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S
everal super-resolution imaging tech-
niques have been developed that allow
the diffraction-limited resolution to be

surpassed,1,2 including stimulated emission
depletion (STED) microscopy,3,4 structured
illuminationmicroscopy (SIM),5 stochastic op-
tical reconstruction microscopy (STORM),6

and photoactivatable localizationmicroscopy
(PALM).7 These techniques can be classified
into two categories: (i) those which spatially
modulate the fluorescence emission with
patterned illumination (STED, SIM) and (ii)
those which stochastically switch individual
molecules on at different times (STORM,
PALM). The second category takes advan-
tages of single-molecule localization,8 using
photoswitching or another mechanism to
stochastically turn on only a small fraction
of the fluorophores in the field of view. Such
individual molecules can then be localized
to anaccuracyof∼s=

ffiffiffiffi
N

p
, where s is thewidth

of the point spread function (PSF) andN is the
number of collected photons. Images with
sub-diffraction-limited resolution are then
reconstructed from the measured positions
of individual fluorophores by imaging sparse
subsets of molecules over many cycles.

Quantum dots (QDs) have shown prom-
ise for biological imaging due to their
remarkable photostability and bright-
ness.9�11 Inparticular, QDs showgreat prom-
ise for super-resolution fluorescence micro-
scopy. The fluorescence of Mn-doped ZnSe
nanocrystals can be modulated with great-
er than 90% efficiency through rever-
ble excited-state absorption, and ZnSe
QDs have been used to achieve a 4.4-fold
increase in resolution over the diffraction
limit using the RESOLFT (reversible satura-
ble or switchable optical fluorescence
transitions) technique.12 QDs have also
been used with 4Pi microscopy to achieve
100 nm axial resolution.13 CdSe QDs have
been used to enhance spatial resolution
by exploiting their natural blinking or en-
hanced blinking properties with super-
resolution optical fluctuation imaging
(SOFI).14,15 In the technique quantum dot
blinking with three-dimensional imaging
(QDB3), 3D super-resolution imaging with
blinking QDs is achieved by extracting the
PSF of individual QDs by subtracting sub-
sequent frames, again exploiting the sto-
chastic blinking of the QDs.16 However,
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ABSTRACT We demonstrate multicolor three-dimensional super-resolution imaging with

quantum dots (QSTORM). By combining quantum dot asynchronous spectral blueing with

stochastic optical reconstruction microscopy and adaptive optics, we achieve three-dimensional

imaging with 24 nm lateral and 37 nm axial resolution. By pairing two short-pass filters with two

appropriate quantum dots, we are able to image single blueing quantum dots on two channels

simultaneously, enabling multicolor imaging with high photon counts.
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compared to other photoswitchable probes, QDs
spend a rather short time in the off state, limiting the
number of QDs that can be distinguished within the
area of a PSF, thereby making it difficult to exploit the
natural QD blinking for single-molecule super-resolution
imaging. For STORM, it is necessary that the off-time of
each molecule is much greater than the on-time.
To address this problem, a blueing technique has

been developed that makes QDs suitable for use in
STORM imaging.17 In solutions containing oxygen, the
fluorescence emission of QDs is observed to shift
stochastically to shorter wavelengths. By observing
the QD fluorescence emission with a band-pass filter
at a shorter wavelength than the QD initial fluores-
cence spectrum, fluorescence from individual QDs can
be measured as their emission wavelength stochasti-
cally enters the filter passband. Such blueing is attrib-
uted to the continuous size reduction of the CdSe core
due to photo-oxidation, which is accompanied by a
blue shift of the emission wavelength.18�21

