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Abstract. Two-photon excitation microscopy is one of the key techniques used to observe three-dimensional
(3-D) structures in biological samples. We utilized a visible-wavelength laser beam for two-photon excitation in
a multifocus confocal scanning system to improve the spatial resolution and image contrast in 3-D
live-cell imaging. Experimental and numerical analyses revealed that the axial resolution has improved for a
wide range of pinhole sizes used for confocal detection. We observed the 3-D movements of the Golgi bodies
in living Hela cells with an imaging speed of 2 s per volume. We also confirmed that the time-lapse observation
up to 8 min did not cause significant cell damage in two-photon excitation experiments using wavelengths in the
visible light range. These results demonstrate that multifocus, two-photon excitation microscopy with the use of a
visible wavelength can constitute a simple technique for 3-D visualization of living cells with high spatial res-
olution and image contrast. © The Authors. Published by SPIE under a Creative Commons Attribution 4.0 Unported License. Distribution or
reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JBO.25.1.014502]
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Three-dimensional (3-D) observation of living biological sam-
ples has been recognized as an essential approach for the under-
standing of cellular functions because the 3-D distribution of
intracellular molecules and their temporal dynamics are integral
parts of biological activities.! The morphological conditions in
cell culture dishes are different from those of actual living organ-
isms, which affects cell-cell communications, cell polarizations,
and cellular morphology. Therefore, the sample preparation
processes and the development of instrumentation have been
studied in order to more accurately recreate and measure 3-D
living samples.>*

Thus far, several types of 3-D fluorescence imaging tech-
niques have been developed for living cells and tissues.
Light-sheet microscopy utilizes side illumination with a thin
plane of light to illuminate only the focal plane of the objective
lens for observation, thereby allowing 3-D imaging and signifi-
cant reduction of photodamage and photobleaching in out-of-
focus planes.* The temporal resolution in light-sheet microscopy
of over 1 billion voxels per min has also been demonstrated.>
In addition, the combined use of lattice light illumination has
also been demonstrated in an effort to improve the spatial
resolution of light-sheet microscopy to visualize the motion of
finer intracellular structures.” Other approaches used are based
on laser scanning microscopy, such as confocal® and two-photon
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excitation microscopy.” With the use of a spinning disk for
multifocus laser scanning, the temporal resolutions of confocal
and two-photon excitation are respectively improved up to 1 ms
per frame'® and 4.4 ms per frame,'' respectively. Combining
spinning disk scanning and structured illumination can improve
the efficiency of fluorescence detection,'? which is beneficial for
reducing the photodamage in live-cell imaging. The spatial res-
olution improvement for multifocus microscopy is also demon-
strated with the use of optical photon reassignment,'> image
scanning microscopy,'*'> and instant structured illumination
microscopy.'®

In this study, we have demonstrated the use of visible
wavelengths for two-photon excitation in multifocus scanning
microscopy to improve the spatial resolution and image contrast
in volumetric time-lapse imaging of living cells. Two-photon
excitation with visible wavelength has been demonstrated by
Drobizhev et al.'” and applied to super resolution microscopy
by Yamanaka et al.,'® whereby the improvement of the spatial
resolution and the image contrast were achieved by exploiting
the nonlinear relation between excitation and emission. In the
current research, we extended this concept with the implemen-
tation of a multifocus scanning system to apply v2PE micros-
copy to observe the 3-D dynamics of cellular components. We
theoretically and experimentally evaluated the spatial resolution
of the multifocus v2PE microscope. Time-lapse imaging of
living HeLa cells in two-dimensional (2-D) and 3-D was per-
formed with our technique with high temporal and spatial
resolutions. We also evaluated photodamage during multifocus
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Fig. 1 Optical setup of multifocus v2PE microscopy (OPO, optical
parametric oscillator; L, lens; M, mirror; LA, lens array; DM, dichroic
mirror; PA, pinhole array; BF, bandpass filter).

v2PE imaging to assess the prospects for long-time observation
of living cells.

