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ABSTRACT: Self-assembled nanocarriers have inspired a range of
applications for bioimaging, diagnostics, and drug delivery. The
noninvasive visualization and characterization of these nanocarriers
are important to understand their structure to function relationship.
However, the quantitative visualization of nanocarriers in the sample’s
native environment remains challenging with the use of existing
technologies. Single-molecule localization microscopy (SMLM) has
the potential to provide both high-resolution visualization and
quantitative analysis of nanocarriers in their native environment.
However, nonspecific binding of fluorescent probes used in SMLM
can introduce artifacts, which imposes challenges in the quantitative
analysis of SMLM images. We showed the feasibility of using
spectroscopic point accumulation for imaging in nanoscale top-
ography (sPAINT) to visualize self-assembled polymersomes (PS) with molecular specificity. Furthermore, we analyzed the unique
spectral signatures of Nile Red (NR) molecules bound to the PS to reject artifacts from nonspecific NR bindings. We further
developed quantitative spectroscopic analysis for cluster extraction (qSPACE) to increase the localization density by 4-fold
compared to sPAINT; thus, reducing variations in PS size measurements to less than 5%. Finally, using qSPACE, we quantitatively
imaged PS at various concentrations in aqueous solutions with ∼20 nm localization precision and 97% reduction in sample
misidentification relative to conventional SMLM.

■ INTRODUCTION

Nanocarriers are soft nanomaterials with particle sizes typically
less than 500 nm in diameter and are frequently used as
transport vehicles for other substances.1 The composition, size,
morphology, and functionality of nanocarriers have been
extensively investigated for a wide range of biomedical
applications, including drug delivery, diagnostics, and ther-
apeutics.1 The visualization of nanocarriers with minimal
perturbation of the nanomaterials and their surrounding
environments is a crucial step to understand the relationship
between their structure, spatial distribution, and function;2,3

however, this remains a challenge with the use of existing
imaging techniques. Conventional fluorescence microscopy is
unable to fully resolve the nanocarriers because of the optical
diffraction limit. Other nonoptical techniques4,5 offer higher
resolution (e.g., electron microscopy and atomic force
microscopy); however, they often require restrictive sample
preparations, which alter the sample’s native environment. The
limitations of the available technologies created the need for a
better solution, which can provide high resolution images of
nanomaterials in their native environment while simulta-
neously quantifying their structural and spatial distributions.

Super-resolution optical microscopy allows the visualization
of nanomaterials with subdiffraction resolution and molecular
specificity.2,6−10 In particular, single-molecule localization
microscopy (SMLM)11−14 techniques detect the stochastic
emissions from individual fluorescent molecules, approximate
their spatial coordinates with nanometer precision, and
reconstruct the image after compiling all the molecular
coordinates. For quantitative characterization, sophisticated
image processing is required to identify individual nanocarriers
and reject background signals coming from, for example,
fluorescent impurities or nonspecific labeling. Spatial clustering
techniques such as Ripley’s K-function,15,16 pair correlation,17

and density-based clustering algorithms18−20 have been
routinely applied to identify the boundaries of the samples in
SMLM.21,22 However, Ripley’s K-function and pair correlation
restrict sample identification to nanocarriers exhibiting
homogeneous size distributions. Meanwhile, density-based
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clustering algorithms allow for the identification of a range of
samples with inhomogeneous size and shape; however, they
are sensitive to background noise and variations in localization
density.21−23

Recently developed spectroscopic SMLM or sSMLM24−34

techniques distinguish fluorescent signals from individual
molecules according to their emission spectra. They provide
new strategies for multicolor24,25,27−29 and functional super-
resolution imaging.26,31,35−39 Furthermore, spectral signatures
have been used to identify and remove the influence from
fluorescent impurities.35 The removal of nonspecific fluores-
cent signals, however, remains challenging since their spectral
signatures are identical to spectral signatures from probes that
are bound to the sample. In contrast, a variant of sSMLM
referred to as spectroscopic point accumulation for imaging in
nanoscale topography (sPAINT)26,36,37,39 has been developed
to detect specific transient binding of probes, whose
fluorescence emission spectra depend on their binding
environment. For instance, sPAINT has been employed to
image membrane hydrophobicity in liposomes and cells26,36 to
observe heterogeneity of protein oligomers39 and to character-
ize the formation of surface adlayers.37

