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1 Introduction

Since the end of the seventeenth century, optical
microscopy has become an irreplaceable tool for
biologists. The problem of increasing spatial resolution
beyond the diffraction limit remains relevant to the
present time and is actively studied by many scientific
groups [1—3]. This review covers the currently existing
optical microscopy methods that provide images of better
quality and higher information content. In this second
part of the review the following methods are considered:
the microsphere nanoscopy, fluorescence microscopy of
ultrahigh resolution and hybrid systems whose design
combines various approaches aimed to obtain the most
complete information about the test sample. Here we will
consider the possibilities, features and limitations of
these methods. In the previous part of our review [4], the
first one, the subject of research was the methods that
have already found their application in practice. These
are laser scanning confocal microscopy, near-field
optical microscopy and digital holographic microscopy.

2 Optical Microsphere Nanoscopy

While studying the laser radiation scattering on quartz
micro cylinders, an effect was revealed, later called
“photonic nanojet”. The extensive studies of this effect,
both theoretical and experimental, were carried out in the
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near field zone of various micro-objects. A photonic
nanojet (PNJ) is a narrow light beam of high-intensity
formed near the shadow surface of transparent dielectric
microobjects:  spheres,  hemispheres,  cylinders,
ellipsoids. The curvature diameter of these microobjects
is approximately equal to the wavelength of the incident
radiation or slightly greater than it (Fig. 1) [5—7].
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Fig. 1 Schematic diagram of the photonic nanojet
emergence.
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This effect originates from the interference of the
scattered light wave and the wave that passed through the
particle. Its peculiarity consists in the sub-wavelength
dimensions of the light field localization. The length of
such object is ~ 2\ by full width at half maximum
(FWHM), and its width is ~ 0.5 + 0.2) by the same
criterion. Such dimensions of the light field localization
can be used in nanostructuring and nano-lithography with
sub-diffraction resolution. The width and height depend
on the environmental parameters. The mechanism of
influence of the above-mentioned parameters on
photonic nanojets and their application aimed to increase
the resolution of the generated image has been
circumstantially studied in the last decade [8].

To describe the structure of the light field near the
illuminated spherical particle, the Mie theory is
used [9, 10]. Within the framework of this theory, the
field is conditionally divided into 3 components with
respect to the particle: incident, internal (diffracted), and
scattered. These fields are represented as a series of
eigenfunctions of a ball, which are described by vector
spherical harmonics. In a spherical coordinate system,

vector spherical harmonics M ") and N

hon/odd nm hon/odd nm ?
are characterized by indices m and n, which determine
the azimuthal and polar harmonics, respectively. The
index | determines the type of spherical Bessel function
that is included in the harmonics, and the hon/odd
notation takes into account the parity of the harmonic
with respect to a change in the azimuth angle. The
coefficients of the fields expansion in the rows are found
in the usual way, that is from the conditions of continuity
of the tangential components of the electric field of an
optical wave on the particle surface. For a homogeneous
spherical non-magnetic particle with ao radius, with a
complex refractive index n, =n, +in; and located in a

non-absorbing (n;, =0) medium with a refractive index
=n,,, the following expressions are found
for the complex envelope of the electric fields of the
scattered E_ and diffracted E, waves for the case of a

flat linearly polarized monochromatic wave (azimuthal
index m=1) incident on a particle:
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where T is the radius vector of a point with spherical
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the coefficients of expansion by spherical harmonics of
an incident wave E, =Ejexp{ikrcos@}€, . The
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amplitude of this wave E, is propagating along the Z axis
and is polarized along the X axis. The partial coefficients
of the rows (Mie coefficients) a,.,b,,c,,d, depend on

the relative refractive index of the particle n, and the
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parameter of its optical size, i.e. diffraction parameter,
and they are calculated by the recurrent schemes. In the
Mie theory, the optical field inside and outside a weakly
absorbing sphere illuminated by a light wave, is
described by the presence of spatial focusing zones called
internal and external field focuses. They are caused by
the curvature of the spherical particle surface that
deforms the wave front of the wave incident on the
particle. The peak intensity of the field in the focusing
zones depends on the particle size and can by several
orders exceed its initial value, and the focuses spatial
dimensions can be equal only to fractions of the
wavelength of the incident radiation. Thus, a spherical
microparticle behaves like a microlens that focuses light
within an extremely small volume. A special
combination of the particle material optical properties
and its size provides a special ratio between the length
and width of the waist of the radiation external focus. The
focusing zone is stretched in the direction of the radiation
incidence, and a light jet is formed of a narrow
subwavelength size in the transverse direction. Provided
that the particle is illuminated by radiation from the
visible or UV range of the spectrum, then the jet
transverse dimensions will be of nanometer size.

