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Abstract: Over the past two decades, several fluorescence- and non-fluorescence-based optical microscopes have been developed
to break the diffraction limited barrier. In this review, the basic principles implemented in microscopy for super-resolution are
described. Furthermore, achievements and instrumentation for super-resolution are presented. In addition to imaging, other ap-
plications that use super-resolution optical microscopes are discussed.
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1 Introduction

The maximum spatial resolution of a conven-
tional optical microscope is limited to half the wave-
length of light. The limitation is due to the diffraction
barrier imposed by the slight bending of a light beam
when it encounters an object. According to Abbe
(1873), a light beam of wavelength 1 focused by a
lens with numerical aperture nsina (sina<l) cannot
resolve objects closer than distance d=A/(2nsina) (Gu,
1996, 2000). The diffraction of light causes a sharp
pointed object to blur into a finite-sized image spot
through the optical microscope.

The resolution of microscopes is determined by
the size of the point spread function (PSF). The PSF is
defined as the three-dimensional (3D) intensity dis-
tribution of the image of a point object. Another ap-
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proach for determining the resolution of a microscope
in the frequency domain is by measuring the cut-off
frequency of the optical transfer function (OTF). OTF
is the Fourier transform of PSF (Gu, 2000).

In the visible wavelength region, the resolution
of a conventional optical microscope is around
200-300 nm in the lateral direction and 500—700 nm
in the axial direction.

In 2014, the Nobel Prize in Chemistry was
awarded jointly to Eric BETZIG, Stefan W. HELL,
and William E. MOERNER for the development of
super-resolution fluorescence microscopes that allow
the imaging resolution limitation due to the diffrac-
tion of light to be overcome. Stefan W. HELL was the
first scientist to break the diffraction barrier theoret-
ically (Hell and Wichmann, 1994) and experimentally
(Klar and Hell, 1999) with the concept of stimulated
emission depletion (STED). Eric BETZIG (Betzig,
1995; Betzig et al., 2006) pioneered the method called
photoactivated localization microscopy (PALM) in
2006. William E. MOERNER’s contributions center
on the first optical detection and spectroscopy of a
single molecule in condensed phases (Moerner and
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Kador, 1989) and on the observations of on/off
blinking and switching behavior of green fluorescent
protein (GFP) mutants at room temperature (Dickson
etal., 1997).

In recent years, a number of novel super-
resolution fluorescence- and non-fluorescence-based
methods have been developed. The fluorescence-based
methods are further divided into spatial- and time-
domain techniques.

In this review, we summarize the basic principles
implemented in fluorescence- and non-fluorescence-
based optical microscopy. We also review the
achievements and developments of these optical mi-
croscopes, as well as their applications to other fields.

2 Principle
2.1 Fluorescence-based super-resolution
2.1.1 Spatial-domain methods

1. Saturated structured-illumination microscopy

Structured-illumination — microscopy  (SIM)
achieves spatial resolution beyond the diffraction
limit with a wide-field microscope with spatially
structured illumination.

A grating is used to generate a structured illu-
mination pattern that varies in lateral direction (Gus-
tafsson, 2000) (Fig. 1a) or three dimensions (Gus-
tafsson et al., 2008). The structured illumination ex-
tends resolution beyond the cut-off by moving high-
frequency information into the observed images in the
form of Moiré fringes. The Moiré fringes are gener-
ated through spatial frequency mixing (Fig. 1c). The
new image is computationally extracted. The method
demonstrates imaging with twice the spatial resolu-
tion of conventional microscopes.

SIM is applied in three dimensions to double the
axial and lateral resolutions. Resolutions of about
100 nm in the lateral direction and about 300 nm in
the axial direction were obtained (Schermelleh et al.,
2008; Shao et al., 2011).

In saturated structured-illumination microscopy
(SSIM), a nonlinear phenomenon, the saturation of
fluorescence emission, is applied to achieve a theo-
retical unlimited resolution (Gustafsson, 2005). The
saturation occurs when a fluorophore is illuminated
by optical intensities in the order of about 10® W/cm®.

Under an excitation beam with high optical

intensity, a fluorophore in the ground state is imme-
diately pumped to the excited state. The fluorescence
lifetime is determined by the fluorescent emission
rate. When the fluorophore reaches saturation, its
fluorescence is not proportional to the intensity of the
excitation light. Under this circumstance, a saturated
excitation structured illumination pattern is achieved.
When the intensity reaches the saturated level, the
pattern becomes flat (Fig. 1b).

Higher frequency information is encoded by
mixing saturated excitation structured illumination
patterns containing more Fourier components (Fig. 1c¢).
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Fig. 1 Principles of structured-illumination microscopy
(SIM) and saturated structured-illumination microscopy
(SSIM): (a) structured illumination generated by a
grating; (b) SIM excitation pattern (blue line) and SSIM
excitation pattern (red line); (c) imaging the sample with
SIM and SSIM

References to color refer to the online version of this figure

The resolving power is determined by the signal-
to-noise ratio, which in turn is limited by photo-
bleaching. Experimental results showed that a
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two-dimensional (2D) point resolution of less than
50 nm was possible to achieve with bright photostable
samples (Gustafsson, 2005) and photoswitchable
proteins (Rego et al., 2012; Li et al., 2015).

2. Image scanning microscopy

Image scanning microscopy (ISM) was previ-
ously described by Sheppard (1988) and demon-
strated by Miiller and Enderlein (2010). ISM doubles
the resolution of a scanning confocal image. The
principle of ISM is to extract the inherent high-
frequency information from a laser scanning confocal
microscope (LSCM). The origin of the super-
resolution information can be understood in two dif-
ferent ways. The first way is to describe the origin
based on the idea of overlapping excitation and
emission PSFs in an LSCM (Sheppard, 1988; Shep-
pard et al., 2013); the second description is the same
as SIM (Miiller and Enderlein, 2010). The super-
resolution information can be collected simply by
reducing the size of the pinhole in an LSCM. How-
ever, a smaller pinhole rejects a large amount of light,
reducing the signal-to-noise ratio. ISM can recover
the lost super-resolution information. The optical
setup of ISM involves recording the signal that passes
through the pinhole on an array detector and obtaining
an image at each scanning position. The simplest way
to recover a final super-resolution image is pixel re-
assignment (Sheppard et al., 2013). For every scan-
ning position, the image obtained is reduced by some
factor, and added to a running-total image that is
centered at the scanning position of the beam. After a
complete picture has been reconstructed, further res-
olution enhancement can be achieved by Fourier
reweighting.

To achieve faster acquisition, a digital micro-
mirror device (DMD) is applied to obtain multifocal
structured illumination in ISM (York et al., 2012).
Following this idea, ISM is also achieved in a con-
focal spinning-disk microscope (Schulz et al., 2013),
but these approaches still require recording and stor-
ing vast amounts of data for reconstructing a super-
resolved image and reducing acquisition speed. This
problem is solved by all-optical ISM based on
rescanning (de Luca et al., 2013; Roth et al., 2013;
York et al., 2013; Azuma and Kei, 2015). All-optical
ISM based on rescanning is also applied for two-
photon-excited fluorescence and second-harmonic
generation imaging (Gregor et al., 2017).