In this work, we demonstrate that sPAINT can be used to
quantitatively image and characterize nanocarriers after
rejecting nonspecific bindings. We use sPAINT and Nile Red
(NR) dye (Figure 1a) to image, count, and measure the size

distribution of nanocarriers in an aqueous environment, using
polymersomes (PS) as a model material. We also report a
quantitative SPectroscopic Analysis for Cluster Extraction
(qSPACE) postprocessing method to increase the sizing
accuracy by optimizing the utilization of the spatial and
spectral information obtained from sPAINT. Finally, we
validate the accuracy of qSPACE in quantifying the size
distribution of PS using nanoparticle tracking analysis (NTA).
We also used cryogenic transmission electron microscopy

(cryoTEM) to validate the size range and morphology of the
PS in the qSPACE super-resolution image reconstructions.

■ RESULTS AND DISCUSSION
PS Imaging Using sPAINT. The PS is assembled from

block copolymers (BCP) with the nonpolar end facing inward
and the polar tails exposed to the aqueous interface (Figure
1b,c).40 NR is well-known for its polarity-dependent emission
spectrum41,42 with unique spectral variations upon binding to
PS. Particularly, the bulk emission measurement of NR in
aqueous solutions with the presence of PS shows a 55 nm
hypsochromic shift in the emission maximum (λmax) in
comparison to those of solutions without PS (Figure S1a).
Figure 1c illustrates the sPAINT imaging principle of PS

with NR. The PS sample was immobilized on a polyL-lysine
(PLL) coated glass substrate and imaged in phosphate buffer
saline (PBS) solution containing 5 nM NR. The single-
molecule blinking signals of free-diffusing NR molecules can
only be detected upon transient binding to the PS or PLL
substrate. The distinct spectral shifts of the two types of
binding events are further distinguished by analyzing the
single-molecule spectra using sPAINT. As shown in Figure 1d,
the locations and emission spectra of single-molecule signals
are concurrently collected after passing through a transmission
diffraction grating (see details in the Experimental Section).
A representative sPAINT reconstruction of PS immobilized

on the PLL substrate (Figure 2a) shows distinct clustered
features (highlighted by 1, 2, and 3), ranging from tens to
hundreds of nanometers, and a relatively uniform background
with hollow patterns. Using the same concentration of NR, we
imaged a control sample (CTRL, PLL substrate without PS). A
representative sPAINT reconstruction of the control sample
(Figure S1b) shows consistent background patterns without
the clustered features, suggesting a large amount of nonspecific
bindings of NR to the PLL substrate.
Statistical analysis of 1131 single-molecule spectra collected

from 18 clustered features in three different images of the PS
sample (Figure S1c−e) showed that the peak of the histograms
from the images had a mean λmax of 610 with a standard
deviation of 3 nm (610 ± 3 nm). Three examples of the
clustered features are highlighted in Figure 2a, and their
corresponding histograms of the λmax distribution are shown in
Figure 2b. To identify nonspecific binding events, we relied on
the λmax values of individual single-molecule emissions from
three representative images on the control sample each with
∼105 localizations. Figure 2c shows a representative histogram
of the λmax distributions from nonspecific binding events. From
the histograms of the three control images, we found that the
control sample has two main populations with λmax of 585 nm
(26 ± 2%) and 645 nm (57 ± 2%). Using the histograms of
λmax from the PS, we set the peak wavelength for specifically
identifying NR interactions with PS as 610 nm. Next, we tested
various spectral window (SW) sizes and found that the most
efficient SW for rejecting nonspecific binding while specifically
identifying NR interactions with PS was from 595−625 nm
(see Figure S1g), as highlighted by the red color in Figure 2b,c.
We show three typical single-molecule spectra of NR in

Figure 2d. They represent NR specific binding to PS (black
curve with λmax value around 607 nm) and nonspecific binding
to PLL substrate (blue and red curves with λmax values around
571 and 651 nm, respectively). We found that the average
single-molecule spectra from the localizations associated with
PS matched the bulk measurements of NR in a PBS solution

