer, EGF and cetuximab was
29.4 + 0.4 nm, 29.1 £+ 0.2 nm and 32.2 £ 1.3 nm, respectively.

The spatial distribution of EGFR on cell membranes was
analyzed by Ripley's K function as in previous studies.'*® A cell
was divided into 4 parts, and a region of 3 x 3 um? in each part
was stochastically selected. 10 cells from three independent
experiments were examined. According to the function, a Ripley's
K plot was first obtained. The positive values of L(r) — r in the plot
indicated that molecules were significantly clustered rather than
randomly distributed and the corresponding r value represented
the size of the clusters in this region. Edge-effects were negated
by weighting edge points and cropping image edges after calcu-
lation. Then an interpolated color map was generated by inter-
polating a surface plot with the L(r) value as the z-axis. Next,
a binary cluster map was obtained through an appropriate L(r)
threshold. For example, if the percentage of points which satisfy
L(r) — r> 0 is 75%, the threshold is set as 25% of the maximum
value of the L(r) from the plot. Finally, the information of cluster
number, area and circularity can be extracted from the binary
image using the tool of “Analyze particles” in Image J. To esti-
mate the number of molecules in clusters, we divided the total
number of localizations in the cluster by the average number of
localizations in a single dye-conjugated aptamer (i.e., 33), EGF
(i.e., 33) or cetuximab (i.e., 35).

For dual-color data analysis, the CBC approach of Thun-
derSTORM was applied to analyze the spatial association
between cetuximab/EGF and aptamer recognized EGFR by
calculating the colocalization values C,. C4 can reach from —1
for anti-correlated, through 0 for non-correlated distributions
(no colocalization), to +1 for perfectly correlated distribution (a
high probability of colocalization).

Conclusions

In summary, we used an RNA aptamer to label EGFR on live cell
membranes and obtained a superior dSSTORM image of EGFR
nanoscale clusters. Both single-labeling and dual-labeling with
the aptamer, cetuximab and EGF demonstrated outstanding
advantages of the aptamer in efficient recognition, high speci-
ficity and accurate information presentation. Moreover, we
found that EGFR formed larger clusters with more molecules
after being activated by EGF under aptamer labeling, implying
that EGFR clustering may be linked to its activation. All the
results suggested that aptamers can provide detailed morpho-
logical and clustering information of membrane proteins with
minimal linkage error in super-resolution imaging, which is
hard to find by the common antibody labeling method. Due to
their small size and high affinity, we believe that aptamers will
become a potential substitute for antibodies as super-resolution
imaging probes in both live and fixed cells.
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