Compared to the conventional switchable dyes,
such as the cyanine dyes, which typically require two
different lasers for bleaching and reactivation and a
thiol-containing agent to enhance photoswitching,
QDs do not need to be bleached; only a single laser
is required for excitation of multiple emission wave-
length QDs, and no external chemicals are needed.
Additionally, for conventional switchable dyes, each
dye molecule can photoactivate multiple times, which,
on one hand, can enhance the signal, but on the other
hand, also allows each probe molecule to sample
different locations of the structure in different camera
frames and to contribute multiple independent locali-
zations which may result in a potential motion
blurring.22 QD blueing will only localize each molecule
once and, because QDs are intensely bright, can still
provide enough photons for accurate localization.
Although multicolor imaging has been achieved by

many of the super-resolution techniques, such as
SIM,23 STED,24 PALM,25,26 and STORM,27,28 multicolor
super-resolution imaging by QDs remains a challeng-
ing task. While techniques that rely on QD blinking
can be straightforwardly extended to multiple colors,
these techniques are not comparable to PALM or
STORM in either the resolution that can be achieved
or the feasible labeling density. QDs have been used
for multiparticle tracking, but these approaches rely on
there being only a few QDs in any PSF area and are not
easily extended to super-resolution.29,30

Here we demonstrate multicolor and 3D super-
resolution imaging by QD blueing STORM combined
with AO (QSTORM). To enable multicolor imaging, we
introduce two QDs in the visible and NIR and two
appropriate band-pass filters to image the oxidized
visible andNIRQDs, respectively. We demonstrate that,
by optimizing the excitation laser intensity and the
mounting medium, we can adjust the blueing rate for

optimal imaging. We show that the QDs exhibit up to
an 80 nm blue shift (longer than previously reported19)
without overlap between the channels. We further
make a detailed comparison between STORM with
Alexa dyes and with QDs, demonstrating higher
photon counts with QDs. We measure greater than
3000 photons per localization fromQDs andmeasure a
microtubule width of 46 nm.

RESULTS AND DISCUSSION

Principle of Two-Color QSTORM. Figure 1 demonstrates
the principle of two-color QSTORM. The emission
spectra of QDs vary with particle size due to quantum
confinement. For core/shell CdSe/ZnS quantum dots,
under continuous illumination, the size of the CdSe
core shrinks due to the photoinduced oxidation,
which results in the shift of the fluorescence emis-
sion to shorter wavelengths, a phenomenon known
as blueing.17 As shown in Figure 1, two sizes of CdSe
QDs (QD 705 nm and QD 565 nm) are chosen as the
probes, and two narrow band-pass filters (625 nm
center/15 nm width and 504 nm center/12 nm width)
are used to collect the emission from the two QDs,
respectively. Due to the asynchronous blueing of the
QDs, it is unlikely thatmultiple QDswithin a diffraction-
limited area will blue at the same speed and emit in the
passband simultaneously.

As has been reported previously, CdSe/ZnSQDs can
exhibit blue shifts of as much as 46 nm from their initial
emissionwavelength.19 The blueing process is affected
by several factors including the laser intensity and the
composition of theQD solution, with the concentration
of O2 being especially important.19,31,32 Under proper
conditions, longer blue shifts have been observed.
Hoyer et al. state that greater than 90% of 705 nm
QDs can be detected in a passband between 538 and

Figure 1. Principle ofmulticolor blueing. The quantumdots
blue shift up to approximately 80 nm, after which the QDs
are completely photobleached. The 705 nm QDs will blue
and stochastically emit in the 625 nm passband but will no
longer emit when they reach the 504 nm passband, which
detects the 565 nm QDs. Thus, both colors can be simulta-
neously detected without cross-talk.
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645 nm, indicating a minimum blue shift of 60 nm.17

Here we measure blueing 705 nm QDs at 625 nm and
blueing 565 nmQDs at 504 nm, indicating that QDs can
blue shift close to 80 and 61 nm, respectively. (The
emission and excitation spectra are shown in Support-
ing Information Figure S1.)

Optical System. The optical system and performance
are shown in Figure 2. The microscope contains a
deformable mirror to maintain a Strehl ratio of greater
than 0.80, and a home-built optical splitter is used to
image both channels on the same CCD camera
(Figure 2a). The system PSF is shown in Figure 2b�d.
For 3D STORM, astigmatism is used to create an
asymmetric PSF (Figure 2e�g).33 The z-position cali-
bration is shown in Figure 2h. Finally, the system
stability was tested by imaging a fluorescent micro-
sphere. Over 10 000 images at 100 fps, the standard
deviation of position was less than 8 nm in the lateral
dimension and less than 12 nm in the axial direction.
Further details can be found in the Methods.