Figure 1. (a) Chemical structure of NR. (b) Chemical structure and
illustration of the BCP for PS assembly. (c) Illustration of the
assembled PS (the green color represents the polar end of the BCP
and the blue color represents the nonpolar end) and the difference in
the emission spectra of NR when transiently bound to the PS
(yellow) and the PLL-coated glass substrate (red). Free non-
fluorescent NR is shown in gray. (d) Schematic of our sPAINT
experimental setup. TL: tube lens; S: slit; G: transmission grating; L:
lens; EMCCD: electron multiplying charge-coupled device.
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containing PS (Figure S1a). Additionally, the average spectra
from localizations with λmax > 645 nm in the control sample
resembled the bulk measurements of NR in solutions without
PS (Figure S1a). For sPAINT measurements of the average
spectra, 300 localizations from a representative image were
used (see the Experimental Section for details). The binding
events with λmax < 595 nm in the control sample are likely from
aggregates of NR in aqueous solutions that are not resolved in
the fluorimeter measurements.43

Quantitative analysis of sPAINT images involves two steps.
First, we selected localizations within SW (595−625 nm) for
PS identification. We confirmed that the NR specific binding
to PS can be separated from all other nonspecific binding
events using the selected SW (Figure S2). In the control
samples, 17 ± 1% of the localizations had λmax values within
the SW. Meanwhile, we found that 58 ± 5% of the localizations
from the clusters in the PS sample were within this SW (Figure
S1c). Figure 2b shows examples of the histograms from three
regions of interest (ROIs) highlighted in Figure 2a with SW
highlighted in red. Histograms of the λmax from ROIs in similar
images (Figures S1d,e) show a similar distribution of
localizations within SW.
Second, we applied density-based spatial clustering of

applications with noise (DBSCAN) optimized for clusters
with heterogeneous cluster densities20 to count and size PS.
DBSCAN18 and its variants19,20,23 are supervised learning

algorithms which are routinely used for SMLM postprocessing.
A cluster radius (CR) and a minimum number of localizations
in the CR are user-defined to identify localizations belonging
to particular clusters. We defined CR as twice the average
localization precision (40 nm).23,44 Next, we identified the
minimum number of nearest neighbors (min-NN) within the
CR of each localization. The localizations were then ordered
based on their spatial distribution and grouped into individual
clusters.20 Finally, the number of clusters and the size of each
cluster was estimated (see details of cluster analysis in the
Experimental Section and Figure S3).
We investigated the influence of nonspecific binding on

DBSCAN by comparing the number of clusters found by
DBSCAN using localizations within SW (sPAINT) and
DBSCAN without considering SW. For both cases, only bright
localizations that contained high-precision spectral information
(localizations at least 450 photons in the spatial domain and
average spectral precision ∼9.2 nm33) were used. The photon
distribution and related spectral precision information for the
localizations used in the analysis are shown in Figure S4. We
plotted the histograms of the number of nearest neighbors
(NN) with and without the SW filter for three different
controls and three different PS images (Figure S5). We found
that they followed similar distributions. We selected one
representative control image and one representative PS image
for setting clustering thresholds. For sPAINT and DBSCAN,

Figure 2. (a) Representative reconstructed super-resolution image of the immobilized the PS sample and NR interactions (scale bar: 1 μm). (b)
Histogram of the λmax of NR interactions in three ROIs containing PS as highlighted by the yellow squares numbered 1−3. (c) Histogram of the
λmax of nonspecific NR interactions in the control sample. The SW used for detecting NR interactions with PS is highlighted in red. (d)
Representative single-molecule spectra from NR+PS binding and nonspecific NR binding (dashed lines indicate the SW). Clusters extracted from
(e) the PS sample and (f) control based on DBSCAN alone; clusters extracted from (g) the PS sample and (h) control using sPAINT (scale bar:
500 nm).
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we selected min-NN thresholds by achieving the minimal
number of clusters from the control sample (see the detailed
threshold selection in SI Note 1 and Figures S5g and S6a).
Without using SW, we found that DBSCAN was sensitive to
nonspecific binding events. We found 55 and 28 clusters with
average sizes of 126 and 90 nm in the PS and the control
samples, respectively, when performing DBSCAN alone using
a min-NN threshold of 20 (Figure 2e,f). In comparison, by first
selecting signals within the SW, we found 39 and 3 clusters in
the PS and the control samples, respectively, after DBSCAN
using a min-NN threshold of 10 (Figure 2g,h). This shows an
89% reduction in the artifacts from nonspecific binding in the
control image. While stricter min-NN thresholds can be used
to reduce the influence of nonspecific binding using DBSCAN
alone, we found that this often causes overfiltering16,21,22 which
presents an additional challenge since it can erroneously
misrepresent the morphology of the sample (Figure S6b).
sPAINT allowed us to image and quantify PS in aqueous

