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1 Introduction

ABSTRACT

Three-dimensional imaging cannot be achieved easily using previously developed
localization super-resolution techniques. Here, we present a three-dimensional
multimodal sub-diffraction imaging technique with spinning-disk (SD) confocal
microscopy called 3D-MUSIC, which not only has all the advantages of SD
confocal microscopy, such as fast imaging speed, high signal-to-noise ratio, and
optical-sectioning capability, but also extends its spatial resolution limit along
all three dimensions. Both axial and lateral resolution can be improved simul-
taneously by virtue of the blinking/fluctuating nature of modified fluorescent
probes, exemplified with the quantum dots. Further, super-resolution images
with dual modality can be obtained through super-resolution optical fluctuation
imaging (SOFI) and bleaching/blinking-assisted localization microscopy (BaLM).
Therefore, fast super-resolution imaging can be achieved with SD-SOFI by
capturing only 100 frames while SD-BaLM yields high-resolution imaging.

spinning-disk (SD) confocal microscopy uses an array
of spirally arranged pinholes to form parallel scans

Optical fluorescence microscopy has been routinely
applied to investigate a vast variety of biological
phenomena in the life sciences [1]. Confocal laser
scanning microscopy (CLSM) is one of the most
powerful and versatile diagnostic tools in the biomedical
sciences, especially cell biology, owing to its unique
ability to eliminate out-of-focus noise and excellent
three-dimensional (3D) optical-sectioning capability
[2—4]. In contrast to the conventional scanning mode,
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across the specimen [5]. SD confocal microscopy
enables the utilization of a charge-coupled device (CCD)
detector to collect the confocal optical sectioning image
from the specimen [6]. However, owing to wave nature
of light, the spatial resolution of CLSM is limited
to 1/+/2 times the Rayleigh diffraction limit, which
is determined by the laser wavelength and numeral
aperture (NA) [7-10]. Thus, to investigate intracellular
objects, conventional CLSM or SD has met significant
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challenges in discerning fine structures beyond the
diffraction limit. Consequently, a microscopic technique
that can break the diffraction barrier is highly desirable
for further biological research [11-13].

In the past decade, various super-resolution techni-
ques aiming at breaking the diffraction barrier have
been proposed [14-18], such as stimulated emission
depletion microscopy (STED) [19,20], saturated
structured illumination microscopy (SSIM) [21, 22],
photoactivated localization microscopy (PALM) [23, 24],
stochastic optical reconstruction microscopy (STORM)
[25, 26], bleaching/blinking-assisted localization mic-
roscopy (BaLM) [27], and super-resolution optical
fluctuation imaging (SOFI) [28, 29]. It should be noted
that as PALM and STORM are based on the localization
of a wide-field image, 3D super-resolution imaging has
to be implemented with sophisticated point spread
function (PSF) modulation following data postproces-
sing, such as astigmatism [26] and double helix [30].

Among these super-resolution techniques [31], BaLM
and SOFI are two novel super-resolution microscopy
techniques that have the advantage of blinking/
fluctuating probes to achieve contrast-enhanced super-
resolution imaging. However, they differ in their
algorithms: BaLM first uses subsequent subtraction
for the captured adjacent image frames and then
resolves the localization information using the single-
particle localization method; SOFI extracts localization
information from the temporal correlation statistics
of pixel-intensity fluctuations, and the spatial resolution
can be enhanced n-fold by calculating the nt-order
cross cumulant [32].

To obtain better performance of these blinking/
localization-based super-resolution techniques, original
images must be obtained with both a high imaging
rate and high signal-to-noise ratio (SNR) for ensuring
the correctness of super-resolution analysis algorithms.
The commonly used probes, such as quantum dots
(QDs) [33, 34], dyes [35], and photoswitchable fluores-
cent proteins [36-38], possess photoswitchability or the
ability to blink/fluctuate. In particular, QDs have been
widely used as an alternative fluorescent inorganic
dye in both cellular and tissue imaging owing to their
high brightness and photostability [39, 40]. Initially,
blinking/fluctuation was treated as a negative effect
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and was suppressed through surface modification with
special reagents. Later, it was utilized as a means for
super-resolution imaging [41].