3. Stimulated emission depletion

The concept of STED microscopy was first
proposed by Hell and Wichmann (1994), and
demonstrated experimentally in Klar and Hell (1999).
Super-resolution is achieved through the selective
deactivation of fluorophores via stimulated emission.
Under a depletion beam, a fluorophore in the excited
state interacts with a photon that matches the energy
difference between the excited state and the ground
state (Fig. 2a). In this case, the fluorescence emission
of the fluorophore is depleted.
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Fig. 2 Principle of the stimulated emission depletion
(STED) microscope: (a) Jablonski diagram of the process
of fluorescence emission and stimulated emission; (b)
schematic of an STED microscope; (c) effective point
spread function (PSF) generated

The optical setup of STED is based on a confocal
microscope. The excitation beam and STED beam are
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scanned across the sample (Fig. 2b). The STED beam
is generated by a continuous-wave (CW) or a pulsed-
laser source. A phase mask is inserted in the path of
the STED light to create a doughnut-shaped beam
with zero fields at the center and non-zero fileds at the
periphery. Therefore, the effective excitation PSF
becomes sharper (Fig. 2¢).

In pulsed-mode STED, the time delay between
the excitation and STED laser beams is of paramount
importance in optimizing the stimulated emission.
The STED beam reaches the sample when the
electron is in the excited state. Furthermore, the pulse
width of the STED laser beam is tuned to a value
between the lifetimes of the vibrational states and the
excited state of a dye, e.g., 200-300 ps.

In CW STED (Willig et al, 2007), CW
excitation at a rate ke populates the excited state with
probability N=kex/(kexctkq); fluorescent decay rate
kg=1/7q is given by the inverse of the lifetime of the
excited state. The addtion of a CW STED beam
provides another decay rate ksrgp=0cl/, yielding
N=kexo/(kexcthkatkstep), where o is the molecular
cross-section for stimulated emission and / the inten-
sity of the STED beam in photons per area and per
second. STED becomes predominant when ksrep™>
kexc>kg, which means I>1/(otq). The power of the CW
beam is about 3.6 times larger than the time-averaged
power of the pulsed mode. However, CW STED
greatly simplifies the implementation of STED
superresolution microscopy by removing the
synchronization units needed in pulsed systems.

The wavelength of the depletion photon should
also be in the range of the emission wavelength of the
dye. Therefore, the wavelength of the STED beam is
selected to be at the end of the emission spectrum of
the dye, avoiding re-absorption. The higher the cross
sections of the STED beam and emission spectrum
are, the higher the stimulated absorption cross section
is. Therefore, a higher resolution is obtained (Fara-
hani et al., 2010).

There are two factors that determine the resolu-
tion of STED microscopy: the STED laser beam in-
tensity and the saturation intensity of the fluorophore.
The latter is a function of the STED laser beam
wavelength, pulse width, and intrinsic characteristics
of the fluorophore such as lifetime and kinetics of the
population of ground and excited states. This is
mathematically described in the extended version of

the optical resolution limit defined by Westphal and
Hell (2005):

A

d= ,
2nsina1+1 /1

where 4 is the wavelength of the excitation beam,
nsina determines the numerical aperture of the
objective lens with n the refractive index of the
medium and « half the focal angle, 7 is the intensity of
the STED beam, and I is the saturation intensity of
the fluorophore.

Normally, STED can achieve 20—60 nm lateral
resolution (Westphal and Hell, 2005; Gottfert et al.,
2013; Butkevich et al., 2016). STED can also be
employed in 4Pi microscopy (STED-4P1), resulting in
an axial resolution of 3040 nm (Dyba and Hell,
2002).

4. Ground-state-depletion microscopy

Ground state depletion (GSD) microscopy was
proposed in Hell and Kroug (1995), and demonstrated
experimentally in Bretschneider et al. (2007). The
optical setup for GSD is based on confocal scanning
microscopy. Typically, the fluorescent emitters can be
freely excited from the ground state and return spon-
taneously. However, if a laser beam with an appro-
priate wavelength is applied, the dye is excited to a
long-lived dark state (e.g., a triplet state). Therefore,
the molecules in the long-lived dark state cannot be
excited from the ground state (Bretschneider et al.,
2007) (Fig. 3).
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Fig. 3 Jablonski diagram of the process of fluorescence
emission and long-lived dark state in a ground state de-
pletion (GSD) microscope

Super-resolution imaging is achieved by apply-
ing a laser beam to deplete the ground state of the
fluorophores within the doughnut area. The GSD
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optical setup can be implemented with two different
modalities. One needs two beams in the STED setup
for depletion and excitation. The other one requires
only one single doughnut shaped beam. Within the
focal region except the doughnut minimum, the
emitter is saturated in the excited state, and one
“negative” image with sub-diffraction resolution is
obtained upon scanning. The final image is achieved
after the deconvolution of the “negative” image
(Rittweger et al., 2009b).

Unlike STED, which features a high /; value
(about 10" W/cm®) and thus requires an intense de-
pletion laser beam (often >10° W/cm?), GSD requires
a low I (about 7 kW/cmz). GSD enabled a resolution
of 80 nm with a depletion laser beam intensity of
80 kW/cm® (Bretschneider et al., 2007).

5. Reversible saturable optically linear fluores-
cence transitions

Reversible saturable optically linear fluores-
cence transitions (RESOLFT) microscopy (Hell,
2007) has enabled achievement of super-resolution by
suppressing undesired fluorescence emission through
depletion. The optical setup for RESOLFT is based
on a confocal scanning or a wide-field microscope. It
is noted that the parallelized RESOLFT in a wide-
field microscope uses orthogonally and incoherently
crossed standing waves to generate a large number of
doughnuts for parallelization (Chmyrov et al., 2013).

RESOLFT is applied on fluorescent probes that
can be reversibly photoswitched between a fluores-
cent “on” state and a dark “off” state. The “on” state is
the excited state. The “off” state can be the ground
state of a fluorophore (Klar and Hell, 1999), or its
triplet state (Bretschneider et al., 2007), or the dark
state of a reversibly photoswitchable fluorophore
(Hofmann et al., 2005) (Fig. 4).

The enhancement of the spatial resolution is
obtained with a depletion laser beam to force the
fluorophores at the periphery of the excitation into a
dark state.

With [, denoting the intensity bordering zero,
the practical resolution is well approximated by

A
Ar =

- 2nsinoJ1+1 /1 '

which differs from Abbe’s equation because
Iinax/Is—0o0 implies an infinite resolution.

2

— e —
5 — o
— — - ——
Switch on
Flu0r§5c§em‘>e No fluorescence
emission emission
Switch off
Excitation Excitation
= = =

Fig. 4 Jablonski diagram of the process of fluorescence
emission and long-lived dark state in a reversible sat-
urable optically linear fluorescence transitions
(RESOLFT) microscope with reversibly photo-
switchable fluorophores

RESOLFT requires an optical transition that has
a lower I. Therefore, super-resolution imaging is
achieved with a much lower intensity for the
depletion beam (Hell, 2007).