environments. Particularly, it enabled the specific detection of
NR to PS binding by analyzing the single-molecule emission
spectra of each localization event. Meanwhile, sPAINT only
used bright localization events (>450 photons in the spatial
domain). As a result, clusters identified by sPAINT can have
low localization densities (LD, number of localizations in a
cluster within the cluster area), which might affect the
visualization and size measurement for PS. Therefore, we
further investigated the effect of LD on the size measurements
and visualization of the PS in sPAINT imaging and further
developed a quantitative spectroscopic analysis for cluster
extraction (qSPACE) postimaging processing method to
increase LD without compromising the specificity achieved
by sPAINT in the next section.
Improving Localization Density Using qSPACE. While

sPAINT can readily image PS, we recognized that it rejected a
large portion of the localization events (Figure S8). In fact, this
is a common issue in all sSMLM because the limited photon
budget from single-molecule emission events is further split
into the spatial and spectral channels.24,25,29 Although dim
molecules (300−450 photons in the spatial domain) can still
be localized at ∼25 nm precision (Figure S8), they are
discarded since λmax cannot be estimated precisely (estimated
spectral precision worse than 15 nm;33see SI Note 1 for
details) due to their low photon budget.
The limited number of localizations retained by sPAINT

could result in clusters with low LD, thus leading to inaccurate
measurements of the size and morphology of the PS. Although
sPAINT is immune to photobleaching, prolonging the
acquisition time to increase the LD has the risk of altering
the shape of nanocarriers.12,45,46 To address this issue, we
developed qSPACE which improved the LD by using the
spectroscopic signatures from the PS to guide the recovery of
localizations without spectra.
The workflow of qSPACE is shown in Figure 3 (a

detailed workflow is shown in Figure S9). First, (i), all the
blinking events from the spatial channel are localized after
sPAINT imaging. Second, (ii), localizations in SW with bright
blinking events (>450 photons in the spatial domain) are
selected and DBSCAN is used to generate a high-fidelity
validation map of the spatial locations of the true PS sample.
Third, (iii), we perform DBSCAN to extract clusters using the
localized events from the spatial channel. Then, (iv), we
compare the localizations identified by DBSCAN alone, step
(iii), to localizations in the validation map, step (ii), to recover

spatially correlated localizations. Localizations identified by
DBSCAN alone, which have neighbors in the validation map,
are retained and used for qSPACE image reconstruction, while
localizations without neighbors are rejected. Finally, step (v),
the new clusters with higher localization density can be
counted, sized, and visualized.
We quantitatively compared the sizes of PS from a

representative image using sPAINT and qSPACE. We first
selected 71 identified PS clusters with at least 40 localizations
in each cluster to set a criterion for accurate sizing. Using each
cluster, we determined the number of localizations which were
required for the percent variance in the estimated PS size to
drop below 5% (for details, see the Experimental Section, SI
Note 2, and Figure S10). We found that, on average, 35
localizations are required to reach a stable PS size. Since the PS
varied in size, we used the corresponding LD of 3.5 × 10−3

nm−2 as a threshold to quantify the number of PS with size
variations exceeding 5%. In qSPACE, we used a min-NN of 35
to select potential clusters (PC) (Figure S11) and a validation
map using sPAINT (SW = [595−625 nm] and min-NN of 10;
see additional details for qSPACE parameter selection in SI
Note 3 and Figures S11 and S12). Due to the improved LD, all
199 PS identified by qSPACE achieved the LD threshold
(Figure 4a). In contrast, 23% of the 187 PS identified by
sPAINT alone failed to meet the LD threshold for accurate
sizing (Figure 4b).
Additionally, we used the Fourier ring correlation (FRC) to

compare the image qualities of the super-resolution recon-
structions of PS that were identified using sPAINT alone with
further qSPACE processing in a representative image.
Although the localization precisions for both methods are
comparable (sPAINT: ∼20 nm; qSPACE: ∼23 nm), the
differences in LD affect image resolution.47 We calculated the
global FRC resolution that takes LD into consideration as
previously reported.47,48 The FRC resolution is calculated as
the inverse of the spatial frequency at a 1/7 of FRC.47 We
found that qSPACE had a relatively higher FRC resolution of
69 nm while sPAINT had an FRC resolution of 96 nm, as
shown in Figure 4c.