In this paper, we first realized three-dimensional
multimodal sub-diffraction imaging based on SD
confocal microscopy using QD fluctuating probes.
QDs used in multimodal sub-diffraction imaging
with SD confocal microscopy enables higher SNR and
better 3D optical-sectioning ability, which results in
3D-multimodal sub-diffraction imaging with spinning-
disk confocal (3D-MUSIC) microscopy. This multimodal
sub-diffraction imaging technique allows features at
any z depth of the cell to be resolved.

2 Materials and methods

3D-MUSIC can easily achieve three-dimensional super-
resolution imaging of subcellular structures labeled
with blinking/fluctuating probes across a large field
of view that simultaneously possesses good z-optical-
sectioning capability.

The images of the microtubule networks were
collected using an SD confocal fluorescence microscope
(PerkinElmer UltraView VoX) with an oil objective
(Nikon, 100x, NA 1.4). A laser of wavelength 405 nm
was employed for exciting the fluorescence emission
of QD625 (power density: 200 W/cm?). The fluorescence
signals were collected using an electron-multiplying
CCD (EMCCD; Hamamatsu, C9100-13). The exposure
time of each frame was 30 ms, and 1,000 frames were
captured for each slice (200 nm along the z-axis for
each slice). In the experiment, drift correction was
realized without any fiducial beads. After the acquisi-
tion of time-lapse images, we implemented drift
correction with sub-pixel precision based on discrete
Fourier transforms and nonlinear optimization [42].

The spatio-temporal cross cumulants between
neighboring pixels are calculated in the SOFI processing
[32, 43]. An approximation of the underlying PSF can
be well estimated by calculating the cross cumulants.
Moreover, the spatial resolution can be linearly
enhanced over the cumulant order by using Fourier
reweighting. Additionally, the nonlinear response
to brightness and blinking heterogeneities in SOFI
processing can be prominently eliminated by analyzing
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the blinking kinetics of the fluorophores using balanced
SOFI (bSOFI). In this work, SOFI processing is per-
formed with the bSOFI software using 100 images [32].
BalLM [27] was implemented using a custom Matlab
program based on the subtraction of 1,000 images.
Image subtraction was performed by subtracting
consecutive images from the acquired image series:
Ji=1,-1., n-1
image frames and ], represents the subtracted image

where I and I , represent the captured
slice. After subtraction, |, values were combined as an
image stack for localization. Finally, single-molecule
localization was performed on the subtracted image
sequences using QuickPALM (Image]) [44].

3 Results

3.1 Schematic illustration

In Fig. 1, assuming a test sample labeled with blinking/
fluctuating fluorophores, when applying illumination,
the fluorophores intermittently emit fluorescence
over the exposure time. This type of fluorescence
intermittency (blinking/fluctuation) can be analyzed
using the SOFI algorithm to improve the spatial
resolution of the captured images. Furthermore, the
captured image frames can be sequentially subtracted
pairwise, isolating some sparsely distributed blinking
events for localization-based super-resolution imaging.
Finally, after localizing the individual fluorophores
from the subtracted frames, a super-resolution image
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Figure 1 Schematic diagram of multimodal sub-diffraction
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imaging with spinning-disk confocal microscopy using fluctuating
probes.
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can be reconstructed using BaLM.
3.2 Numerical simulations

The labeling density is of great importance for reflecting
the structure faithfully in biological fluorescence
imaging, especially for super-resolution microscopy
[45]. In this simulation, we chose three letters written
as “PKU” as the test object and simulated the blinking
process of the fluorophores distributed on the test
object under various labeling densities ranging from
5 to 24 pm™, as shown in Fig. 2. Here, the pixel number
in the simulation was set to 240 x 240 with a pixel size
of 20 nm. The simulated PSF was calculated based on
the emission wavelength of the QDs and the numerical
aperture of the objective. In general, the FWHM of
the PSF is given by the Abbe diffraction equation

NA

d~ 0.511

in which A4 is the wavelength of the excitation, and NA
is the numerical aperture of the microscopy objective.