For example, RESOLFT has been demonstrated
using a reversibly photoswitchable fluorescent
protein (FP), as FP595, which led to a resolution
better than 100 nm with a depletion laser beam
intensity of 600 W/em? (Hofmann et al., 2005). With
the combination of 4Pi microscopy, an isotopic
resolution below 40 nm was achieved when imaging
an actin network inside the cells (Bohm et al., 2016).

RESOLFT nanoscopy with a low light intensity
(60 W/cm?) was also applied to image photoswitcha-
ble organic fluorophores with a spatial resolution of
about 74 nm (Kwon et al., 2015).

2.1.2 Time-domain methods

1. Localization of single fluorophores

Single-molecule localization super-resolution
microscopy enables reconstruction of the centroid
position of spatially isolated fluorophores beyond the
diffraction limit. An electron-multiplying charge-
coupled device (EMCCD) camera is implemented to
image single-molecules at room temperature.

The position of a molecule is determined by lo-
calizing the center of its PSF with a Gaussian fitting
(Fig. 5). The accuracy of the fitting determines the
uncertainty in the localization of the fitting. Theoret-
ically, the precision scales inversely with the square
of the number of detected photons, which is described
by



Wang et al. / Front Inform Technol Electron Eng 2019 20(5):608-630 613

~

APSF 3
Nith 3)

where Ajocalization 1 the precision of localization, Apsk
is the width of the PSF, and N is the number of
photons detected. Once Ajpcatization 1S Obtained, the
image of the molecule can be reconstructed.

AOCalization

Fig. 5 Localization of one molecule with an electron-
multiplying charge-coupled device (EMCCD)

Two molecules separated by a sub-diffraction
distance are resolved by recording their fluorescence
emission at different times (Fig. 6). The super-
resolution approaches based on localization of single
fluorophores are: PALM, stochastic optical recon-
struction microscopy (STORM), blinking localization,
Bayesian analysis of the blinking and bleaching (3B
analysis), and ground state depletion microscopy
followed by individual molecule return (GSDIM).

2. Photoactivated localization microscopy

PALM was first achieved by using a photocon-
vertible FP named EosFP (Betzig et al., 2006). PALM
is based on wide-field fluorescence microscopy. The
emission wavelength of the photoconvertible FPs is
optically convertible from one wavelength to another.
EosFP emits green fluorescence at the 516-nm
wavelength. When illuminated by a beam at near the
400-nm wavelength, its emission wavelength changes
to 581 nm. It is caused by a photo-induced modifica-
tion involving a break in the peptide backbone next to
the chromophore (Wiedenmann et al., 2004).

After a subset of EosFPs are imaged, they are
photobleached, and another subset of EosFPs are
converted and imaged. This process can be repeated
10°-10° cycles until the population of EosFPs is
depleted.

Fluorescence PALM (FPALM) uses a similar
approach. It was first demonstrated using photoacti-

vatable GFP (Hess et al., 2006).

Since 2002, a number of photoconvertible,
photoactivatable, and photoswitchable FPs have been
developed (Patterson et al., 2010). Photoactivatable
FPs can be activated from a dark state to a bright state
using UV light, and photoswitchable FPs can alterna-
tively be switched on or off with specific illumination.

Sample

Localizing
n cycles

N4

Super-resolution
image

Fig. 6 Principles of photoactivated localization micros-
copy (PALM), stochastic optical reconstruction micros-
copy (STORM), blinking localization, 3B analysis, and
ground state depletion microscopy followed by individu-
al molecule return (GSDIM)

Three-dimensional FPALM was achieved in
Juette et al. (2008), using biplane (BP) detection with
a resolution of about 30 nm laterally and about 75 nm
axially. A beam-splitter was used to split the fluores-
cence emission beams into a shorter and longer path
to form two detection planes to determine the
z-position (Juette et al., 2008).
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In Shtengel et al. (2009), interferometric PALM
(iPALM) provided 3D protein localization with a
resolution below 20 nm. iPALM was based on single
photon photoactivated localization microscopy com-
bined with simultaneous multiphase interferometry.

3. Stochastic optical reconstruction microscopy

STORM is also based on wide-field fluorescence
microscopy. It was first demonstrated using Cy3—Cy5
dye pairs (Rust et al., 2006). The Cy5 can be reversi-
bly switched between a fluorescent and a dark state
with beams at the wavelengths of 532 nm and 633 nm,
respectively. The Cy3 facilitates the switching of Cy5
(Bates et al., 2005).

The optical switch can be repeated “on” and
“off” hundreds or thousands of cycles before perma-
nently bleaching the dyes. A resolution of 20 nm was
demonstrated by imaging RecA-coated circular
plasmid DNA (Rust et al., 2006).

Three-dimensional STORM was achieved using
the astigmatism of a cylindrical lens (Huang et al.,
2008a). The position of a circular fluorophore is de-
termined by examining its elliptical image above and
below the focal plane. After fitting the image with a
2D elliptical Gaussian function, the peak widths of
the x and y coordinates can be obtained to calculate
the z coordinate (Huang et al., 2008b).

Three-dimensional spatial resolutions of about
30 nm in the lateral direction and about 50 nm in the
axial direction with the temporal resolution as fast as
1-2 s have been reported (Jones et al., 2011). Three-
dimensional STORM was demonstrated by imaging
microtubule networks in green monkey kidneyepi-
thelial cells labeled with a Cy3-Alexa647 switch.

Direct STORM (dSTORM) is enabled by con-
ventional photoswitchable fluorescent dyes. They can
be reversibly switched between a fluorescent and a
dark state with illumination beams at different
wavelengths. dSTORM does not require special
fluorophore pairs that are used in STORM. This
method enables visualization of cellular structures
with a resolution of approximately 20 nm without the
need of an activator molecule (Vogelsang et al.,
2008).

4. Blinking localization based on other emitters

PALM and STORM enable super-resolution by
localizing molecules in a time sequence. These
methods require at least two beams at different
wavelengths.

The blinking behavior of fluorescent molecules
(Cordes et al., 2010; Burnette et al., 2011), quantum
dots (Lidke et al., 2005), and nitrogen-vacancy (NV)
centers (Gu et al., 2013), can also be implemented in
localization microscopy.

Compared with PALM and STORM, blinking
localization microscopy is much simpler because it
needs only one laser beam as an excitation source.
The “on” state blinking fluorescence emission from
single-fluorescent probes is detected by the camera of
a conventional wide field microscope. The localiza-
tions are determined with a Gaussian fitting of the
fluorescence intensity distributions.

5. Bayesian analysis of blinking and bleaching

3B analysis is a particularly fast method to lo-
calize fluorophores. 3B analysis builds a model aris-
ing from a number of fluorophores undergoing
blinking and bleaching in the dataset and calculates
the most likely distribution of fluorophore locations.
It is also based on wide-field microscopy. The benefit
of this method is that it can deal with images in which
many fluorophores are highly overlapping, all the
time, greatly reducing the number of raw images. A
super-resolution image is reconstructed with a spatial
resolution of 50 nm from the data collected from
standard fluorescent proteins on a 4-s timescale, alt-
hough the analysis requires several hours for com-
putation (Cox et al., 2012). However, the limitation of
computational cost can be improved by paralleliza-
tion on cluster or cloud computing systems (Hu et al.,
2013).