Figure 3. The qSPACE workflow shows the (i) detected spatial
localizations with the location of the sample highlighted by the green
circles. A subset of localizations containing spectroscopic information
is used to create a (ii) validation map that shows clusters with the
selected spectra. All detected localizations are used for (iii) spatial
clustering without considering spectroscopic information. (iv)
Localizations from spatial clusters, which are spatially correlated
with the validation map, are recovered for further analysis while
artifacts are rejected. (v) The number, size, and morphology of the
extracted sample can be further analyzed.
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Figure 4d compares the size distributions of 265 PS clusters
(0.02 mg/mL) in 4 different images measured by qSPACE and
∼5000 PS measured by NTA using 5 measurements. The
average size of PS measured by qSPACE are 96.6 ± 2.1 nm.
These results agreed well with the average size measured by
NTA (97.6 ± 1.4 nm). In addition, the cryoTEM image of PS
(Figure S13) confirmed that the size of PS ranged from 40 to
200 nm. X-ray scattering analysis also showed consistent
results with a core radius of ∼106 nm and shell thickness of
∼14.3 nm.40 Notably, PS larger than 200 nm, which resulted
from the cross-linking process,40 were detected by both NTA

(3%) and qSPACE (4%). These validations suggest that
qSPACE provides a more accurate size measurement of PS and
a higher resolution than sPAINT alone.

Quantitative Characterization of PS at Various
Concentrations. Finally, we used qSPACE to visualize, size,
and count PS at different concentrations. Figure 5a−c shows
representative super-resolution reconstructions of three
samples containing 0, 0.02, and 0.2 mg/mL of PS, referred
to as control (CTRL), low concentration (LC), and high
concentration (HC) samples, respectively. The NR concen-
tration remained constant in these three samples. In the CTRL

Figure 4. Histograms of the localization densities (black dashed lines indicate the 3.5 × 10−3 nm−2 LD threshold) for (a) qSPACE and (b)
sPAINT. (c) Comparison of the global FRC curves for sPAINT (red) and qSPACE (blue). The dashed lines are the corresponding FRC resolution
for each method at the 1/7 FRC threshold. (d) Size distribution of PS (0.02 mg/mL) measured by NTA (red) and qSPACE (blue).

Figure 5. Representative super-resolution reconstructions of the (a) CTRL sample with artifacts pseudocolored in red and misidentified PS
pseudocolored in cyan. The three white arrows highlight three examples of sample misidentification. (b) LC sample (0.02 mg/mL) with artifacts
pseudocolored in red and validated PS pseudocolored in cyan. (c) HC sample (0.2 mg/mL) with artifacts pseudocolored in red and validated PS
pseudocolored in cyan (scale bar: 1 μm). The size distributions for the (d) misidentified PS in the CTRL samples, (e) validated PS in the LC
samples, and (f) validated PS in the HC samples. Comparison between the total of number of PC found and the qSPACE VC in the (g) CTRL
samples, (h) LC samples, and (i) HC samples.
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image (Figure 5a), the clusters were predominantly identified
as artifacts from nonspecific bindings (red color). In the
reconstructed LC and HC images (Figure 5b,c), we identified
60 and 199 PS (cyan color), respectively. For statistical
analysis, we performed four measurements using different areas
of each sample. Figure 5d−f, respectively, shows the size
distributions of CTRL, LC, and HC samples. Using qSPACE,
we found that the misidentified PS in the control samples have
an average size of 63 ± 7.7 nm. The average sizes of identified
PS are 137.3 ± 4.8 nm and 96.6 ± 2.1 nm in the HC and LC
samples, respectively. Presumably, the aggregation of PS occurs
more frequently in the HC samples, thus, resulting in larger PS
size.
The counting of PS confirmed the improved performance of