The experimental setup of multifocus v2PE microscopy is
shown in Fig. 1. An infrared laser beam from a mode-locked
Ti:sapphire laser (MaiTai HP, Spectra—Physics) was converted
by an optical parametric oscillator (OPO, Inspire HF100,
Spectra—Physics) to a visible-wavelength pulse beam with a
pulse width of 200 fs, a repetition rate of 80 MHz, and the wave-
length range of signal beam was tunable between 490 and
750 nm. The laser beam passed through a microlens array disk
and a pinhole array disk equipped with a confocal scanning unit
(CSU-X1-A-PTSP-2, Yokogawa) to form multifocus spots for
fluorescence excitation. The multiple foci were imaged via a
silicone—oil immersion objective to excite fluorescent probes in
a sample that was placed on the stage of a commercial optical
microscope (IX81, Olympus Corporation). Fluorescence from
the sample was collected with the same objective and was deliv-
ered to the pinhole array disk that was responsible for the con-
focal effect. The fluorescence was separated from the excitation
laser by a custom-made, long-pass dichroic mirror, with an edge
wavelength of 506 nm, and was detected by an EM-CCD
camera (ProEM:1024B—eXcelon—5, Princeton Instruments).
By rotating the microlens array disk and the pinhole array
disk at 4500 revolutions per minute (rpm), the fluorescence
distribution of the sample was formed on the EM-CCD
camera in 6.67 ms. A single-axis piezo stage (P-541.ZCL,
PI) was used for axial scanning to obtain a 3-D distribution
of fluorescence signals. We used two types of objective lenses:
100x (UPlanSApo 100 x /1.35 Sil, Olympus Corporation) and
60x (UPlanSApo 60 x /1.30 Sil, Olympus Corporation) by
which the pinhole size equipped in the scanning system corre-
sponded to 0.62 and 1.0 Airy units (AU), respectively, for the
execution of the following experiments.

To confirm the spatial resolution of our setup experimentally,
fluorescent beads with a diameter of 100 nm (FluoSpheres
F8797, Thermo Fisher Scientific Inc.) were observed. The
100x objective lens with a numerical aperture (NA) of 1.35 was
used for the observation. In our setup, the sizes of the pinholes
were set to 0.62 AU because the use of smaller pinholes
significantly decreases the fluorescence signal on the detector
and makes it difficult to increase the temporal resolution. The
wavelength and intensity for the excitation were 521 nm and
6.5 x 10* W/cm?, respectively. A total of 40 images were
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acquired at different sample depths for 3-D imaging with an
exposure time of 5 s for each image. The pixel size for lateral
images and the step size for axial scanning were set to 48 and
50 nm, respectively. Figure 2(a) shows the fluorescence image
and its line profiles of a fluorescent bead. The full width at
half maximum (FWHM) values of the image in the lateral and
the axial directions are 177 and 297 nm, respectively. These
values are close to the theoretical resolutions of the developed
microscope as described in the following section.

We also investigated theoretically the spatial resolution of
multifocus v2PE microscopy by simulating the image formation
on an image sensor using two-photon excitation based on scan-
ning foci. As shown in Fig. 2(b), unlike single-detector laser
scanning microscopy, a fluorescence image was formed directly
on the image sensor. Therefore, a fluorescence image was
reconstructed as the summation of separate fluorescence images
obtained from the scans of the different foci at different posi-
tions. Given that the cross talk between each focal spot was
negligible in our setup, the intensity distribution formed by
the focal spot of each beam on the image sensor was calculated
individually. In this process, we also needed to estimate the dif-
fraction of fluorescence light at the pinhole array, which affected
the resultant spatial resolution of the microscope.

In the model, an infinitely small fluorescent object on the
optical axis was illuminated at the focal spot. This provided dif-
ferent fluorescence intensities of the object, which depended on
the position of the excitation focus. The fluorescence emission
formed an optical image of the object in front of the pinhole that
acted as a spatial filter and provided an input image to the im-
aging optics in the scanning unit. To simulate this, we applied
a binary circular mask to the fluorescence image of the object
and calculated the resultant image on the image sensor based
on the theory of Fourier imaging, subject to the use of a spatial
bandwidth, which was limited by the imaging optics. The
point spread functions (PSFs) were calculated by summing the
fluorescence images obtained by scanning the microlens and
pinhole arrays at different excitation and corresponding pinhole
positions.