Cross-Talk Test. Figure 3 shows measurements of
single-color STORM measured with both the green
filter and the red filter, indicating that very few locali-
zations are detected in the wrong channel. The 705 nm

QDs are completely oxidized before the emission
wavelength of the blueing QDs reaches the 504 nm
band-pass filter used to detect the blueing 565 nm
QDs. The number of false positives in the blue channel
from the 705 nm QDs is less than 0.3% (Figure 3). The
number of false positives is higher for the 565 nm QDs
in the red channel (1.35%) due to the tail of the
unoxidized QDs overlapping the red filter. Themajority
of these false positives occur within the first 800
frames, so the false positive rate can be reduced by
dropping the first frames or simply waiting to start the
measurement.

Blueing Speed Optimization. An important aspect of
the blueing process for single-molecule localization is
the speed of the photo-oxidation. If themolecules blue
too quickly, then too many QDs will emit in the pass-
band in each exposure; therefore, the likelihood of
detecting single QDs in a diffraction-limited area will
be too low, and all the QDs will photo-oxidize too
quickly, resulting in too few localizations per raw frame.
If the QDs blue too slowly, too few single QD emissions
will be captured per frame. Then, the experiment will
take too long, resulting in too much mechanical drift
during the measurements. The resolution of STORM
imaging depends on both the photons collected from
each QD and the number of localizations.34 By control-
ling the blueing rate, both can be improved.

Figure 2. (a) Schematic of the optical setup. L1 and L2 are
350 mm efl achromats. L3 is a 100 mm efl achromat. L4 is a
300mmefl achromat, and L5 is a 7.86mmasphere (Thorlabs
F240SMA-A). (b�d) Image of a 100 nm fluorescent bead
400 nm above focus, in the focal plane, and 400 nm below
focus. (e�g) Images of a 100 nm fluorescent bead 400 nm
above focus, in focus, and 400 nm below the focal plane
with 0.8 radians of astigmatism added to the PSF with the
deformable mirror. (h) Calibration of the astigmatism for
three-dimensional STORM; (i) 10 000 localizations of a
100 nm fluorescent bead at 100 fps.

Figure 3. Determination of cross-talk between the two
channels. (a,b) STORMmeasurement of 565 nm QD-labeled
microtubules in HepG2 cells. (a) Measurement in the blue
channel (504 nm center, 12 nm bandwidth). (b) Measure-
ment in the red channel (625 nm center, 15 nm bandwidth).
(c,d) STORM measurement of 705 nm QD-labeled micro-
tubules inHepG2 cells. (c)Measurement in the blue channel.
Almost no events are detected. (d) Measurement in the red
channel. Scale bars are 2 μm.
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Here we show that the blueing speed can be
optimized by optimizing the laser intensity and the
mounting medium. The blueing behavior of QDs
mounted in different concentrations of glycerol (0,
10, and 20% v/v) in phosphate-buffered saline (PBS)
was characterized. With more glycerol, there is less
oxygen available for the photo-oxidation, and the QDs
will blue more slowly.

In Figure 4, we show STORM images obtained under
the different conditions. In Figure 4a�c, STORM images
of microtubules labeled with 565 nm QDs in different
concentrations of glycerol are shown. With no glycerol
in the mounting medium, there are an insufficient

number of localizations (2290 μm�2). The filamentous
structure of the microtubules can be seen, but the
fidelity of the image is not good, and many of the
microtubules are discontinuous. The number of locali-
zations is increased by adding 10% glycerol to the
mounting medium (4474 μm�2), and the intact micro-
tubule network can be seen in Figure 4b. Increasing the
concentration of glycerol to 20% did not change the
microtubule structure significantly. However, for the
images of mitochondria that were labeled with 705 nm
QDs, the STORM image quality taken with 10% glyc-
erol (Figure 4h) is not good enough to resolve the
intact morphology of mitochondria even though it is a