qSPACE compared to that of the conventional DBSCAN
method. Particularly, 251 ± 93 PC (red bar in Figure 5g) were
extracted in the control sample by DBSCAN without spectral
analysis while only 7 ± 3 clusters or 3% of these clusters
were misidentified as PS by qSPACE (validated clusters or VC,
cyan bar in Figure 5g). The average size of the clusters
identified as artifacts (clusters correctly rejected by qSPACE)
from the control sample was 120.1 ± 4.1 nm. Clusters
identified as artifacts in the LC and HC samples had similar
distributions (see Figure S14 for the size distribution of
artifacts identified by qSPACE and sPAINT). Additionally, 66
± 18 of 210 ± 70 and 138 ± 56 of 251 ± 44 PC were validated
as PS in the LC and HC samples, respectively, using qSPACE
(Figure 5h,i).
We compared the relative number of PS in LC to that in HC

using qSPACE and NTA. NTA analysis of the two samples
indicates a 5-fold higher concentration in HC than in the LC
sample. Using qSPACE, we determined the concentration ratio
between HC and LC to be ∼2.1. The difference in
concentration measurements using qSPACE and NTA may
come from differences in the sample preparation steps. While
NTA measured the entire solution, the samples measured by
qSPACE relied on the adhesion of the PS to the PLL substrate.
Rinsing steps could also change the relative concentrations of
the sample. In short, these results suggest that qSPACE can be
used to accurately size and detect the relative trend in the
concentration variations of nanocarrier samples.

■ CONCLUSIONS

We outlined a strategy to quantitatively image and characterize
nanocarriers with high specificity, molecular sampling, and ∼20
nm localization precision. Using sPAINT with NR dye, we
successfully imaged PS nanocarriers immobilized on PLL
substrates and rejected 83% of nonspecific binding events by
identifying the unique spectral signature of NR upon specific
binding to PS. We further developed qSPACE to recover the
discarded dim localizations in sPAINT to improve LD by 4-
fold, reduce variations in size measurements to 5%, and
improve the FRC resolution by 30%. By using qSPACE to
count and size PS at various concentrations we reduced
misidentification of the PS by 97% and validated our results
with standard size measurements. qSPACE is not limited to
spherical shape clusters and can be used to process distinct
morphology. The continued development of fluorescent
probes, optical systems, and imaging processing methods for
sPAINT would enable the quantitative visualization of polymer
assemblies and dynamics in vitro.

■ EXPERIMENTAL SECTION
Polymersome Preparation. Polymersomes were fabricated

based on the self-assembly of amphiphilic brush block copolymers
poly(oligo (ethylene glycol) methyl ether methacrylate)-b-poly(oligo
(propylene sulfide) methacrylate) (POEGMA-POPSMA), which
were synthesized based on reversible addition−fragmentation chain
transfer (RAFT).40 POEGMA-POPS7MA8 PS were assembled using
the thin-film hydration method as previously described.40 Briefly, 20
mg of POEGMA-POPS7MA8 copolymer was dissolved in 150 μL
dichloromethane within 1.8 mL clear glass vials (ThermoFisher).
After desiccation, to remove the solvent, the resulting thin films were
hydrated in 1 mL of phosphate-buffered saline (PBS) under shaking
at 1500 rpm overnight. The suspension was then extruded through a
0.2 μm membrane filter. The cross-linked PS were prepared by the
reaction of uncross-linked PS suspension (20 mg/mL) with 1,2-
ethanedithiol (36 μL, 0.15 M in ethanol) through thiol−disulfide
exchange reactions under shaking (1500 rpm) at room temperature.
The obtained PS were then purified by Zeba Spin Desalting Columns
(7K MWCO, ThermoFisher) equilibrated with PBS solution.

Nile Red Preparation. A 3 mM NR (ThermoFisher) stock
solution was prepared in dimethylSulfoxide (DMSO) (Sigma-
Aldrich). For sPAINT imaging, the solution was further diluted to
5 nM in PBS and used when fresh.

Bulk Fluorescence Measurements. The bulk fluorescence
emission spectra of 1 mL solutions containing 1 μM of NR mixed
with 100 μL of PS (20 mg/mL in PBS), PLL solution (0.01% w/v,
Sigma-Aldrich), and PBS, respectively, were measured using a
fluorimeter (SpectraMax M3, Molecular Devices). Measurements
were recorded using 532 nm excitation.

