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Ultrahigh-throughput
single-molecule
spectroscopy and spectrally
resolved super-resolution
microscopy
Zhengyang Zhang1,2, Samuel J Kenny1,
Margaret Hauser1, Wan Li1 & Ke Xu1,2
By developing a wide-field scheme for spectral measurement
and implementing photoswitching, we synchronously obtained
the fluorescence spectra and positions of ~106 single molecules
in labeled cells in minutes, which consequently enabled
spectrally resolved, ‘true-color’ super-resolution microscopy.
The method, called spectrally resolved stochastic optical
reconstruction microscopy (SR-STORM), achieved cross-talk–free
three-dimensional (3D) imaging for four dyes 10 nm apart
in emission spectrum. Excellent resolution was obtained for
every channel, and 3D localizations of all molecules were
automatically aligned within one imaging path.

The past decade has seen remarkable advances in the complexity and
resolving power of single-molecule methods1. In particular, work
on single-molecule fluorescence spectroscopy2,3 has led both to fundamental discoveries and to the development of super-resolution
microscopy (SRM) methods such as stochastic optical reconstruction microscopy (STORM) and (fluorescence) photoactivated
localization microscopy ((F)PALM)4–8. Although these emerging
SRM methods have achieved outstanding spatial resolution, the
potentially rich spectral dimension remains largely unexplored.
Measurement of the fluorescence spectra of individual molecules has been a vital component of single-molecule spectroscopy2,3,9–12, but one that is also highly challenging. Previous work
has often followed the approach of a conventional spectrometer,
in which a combination of confined illumination (for example,
from a scanning tip9 or focused laser beam10,11) and confined
detection (for example, with a pinhole aperture in a confocal
microscope12) are used to obtain locally confined fluorescence
of the sample for dispersion into a spectrum9–12. Such singlepoint measurements necessitate scanning of the sample and so
are limited by low throughput and are difficult to apply to densely
labeled biological samples.

A single fluorescent molecule is, in itself, a self-confined point
source, and so in principle its emitted fluorescence can be dispersed into a spectrum in wide field without spatial confinement
in illumination or detection. For multiple molecules in the same
sample, the spectrum of each molecule could be recorded simultaneously in wide field, provided that the fluorophores are sparsely
distributed in space to avoid overlapping. Although such ‘slitless
spectroscopy’ is implemented in astronomy for stellar spectra13,
its application to traditional single-molecule experiments is
limited by the prerequisite of molecular sparseness. We show that
by photoswitching most of the fluorophores in a densely labeled
sample into a dark state4,7,8, fluorescence from the remaining
emitting single molecules can be dispersed into nonoverlapping
spectra in wide field and recorded with a camera. Stochastic
switching of molecules between the dark and fluorescent states
allowed for the synchronous spectrum measurement and superlocalization of millions of single molecules within minutes. We call
the method spectrally resolved STORM (SR-STORM).
A major challenge for our wide-field spectroscopy scheme
is that, unlike with conventional spectrometers in which the
wavelength position of the spectrum is physically fixed by
the entrance slit, here the spatial and spectral information of a
randomly located single molecule are coupled. To decouple the
two without sacrificing the obtained signal, we employed a dualobjective scheme14 so that two matching images can be obtained
for each detected single molecule through two opposing objectives (Fig. 1a; paths 1 and 2). The image obtained through path 1
was used to determine the position of each molecule, whereas a
dispersing prism was placed at the Fourier plane between the two
relay lenses in path 2 to generate spectra of the same molecules
in wide field. To facilitate calibration, we mounted the prism
and associated mirrors on a translational stage so that path 2
could be switched between a ‘spectrum mode’ and an ‘image
mode’. Spectral calibration was performed using several different
approaches, from which similar results were obtained (Online
Methods and Supplementary Fig. 1).
Single-molecule measurements were performed on fixed and
immunostained cells by photoswitching most of the labeled dye
molecules into a non-emitting dark state and allowing only a
small, random subset of the molecules to be in the fluorescent
state at any given instant4,7,8. We first investigated Alexa Fluor
647 (AF647), a representative STORM dye. Undispersed images
and dispersed spectra of the same single molecules were simultaneously recorded through paths 1 and 2 (Fig. 1b,c). Measured
molecules were switched into the non-emitting dark state, and
another random subset of the dye molecules were switched
into the emitting state and measured in subsequent frames
(Supplementary Video 1). By operating the camera at a frame