The results of experimental research on photonic
nanojets created by single latex microspheres illuminated
by a plane wave at a wavelength of 520 nm, are presented
in Ref. [11]. The 3D structure of photonic nanojets was
measured using a fast-scanning confocal microscope
under detection mode. On the base of the accumulated set
of 2D images, a 3D structure was reconstructed. The
photonic jets were formed by polystyrene spheres of 1-,
3- and 5-um diameters. The spheres were applied to a
glass substrate placed in air or water. The experimental
results were then compared with calculations carried out
using the Mie theory. This work proved the existence of
photonic nanojets. It was also demonstrated that several
microspheres are able to form nanojets simultaneously
and independently.

The use of microspheres as lenses is related to
microscopy techniques based on the use of photonic
nanojets with solid immersion microscopy, which was
proposed in 1990 [12]. The essence of this method is to
increase the microscope resolution by raising the
refractive index of the medium located between the lens
and sample. This is reached by placing on the surface of
the sample an extra lens with a refractive index greater
than the refractive index of traditional immersion media.
In Ref. [12], it became possible to resolve lines of
100 nm-thickness through using a lens with n =2 and
radiation at a wavelength of A=436 nm. The
disadvantage of the method is that an additional lens with
a high refractive index must be in direct contact with the
test sample, and therefore the field of view of the
microscope is smaller than the field of view of a
conventional microscope. The field of view can
definitely be increased by scanning the sample, but in this
case, it is impossible to observe dynamic processes in the
scanned area under study. An alternative method
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proposed in 2000, suggests the use of materials with a
negative refractive index [13].

Paper [13] presents a theoretical approach to
amplification of decaying waves and transmission of
their encoded information to the far field. The main
problem with this method is its limitation to a certain
frequency, since materials with a negative refractive
index are created in the spectrum microwave range, and
to special materials required for the lens and medium.

The interest in the photonic nanojet effect is due to
the potential practical applications of photonic nanojets
in studying the properties and creating nanoparticles of
various compositions, such as metallic, dielectric, and
fluorescent materials. These nano particles can be used to
create waveguides with low losses and record and store
optical data with high density. When a nanoparticle
enters an area of increased intensity created by a photonic
nanojet formed by a dielectric sphere, backscattering
occurs due to the interaction between the photon jet and
the nanoparticle [10]. This will lead to a significant
increase in the backscattering power of a microsphere
with a diameter of 3 pum, when a nanoparticle with a
diameter of 30 nm is placed in a photonic nanojet
emerging from the microsphere. Despite the small size of
the nanoparticle compared to the cross-sectional area of
the microsphere, the backscattering characteristics
change significantly compared to an isolated
microsphere. This allows for a more accurate
determination of the presence of certain substances at
lower concentrations, making it possible to use this
phenomenon for developing new methods of ultra-high-
resolution optical microscopy.