Figures 2(c) and 2(d) show the calculated PSFs of a multi-
focus scanning system with v2PE at 521 nm and 1PE at 405 nm,
respectively. The detected wavelength, NA of the objective, and
the pinhole size for the calculation are set to 440 nm, 1.35, and
0.6 AU, respectively, which corresponds to our experimental
condition. The line profiles of the calculated PSF are also shown
in Fig. 2(e). By utilizing v2PE microscopy, the axial FWHM is
decreased, thus indicating spatial resolution improvements even
with the use of excitation wavelengths longer than 1PE. The
lateral FWHM of v2PE is similar to that of 1PE and is caused
by the accumulated detection in the multifocus system. A fluo-
rescence distribution at the sample plane generated by the
quadric response of 2PE is broadened at the detection plane by
the linear imaging process of the detection path, thereby result-
ing in a similar spatial resolution to that of 1PE. Corresponding
optical transfer functions (OTFs) are also shown in Figs. 2(f) and
2(g), thus indicating the improvement of axial resolution.

To understand the dependence of the FWHM of the PSF on
the pinhole size, we also calculated the PSFs at different pinhole
diameters in the range of 0.1 to 2.0 AU, as shown in Fig. 2(h).
For the axial direction, the FWHM of v2PE is not affected by the
pinhole diameter and is smaller than that of 1PE at any pinhole
size as seen in the calculated OTF (see Fig. S1 in Supplementary
Material). In the lateral direction, the FWHM of v2PE is similar
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Fig. 2 (a) Line profiles of the fluorescence image of a fluorescent bead (embedded). (b) Schematic
explanation of the PSF and OTF calculation method in the detection path. (c), (d) Calculated PSFs
of v2PE and 1PE multifocus microscopy. (e) Line profiles of (c) and (d) in x (upper) and z (lower) direc-
tions. (f), (g) Calculated OTF of v2PE and 1PE multifocus microscopy. (h) Relationship of pinhole size
and FWHM of calculated PSFs in x (lower) and z (upper) directions.

to that of 1PE at pinhole sizes in the range of 0.4 to 2.0 AU. With
a pinhole size smaller than 0.4 AU, the lateral spatial resolution
of v2PE is higher than that of 1PE. Because the number of pho-
tons is significantly decreased for pinhole sizes smaller than
0.4 AU, it is not realistic to use such a small pinhole for live-
cell imaging. Therefore, in practical condition, the lateral reso-
Iution of multifocus v2PE microscopy is essentially the same as
that of multifocus microscopy with the 1PE.

To confirm the capability for time-resolved imaging of
dynamic biological samples, we observed the Golgi bodies
of living HeLa cells expressing a cyan fluorescent protein,
mTFP1." The same objective lens was used for the measure-
ments as that used for bead imaging (100X, NA1.35). The
wavelength and intensity for the excitation were 530 nm and
1.86 x 10* W /cm?, respectively. 50 frames were measured at
a frame rate of 1 frame per second (fps). For the wide-field im-
aging, the sample was illuminated by a mercury lamp with a
wavelength range of 425 to 445 nm and an excitation intensity
of 2.3 x 107" W/cm? for 1 s. The wavelength range of fluores-
cence detection was 460 to 510 nm. Figure 3(a) shows a respec-
tive frame from a fluorescence movie obtained with the use of
our technique (see also Video 1) and Fig. 3(b) shows for com-
parison a fluorescence image acquired with a conventional
wide-field microscope. The movements of individual Golgi
bodies were resolved. Based on the comparison with the
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conventional wide-field image, the contrast of the image was
improved because of the improvements of the spatial resolution
and the depth discrimination capability. From the expanded
frames shown in Figs. 3(c)-3(i), it was confirmed that several
Golgi bodies appeared and disappeared during the observation
period. This outcome is reasonable if we consider the move-
ments of the Golgi bodies through the focal plane of the objec-
tive lens in the cytosol. The data further demonstrate the high-
sectioning capability of v2PE microscopy. Based on prior
reports that supported the fact that the use of v2PE can excite
multiple fluorescent proteins with different emission wavelength
simultaneously,'® our technique is applicable to the multicolor
imaging of the 3-D dynamics of the intracellular molecules.
We, therefore, also demonstrated multicolor imaging with an
additional EM-CCD camera, a dichroic mirror (FF495-Di03 —
25 % 36), and an emission filter (FF02 — 460/80 — 25) on the
detection path (Fig. 1). The Golgi bodies and fibrillarins in liv-
ing HeLa cells were expressed with mTFP1 and EGFP, respec-
tively. The detection ranges of each EM—CCD camera were 420
to 495 nm and 495 to 500 nm. The wavelength and intensity of
the excitation were 525 nm and 7.5 x 10®> W /cm?, respectively.
A spectral unmixing method®® was executed to separate the fluo-
rescence signals from each protein. As discussed in Ref. 18, the
effect of autofluorescence is negligible in observation of living
HeLa cells with the excitation wavelength used in this
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Fig. 3 Fluorescence images of the Golgi bodies in a living HeLa cell.
(a) Time-lapse v2PE microscopy movie (Video 1, QuickTime, 319 kB,
https://doi.org/10.1117/1.JB0O.25.1.014502.1). (b) Conventional wide-
field microscopy. (c)-(i) A time sequence of the selected view in (a).
No image filtering has been applied. (j)—(n) A time sequence of the
time-lapse multicolor movie by Vv2PE microscopy (Video 2,
QuickTime, 242 kB, https://doi.org/10.1117/1.JBO.25.1.014502.2).
The mTFP1 (the Golgi body) and EGFP (fibrillarin) are colored as
cyan and green, respectively. Spectral unmixing and median filter are
applied to the raw images.