1Department of Chemistry, University of California, Berkeley, Berkeley, California, USA. 2Life Sciences Division, Lawrence Berkeley National Laboratory, Berkeley,

California, USA. Correspondence should be addressed to K.X. (xuk@berkeley.edu).

Received 23 April; accepted 15 July; published online 17 august 2015; doi:10.1038/nmeth.3528

nature methods | ADVANCE ONLINE PUBLICATION | 

brief communications

 | ADVANCE ONLINE PUBLICATION | nature methods

Path 1

M4
L2

M1

M2

c

1

2

Stage

1

2

3

4

M3

4
5

5

6

6

7

Slit 2

d 1.0

Path 2

3

L3

M5

M6

Normalized intensity

Path 1

Prism

L4

Slit 1
(Cylindrical lens)

b

Path 2

Camera

L1

7

Mol. 1
Mol. 2
Mol. 3
Mol. 4
Mol. 5
Mol. 6
Mol. 7

0.8
0.6
0.4
0.2
0
650

700

750

800

Emission wavelength (nm)

e

100

10

f

720

Single-molecule
spectral mean (nm)

rate of 110 Hz and achieving a comparable photoswitching rate for
single molecules, the positions and spectra of millions of single
molecules were concurrently obtained over the full camera frame
in a few minutes (for example, Supplementary Video 1 for 2,200
single molecules measured in 1 s).
The exceptionally large number of single-molecule spectra
obtained with SR-STORM allowed for a statistical examination of
how different molecules in the sample behave. Remarkably similar
spectra were obtained for all detected single molecules (Fig. 1d
and Supplementary Fig. 2). To facilitate a direct comparison of
the emission wavelength of different molecules, we calculated the
spectral mean11 of each single molecule as the intensity-weighted
average of wavelength. A small s.d. of 2.6 nm was observed in
spectral mean for the 573,527 molecules detected over 4.5 min in
the sample, and the distribution was uniform across the camera
(Supplementary Fig. 2). Larger variations were noted for dimmer
molecules, attributable to lower signal-to-noise ratios. At the same
time, the brighter molecules (>10,000 detected photons) converged to an extremely small s.d. of 1.4 nm (Fig. 1e). Moreover,
similar spectra were noted for single molecules labeling different
subcellular targets (Supplementary Fig. 3).
Previous scanning-based single-molecule spectral studies
reported substantial (~10 nm) spectral variations for single dye
molecules immobilized at solid surfaces2,9–11. Similar effects, if
they also existed in densely labeled biological samples, would
forbid the reliable identification of single molecules of different
dyes that are similar in emission spectrum. Our results, however,
revealed very narrow distributions in immunostained cells.
To generalize this finding, we investigated 14 far-red dyes
with bulk emission peaks at ~660–700 nm, and for each dye
we measured the spectra of millions of individual molecules.
Homogeneous single-molecule spectra were noted for all dyes,
with typical s.d. of 2.5–4.5 nm in single-molecule spectral mean
(Fig. 1f). Substantially different single-molecule spectra were
detected for different dyes (Fig. 1f and Supplementary Fig. 4).
These results suggest that by directly resolving the spectrum of
every molecule, our method may reliably distinguish, in labeled
cells, single molecules of different dyes that differ minimally
in emission spectrum. In combination with the concurrently
obtained superlocalized positions of the molecules, we thus
should be able to achieve spectrally resolved SRM with minimal
color cross-talk. To demonstrate this possibility, we labeled four
distinct subcellular structures with four dyes that overlap heavily
in emission spectrum (Fig. 2). A single red laser was employed
to excite all dyes and photoswitch single molecules between
the dark and fluorescent states. To present both the spatial and
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Figure 1 | Ultrahigh-throughput single-molecule spectral measurement