6. Ground state depletion microscopy followed
by individual molecule return

GSDIM is based on switching the majority of the
ordinary fluorophores to their triplet state 77 or an-
other metastable dark state and calculating the posi-
tion of the fluorophores left or spontaneously returned
to the ground state (Folling et al., 2008). Transition to
the long-lived triplet state with high efficiency is
achieved using high-excitation intensities with an
imaging buffer to obtain triplet lifetimes that are long
enough so that only a subset of emitting fluorophores
are left at any time in each image. The resolution of
the GSDIM images is below 30 nm (Folling et al.,
2008).

GSDIM is based on wide-field microscopy and
can operate with ordinary fluorophores such as or-
ganic dyes and proteins (Folling et al., 2008; Testa



Wang et al. / Front Inform Technol Electron Eng 2019 20(5):608-630 615

et al., 2010; Nahidiazar et al., 2016). GSDIM needs
only one laser beam as an excitation source and re-
quires recording images by camera and computer
processing.

7. Minimal emission fluxes

Minimal emission fluxes (MINFLUX) is a
method recently developed to reconstruct the coor-
dinates of a molecule using minimal optical intensi-
ties (Balzarotti et al., 2017). MINFLUX is based on a
confocal scanning mechanism. Compared to the other
super-resolution methods, a much smaller number of
detected photons N is needed to reveal the position of
a molecule.

One doughnut excitation beam is implemented
to provide 2D information of a molecule position. The
doughnut is moved across an area of about 20 pmx
20 um and the doughnut zero is set within 5 ps with
<<1 nm precision.

The localization requires at least three coordi-
nates of the doughnut zero, preferably arranged as an
equilateral triangle. A fourth doughnut added at the
center of the triangle removes ambiguities in position
estimation. Therefore, the molecular location is
measured with the set of localizations which are es-
timated with the four doughnuts (Fig. 7).

Fig. 7 Localization of one molecule with four positions
The star represents the target emitter. The four points are the
central positions of the doughnuts. The fluorescent signals
from these four positions are used to localize the target
emitter. Reprinted from Balzarotti et al. (2017), Copyright
2017, with permission from the American Association for
the Advancement of Science

Because the field of view can be moved and
zoomed quickly, the setup enables fluorescence
nanoscopy with short- and long-range tracking of
individual emitters. MINFLUX has a 22-fold reduc-
tion of photon detections compared to methods based
on localization of single fluorophores. It also attained
a precision of about 1 nm, resolving molecules only
6 nm apart (Balzarotti et al., 2017). MINFLUX also
enabled recording molecular trajectories with a
>100-fold higher temporal resolution (Sanamrad et al.,
2014).

8. Super-resolution optical fluctuation imaging

Super-resolution optical fluctuation imaging
(SOFI) does not require simultaneous or sequential
switching of molecules. It achieves super-resolution
from temporal stochastic “on” and “off” blinking or
any other stochastic intensity fluctuation. SOFI can be
implemented on various microscopes: a wide-field
microscope equipped with a charge-coupled device
(CCD) camera, a spinning disk microscope, a scan-
ning confocal microscope, a total internal reflection
microscope, etc.

This method relies on the independent stochastic
fluctuations of the emitters instead of controlled or
synchronized photoactivation. It requires only taking
a movie of the sample (Fig. 8).
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Fig. 8 Principle of super-resolution optical fluctuation
imaging (SOFI): (a) wide-field imaging; (b) a movie re-
coding two fluorescent probes in three neighboring pix-
els; (c) second-order correlation function calculated for
each pixel; (d) SOFI intensity value for each pixel

The signal in a pixel is given by the superposi-
tion of the fluorescence signals from different
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fluorescent probes. Each pixel value of an SOFI im-
age (of the order n) is obtained from the n"-order
cumulant of the original pixel time series. The
n"-order cumulant filters the signals based on their
fluctuations in such a way that only highly correlated
fluctuations remain.

Because the remitting signal is limited to emit-
ters within the pixel, the fluorescence signal contri-
bution of these emitters to neighboring pixels non-
linearly yields lower correlation values. Super-
resolution is achieved by subtracting the n"-order
cumulant with a correlation calculation. A 5-fold
improvement in spatial resolution was demonstrated
with a wide-field microscope (Dertinger et al., 2009).

Since SOFI is totally software based, compared
with previous super-resolution methods, it shows
several advantages such as simplicity, affordability,
high speed, and low levels of light exposure
(Dertinger et al., 2012).

2.2 Non-fluorescence-based super-resolution

2.2.1 Hyperlenses and metalenses for far-field super-
resolution imaging

1. Principle of hyperlens

The light emitted or scattered from objects in-
cludes propagating and evanescent components. The
propagating waves with low wave-vectors carry
low-frequency information and can reach the far field.
However, the evanescent waves with high wave-
vectors carry high-frequency information and are
obstructed in the near field in a normal material en-
vironment. Thus, high-frequency information cannot
contribute to the final image in the far field, leading to
the diffraction barrier.

Two conditions are required to achieve super-
resolution with a hyperlens: a material that allows
propagating waves with high wave-vectors, and a
magnification mechanism that converts the high
wave-vector waves into low wave-vector waves,
allowing the high-frequency information to reach the
far field.

Anisotropic plasmonic metamaterials provide
one practical option. The overall loss in plasmonic
metamaterials is reduced because only permittivities
along different directions need to be designed (Po-
dolskiy et al., 2005; Yao et al., 2008). The simplest
anisotropic plasmonic metamaterials can be con-
structed by the deposition of alternating metal or

dielectric multilayers.

When the layer thickness is much smaller than
the working wavelength, an effective-medium ap-
proximation is commonly used to describe the per-
mittivities along different directions. Unlike isotropic
media with a spherical dispersion, the dispersion
properties for multilayer metamaterials can be de-

signed to have & >0 and &/ <0 for hyperbolic
dispersions or &/ > &/ >0 for eccentric elliptic dis-
persions, where ¢’ and & are the real parts of the

permittivity along the x and z directions.

Anisotropic metamaterials with unbounded
wave-vector values or very large wave-vector cut-off
support the propagation of high wave-vectors. The
working wavelength for multilayer metamaterials can
be tuned across a broad band of wavelengths with
combinations of different materials.

The magnification mechanism is that the wave-
vector compression can be achieved by bending the
flat layers into co-centrically curved layers (Jacob et
al., 2006; Zhang and Liu, 2008).

A number of practical hyperlenses have been
proposed, including a cylindrical geometry (Pendry
and Ramakrishna, 2002; Jacob et al., 2006), tapered
metallic wire arrays (Ono et al., 2005; Ikonen et al.,
2007; Shvets et al., 2007; Zhao et al., 2010), or
uniquely designed material dispersions (Han et al.,
2008; Kildishev and Shalaev, 2008; Tsang and Psaltis,
2008; Li LJ et al., 2009).

The first one-dimensional optical hyperlens was
demonstrated at an ultraviolet wavelength with a
resolution of 130 nm (Liu et al., 2007). It was created
by conformal deposition of Ag and Al,O; multilayer
films on a cylindrical quartz cavity. In other experi-
mental results, a hyperlens achieved 125-nm resolu-
tion (4/2.92) at the 365-nm working wavelength
(Xiong et al., 2009). Despite all this, some simula-
tions predicted a much higher resolution around 4/9
(Xiong et al., 2009).