Figure 4. STORM images ofmicrotubules labeledwith 565 nmQDs andmitochondria labeledwith 705 nmQDs inHepG2 cells
in PBS mounting media with 0, 10, and 20% concentrations of glycerol. (a�c) Images of microtubules in 0, 10, and 20%
concentrations of glycerol, respectively. (d�f) Plots of average photons per localization (averaged over 100 frames) vs frame
corresponding to (a�c). Color indicates number of localizations (g�i) images of mitochondria in 0, 10, and 20% concentra-
tions of glycerol, respectively. (j�l) Plots of average photons per localization vs frame corresponding to (g�i). The color bar
indicates the number of localizations. At least 10 000 frames were collected in total for each experiment at a laser intensity of
3.65 kW/cm2. Scale bars are 2 μm. (m) Average fraction of total localizations per frame for 565 nmQDs. (n) Average fraction of
total localizations per frame for 705 nm QDs. (o) Total number of localizations for different percentages of glycerol.
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significant improvement over the sample mounted in
PBS only (Figure 4g). There are 553 μm�2 localizations
with 10% glycerol compared to 289 μm�2 localizations
for PBS only. High-resolution images of mitochondria
were obtained with samples mounted in 20% glycerol
(Figure 4i), with 1658 μm�2 localizations. Increasing the
glycerol concentration above 20% did not improve the
imaging. With a 50% glycerol concentration, the QDs
were still blueing after 50 000 frames at 50 frames
per second with many QDs still not having reached
the passband. In Figure 4d�f,j�l, we show the average
number of photons per localization against frame
number for the STORM images in Figure 4a�c,g�i,
respectively. With increasing amounts of glycerol, the
curve peaks later and spreads out, indicating a slower
blueing rate and more localizations at later times.
Based on these results, the two-color imaging dis-
cussed below was performed on samples mounted in
20% glycerol.

We further analyzed the QD blueing by calculating
the ratio of localizedQDs per frame to the total number
of localizations (Figure 4m,n). This ratio represents an
upper bound on the emitting fraction;the number of
emitting QDs in a frame to the total number of QDs.
Along with photon emission and labeling density, the
emitting fraction, r, affects the possible resolution. The
labeling density must be adjusted to avoid simulta-
neous emissions within a diffraction-limited area. For

higher values of r, the labeling densitymust be lower.35

We calculate a lower bound on the resolution

Δx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π

λ

2NA

� �2

rmax

s

where rmax is the maximum emitting fraction over the
course of the measurement. Using the data in
Figure 4m, we calculate a lower bound on the resolu-
tion of 5.5, 4.2, and 3.1 nm for the 565 nmQDs for 0, 10,
and 20% concentrations of glycerol in PBS, respec-
tively. For the 705 nm QDs (Figure 4n), we calculate
16.8, 10.4, and 6.6 nm resolution bounds for 0, 10, and
20% concentrations, respectively. The localization soft-
ware rejects all fluorescent spots that are too large or
asymmetric, so the data represent to a high probability
only single QD emissions. The total number of localiza-
tions in each case is shown in Figure 4o.

Single-Color QSTORM Imaging. In Figure 5, we show
single-color STORM images of microtubules stained
with 565 and 705 nmQDs. These images show that 565
and 705 nm QDs perform equally well as labels for
STORM. In Figure 5c,d, two individual microtubules are
clearly separated that cannot be resolved in the wide-
field image. Frommeasurements of individual QDs, we
determine the lateral resolution to be 24 nm.