The first results of research into improving the
resolution of images formed in a PNJ-based microscope
were published in 2004 [14]. The photonic nanojet was
generated by dielectric micro-objects with a high
refractive index. Since then, a number of articles have
appeared on photonic nanojets and their use in
microscopy [15-18]. A schematic diagram of the
operation of such a system is shown in Fig. 2. Radiation
froma source, such as a laser, light-emitting diode (LED)
or lamp, is reflected by a beam-splitting cube and
illuminates the sample (Ob). The radiation then passes
through a micro lens (microobjective, MO) and
microsphere (MS) before reaching the detector. Then, the
micro lens displays an imaginary image of the object
formed by the microsphere on the detector. For
microspheres with a diameter not exceeding 10 pm, a
model was created to study the dependence of photonic
nanojet shape and size on the generating microobject and
the illuminating beam. The study of two-layer
microparticles as objects generating photonic nanojet
showed that this phenomenon can be the basis for
detecting inhomogeneities with nanometric sizes [15].
Experimental studies of the photonic nanojet
phenomenon have also been conducted. It has been
shown that not only microspheres but also hemispheres
can form photonic nanojet and be used to visualize
objects [16]. Between 2011 and 2012, extensive studies
were conducted to establish a relationship between the
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parameters of photonic nanojet and illumination of the
generating micro-object [18—20]. The relationship
between the shape, size, and layout of photonic nanojet
and the wavelength of radiation illuminating a glass
sphere has been established, as has the dependence of
photonic nanojet’s location relative to the surface of a
microsphere on the radius of curvature of an illuminating
spherical wave [18]. Some unusual or extraordinary
photonic nanojets have been obtained [19, 20] under
illumination of glass and polymer spheres with a field
that has a complex spatial distribution or polarization
structure, and polymer spheres have been proposed as an
alternative to glass spheres.

The simulation showed a non-monotonic dependence
of the resolution obtained on the wavelength, due to the
amplification of the field caused by resonances. This
phenomenon can be used to visualize broadband point
sources, such as dye molecules or fluorophores. In
Ref. [21], the fundamental limit on resolution was
determined when using photonic nanostructures, which
corresponds to a transverse resolution of the order of A/6
to A/7. However, there are several challenges associated
with the practical implementation of this method.

Photodetector

LED

Fig. 2 Schematic diagram of the operation of a super-
resolution microscope based on the use of photonic
nanojets formed by transparent micro-objects.
LED - light-emitting diode, BSC — beam splitter cube,
MO — microobjective, Ob — sample, MS — microsphere,
Im — imaginary image.
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The main challenge lies in the difficulty of
manufacturing and handling micro-objects. This can
create obstacles for experiments, as without precise
control over the microspheres processing, it will be
impossible to isolate the part of the sample that
researchers want to study. Another challenge is that the
photonic nanostructures created by these microspheres
are located very close to the surface (within a distance not
exceeding A). This issue was addressed by creating two-
layer microspheres that can project photon jets up to a
distance of about 4A. These microspheres have a similar
diameter to those made from a single material, but with
two layers [22—26]. The two-layer microspheres are SiO;
spheres coated with gold. This concept was applied to
larger diameter microspheres [27], which demonstrated a
2.4-fold increase in the length of the generated photonic
nanojet when a two-layer and single-layer microsphere
were placed in the same medium and illuminated by light
with the same wavelength. The development of this
concept continued in the investigation of the possibility
of forming photonic nanostructures using hollow
microparticles [28]. Alongside studies on two-layered
microspheres, various other geometries of microparticles
were investigated for their potential application in
generating photonic nanostructures [29] and the effect of
surface roughness [30].

The second area of research conducted with
microspheres focused on the possibilities of visualizing
different microspheres under various conditions [31-36].
In Ref. [32], a comparison was made between the
techniques of solid-state immersion microscopy and the
use of microspheres, demonstrating the significant
advantages of the latter method. This comparison inspired
further research into the potential applications of photonics
nanojet based microscopy. As a result, in Refs. [33—35]
various biological samples were visualized, and in
Refs. [36], this technique was used for metrological tasks.

One more problem related to these methods is the
limited field of view. This can be addressed by increasing
the size of the microspheres used, but this would result in
a decrease in resolution. To solve this issue, several
approaches have been proposed, including the formation
of an array of micro-objects for monitoring the test
sample [37—39] and shifting the microsphere relative to
the sample, or vice versa, to scan it [40—45].

The most impressive results from this method of
improving resolution are described in Ref. [46]. A
technique is presented that allows for a spatial resolution
comparable to that of an atomic force microscope, using
microspheres made from barium titanate (BaTiOs). These
unique results were achieved through the use of an
interferometer. Due to the use of these microspheres, the
field of view for the microscope was expanded and, as a
result, the scanning time for the sample was significantly
decreased. The authors of this work reported a transverse
resolution of 50 nm and an axial resolution of 10 nm for
the created system.