Sample Immobilization. No. 1 borosilicate four-well Lab-Tek
Chambered coverglasses were rinsed three times using PBS, filled with
500 μL of PLL solution (0.01% w/v, Sigma-Aldrich P4707), and
incubated for 30 min to coat the glass surface. The wells were then
rinsed three times with PBS. PS was diluted to 0.2 mg/mL (HC
sample) and 0.02 mg/mL (LC sample) using PBS. Mixtures of 500
μL of the HC sample, LC sample, and 500 μL of PBS (CTRL sample)
were transferred to separate 1 mL conical tubes. The three samples
were each sonicated for 5 min. The samples were then added to
separate wells and incubated for 5 min. The samples were rinsed using
PBS. Finally, 500 μL of freshly prepared 5 nM NR in PBS was
sonicated for 5 min and then added to each well for imaging. We also
tested bovine albumin serum and neutravidin for sample immobiliza-
tion chemicals used for the immobilization of biotinylated molecules.
However, bulk measurements showed that this immobilization
method could provide a larger number of sources for sample
misidentification (see Figure S15).

sSMLM Optical Setup. The optical setup contains an inverted
optical microscope (Eclipse Ti−U with perfect-focus system, Nikon)
equipped with a 532 nm Spectra Physics laser with 200 mW
maximum output, a high numerical aperture total internal reflection
(TIRF) objective lens (100×, NA 1.49, Nikon CFI TIRF
apochromat), and a homemade transmission spectrometer. The
fluorescence was collected through the objective lens and then
directed into a spectrometer consisting of a blazed transmission
diffraction grating (300 grooves/mm, Edmund Optics) and two
imaging lenses with focal lengths of 100 and 80 mm, respectively. Of
the emitted photons, 60% and 40% were, respectively, allocated for
the nondispersed zeroth order channel and for the spectrally dispersed
first order channel and recorded simultaneously on different regions
of an electron multiplying charge-coupled device (EMCCD, ProEm
HS 512 × 3, Princeton Instruments).

Imaging Procedure and Data Analysis. The optical system was
calibrated using a fluorescent lamp with the entrance slit adjusted to
10 μm. The emission peaks at 436.5, 487.7, 546.5, and 611.6 nm were
fit with a first order polynomial to calculate the system’s spectral
dispersion (4.3 nm/pixel). Samples were placed on the microscope
stage and imaged using an angle slightly smaller than the TIRF mode.
We used a 532 nm laser with a power density of 1 kW/cm2 to initiate
transient NR binding to PS. An EMCCD camera acquired images
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with an integration time of 30 ms. Four areas of the sample were
randomly selected and imaged for each sample. For each FOV, 50000
frames were recorded and the spatial image was reconstructed using
ThunderSTORM.49 ThunderSTORM was used to perform drift
correction for each sample prior to spectral analysis. The drift
correction file was saved and used to correct all data prior to cluster
analysis.29,49 Events from overlapping binding events were removed.
Additionally, localizations below the average photon count (300) in
the spatial image were excluded.
sPAINT Window Selection. Spectroscopic analysis was per-

formed using localizations with a minimum of 450 photons in the
spatial domain using an 8 μm × 7 μm section of three different
control and three different PS super-resolution reconstructions. The
corresponding spectroscopic signature for each localization in the
spatial channel was extracted from the first-order images. The
emission maximum of each spectroscopic signal was identified by
fitting the normalized spectra to a Gaussian.26 Localizations with
emission maximums outside the calibration window (550−700 nm)
were excluded. The histograms from 18 different PS from three
different images (six PS per image) are shown in Figure S1c−e.
Examples of emission maximum from three ROIs are shown in Figure
2b. Additionally, the histogram of the emission maximum from the
control sample was compared to the PS histograms and a SW (595−
625 nm) for recognizing NR interactions with PS and nonspecific
binding events was selected. A total of 300 localizations with more
than 500 photons in the spectral domain from the isolated PS were
used to plot the average spectra in Figure S1a. Similarly, 300
localizations with at least 500 photons in the spectral domain and λmax
> 645 nm were used to plot the average spectra for NR interactions
with PLL.
Cluster Analysis. We adopted a DBSCAN algorithm optimized