A criticism of QD labeling is that the larger size of
QDs will limit the achievable resolution due to the

Figure 5. (a,b) STORM (left) and wide-field (right) images of microtubules in HepG2 cells labeled with 565 and 705 nm QDs,
respectively. Scale bar is 2 μm. (c,d) Wide-field and STORM images of box 1 in (a). Scale bar is 500 nm. (e) STORM image of
box 2 in (a). Scale bar is 500 nm. A cross section of a microtubule is shown in (f). The full width at half-maximum is 38 nm.
(g) STORM image of box 3 in (b). Scale bar is 500 nm. A cross section of a microtubule is shown in (h). The full width at half-
maximum is 35 nm.
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Nyquist sampling criteria.34 We measure an average
microtubule full width at half-maximum of 60( 12 nm
from QSTORM images by performing Gaussian fits to
the cross section of 12 microtubules averaged over
∼500 nm of length, as shown in Figure S5. The best
images produce a width of 46 nm. This is slightly larger
than previousmeasurements of themicrotubule width
from STORM imaging,17,36 indicating that the QD size
increases the effective width by ∼10 nm. The micro-
tubule diameter is 25 nm as determined by transmis-
sion electron microscopy.37 The size of the quantum
dots is only a few nanometers, but coatings for bio-
compatibility and functionalization are usually re-
quired for biology applications, which will increase
the final labeling size to ∼20 nm, and the size of a
typical IgG antibody is about 7 nm.38 Considering the
size of primary antibodies and QD-labeled secondary
antibodies on either side of the microtubule, our
measurements match the size of the labeled micro-
tubule. By labelingmicrotubules using nanobodies, the
diameter of the microtubule has been measured as
26.9 ( 3.7 nm with single-molecule nanoscopy.39

Compared to organic dyes, QDs show remarkable
photostability and brightness. Even though the inten-
sity decreases during the blueing process, they still
emit a large number of photons before being
bleached.We comparedQSTORM to STORMwith Alexa
647 (Figure S2), which is considered one of the most
efficient cyanine dye labels for STORM imaging.40 The
cyanine dyes can be turned on and off reliably for
hundreds of cycles before photobleaching, and the
size of the dye molecule is very small, allowing high-
resolution STORM imaging.6,41 For QD blueing, each
QD is detected only once, but due to the high quantum
yield, many photons can still be collected. Figure S2
shows the histograms of photon counts for the two
QDs andAlexa 647. Comparing histograms of the Alexa
647 with the 565 and 705 nm QDs, we can see that
there are more photons emitted from the QDs. Accu-
rate localizations by the large photon number is a
major advantage of QSTORM imaging over other
stochastic approaches using organic dyes or fluores-
cent proteins. The large photon count is even more
important for obtaining high resolution in the pres-
ence of background fluorescence (from autofluores-
cence or out-of-focus fluorescence in thick samples)
because the background degrades the resolution.8

Multicolor QSTORM Imaging. STORM imaging of mito-
chondria and microtubules has been previously re-
ported with a number of different probes.22,28,35 In
Huang et al.,28 TOM20 in the mitochondria outer
membrane was labeled with a photoswitchable probe
consisting of A405 linked to Cy5. In Shim et al.,22

Mitotracker dyes are used to label the mitochondria
inner membrane. In van de Linde et al.,35 F0F1-ATP-
synthase and cytochrome c oxidase are stained with
Alexa 647. The antibody MTC02 recognizes a 60 kDa

nonglycosylated protein component of mitochondria
found in human cells and has been used for mitochon-
drial content determination or mitochondria imaging
in a variety of previous studies.42�44 Here we use this
antibody for STORM imaging to demonstrate the
morphology of mitochondria as well as their relation-
ship with microtubules.

Figure 6 shows multicolor wide-field and STORM
images presented at different scales. Compared to the
wide-field image, the STORM image provides more
detail of the structure of both the microtubules and
the mitochondria as well as their relationship. The
distribution and morphology of the mitochondria
are also demonstrated in the STORM images. As can
be seen in Figure 6, the mitochondrial distribution
is heterogeneous, much denser near the nucleus
where the energy requirement is higher.45 Further-
more, heterogeneous mitochondrial morphologies;
elongated, tubular and short, globular;are observed.
Most of themitochondria, but not all, are in contact with
and aligned along themicrotubules, consistent with the
fact that mitochondria are predominantly transported
along the microtubule network in mammalian
cells.46,47 The tubular mitochondria are often aligned
along themicrotubules (Figure 6d), but it has also been
reported that sometimes such connections between
the mitochondria andmicrotubule are noncontiguous,
and such inchworm-like contact is considered to aid
transport.28,47 Mitochondria are highly dynamic orga-
nelles that often change morphology; fusion and fis-
sion of mitochondria have been imaged over time by
live confocal microscopy48 as well as live STORM
imaging.22 In our work, we also observed that two
mitochondrial compartments could be connected by a
thin, extended tubular structure (Figure 6f). Such tub-
ular intermediates are not clearly resolved in the wide-
field images.