experiment. As shown in Figs. 3(j)-3(n), we also confirmed
with multifocus scanning v2PE microscopy that the movements
of the Golgi bodies were detected using multicolor imaging
(Video 2).

We also observed the 3-D structures and movements of the
Golgi bodies in the living HeLa cells. For this observation,
a silicone—oil immersion objective with a magnification of
60x was used. The frame rate of the 2-D image acquisition was
set to 20 fps. Fluorescence images from 40 different layers in
the sample were used for the formation of 3-D fluorescence vol-
umes, with one volume taking 2 s to acquire, and then repeating
to acquire 18 sequential volumes. The imaged volume size was
20 X 20 X 2 pum (xyz). The wavelength and intensity for excita-
tion were 530 nm and 1.25 X 10° W /cm?, respectively. Figure 4
shows the result of the time-lapse 3-D observation of the Golgi
bodies in a living HeLa cell (Video 3). The 3-D distribution
of the Golgi bodies in the cell and their temporal dynamics are
confirmed in Fig. 4.

We also investigated the applicability of multifocus v2PE
microscopy for the long-term observations of living cells. We
used propidium iodide (PI) to indicate the cell damage after
7, 8,9, and 10 min of time-lapse observation. For this evalu-
ation, the sample was illuminated by 88 foci with an exposure
time of 100 ms at 1-s intervals during the observations. The exci-
tation intensity was 3.21 x 10* W/cm?, which was higher than
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Fig. 4 (a) The 3-D-rendered images of the Golgi bodies in a living
HelLa cell obtained by time-lapse v2PE microscopy (Video 3,
QuickTime, 15 MB, https://doi.org/10.1117/1.JBO.25.1.014502.3).
The surface rendering has been produced by an Imaged plugin,
3-D Viewer. (b)-(h) A time sequence of the clipped position in (a).
A low-pass filter has been applied.

the 2-D imaging in Fig. 3. The excitation wavelength
was 525 nm, and a silicone—oil immersion objective with a
magnification of 60x was used. As shown in Figs. 5(a)-5(d),
we have confirmed the introduction of PI into the cells with
an observation period longer than 9 min. The phase contrast
images shown in Figs. 5(e)-5(h) also confirmed the bubbling

Observation time
9 min 10 min

7 min 8 min

scence Phase contrast Fluorescence

Exposure 500 ms, interval 5s Exposure 100 ms, interval 1 s

Phase cpntrast F

Fig. 5 (a)-(d), (i)—(I) Fluorescence images of HelLa cells treated with
PI. (e)-(h), (m)-(p) Phase contrast images corresponding to (a)—(d)
and (i)—(l), respectively. The total observation time is 7 min for (a),
(e), (i), and (m); 8 min for (b), (f), (j), and (n); 9 min for (c), (g), (k),
and (o); and 10 min for (d), (h), (I), and (p). The exposure time and
the interval of the exposure are 100 ms and 1 s for (a)-(h) and
500 ms and 5 s for (i)—(p), respectively.
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effect in the sample. With the excitation conditions that used an
exposure time of 500 ms at 5-s intervals, we also confirmed the
PI introduction with an observation period longer than 9 min.
From these experiments, the time-lapse observations can be con-
ducted without inflicting visible cell damage during periods
shorter than 8 min. Note that for 3-D time-lapse imaging, we
can expect prolonged cell viability because the focal plane for
excitation changes during the scanning of the sample along the
axial direction.