The 2D hyperlens achieved the 205-nm resolu-
tion (4/2) at the 410-nm working wavelength (Rho et
al., 2010). It was created by deposition of alternating
layers of Ag and TizOs thin films in a hemispherical
geometry designed with hyperbolic dispersion.

2. Principle of metalenses

A metalens is based on a metamaterial slab with
phase compensation, which makes a plane wave focus.
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Anisotropic metamaterials with either a hyperbolic or
eccentric elliptic dispersion support the propagation
of high-frequency information. Therefore, the
metalens has the same material requirement as the
hyperlens, such as multilayers (Liu et al., 2007) and
nanowire metamaterials (Yao et al., 2008).

The high wave-vector waves are totally reflected
at the interface between metamaterial and air.
Therefore, a bidirectional coupler is required to con-
vert waves from high wave-vectors in the metamate-
rial to low wave-vectors in air. In addition, this cou-
pler needs the focusing function enabled by phase
compensation (Ma and Liu, 2010b; Ma et al., 2011).

The phase matching condition needs to be satis-
fied to make plane waves from air focus inside the
metamaterial. This can be achieved by either geo-
metric variations, such as plasmonic waveguide cou-
plers (PWC) (Sun and Kim, 2004; Verslegers et al.,
2009a; Ma and Liu, 2010b; Ma et al., 2011) and
shaped metamaterial-air interfaces (Parazzoli et al.,
2004; Ma and Liu, 2010a), or material refractive-
index variations, such as gradient-index (GRIN) met-
amaterials (Verslegers et al., 2009b; Ma et al., 2011).

The metalens with an elliptic dispersion obtained
a focal spot with a full width at half maximum of 59
nm (about 1/6.2) at ultraviolet wavelengths (Ma and
Liu, 2010b). An improved resolution (about 1/8.6)
was proved at longer wavelengths, due to smaller
material loss (Ma and Liu, 2011). A 70-nm (about 4/9)
focal spot was formed at a focal length of 3 mm for
normal plane-wave incidence at 633 nm (Ma and Liu,
2010a).

2.2.2 Microsphere-based super-resolution imaging

Super-resolution imaging can also be achieved
by using dielectric microspheres (Wang et al., 2011;
Darafsheh et al., 2012, 2014; Darafsheh, 2013; Li et
al., 2013; Yang et al., 2014; Astratov and Darafsheh,
2017). The super-resolution capability of spheres
results from their extraordinarily sharp focusing
properties, so-called “photonic nanojets” (Chen et al.,
2004; Ferrand et al., 2008). Spheres are placed closer
to the sample than solid immersion lenses (Lee JY et
al., 2009; Mason et al., 2010; Kim et al., 2011) be-
cause of smaller contact regions. A virtual image with
fine sample details is obtained with microsphere ca-
pability and can be collected by confocal microscopes
(Fig. 9).

At first, this technique was developed with silica
spheres with »n about 1.46 and diameter D about
2-9 um (Wang et al., 2011). Later, it was demon-
strated (Darafsheh et al., 2012, 2014; Darafsheh, 2013;
Yang et al., 2016; Astratov and Darafsheh, 2017) that
high index (n=1.9-2.1) and total liquid immersion
enabled imaging with a resolution of about 1/7-4/6.

lNlumination
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Fig. 9 Super-resolution imaging with a dielectric
microsphere

One dielectric microsphere is placed on a grating (line
width is d) and illuminated from the front. The reflected
light from the grating allows detection of a magnified
virtual image (magnification factor is M). When the dis-
tance /& between the microsphere and the grating is small
enough (of order of the illumination wavelength A), the
near-field evanescent wave carrying the high-frequency
information begins propagating in the high refrac-
tive-index sphere, and is then collected by the microscope
objective. Reprinted from Yang et al. (2016), Copyright
2016, with permission from American Chemical Society

3 Highlighted achievement
3.1 Multicolor imaging

Multicolor microscopy allows us to understand
the functionality of different biological structures by
imaging them with a broad range of wavelengths. The
accuracy of colocalization of different fluorescent
labels is limited by the resolution of the implemented
imaging method. Multicolor super-resolution imaging
provides a better understanding of molecular interac-
tions in cells at the nanoscale.

Multicolor STED can be achieved using fluor-
ophores with different excitation and emission
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wavelengths. Two-color STED was demonstrated
with green and red fluorescent beads (excitation at
488-nm wavelength and STED at 603-nm wavelength
for Atto 532; excitation at 635-nm wavelength and
STED at 750-780 nm wavelengths for Atto 647N)
(Donnert et al., 2007).

Another approach for multicolor STED imaging

is to use fluorescent dyes with very large Stokes shifts.

Two fluorophores with different excitation wave-
lengths are resolved by depleting their fluorescence
with the same STED beam. Images of the mitochon-
drial outer membrane and a matrix in three dimen-
sions were achieved with DY-485XL and NK51 ex-
cited at 488 nm and 532 nm, respectively (Schmidt et
al., 2008).

The same concept has recently been extended up
to three (Galiani et al., 2016; Sidenstein et al., 2016)
and four (Winter et al., 2017) fluorophores. Four-
color STED imaging is shown in Fig. 10. New
fluorophores with a long Stokes shift may boost the
multicolor ability of STED microscopy (Sednev et al.,
2015).

Furthermore, another multicolor STED method
requires rigorous linear unmixing algorithms to dis-
tinguish two fluorophores when a single excitation
and STED beams are implemented for imaging
(Tennesen et al., 2011; Lukinaviéius et al., 2016).

Multicolor STORM was demonstrated in imag-
ing microtubules with clathrin-coated pits involved in
receptor-mediated endocytosis (Bates et al., 2005).
The microtubules and clathrin were labeled by
Cy2-Alexa647 and Cy3-Alexa647, respectively. La-
ser beams at the wavelengths of 457 nm and 532 nm
respectively, were used to selectively excite fluores-
cence. Microtubules were imaged separately from the
circular clathrin pits with a spatial resolution of about
30 nm. Two-color STORM was also demonstrated in
super-resolution imaging of mitochondria (Huang et
al., 2008).

New switchable rhodamine dyes with the same
activation but different emission wavelengths were
proposed for three-color imaging of fluorescent mi-
crospheres and two-color imaging of microtubules
(Bossi et al., 2008).

Three-dimensional multicolor STORM (up to
three-color) was applied to trace neural connectivities
in the hippocampal region (Lakadamyali et al., 2012).
The organization of actin, spectrin, and associated

proteins in neurons was studied with two-color
STORM (Fig. 11) (Xu et al., 2013).