Multicolor 3D QSTORM Imaging by Astigmatism. We have
also extended two-color QSTORM to three-dimensional

Figure 6. Two-color STORM images of QD565microtubules
(blue) and QD705 mitochondria (red). (a,b) Wide-field and
STORM images, respectively. Scale bars are 2 μm. (c,d)
Magnified images of the boxed region on the right in (a)
and (b). Scale bars are 500 nm. (e,f) Magnified images of the
boxed region on the left in (a) and (b). Scale bars are 500 nm.
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imaging by applying astigmatism to the deformable
mirror to create an astigmatic PSF.33,49 The results are
shown in Figure 7. These images clearly show the

three-dimensional arrangement of the microtubules
and mitochondria, although the number of localiza-
tions is reduced compared to 2D STORM because of
the larger astigmatic PSF. The 3D images give more
details of the spatial relationship between the mito-
chondria and microtubules, which can be obscured in
conventional or 2D STORM images. It can be clearly
seen in the 3D images that the microtubule and
mitochondrial networks are strongly interwoven with
each other, and the mitochondria can be tightly
wrapped around the microtubules rather than just
attached to them. The interwoven structure between
mitochondria and microtubules has also been ob-
served by 4Pi microscopy using QD staining.13

CONCLUSION

In conclusion, we have demonstrated that super-
resolution imaging with quantum dots can be ex-
tended to multiple colors without sacrificing resolu-
tion. We demonstrate that the quantum dot blueing
process can be controlled to maximize the number of
achievable localizations, and we report careful mea-
surements of the microtubule width measured with
QSTORM and demonstrate that indeed higher photon
counts can be achieved with quantum dots.
Here we have demonstrated multicolor QSTORM

using two QDs that are far apart in initial wavelength,
allowing us to completely separate the blueing emis-
sion into separate channels. Future work will focus on
extending QSTORM to more than two colors and to
thicker samples.

METHODS

Materials and Solution Preparation. HepG2 cells and Eagle's
minimum essential medium (EMEM) were purchased from
ATCC. Bovine serum albumin (BSA) was purchased from Santa
Cruz Biotechnology Inc. Anti-alpha tubulin rabbit primary anti-
body and anti-mitochondria MTC02 mouse primary antibody
were purchased from abcam. Fetal bovine serum (FBS), normal
goat serum (10%), Qdot 565 goat F(ab0)2 anti-rabbit IgG con-
jugate (HþL), Qdot 705 goat F(ab0)2 anti-mouse IgG conjugate
(HþL), Alexa Fluor 647 goat anti-rabbit IgG (HþL) antibody,
Alexa Fluor 488 goat anti-mouse IgG (HþL) antibody, and
TetraSpeck microspheres (0.1 μm diameter, blue/green/
orange/dark red fluorescence) were purchased from Life Tech-
nologies. Anti-alpha tubulin mouse primary antibody, cystea-
mine (MEA), glucose oxidase, and catalase were purchased from
Sigma-Aldrich.

Buffers were prepared as follows:

1. Blocking buffer: 6% BSA þ 10% normal serum in PBS.

2. Washing buffer: 0.2% BSA þ 0.05% Triton X-100 in PBS.

3. Antibody incubation buffer: 6% BSA in PBS.

4. STORM imaging buffer for Alexa 647 and Alexa 488 was
prepared according to the Nikon N-STORM protocol;
50 mM Tris-HCl pH 8.0, 10 mM NaCl, 0.1 M MEA, 10%
w/v glucose, 0.56 mg/mL glucose oxidase, 0.17 mg/mL
catalase.