with SR-STORM. (a) Schematic of the setup. Two opposing objectives focus
on the same spot of the sample and form intermediate images at slits
1 and 2, respectively. M, mirror; L, lens. (b,c) Simultaneously obtained
images and spectra of the same single AF647 molecules. Yellow, magenta
and green crosses respectively mark the mapped spectral positions of
647, 700 and 750 nm for each molecule. Scale bars, 2 µm. (d) Measured
spectra of the seven molecules in b,c. (e) Measured spectral mean of
single molecules vs. the detected photon count of each molecule for 6,406
molecules detected across the camera in 3 s. Red dashed line, Gaussian fit
for molecules with >10,000 detected photons. (f) Measured spectral mean
for single molecules of 14 different far-red dyes. Error bars, s.d. between
single molecules (~106 for each dye).
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spectral information of all (~106) measured single molecules, we
plotted the superlocalized position of each molecule in xy and
used color to denote the measured spectral mean of each
molecule (Fig. 2a,b).
Distinct from previous multicolor STORM/(F)PALM
approaches15–18, in which each detected molecule is assigned to one
of the labeled dyes and accordingly ‘false colored’, here (Fig. 2a,b)
the measured ‘true color’ (spectral mean) of each molecule
is directly plotted on a continuous scale of 676–720 nm, the
same scale as the y axis of Figure 1f. Remarkably, molecules of
different dyes were readily distinguishable on the basis of spectral
mean alone (Fig. 2a,b) without a priori knowledge of the spectra of the dyes, so that distinct colors, i.e., purple, cyan, green
and yellow, were observed for the differently labeled structures
of mitochondria, microtubules, vimentin filaments and peroxisomes, respectively. Averaging the single-molecule spectra
for each labeled, sub-diffraction-limit structure showed good
agreement with the separately obtained single-molecule spectra
of its corresponding dye (Fig. 2c). When the spectra of all the
labeled dyes are known, either from independent measurements
(Supplementary Fig. 4) or from target averaging in the same
sample (Fig. 2c), it is further possible to categorize each detected
single molecule (Fig. 2d) by comparing its spectrum with the
set of known dye spectra. Separation of the four color channels
showed minimal misidentification over the entire camera frame
(Fig. 2e–h and Supplementary Fig. 5). For the dye combination
here, misidentification was <2% across all four channels (Fig. 2i
and Supplementary Fig. 6).
We next applied our method to 3D SRM. By introducing
astigmatism into path 1 via a cylindrical lens19, we achieved 3D
superlocalization of single molecules; the spectral information
from path 2 was not affected. Combining the 1D spectral and 3D
spatial information obtained for each molecule thus resulted in
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Figure 2 | Spectrally resolved single-molecule and super-resolution imaging. Dyomics 634, DyLight 650, CF660C and CF680 respectively labeled
peroxisomes, vimentin filaments, microtubules and the outer mitochondrial membrane in a fixed PtK2 cell. (a) ‘True-color’ super-resolution image in
which each detected single molecule is colored according to its measured spectral mean (color bar). (b) Close-up of boxed region in a. (c) Averaged
single-molecule spectra for different subcellular structures in b (white boxes), in comparison to the separately measured averaged single-molecule
spectra of the four dyes. (d) Super-resolution image with each molecule being categorized and recolored; categorization was based on comparison of the
single-molecule spectrum with the spectra of the four dyes. (e–h) The separated four dye channels for the same area as b. (i) Cross-talk between dyes
(asterisks: <10−3). Scale bars, 2 µm (a,d) and 1 µm (b,e–h).