@) (b)

Fig. 10  Four-color stimulated emission depletion
(STED) imaging of a fixed cell: (a) confocal overlay; (b)
STED overlay; (c) enlarged view of the region in the
white square in (a); (d) enlarged view of the region in the
white square in (b)

Excitation wavelength is 612 nm; STED wavelength is 775 nm.
The fluorescence is detected by a hyperspectral detection
design spanning a total range of 620-750 nm in four chan-
nels (blue: peroxisomes—Atto594; green: vimentin—Abberior
Star635P; red hot: giantin—KK1441; grey: nuclear pores—
CF680R) (Winter et al. (2017), licensed under CC BY 4.0).
References to color refer to the online version of this figure

Two-color PALM was demonstrated by imaging
COS-7 cells with PAmCherryl and PA-green fluo-
rescent protein (PAGFP) (Subach et al., 2009). Laser
beam at 561-nm and 468-nm wavelengths were used
to excite the red (PAmCherryl) and green (PAGFP)
dyes, respectively.

Two-color GSDIM was demonstrated in imaging
of microtubules and peroxisomes in PtK2-cells la-
beled by rhodamine and fluorescent proteins (Folling
et al., 2008). Three-color GSDIM was employed in
imaging of F-actin, clathrin, and tubulin in fixed PtK2
cells with a resolution of 15 nm (Testa et al., 2010).

3.2 Live-cell imaging

Although the electron microscopy provides a
much higher resolution than conventional optical
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Fig. 11 Two-color STORM imaging of actin, spectrin, adducin, and sodium channels: (a) two-color STORM image of
actin (green) and BII-spectrin (magenta); (b) two-color STORM image of actin (green) and adducin (magenta); (c)
two-color STORM image of BlII-spectrin (green) and adducin (magenta); (d) two-color STORM image of sodium chan-
nels (Na,, green) and BIV-spectrin (magenta); (e) spatial correlations between actin and the BII-spectrin C terminus [(A),
black], between actin and adducin [(B), blue], between adducin and the BII-spectrin C terminus [(C), red], and between
sodium channels and the BIV-spectrin N terminus [(D), green]|; (f) a model for the cortical cytoskeleton in axons

BII-spectrin is immunostained against its C-terminal region, which is situated at the center of the spectrin tetramer. BIV-spectrin
is immunostained against its N-terminal region, which is situated at the two ends of the spectrin tetramer. Short actin filaments
(green), capped by adducin (blue) at one end, form ringlike structures wrapping around the circumference of the axon. Spectrin
tetramers (magenta) connect the adjacent actin/adducin rings along the axon, creating a quasi-1D lattice structure with a perio-
dicity of about 180 to 190 nm. Reprinted from Xu et al. (2013), Copyright 2013, with permission from the American Association

for the Advancement of Science. References to color refer to the online version of this figure

microscopy, the samples require coating and cannot
be alive. On the other hand, super-resolution fluo-
rescence microscopy can still image live cells with a
very high resolution.

SIM is a popular choice for live-cell imaging due
to its high acquisition speed and no special require-
ments for fluorophores.

SIM was applied to image living cells with the
volume rates of 4 s in one color and 8.5 s in two colors
(Fiolka et al., 2012). It was enabled by fast pro-
grammable liquid crystal devices and a flexible 2D
grid pattern algorithm to switch between excitation
wavelengths.

High-speed SIM was demonstrated to image
tubulin and kinesin dynamics in living cells at frame

rates up to 11 frames/s (Hirvonen et al., 2009; Kner et
al., 2009). SIM enabled imaging of the process of
DNA break repair (Fig. 12) (Lesterlin et al., 2014) and
the cytoskeleton in adherent cells (Burnette et al.,
2014).

STED nanoscopy was also implemented to im-
age live cells by increasing the scanning speed and
limiting the field of view. A video-rate (28 frames/s)
imaging of live hippocampal neurons showing the
movement of individual synaptic vesicles with a
60—80 nm resolution was demonstrated (Westphal et
al., 2008). Live cells STED imaging was also
demonstrated with the acquisition time of about 8 s
using standard fluorescent proteins (Rankin et al.,
2011).
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Moreover, STED enabled in vivo imaging of
enhanced yellow fluorescent proteins (eYFP) in
neurons as deep as 15 um into the brain of a mouse
(Fig. 13) (Berning et al., 2012). STED was also ap-
plied to image living cells with fluorescent rhoda-
mines and fluorogenic carbopyronines (Butkevich et
al., 2016). Cytoskeleton features were revealed with
STED in living neurons (D’Este et al., 2015).

RecA-GFP

1 um

Fig. 12 Three-dimensional structured-illumination mi-
croscopy (SIM) of cells with DSB-induced RecA-GFP
bundles alone (a), with DSe foci (b), relative to DNA (c),
and relative to membrane (d). Reprinted from Lesterlin
et al. (2014), Copyright 2013, with permission from
Springer Nature

Fig. 13 STED imaging of neurons in a mouse brain: (a)
anesthetized mouse under the objective lens with tra-
cheal tube; (b) projected volumes of dendritic and ax-
onal structures reveal; (c) temporal dynamics of spine
morphology; (d) an improved resolution of 67 nm. Re-
printed from Berning et al. (2012), Copyright 2012, with
permission from the American Association for the Ad-
vancement of Science

Fluorescent proteins required for PALM are al-
ready commonly implemented to image living cells.

Super-resolution imaging of adhesion proteins in live
cells with PALM was demonstrated with spatial res-
olutions down to about 60 nm and a frame duration of
25 s (Shroff et al., 2008). Photoswitchable eYFP-
labeled live bacteria enabled super-resolution imag-
ing of the MreB structure in cells (Biteen et al., 2008).

STORM achieved live-cell imaging with a spa-
tial resolution of about 25 nm and a temporal resolu-
tion of 0.5 s in two dimensions (Jones et al., 2011).
Cells were labeled with proteins directly or via
SNAP-tags with fast photo-switchable dyes.

A spontaneously blinking fluorophore enabled
repetitive time-lapse super-resolution imaging of
microtubules in live cells for 1 h (Uno et al., 2014).
The blinking was based on an intramolecular spiro-
cyclization reaction.

GSDIM was applied to image living PtK2 cells
labeled with the organic dye TMR via an SNAP tag or
with the fluorescent protein Citrine (Testa et al.,
2010).

The SOFI method was also applied to image the
3D network of mitochondria in fixed C2C12 cells and
the 3D vimentin structure in living Hela cells
(Geissbuehler et al., 2014).

3.3 Significant enhancement of resolution

Spatial resolution in STED nanoscopy strongly
relies on the photostability of the sample.

Negatively charged nitrogen vacancy (NV)
centers are fluorescent probes with outstanding pho-
tostability and no photobleaching. They can tolerate a
huge number of excitation/STED cycles, with transi-
tions to the dark singlet state nearly absent. Therefore,
they are well suited for STED imaging. The highest
resolution reported with STED imaging (down to
5.8 nm) was achieved with NV centers (Rittweger et
al., 2009a).

STED of biological samples enabled imaging
with a resolution of 50-100 nm without causing sig-
nificant photodamage (Westphal et al., 2008; D’Este
et al., 2015; Butkevich et al., 2016).

In addition, GSD nanoscopy with NV centers
provided an extremely high resolution of 7.8 nm
(Rittweger et al., 2009b).

The resolution of PALM, STORM, GSDIM, and
blinking localization methods is determined by the
number of detected photons, as mentioned above. In
theory, a resolution of 10 nm is possible with about
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1000 photons, but in practice a resolution of about
20 nm with 6000 photons is quite common due to the
mechanical drift and the error of Gaussian fitting
(Betzig et al., 2006; Rust et al., 2006).