Cell Culture and Immunostaining. HepG2 cells were cultured in
ATCC-formulated EMEM with 10% FBS. The cells were plated
onto a PLL (poly-L-lysine)-coated glass-bottom dish at an initial

confluency of about 50% and cultured for 1 day to let the cells
attach to the dish.

To immunostain, the culturemediumwas aspirated, and the
cells were washed with PBS once and fixed in a 1:1 acetone/
methanol solution for 10 min. After three washes with PBS, the
cells were blocked by incubation with blocking buffer for 2 h.
Then the blocking buffer was aspirated, and the cells were
incubated with one or both primary antibodies diluted in 6%
BSA at 4 �C overnight. Then the cells were washed three times
with the washing buffer for 10 min per wash. Then the cor-
responding secondary antibodies labeledwith quantumdots or
Alexa Fluor were added to the sample in 6% BSA and incubated
for 2 h, protected from light. The cells were washed again three
times with washing buffer and one time with PBS for 10min per
wash and stored in PBS before imaging. Immediately before
imaging, the buffer was switched either to the glycerol solution
in PBS for QD labeling or to the STORM imaging buffer for Alexa
Fluor labeling.

Optical Setup and Data Acquisition. Imaging data were acquired
using an Olympus IX71 inverted microscope with a 60�
oil objective (Plan Apo N). The microscope was equipped with
a PriorProScan xy stage and a Prior NanoScanZ piezo stage for
focusing. Fluorescence was imaged using an Andor EMCCD
camera (DV887DCS-BV with 14 bit ADC). At the left-side port of
the IX71, additional optics were inserted to reimage the back
pupil plane of the objective onto a deformable mirror (Mirao
52E, Imagine Optic). The diameter of the deformable mirror
limits the system NA to 1.28. After the deformable mirror,
a further image plane is generated, which is then relayed
to the CCD camera with an additional 3�magnification so that

Figure 7. Three-dimensional STORM images of microtu-
bules (blue) andmitochondria (red) in HepG2 cells. (a) Large
field of view. Scale bar is 2 μm. (b�d) Close-up images of the
boxed regions in (a). Scale bars are 500 nm.
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the image is sampled at the Nyquist frequency by the CCD. A
CCD pixel corresponds to 89 nm at the sample plane.

A dichroic mirror separated the red and green channels
(Omega XF2054). One filter detects the blueing 565 nm QDs
(Semrock 504/12 nm), and a second filter detects the blueing
705 nm QDs (Semrock 625/15 nm). A 0.6 OD neutral density
filter (Thorlabs ND06A) was added to the red channel to
compensate for the higher brightness of the 705 nm QDs.

The QDs were excited with a 488 nm laser (Cyan 488,
Newport) which was coupled into a 100 μm core diameter fiber.
The fiber was shaken using a fiber shaker to remove speckle.50

To excite Alexa Fluor 647, a 660 nm laser (Obis 660LX, Coherent)
was coupled into a separate fiber attached to the shaker.

Adaptive Optics. Although the measurements described in
this paper do not use active adaptive optics to correct aberra-
tions for each sample, AO was used to maintain a Strehl ratio of
greater than 0.7 using phase retrieval51 and to introduce to
astigmatism into the optical path for 3D STORM.49

Image Processing. STORM images were generated using
RapidSTORM software (version 2.21 or version 3.2). The 3D
images in Figure 7 were generated using ImageJ.

Blueing Rate Test. The blueing rate (Figure 4) was tested on
microtubules stained with 565 nm QDs and mitochon-
dria stained with 705 nm QDs in HepG2 cells with three
mounting media: 100% PBS, 90% PBS and 10% glycerol, and
80% PBS and 20% glycerol. All tests were performed sequen-
tially on one sample; after new mounting medium was added,
the medium was allowed to settle for 10 min before the next
experiment.
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