rich information in four dimensions (Fig. 3). The obtained singlemolecule spectra again allowed for true-color SRM (Fig. 3a)
and negligible misidentification between the four dye channels
(Fig. 3b and Supplementary Fig. 7), but here each molecule was
superlocalized in three dimensions. Similar localization precisions of ~10 nm in the lateral directions and ~20 nm in the axial
direction were achieved for all dyes (Supplementary Fig. 8), on
par with previous single-color results19. Virtual cross-sections in
the xy plane (Fig. 3c,d) and yz plane (Fig. 3e and Supplementary
Fig. 9) helped reveal the relative 3D positions of the four subdiffraction-limit structures—for example, microtubules in contact with the top of a mitochondrion (Fig. 3c,e), a microtubule
passing at the bottom of a peroxisome (Fig. 3e), and different layers of microtubules and vimentin filaments. To further verify that
the superlocalized positions of different dyes were aligned with
each other in three dimensions, we labeled TOM20, a mitochondrial outer membrane protein, and ATP synthase, which should
reside within mitochondria, with CF680 and AF647, respectively.

As expected, virtual cross-sections showed that the AF647 localizations were fully enclosed by CF680 localizations (Fig. 3f).
Besides enabling acquisition of single-molecule fluorescence
spectra in cell samples with exceptionally high throughput, our
ability to obtain 3D SRM images while reliably distinguishing
fluorophores that are similar in emission spectrum provides notable advantages. Substantial differences in STORM/(F)PALM performance are found for fluorophores that differ significantly in
spectrum, and to date dyes with the best performance cluster in
the far-red range20. Sequential multicolor STORM/(F)PALM16,20
works with ~100-nm spectral separation; fluorophores of inferior
performance are employed, and color cross-talk of <8% is
achieved20. Split-channel, ratiometric methods work for ~20-nm
spectral separation at the expense of higher cross-talk (~20% for
four-color imaging)17,18. Activation-based multicolor STORM uses
a single reporter dye but is limited by heavy cross-talk (10–20%)15.
We achieved unambiguous (<2% cross-talk) identification of four
far-red dyes at 10-nm spectral separation, and excellent SRM
nature methods | ADVANCE ONLINE PUBLICATION | 
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Figure 3 | SR-STORM imaging in three
dimensions. (a) ‘True-color’ super-resolution
image of a fixed COS-7 cell similarly labeled
as in Figure 2. The measured spectral mean of
each molecule is color coded as in Figure 2a.
(b) The separated channel of DyLight 650,
color coded according to the measured axial z
position (color bar; violet denotes closest
to substrate; red denotes farthest away).
(c–e) Virtual cross-sections, where each
molecule is categorized as one of the four dyes
and color coded the same way as Figure 2d.
(c,d) Two xy cross-sections (70 nm in z) for the
boxed area in a, at the top (c) and center (d) of
the mitochondria, respectively. (e) Vertical xz
sections (150 nm in y) along the three dashed
lines in a. Arrows in c,e point to microtubules
in contact with the top of a mitochondrion.
Arrowhead in e points to a microtubule passing
at the bottom of a peroxisome. (f) AF647-labeled
ATP synthase (magenta) and CF680-labeled
TOM20 (green) in a PtK2 cell, shown with a
virtual xy cross-section (70 nm in z) at the center
of the mitochondria, and yz (150 nm in x)
and xz (200 nm in y) cross-sections along
the white arrows. Scale bars, 2 µm (a–d) and
500 nm (e,f).