4 Instrumentation

The development and commercialization of super-
resolution microscopes based on SIM, STED,
STORM, and PALM are rapidly progressing. The
specifications of the latest super-resolution commer-
cial microscopes are reported in Tables 1-4.

SIM microscopes are produced by Nikon (Nikon,
Tokyo, Japan), Zeiss (Zeiss, Jena, Germany), and
Olympus (Olympus, Tokyo, Japan) (Table 1). The

N-SIM system has a better lateral resolution and can
provide up to five color channels. The SpinSR10
system is based on a spinning disk confocal micro-
scope. Thus, the acquisition speed is 200 times higher
than those of N-SIM and ELYRA S.1 microscopes,
which are based on wide-field modality. Besides,
ELYRA S.1 can be combined with ELYRA P.1, which
is based on the PALM technology. Two methods of
super-resolution imaging, SIM and PALM, can be
provided in one system.

The microscopes currently available for STED
imaging are Leica TCS SP8 (Leica Microsystems,
Wetzlar, Germany) and different products from Ab-
berior (Abberior, Gottingen, Germany) (not restricted
in Table 2). The 775 STED system can achieve the
highest lateral resolution up to 20 nm, while Easy3D

Table 1 Specifications of microscopes based on structured-illumination microscopy (SIM)

Company Product

Lateral resolution (nm) Axial resolution (nm)

Acquisition speed Camera Number of colors

Nikon  N-SIM 85-115 300 0.6-1.0 s/frame EMCCD 5
(1-2 s for calculation)
Zeiss ELYRAS.1 120 300 1.5-1.6 s/frame EMCCD 2
Olympus SpinSR10 120 X 5 ms/frame CMOS 2
Table 2 Specifications of microscopes based on stimulated emission depletion (STED)
Lateral resolution Axial resolution STED wavelength Excitation wavelength ~ Number of
Company Product
(nm) (nm) (nm) (nm) colors

Leica Leica TCS SP8 30-80 130 592, 660, 775 Up to 8 wavelengths 5
Abberior 775 STED 20-30 Confocal 775 594, 640 2
Abberior 595 STED 25-40 Confocal 595 488,518 2
Abberior  Easy3D STED 75-100 75-100 775 594, 640 3

Table 3 Specifications of microscopes based on stochastic optical reconstruction microscopy (STORM), photoactivated
localization microscopy (PALM), and ground state depletion microscopy followed by individual molecule return (GSDIM)

Lateral reso- Axial reso- Maximum field

Number

Company Product Jution (nm) lution (nm) _ of view (um) Acquisition speed Camera of colors
Bruker Vutara 352 20 50 40x40 Up to 3000 frames/s sCMOS 2
ONI  Nanoimager 20 50 50x80 100 frames/s for full frame and 5 kHz sCMOS 2
with frame height cropped to 2%

Nikon N-STORM 5.0 20 50 80%80 Up to 500 Hz sCMOS

Zeiss ELYRAP.1 20 50-80 81.1x81.1 30 frames/s for full frame and EMCCD 3
>100 frames/s in sub-array mode

Leica Leica SR GSD 3D 20 50 40x40 Over 1000 frames/s sCMOS 3

Table 4 Specifications of microscopes based on reversible saturable optically linear fluorescence transitions (RESOLFT)

Company Product Lateral resolution (nm) Optical system Doughnut number Number of colors
Abberior RESOLFT <70 Point scanning 1 2
Abberior 2-color RESOLFT parallel <80 Wide-field >100 000 2
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STED can obtain a 3D resolution of 75 nm. Leica
TCS SP8 provides more options with up to eight
channels for the excitation pulsed laser beams. It also
enables simultaneously recording up to five different
emission wavelengths.

STORM and PALM microscopes include four
products, Vutara 352 from Bruker (Bruker, Massa-
chusetts, USA), Nanoimager from Oxford Nanoim-
aging (Oxford Nanoimaging, Oxford, UK), N-
STORM 5.0 from Nikon, and ELYRA P.1 from Zeiss
(Table 3). The four systems show the same resolution
in lateral and axial directions. N-STORM 5.0 and
ELYRA P.1 can provide a large field of view and
support three-color imaging. Nanoimager has the
highest acquisition speed, and Leica SR GSD 3D
(Leica Microsystems, Wetzlar, Germany), based on
GSDIM, shows specifications similar to the four
systems above, but can be used for a wide range of
fluorophores.

Two types of RESOLFT microscopes from Ab-
berior are shown in Table 4. The RESOLFT point
scanning system equipped with Abberior QUAD
scanner with four galvo mirrors can obtain a scanning
line frequency of 2 kHz. The two-color RESOLFT
parallel system also achieves a high acquisition speed
with fast sSCMOS cameras.

5 Other applications

5.1 Three-dimensional sub-diffraction optical la-
ser lithography

Although electron beam lithography (Rai-
Choudhury, 1997), or plasmonic lithography (Pan et
al., 2011), provides nanometer resolution, these
techniques can be used for only 2D nanofabrication.
Three-dimensional optical laser lithography, also
called 3D direct laser writing (DLW), has enabled
nanofabrication in three dimensions.

In 3D DLW, a pulsed laser is typically focused
into a diffraction-limited spot within the volume of a
photoresist. The photoresist is exposed within this
volume by exploiting two-photon absorption and/or
other optical nonlinearities. An improvement in the
resolution of 3D DLW is achieved by decreasing the
lateral and/or the axial size of the exposed volume
with controlled exposure. However, the resolution of
the 3D DLW process is still limited by the diffraction

barriers.

Because the STED concept was introduced in
fluorescence microscopy, similar ideas based on
super-resolution  photoinduction/inhibition = nano-
lithography (SPIN) have been applied in 3D DLW
lithography (Li LJ et al., 2009; Scott et al., 2009;
Fischer et al., 2010; Cao et al., 2011; Fischer and
Wegener, 2011; Gan et al., 2013).

In a regular DLW process, the photoresist is ex-
cited by a laser, eventually inducing an irreversible
chemical reaction, such as polymerization. For
common negative-tone photoresist, the exposed re-
gions become insoluble, whereas the unexposed re-
gions can be removed during development treatment.

SPIN methods are taking advantage of inhibiting
some intermediate states to reduce the size of the
excited and exposed photoresist. The inhibition is
induced by a second laser generally at a different
wavelength from the excitation beam. Three SPIN
techniques have been developed, which are discussed
below (Fig. 14).

In SPIN based on photoluminescence (Fischer et
al., 2010; Fischer and Wegener, 2011), photo-initiator
molecules are excited through two-photon absorption.
After relaxing to the S, state, they are brought back to
the ground state through stimulated emission and then
proceed to the triplet (T;) through intersystem cross-
ing. The process generates radicals, initiates a prop-
agation polymer chain, and finally brings an irre-
versibly cross-linked polymer.

In SPIN through photodeactivation (Li LJ et al.,
2009), photo-initiator molecules are excited through
two-photon absorption and yield an active species in
an intermediate state with a long lifetime. Once the
light beam excites the molecules, the intermediate
state is deactivated and does not lead to cross-linking
polymerization.