for clusters with heterogeneous cluster densities.20 Individual PS were
identified using a density-based algorithm with a cluster radius of
twice the average localization uncertainty (40 nm). NN analysis was
performed to determine the minimum number of acceptable
localizations within the cluster radius. Localizations that did not
meet the minimum criteria were removed. The remaining local-
izations were sorted based on their NN, Euclidean distance between
neighboring points, and spatial coordinates. To consider the influence
of the cluster density on the analysis, we used a reachability criterion.
If localizations are members of the same cluster, then the variation in
the distance between those points will be less than the variation in the
distance between points which are members of a different cluster.
Using this sorted list, the distance to the next localization in the list is
used to identify core and boundary20 localizations of each cluster
within a maximum reachable distance of 1 μm (based on the
maximum PS size40). Localizations which were members of a separate
cluster were identified when the variation in the distance to the next
localization in the sorted list exceeded twice the standard deviation of
reachable localizations. The diameter of each cluster was estimated as
twice the average distance between the core location and all other
localizations in the cluster. To select the min-NN threshold, a range of
potential thresholds were tested using both the PS and control
samples. The number of clusters resulting from the control relative to
the PS sample was used to select the min-NN threshold. Counting
accuracy for the algorithm using clusters with varying densities was
estimated by a comparison of the reported clusters by algorithm to
clusters by manual counting in 10 different 2 μm × 2 μm regions of
interest in a representative super-resolution reconstruction.
Quantitative sPAINT Analysis. Cluster analysis using sPAINT

relied both on the spectral and spatial information for localizations
with at least 450 photons in the spatial domain. The localizations were
then further filtered using a min-NN threshold. The performance of
spectral analysis paired with spatial clustering was tested by counting
the number of clusters in 5 μm × 5 μm sections of representative PS
and control super-resolution reconstructions with and without
applying the SW (595−625 nm). A min-NN of 10 was selected for
cluster analysis after application of the SW, and a min-NN of 20 was
selected for cluster analysis without applying the SW. The numbers
and sizes of artifacts found by sPAINT (Figure S14b) were identified

using localizations which were not in SW and not spatially correlated
with any of the clusters using the SW filter.

Size Variation Analysis. We measured the effect of the reduced
number of localizations per cluster on size measurements by selecting
71 sPAINT clusters with at least 40 localizations. We calculated the
difference between the final size of the cluster and the size of the
cluster as the number of localizations sequentially increased. The
percent variance in the size was calculated as the ratio of the
difference in size measurements as the number of localizations
increased and the final size of the cluster. This trend was further
investigated by grouping the analyzed clusters based on their varying
sizes. To account for the different sizes of PS, we set a criterion for
evaluating size measurements based on the localization density (LD,
the number of localizations in a cluster divided by the PS cluster area
detected using sPAINT).

qSPACE Validation. The validation map for qSPACE was created
using the localizations after applying the SW (595−625 nm) and
removing isolated localizations (min-NN of 10). Potential spatial
clusters were identified by applying a weak min-NN threshold (35) to
all localizations with at least 300 photons in the spatial domain. The
spatial coordinates of the localizations, which formed spatial clusters,
were compared to those in the validation map. Localizations that did
not have any neighbors in the validation map were marked as artifacts.
The remaining spatial localizations were used for counting and sizing
as described in the Cluster Analysis section. For the qSPACE super-
resolution reconstructions in Figure 5, all clusters were pseudocolored
based on their classification. The final qSPACE analysis was
performed using 12 different 11 × 8 μm2 images acquired from 3
samples. Four measurements were captured from each sample.

Nanosight Measurements. The size distribution of a 1:104

dilution of the stock PS solution was measured using nanoparticle
tracking analysis (Nanosight NS300, Malvern). We also tested the
relative concentration of the high concentration and low concen-
tration samples by testing 1:103 dilutions of the samples used in the
sPAINT experiment. All Nanosight measurements were performed
using an unlabeled sample and a 488 nm excitation source, and five
trials were performed with statistical analysis using NTA.

CryoTEM Measurements. Cryogenic transmission electron
microscopy (cryoTEM) of the PS samples was performed as
previously described.40 A 4 μL portion of a 5 mg/mL sample was
applied to a pretreated, lacey carbon 400 mesh TEM copper grid
(Electron Microscopy Sciences). The grids were plunge-frozen with a
Gatan Cryoplunge freezer at room temperature. Images were
collected using a JEOL 3200FSC transmission electron microscope.
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