a

b

DL650

z (nm)
–350

c

performance was observed for all dyes.
e
Moreover, as a single optical path is used
to superlocalize all molecules, the 3D positions of different molecules are directly
obtained in the same coordinates, thus circumventing the challenges of aligning different color channels in three dimensions,
as faced by approaches in which multiple optical paths or filter sets
are employed for localization16–18,20. Although a dual-objective
design was used in this study, our method should also work for
single-objective systems by splitting the collected signal into two
optical paths, but at the cost of reduced signal. The application
of SR-STORM to live cells, in combination with the design of
STORM-compatible fluorophores that are spectrally responsive
to local environments, represents exciting future challenges.
Methods
Methods and any associated references are available in the online
version of the paper.
Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS
Optical setup. SR-STORM was performed on a homebuilt setup
(Fig. 1a). Two infinity-corrected microscope objectives (Olympus
Super Apochromat UPLSAPO 100×, oil immersion, numerical
aperture of 1.40, default tube lens f = 180 mm), objective 1 and
objective 2, were placed opposite each other and aligned to focus
on the same spot of the sample (not shown). Two piezoelectric
actuators (DRV120 and DRV517, Thorlabs) were used to control
the axial positions of the sample and objective 1 with nanometer
precision. Lasers at 647 nm (MPB Communications), 560 nm
(MPB Communications) and 488 nm (Coherent) were coupled
into an optical fiber after passing through an acousto-optic tunable
filter and then introduced into the sample through the back
focal plane of objective 1 using a multiband dichroic mirror
(Di01-R405/488/561/635, Semrock). Using a translation stage,
the laser beams were shifted toward the edge of the objective
so that emerging light reached the sample at incidence angles
slightly smaller than the critical angle of the glass-water interface.
Fluorescence emission was collected by both objectives. Path 1:
fluorescence emission collected by objective 1 was focused by
an achromatic lens with f = 200 mm, resulting in an intermediate image at slit 1 with an effective magnification of ~111×.
For 3D imaging, an f = 10,00 mm cylindrical lens (LJ1516RM-B,
Thorlabs) was placed before slit 1 to introduce astigmatism19 into
the obtained single-molecule images. Path 2: fluorescence emission collected by objective 2 was filtered by a multinotch filter
(ZET405/488/561/640m, Chroma) and focused by an achromatic
lens with f = 150 mm, thus resulting in an intermediate image at
slit 2 with an effective magnification of ~83×. The two intermediate
images formed through path 1 and path 2 were cropped by slit 1
and slit 2 to ~8 mm in width and then separately projected onto
two different areas of the same electron-multiplying chargecoupled device (EMCCD) camera (iXon Ultra 897, Andor)
through two pairs of relay lenses (L1–L4). Another multinotch
filter (ZET405/488/561/640m, Chroma) was installed on the camera. For spectrum mode of path 2, an equilateral calcium fluoride
(CaF2) prism (PS863, Thorlabs) was placed at the Fourier plane
between the two relay lenses at the angle of minimum deviation
(~0.55 rad). The intermediate image of single molecules was
collimated by the first relay lens (L3), and the resultant parallel
light was dispersed by the prism before being focused by the second
relay lens (L4) to form spectra of single molecules on the EMCCD.
Two mirrors (M4 and M5) were used to steer the light after prism
so that for the laser wavelength at 647 nm, image positions in the
image mode and in the spectrum mode roughly matched each
other. To facilitate alignment and calibration, the prism, M4,
and M5 were mounted on a motorized linear translation stage
(PT1-Z8, Thorlabs) so they could be readily moved in and out to
switch path 2 between the spectrum mode and the image mode.
Spectral calibration. A combination of fluorescent beads, pinhole
arrays, and slits were used for the spectral calibration of path 2.
Dark red fluorescent beads of 20-nm diameter (F-8783, Life
Technologies) were adsorbed to the glass coverslip at low density.
The sample was mounted on our optical setup and illuminated with
a weak 647-nm laser. Individual beads appeared as well-resolved
diffraction-limited spots in the image mode (Supplementary
Fig. 1a) and dispersed 1D spectra in the spectrum mode
(Supplementary Fig. 1b). Narrow bandpass filters (FB700-10
doi:10.1038/nmeth.3528