The peak emission wavelength of QD625 used in
our experiment is 625 nm, with an objective of NA 1.4.
Therefore, the FWHM of the PSF is approximately
228 nm. The blinking process was simulated by
generating 1,000 frames of blinking fluorophores on
the test object. The blinking of each point follows a
rate ratio 7 of 5, i.e.

which implies that the blinking off time ¢, is
statistically 5 times the blinking on time ¢ . After
simulation, the averaged, SD-SOFI, and SD-BaLM
images were reconstructed using bSOFI and custom-
written BaLM algorithms (Matlab, MathWorks). When
the labeling density is low (i.e., <7 um™), the complete
structure of the test image cannot be reconstructed
after SD-SOFI and SD-BaLM processing. SD-SOFI
generated results with severe discontinuities. In par-
ticular, SD-BaLM totally fails to present structurally
observable results. When increasing the labeling
densities, the integrity of the test image can be well
maintained in both SD-SOFI and SD-BalLM processing.
However, if the labeling densities are excessively high
(typically >14 um™), high-order SD-SOFI processing
has undesirably induced artifacts.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Unlike PALM/STORM techniques, which typically
discard data from molecules with overlapping images,
dominant overlapping events are allowed in our
simulation. As can be seen, the test object was blurred
in the averaged image displayed in Fig. 2, which is due
to the insufficient spatial resolution in SD confocal
microscopy. In contrast, by applying SD-SOFI pro-
cessing, the detailed structures of the test object can
be clearly discerned, demonstrating that SD-SOFI has
the capability of reconstructing sub-diffraction images
even when the overlapping events are dominant.
Subsequently, SD-BaLM was introduced for achieving
single-molecule localization microscopy based on
image subtraction. We generated 2,000 frames for
blinking-assisted localization. After localization and
image reconstruction, the resolution can be further
improved compared to both those of the average SD
and SD-SOFI counterparts. Correlation coefficients
of the target image with the average, SD-SOFI, and
SD-BaLM are shown in Fig.S1 (in the Electronic
Supplementary Material (ESM)).

To test the noise resistance and robustness of the
proposed multimodal method, a random noise was
taken into consideration in Fig. 52 (in the ESM).

3.3 Super-resolution imaging based on spinning-
disk confocal microscopy

The microtubules in COS7 cells were labeled using
QD625 with a labeling density of 17 um™'
experiment. A laser of wavelength 405 nm was applied

in our

for fluorescence excitation. An SD confocal microscope
was utilized for super-resolution imaging, which was
achieved through the blinking/fluctuation behavior
of QDs. During the experiment, one thousand con-
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Figure 2 Numerical simulations of average, SD-SOFI (3rd cumulant), and SD-BaLLM images under different labeling densities.

ventional SD confocal images were collected for
reconstructing a super-resolution image. In Fig. 3(a),
the collected one thousand images were superimposed,
generating an average image of the microtubule
networks. After 2"- or 3™-order SOFI processing, the
background noise was well suppressed, and the SNR
had been significantly improved. The intensity plot
in Fig. 3(e) indicates that the FWHMSs for SD confocal
microscopy and 3™-order SD-SOFI are 390 and
180 nm, respectively. Here, the central wavelength of
fluorescence emission is 625nm, and an objective
with NA = 1.4 is employed; therefore, the theoretical
resolution is ~228 nm. For SD microscopy, the resolution
is generally poorer than the theoretical prediction
because the objective aperture is not filled and the
confocal pinhole is relatively large. Owing to the
localization process, SD-BaLM can improve the
resolution to 40 nm in our experiment. The intensity
fluctuation of a single pixel in SD microscopy is
presented in Fig. 3(f), and its Poisson blinking-intensity
statistics distribution shown in Fig. 3(g) indicates that
QDs do not suffer from the higher-order analysis [46].

3.4 Three-dimensional super-resolution imaging
based on spinning-disk confocal microscope

The axial resolution r, of conventional far-field
microscopy is always limited by the diffraction to by
greater than 600 nm, which can be mathematically
described by the following equation [47]

2nAi
r =
7 NA?

where 1 is the wavelength of the excitation, n is
the refractive index of the immersion medium, and

@ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2015, 8(7): 2251-2260 2255

Average SD 27 SD-SOFI 3 SD-SOFI SD-BalLM

(e) (fL (9) 60

;:\ 1.2 ——Average SD g 31,000

g —2m §D-SOFI <

z o 39 SD-sOF & 30.000 5 40

Z 038 ANSD-BaLM £ 29,000 2

S £ g

E s = 28,000 5 50l

Q

T o4/ N £ 27,000 8

2= e 2 3

E \\\, £ 26,000 01t
S (.0t —— = 25,0001 . FELSLESLS S
Z 77300 400 500 600 700 800 900 = 0 500 1000 55480 45 @ ©O° o b