In this research, we developed a multifocus microscope using
visible-wavelength, two-photon excitation to improve the spatial
resolution in volumetric live-cell imaging. Especially for 3-D
biological imaging, the axial resolution is important, and from
our observations of a fluorescent bead, FWHM values of 177
and 297 nm were achieved in the lateral and axial directions,
respectively, which were far better than the axial resolution
of multifocus 1PE microscopy. This spatial resolution is also
comparable with that of 3-D lattice light-sheet microscopy.’
Although the field of view of our technique was relatively
smaller than the lattice light-sheet technique, our technique can
achieve a similar resolution with a simple instrumentation setup
with a single objective lens for both illumination and detection.

In our experiments, the temporal resolution has been mainly
determined by the limitation of the laser power that was avail-
able from the OPO. A light source with a higher output power
can improve the imaging speed. Although the v2PE excitation
leads to spatial resolution improvements in a single-point scan-
ning system, multifocus v2PE microscopy has a lateral resolution
identical to that of 1PE multifocus microscopy. This is due to the
difference in the imaging formation between the multifocus and
the single-point scanning techniques. Because the excitation
volume of v2PE is smaller than that of 1PE, it is possible to
improve the spatial resolution further by introducing the image
scanning technique.'®?! This technique can be realized by intro-
ducing an additional microlens array in front of the pinhole
array. '3

We have confirmed sample damage when a single plane is
illuminated repeatedly over 9 min, which can be an issue for
long-term imaging. For 3-D imaging, however, axial scanning of
samples can avoid continuous excitation of an observing layer,
thus resulting in the longer observation time. Therefore, our
technique can be applied to time-lapse 3-D imaging for more
than 9 min by adjusting the illumination conditions. Although
the sample damage associated with the use of other techniques,
such as light-sheet microscopy, can be less extensive than our
technique, our technique can visualize cellular functions in a
cell, such as the release of calcium ions and vesicular transport
with high-image contrast by combining visible-wavelength,
two-photon excitation, simultaneous excitation of multiple
fluorophores,'® and the use of functional fluorescent probes.*”
Photobleaching can also be the issue because of the resonance
effect at the visible region. It is important to optimize the exci-
tation intensity and exposure time for longer observation.'®

Disclosures

The authors have no financial interests and no potential conflicts
of interest.

Acknowledgments

This work was performed under the Cooperative Research
Program of “Network Joint Research Center for Materials and

Journal of Biomedical Optics

014502-5

Devices: Dynamic Alliance for Open Innovation Bridging
Human, Environment and Materials.” This work was supported
by JST CREST Grant No. JPMJCR15N3, Japan.

References

1. V. Ntziachristos, “Going deeper than microscopy: the optical imaging
frontier in biology,” Nat. Methods 7(8), 603-614 (2010).

2. F. Pampaloni, E. G. Reynaud, and E. H. K. Stelzer, “The third dimen-
sion bridges the gap between cell culture and live tissue,” Nat. Rev. Mol.
Cell Biol. 8(10), 839-845 (2007).

3. E. G. Reynaud et al., “Light sheet-based fluorescence microscopy:
more dimensions, more photons, and less photodamage,” HFSP J. 2(5),
266-275 (2010).

4. A. H. Voie, D. H. Burns, and F. A. Spelman, “Orthogonal-plane fluo-
rescence optical sectioning: three-dimensional imaging of macroscopic
biological specimens,” J. Microsc. 170(3), 229-236 (1993).

5. M. B. Bouchard et al., “Swept confocally-aligned planar excitation
(SCAPE) microscopy for high-speed volumetric imaging of behaving
organisms,” Nat. Photonics 9(2), 113-119 (2015).