and FB750-10, Thorlabs) were used to determine the spectral
positions of 700 and 750 nm in the spectrum mode relative to the
image position in the image mode (Supplementary Fig. 1c,d).
In a different approach, mechanical slits (Supplementary Fig. 1e,f)
and printed photomasks with 2D arrays of pinholes (not shown)
were placed at the intermediate image plane (slit 2) and illuminated
by weak lasers at wavelengths of 488 nm, 560 nm and 647 nm.
Notch filters in the light path were removed, and the resultant
images on the EMCCD were consecutively recorded in the image
mode and spectrum mode to allow for determination of the positional shift for different laser wavelengths. Results from these three
different methods generated similar calibration curves that were
well fitted by a third-order polynomial equation (Supplementary
Fig. 1g). To correct for wavelength-dependent variations in the
responsivity of the detection system21, a quartz tungsten halogen lamp (Model 6319, Newport) was used to illuminate a narrowed slit 2. The recorded broadband spectrum in the spectrum
mode of path 2 was subtracted by a smoothed curve to generate
the wavelength-dependent correction factor (Supplementary
Fig. 10a), which was used to correct all measured spectra in this
study. Spectra before this correction was applied are presented
in Supplementary Fig. 10b–d,f: similar irregular features are
observed for different dyes, for example, dips at ~690 nm and
~720 nm, in agreement with the drop in responsivity at corresponding wavelengths (Supplementary Fig. 10a). Spectral-mean
distributions were only minimally affected by this correction
(Supplementary Fig. 10e,g). Although the presence (and incomplete removal) of such effects is undesirable, the observation that
the dip features align well between different data sets reflects good
wavelength registration in our experiments.
Sample preparation. COS-7 and PtK2 cells (ATCC) were cultured
following standard tissue culture protocols (mycoplasma regularly
tested), and plated on 12- or 18-mm diameter, #1.5 coverglass at
~30% confluency. After 24 h, cells were fixed using a solution of
4% paraformaldehyde in phosphate-buffered saline (PBS), or 3%
paraformaldehyde and 0.1% glutaraldehyde in PBS followed by
two washes with 0.1% sodium borohydride in PBS. Cells were
blocked and permeabilized in blocking buffer (3% bovine serum
albumin with either 0.5% Triton X-100 or 0.02% saponin in PBS),
which was followed by overnight incubation at 4 °C in primaryantibody solution, washed three times and then incubated for
45 min at room temperature in secondary-antibody solution.
Primary antibodies used were rat anti–α-tubulin (MAB1864,
Millipore), chicken anti-vimentin (AB5733, Millipore), rabbit
anti-Tom20 (sc-11415, Santa Cruz Biotech), mouse anti-PMP70
(SAB4200181, Sigma) and mouse anti-ATPB (ab14730, Abcam),
which should label microtubules, vimentin intermediate filaments, the outer membrane of mitochondria, peroxisomes and
ATP synthase at the inner mitochondrial membrane, respectively. Secondary antibodies (Jackson ImmunoResearch) were
labeled via reaction with NHS esters of selected dyes to achieve
a 1:1 dye-to-antibody labeling ratio. Examined dyes were Alexa
Fluor 647 and Alexa Fluor 660 (Invitrogen), Cy5 and Cy5.5
(GE Healthcare), Cyanine 5 (Lumiprobe), CF647, CF660C and CF680
(gifts from Biotium), Dyomics 634, Dyomics 649P1 and Dyomics
654 (Dyomics), and DyLight 635, DyLight 650 and DyLight 679
(Thermo Scientific). Spectrally resolved single-molecule imaging
was performed in standard STORM imaging buffer that contained
nature methods
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5% (w/v) glucose, 100–200 mM cysteamine, 0.8 mg/mL glucose
oxidase and 40 µg/mL catalase, in Tris-HCl (pH 7.5 or pH 8.0).
Approximately 4 µL of imaging buffer were dropped at the center
of a freshly cleaned #1.5 rectangular coverslip (24 mm by 60 mm),
and the sample coverslip was mounted on the rectangular coverslip and sealed with nail polish or Cytoseal 60.
Spectrally resolved single-molecule imaging. Dye-labeled cell
samples were mounted on the setup and illuminated only by a
647-nm laser at an intensity of ~2 kW/cm2, which excites the
dye molecules and also photoswitches most of them into a nonemitting dark state4,7,8. At any given instant, only a small, optically
resolvable subset of the fluorophores in the sample were activated,