Distance (nm) Frames

Fluorescence intensity (a.u.)
Figure 3 (a) Average, (b) 2", and (c) 3™ SOFI super-resolution imaging of 100 frames based on spinning-disk confocal microscope
(SD); (d) SD-BaLM based on the 2,000 frames subtracted from the 1,000 original image data. (¢) Intensity profile of cross sections
along the white arrow, as indicated in the upper panels. (f) Intensity fluctuation of a single pixel in SD microscopy. (g) Histogram
distribution of (f). Scale bar: 1 pm.

NA is the numerical aperture of the objective. For
confocal microscopy, as the focused excitation laser is
coupled with pinhole-restricted detection, the axial
resolution can be improved, in principle, by up to a
factor of 1.4 [47].

Straightforward 3D super-resolution imaging of
SOFI was demonstrated using a wide-field (WF), lamp-
based optical microscope [46]; however, the SNR of WF
microscopy is much worse than that of SD confocal

microscopy because of the lack of optical sectioning

capability in WF microscopy. Figure 4 shows that the (e} 25;
SNR in SD microscopy can be improved by a factor 204
of approximately 5 compared to the SNR in WF v 151
microscopy (the detailed method is shown in Fig. S3 Z
in the ESM). 101
To determine the enhancement in axial resolution, 5
x—z cross sections of different-order SD-SOFI 3D stacks 0-
are presented in Figs. 5(a)-5(d), and intensity profiles SD WF

along the z direction are plotted in Fig. 5(e). For each Figure 4 Quantitative analysis and comparison of SNR between

slice, 100 frames (200 nm along the z-axis for each ~ (2) WF microscopy and (b) SD confocal microscopy; (c) SNR
comparison between SD and WF images. Scale bar: (a) 10 and

(b) 5 um.

slice) were captured for 3D SD-SOFI reconstruction,
and the exposure time for each frame was 30 ms. As

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 5 (a) Average SD, (b) 2" SD-SOFI, (c) 3™ SD-SOFI, and (d) balanced 4" SD-SOFI super-resolution imaging of 100 frames based
on SD confocal microscopy of x—z sections. (e) Vertical (x—z) cross sections of the three-dimensional dataset plotted on dashed lines of

(a)—(d). Scale bar: 1 um.

shown in Fig. 5(e), 450-nm z-resolution of SD confocal
microscopy is well fitted with the relationship
between SD and WF; better z-resolution was achieved
when a higher-order SD-SOFI cumulant was used,
which demonstrates the inherent super-resolution
sectioning capability of SD-SOFI.

4 Discussion

Figure 6 shows a schematic diagram of PSFs in various
microscopy modalities. WF fluorescence microscopy
usually suffers from out-of-focus blur, which worsens
both the lateral and axial resolutions. Although the
total internal reflection fluorescence (TIRF) microscope
possesses good SNR, this type of imaging system is
not suitable for all biological investigations because
of its limited imaging depth. In addition, TIRF lacks
three-dimensional imaging capability. In SD confocal
microscopy, multiple pinholes are introduced for fast
imaging. The introduction of pinholes also enhances
the lateral resolution and optical-sectioning capability
along the axial direction. However, the resolution is
still limited by the diffraction. By applying SD-SOFI
processing, the PSF size can be significantly reduced
in all three dimensions. Moreover, higher-order SD-

TSINGHUA
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SOFI processing generates a smaller PSF, which is
far below the diffraction-limited size. In SD-BaLM
processing, the localization precision could be dec-
reased to the nanometer scale, achieving a resolution
of less than 30 nm. The axial resolution, however, is
also constrained by the PSF of the SD confocal system
[15, 48].