6. R. Tomer et al., “Quantitative high-speed imaging of entire developing
embryos with simultaneous multiview light-sheet microscopy,” Nat.
Methods 9(7), 755-763 (2012).

7. B.-C. Chen et al., “Lattice light-sheet microscopy: imaging molecules
to embryos at high spatiotemporal resolution,” Science 346(6208),
1257998 (2014).

8. M. Minsky, “Microscopy apparatus,” U. S. Patent 3013467 (1961).

9. W. Denk, J. H. Strickler, and W. W. Webb, “Two-photon laser scanning
fluorescence microscopy,” Science 248(4951), 73-76 (1990).

10. H. Ishida et al., “High-speed 1-frame/ms scanning confocal microscope
with a microlens and Nipkow disks,” Appl. Opt. 41(22), 4704-4708
(2002).

11. J. Bewersdorf, R. Pick, and S. W. Hell, “Multifocal multiphoton micros-
copy,” Opt. Lett. 23(9), 655-657 (1998).

12. R. Juskaitis et al., “Efficient real-time confocal microscopy with white
light sources,” Nature 383(6), 804—-806 (1996).

13. T. Azuma and T. Kei, “Super-resolution spinning-disk confocal micros-
copy using optical photon reassignment,” Opt. Express 23, 15003—
15011 (2015).

14. A. G. York et al., “Resolution doubling in live, multicellular organisms
via multifocal structured illumination microscopy,” Nat. Methods 9(7),
749-754 (2012).

15. O. Schulz et al., “Resolution doubling in fluorescence microscopy with
confocal spinning-disk image scanning microscopy,” Proc. Natl. Acad.
Sci. U.S.A. 110, 21000-21005 (2013).

16. A. G. York et al., “Instant super-resolution imaging in live cells and
embryos via analog image processing,” Nat. Methods 10(11), 1122—
1126 (2013).

17. M. Drobizhev et al., “Resonance enhancement of two-photon absorp-
tion in fluorescent proteins,” J. Phys. Chem. B 111(50), 14051-14054
(2007).

18. M. Yamanaka et al., “Visible-wavelength two-photon excitation micros-
copy for fluorescent protein imaging,” J. Biomed. Opt 20(10), 101202
(2015).

19. H.-W. Ai et al., “Directed evolution of a monomeric, bright and photo-
stable version of Clavulariacyan fluorescent protein: structural charac-
terization and applications in fluorescence imaging,” Biochem. J.
400(3), 531-540 (2006).

20. T. Zimmermann et al., “Spectral imaging and linear un-mixing enables
improved FRET efficiency with a novel GFP2-YFP FRET pair,”
FEBS Lett. 531(2), 245-249 (2002).

21. C.B. Miiller and J. Enderlein, “Image scanning microscopy,” Phys. Rev.
Lett. 104(19), 198101-198104 (2010).

22. Y. Zhao et al., “An expanded palette of genetically encoded Ca** indica-
tors,” Science 333(6051), 1888-1891 (2011).

Biographies of the authors are not available.

January 2020 « Vol. 25(1)


https://doi.org/10.1038/nmeth.1483
https://doi.org/10.1038/nrm2236
https://doi.org/10.1038/nrm2236
https://doi.org/10.2976/1.2974980
https://doi.org/10.1111/jmi.1993.170.issue-3
https://doi.org/10.1038/nphoton.2014.323
https://doi.org/10.1038/nmeth.2062
https://doi.org/10.1038/nmeth.2062
https://doi.org/10.1126/science.1257998
https://doi.org/10.1126/science.2321027
https://doi.org/10.1364/AO.41.004704
https://doi.org/10.1364/OL.23.000655
https://doi.org/10.1038/383804a0
https://doi.org/10.1364/OE.23.015003
https://doi.org/10.1038/nmeth.2025
https://doi.org/10.1073/pnas.1315858110
https://doi.org/10.1073/pnas.1315858110
https://doi.org/10.1038/nmeth.2687
https://doi.org/10.1021/jp075879k
https://doi.org/10.1117/1.JBO.20.10.101202
https://doi.org/10.1042/BJ20060874
https://doi.org/10.1016/S0014-5793(02)03508-1
https://doi.org/10.1103/PhysRevLett.104.198101
https://doi.org/10.1103/PhysRevLett.104.198101
https://doi.org/10.1126/science.1208592