In SPIN through photoradical generation (Scott
et al., 2009; Cao et al., 2011; Gan et al., 2013), photo-
initiator molecules are excited through one- or two-
photon absorption at different wavelengths, generat-
ing radicals that can initiate the polymerization.
Photo-inhibitor molecules are activated through one-
or two-photon absorption at a different wavelength.
The generated non-initiating radicals can clean initi-
ating radicals and stop propagating chains.

The three described principles are enabled for
sub-wavelength DLW to print structures with much
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smaller features. The experimental results of super-
resolution DLW are shown in Table 5. The up-to-date
smallest feature size (9 nm) and line resolution
(52 nm) have been achieved by 2PII lithography and
two-photon absorption (Gan et al., 2013).

3D sub-diffraction DLW has provided a power-
ful tool for complex 3D nanofabrication and 3D data
storage (Grotjohann et al., 2011).
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Fig. 14 Depletion principle: (a) photoluminescence; (b)
photodeactivation; (c) photoradical generation

It is noted that photoradical generation can be applied with
not only one-photon absorption (OPA) but also two-photon
absorption (TPA). SE: stimulated emission; ISC: through
intersystem crossing; R: radicals; RM: propagation poly-
mer chain; Q: non-initiating radicals (Fischer and Wegener
(2013), licensed under CC BY 4.0)

Table S Results of super-resolution direct laser writing
(DLW)

Year Principle Resolution  Lateral — Axial
(nm) (nm) (nm)
2009 Photodeactivation X X 40 (D)
2009 Photoradical X 110 (D) X
2010 Photoluminescence X 65 (L) X
2011 Photoluminescence 175 X 170 (L)
2011 Photoradical X 40 (D) X
130 (L)
2013 Photoradical 52 9(L) 32 (L)

D: dots; L: line; X: not known

5.2 Magnetic imaging

Magnetic imaging applied to life science can
provide new information of biological functions. The
study of action potentials propagation along neurons
has recently attracted wide interest (Barry et al., 2016;
Hortigon-Vinagre et al., 2016). Furthermore, a mag-
netic protein responsible for migration and orientation
in animals has recently been discovered (Qin et al.,
2016).

However, current techniques cannot provide a
high magnetic imaging resolution at room tempera-
ture. Some techniques such as magnetic resonance
imaging (Lee SC et al., 2009) have low spatial reso-
lution (1-5 pum) compared to optical microscopy.
Therefore, magnetic resonance imaging is not gener-
ally applicable to image sub-cellular structures.

Other techniques that enable magnetic field
measurements are scanning superconducting quan-
tum interference device microscopy (Finkler et al.,
2010), electron holography (Dunin-Borkowski et al.,
1998), and magnetic resonance force microscopy
(Degen et al., 2009). These methods provide a
sub-micrometer resolution but require operating
conditions that restrict application to living biological
samples.

NV centers provide magnetic imaging via op-
tically detected magnetic resonance (ODMR) with a
high spatial resolution at room temperature (Gruber et
al., 1997). An NV center is excited at the 532-nm
wavelength and emits broadband photoluminescence
with zero photon line at the 637-nm wavelength
(Gruber et al., 1997). The NV center has a spin-
triplet ground state with a zero-field splitting of about
2.87 GHz between the mg=0 and ms=+1 spin states
(Pham et al., 2011).

When NV centers are stimulated by a micro-
wave field, redistribution might occur in the popula-
tion of the electrons of NV centers in the ground state.
When the microwave frequency is switched to the
zero-field splitting frequency (2.87 GHz), m~=+1
states become more populated and the m=0 state
becomes less populated (Gruber et al., 1997). There-
fore, this leads to a photoluminescence decrease
(ODMR signal) because of the non-radiative decay
via the intermediate metastable state.

If a magnetic field is also applied, the ms=—1 and
ms=+1 states split and the gap increases proportionally
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with the strength of the magnetic field. The applica-
tion of a microwave field and a magnetic field leads to
an increase in the population of the m=—1 and ms=+1
states. The ODMR signal shows two dips because of
the electron redistribution. The distance between the
two dips increases with the strength of the magnetic
field applied.

Magnetic imaging with micron scale resolution
via ODMR has been achieved in living magnetotactic
bacteria (Le et al., 2013), tumor cells (Glenn et al.,
2015), and mammalian cells (Davis et al., 2018).
Magnetic imaging with nanoscale resolution needs to
spatially assign the spin of the NV center at na-
noscale as a precondition.

In bulk diamond, super-resolution microscopy
combined with spin assignment has been demon-
strated with charge-state depletion (CSD) (Chen et al.,
2015), STORM (Chen et al., 2015), and RESOLFT
(Jaskula et al., 2017). A spatial resolution of 4.1 nm
with CSD has been achieved. In nanodiamonds, two
collectively blinking NV centers separated by a dis-
tance of 23 nm were resolved using blinking locali-
zation microscopy with ODMR (Barbiero et al.,
2017).

6 Conclusions

In this paper, we reviewed the principles of
various super-resolution microscopes, including
fluorescence- and non-fluorescence-based methods.
The fluorescence-based super-resolution microscopes
were divided into two main categories, spatial-
domain methods (SIM, SSIM, STED, and RESOLFT)
and time-domain methods (PALM, STORM, blinking
localization, MINFLUX, and SOFT).

Except for SIM, ISM, and MINFLUX, all the
fluorescence-based  super-resolution  microscopy
methods take great advantage of special properties of
fluorescent probes. A huge enhancement of spatial
resolution is achieved by distinguishing the fluores-
cent probes in two different states, “on” and “off.”
The “on” state can provide the desired fluorescence,
while the “off” state cannot due to various mecha-
nisms. On the other hand, special material technolo-
gies are applied to achieve super-resolution with non-
fluorescence-based methods.

In general, the resolution obtained by fluores-

cence-based super-resolution techniques is better than
that obtained by non-fluorescence-based ones. Fur-
thermore, a number of achievements of fluores-
cence-based imaging methods, such as multicolor
imaging and live-cell imaging, were presented. Flu-
orescence-based super-resolution has already led to a
revolution in biological imaging, boosting the study
in various biology fields. The non-fluorescence-based
super-resolution methods have no special require-
ments for samples. Therefore, they might have
broader application prospects.

We also presented the status of instrumentation
of super-resolution microscopes and compared the
specifications of the commercial products. Super-
resolution methods have a potential application in
improving the resolution of in vivo endoscopic im-
aging, which is limited by the low numerical aperture
(NA). The STED principle was applied in a two-
photon endoscope to obtain a resolution of 310 nm,
which broke the diffraction limit by a factor of three
(Guetal., 2014).

Inspired by super-resolution methods in STED
microscopy, three SPIN methods were developed and
enabled 3D nanofabrication with application in opti-
cal data storage (Grotjohann et al., 2011; Gu et al.,
2016).

Super-resolution optical magnetic imaging is
also very promising as a new tool for understanding
biological processes. Nanoscale magnetic imaging
with NV centers in NDs requires spatially assigning
the spin at nanoscale. Non-invasive nanoscale mag-
netic mapping of biological samples represents a
promising application for the next generation super-
resolution microscopes.
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