Optical sectioning can be performed using confocal
microscopy. In comparison to conventional confocal
microscopy, SD confocal microscopy is more suitable
for SOFIL. In SD confocal microscopy, assuming that
there are N pixels on the CCD detector and that the
number of SD spots at the detector is M, the effective
dwell time for each pixel can be expressed as (M/N) xT,
where T is the frame time. In comparison, the pixel
dwell time for WF microscopy is twr = T, whereas the
pixel dwell time for a conventional confocal point
scanning microscope is tontocal = 1/N. As the calculation
of the cross cumulants in SOFI rely on a relatively
long pixel dwell time ¢t and short frame time T, we can
define the temporal aspect ratio as

A=t|T

Therefore, the temporal aspect ratio of SD confocal
microscopy (A = M/N) is comparable to that of WF

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure 6

[lustration of resolution scaling for different methods. As can be seen, SD confocal microscopy can provide up to 1.4-fold

resolution enhancement depending on the pinhole size, in addition to optical sectioning. The n™-order SOFI can provide n-fold resolution
scaling. Therefore, SD-SOFI can provide /2 n-fold resolution enhancement compared to the diffraction-limited WF microscopy, in
both lateral and axial resolutions. Although SD-BalLM can provide precise localization, its axial resolution is limited by the SD confocal

microscope.

microscopy (A = 1) for SOFI, which is much larger
than that of point-scanning confocal microscopy (A =
1/N). Further, the short frame time in SD confocal
microscopy makes it very attractive for SD-BaLM.
However, the major limitation to 3D-SOFI is that it
relies on the blinking/fluctuation of the fluorescent
labels. QDs are the most popular type of fluorophore
for SOFI, but other blinking fluorescent proteins have
been used in SOFI [49]. Furthermore, the resolution
scaling for SOFI is linearly proportional to the high-
order SOFI process, which can induce artifacts. In this
work, we used 100 frames for each layer of SD-SOFI
reconstruction, which takes 3s. With the blinking-
enhanced QD, the temporal resolution could be
improved by 10 times or with only 10 frames [50].
For 3D-BalM, the bleaching/blinking ratio must be
controlled to be less than 1 bleaching/blinking mole-
cule per unit PSF area during each pixel dwell time to
guarantee the localization precision. Two parameters
are involved: the bleaching/blinking ratio (temporal
criterion) and the labeling density (spatial criterion).
An excessive bleaching/blinking ratio can cause
an error (overlapped emission within one pixel
dwell time) in the localization in BaLM, while a low

bleaching/blinking ratio requires more frames for
reconstruction.

Meanwhile, a relatively low labeling density can
ease both SOFI and BaLM from possible overlapping
molecules within one PSF area to generate reconstruc-
tion artifact. However, a high labeling density ensures
the fidelity of the final image to reflect the subcellular
structure. Recently, we introduced joint-tagging SOFI,
in which QDs are used with different spectra, to
circumvent this problem through simultaneous multi-
spectral channel detection. In each channel, the labeling
density is relatively low, whereas the summed labeling
density of multiple channels is sufficiently high to
reflect the structure in detail [51].

5 Conclusions

Previous super-resolution techniques require a com-
plicated setup to achieve three-dimensional super-
resolution, which limits their applicability. We proposed
a 3D-MUSIC using fluctuation probes, which takes
advantage of the 3D optical sectioning capability of
spinning-disk confocal microscopy and makes use of
the intrinsic fluctuation behavior of fluorescent probes.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Although the spatial resolution of 3D-MUSIC may
be an inherent weakness in comparing with other
single-molecule localization-based super-resolution
techniques, the advantages of 3D-MUSIC could be
summarized as follows: (1) Its time resolution is
much better than in conventional localization super-
resolution techniques; (2) it is simple and practical
because it does not require engineered photon-
switchable or photo-activated fluorescent proteins,
although these fluorescent probes should also work;
(3) it shows excellent signal-to-noise ratios and 3D
optical-sectioning ability using spinning-disk confocal
microscopy; (4) it allows better intracellular super-
resolution compared with TIRF or WF microscopy.
It is expected that combining 3D-MUSIC with com-
pressed sensing would improve both the time and
spatial resolution to achieve super-resolution images
in vivo because of its excellent 3D optical-sectioning
ability and better temporal resolution [52]. Further, it
should be noted that the fluorescent label in 3D-MUSIC
is not restricted to QDs; other blinking/fluctuating
dyes such as photo-switchable fluorescent proteins
[41], carbon nanodots [53, 54], and nitrogen-vacancy
centers in fluorescent nanodiamond [55], are also
suitable as fluorescent labels for this method.
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