by the same 647-nm laser, back to the fluorescent, emitting state.
Fluorescence from the emitting single molecules was recorded
through both path 1 and path 2 before the molecules were again
photoswitched to the dark state or photobleached, and a random,
new subset of the fluorophores in the sample were activated to the
emitting state. The EMCCD camera acquired images from both
paths simultaneously and continuously at a frame rate of 110 Hz,
which matched well with the photoswitching rate of single
molecules in our experiment (on average, each detected single
molecule emitted for 1.7–2.5 frames before being switched
into the dark state for most of the dyes examined in this study).
To map the coordinates of path 1 and path 2, a short movie of a few
hundred frames was first recorded when the dispersing prism was
removed from path 2 (image mode), or when the dispersing prism
was inserted into path 2 (spectrum mode) but with the addition
of a narrow bandpass filter centered at 689.3 nm (ZET690/10x,
Chroma). Spectrally resolved single-molecule imaging was then
performed with path 2 in the spectrum mode without the narrow bandpass filter, so that the undispersed images and the dispersed spectra of the same single molecules were simultaneously
recorded through path 1 and path 2, respectively (Fig. 1b,c and
Supplementary Video 1). 30,000–80,000 frames of images were
typically recorded to generate the final SRM image, which, after
analysis (below), enabled the determination of the positions and
spectra of ~106 single molecules within minutes. Increasing the
number of frames would lead to more single-molecule spectra at
the expense of longer imaging time.
Data analysis. Recorded data were first split into two movies,
each of which comprised a series of images obtained by path 1 and
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path 2, respectively. Single-molecule images were superlocalized
in two or three dimensions as described previously4,19. The superlocalized positions of single molecules in the initial short movies
were used to map the coordinates of path 1 and path 2 via two different approaches that led to similar results. In one approach, the
initial short movie was recorded with path 2 being in the image
mode. To analyze the subsequent spectral measurement data, we
first projected the superlocalized positions of single molecules in
path 1 to the coordinates of the image mode of path 2 based on
mapping functions generated from the initial short movie, and
the resultant positions were projected again from the coordinates
of image mode of path 2 to the coordinates of the spectrum mode
of path 2 for a fixed wavelength (700 nm) on the basis of the
aforementioned calibration results obtained via fluorescent beads.
In an alternative approach, the initial short movie was recorded
with path 2 in the spectrum mode with a narrow bandpass filter
centered at 689.3 nm. To analyze the subsequent spectral mea
surement data, we projected the superlocalized positions of single
molecules in path 1 to the coordinates of the spectrum mode of
path 2 for the fixed wavelength of 689.3 nm based on mapping
functions generated from the initial short movie. The spectrum of
each molecule was obtained on the basis of the mapped position
of either 700-nm or 689.3-nm emission in the spectrum mode
of path 2 and the spectral calibration curve (Supplementary
Fig. 1g). Overlapping spectra were rejected. For molecules that
lasted more than one frame, the superlocalized positions and
measured spectra in consecutive frames were combined. The
spectral mean of each molecule was calculated through the
intensity-weighted averaging of wavelength for the measured
single-molecule spectrum and presented on a continuous color
scale to generate ‘true-color’ SRM images. For categorization
of each molecule when the spectra of all dyes in the sample
were known (either from separate measurements (Supplementary
Fig. 4) or from target averaging (Fig. 2c)), the measured spectrum
of a single molecule was compared with the spectrum of
each known dye by calculating the Pearson product-moment
correlation coefficient for the intensity-wavelength relationship.
The single molecule was then assigned to the dye that resulted
in the highest correlation coefficient.
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