The advantage of the above methods for increasing
the resolution of optical microscopes by using photonic
nanojets formed by micro-objects is their economic
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feasibility compared to analogues [47]. The scope of
application for these methods is wide and includes
metrology, biological observation, robotics,
environmental monitoring, and others. However, due to
the lack of a universal method for evaluating the
resolution of these systems it is difficult to analyze the
results obtained from different groups. In Refs. [21, 48]
standardization of measurement processes was proposed.
The following basic elements are necessary for a precise
description of the method: 1) a clear description of a
priori  knowledge about the system, including
illumination, wavelength, filtering, polarization state,
and the main components of the optical system such as
the lens type and post-processing stages of the resulting
image; 2) obtaining images of test mires; and
3) considering gold-coated substrates or fluorescent
samples as specific cases rather than general ones.

The issue of increasing the field of view of such
nanoscopes also remains not finally solved yet. The works
describing this problem have appeared in recent years.

All these factors prevent the classification of super-
resolution nanoscopy methods based on the use of
photonic nanojets formed by transparent microobjects,
and their commercialization by now. Provided these
issues are resolved, then micro lenses with microspheres
attached to them and specialized software providing the
super-resolution images will soon be available. In
November 2020, OptoSigma presented a device for
nanoscale imaging called OptoNano based on the
principle of Optical Microsphere  Nanoscopy
(OMN) [23]. According to the developers, OptoNano
provides a resolution as high as 137 nm with no need for
sample preparation. OptoNano microscopes have not
only overcome the optical limit, but also eliminated the
barriers of high cost and high complexity of operations in
ultra-high-resolution microscopy. This unlocks a new
paradigm that allows the use of optical microsphere
nanoscopy technology for users with a wide variety of
training type and level: from research laboratories to
biochemists and industrial enterprises managers.

The advantage of the microsphere nanoscopy method
is that it does not require fluorescent labels, which can
negatively affect the sample under study. There is also no
need to use additional pulsed laser radiation, which can
affect the sample. It can be used to study metal and
silicon samples in cases where it is impossible to
implement fluorescent methods. For further development
of this technique, it is necessary to establish the
production of special microspheres, methods for their
positioning relative to the sample under study, and
miniaturization of the technology. And although
microsphere nanoscopy allows to overcome the
diffraction limit to a lesser extent than ultrahigh-
resolution fluorescent methods, it will be widely used in
various fields, for example, for semiconductor control,
where an ultrahigh-resolution fluorescent microscope
does not work effectively [49]. A summary of the main
characteristics of microsphere nanoscopy and other
techniques considered in the review are presented in
Table 1.
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Table 1 Characteristics of modern super-resolution microscopy methods.

Technique

Resolution

Features

doi: 10.18287/JBPE24.10.040202

Advantages

Limitations

Optical
microsphere
nanoscopy

2D projection of the
sample.
Fundamental
resolution limit
AX=Ay =N6— N7,
record value:

50 nm [46].
Commercially
available solution:
AX = Ay =137 nm
(A =460 nm,

AX = Ay =154 nm
(white light) [23].

There is no need for special
sample preparation and the
use of fluorescent labels

Simple and
accessible

Micro-objects of
uniform size made
with good accuracy

are needed.

A limited field of

view

Stimulated
Emission
Depletion

(STED)

2D resolution
Ax = Ay =30 - 50 nm
Record resolution
Ax = Ay =1 nm [57].

The sample must contain
fluorescent labels. In order
for the molecules to be
forced into the ground
state, the sample is
illuminated, in addition to
exciting light, by a STED
laser with a special spatial
distribution of intensities in
the form of a torus with
zero intensity in the center.

Ultra-high
resolution.
Multiple types of
labels can be
tracked in a single
experiment

Two lasers must be
used to excite and
quench
fluorescence.
Photobleaching of
phosphors and
phototoxic effects
under intense laser
exposure to the
sample

Single
Molecule
Localization
microscopy
(SMLM)

2D resolution
AX=Ay =2.5-80nm

The sample must contain
fluorescent labelsThe
sample must contain

fluorescent labels
Stochastic activation of
small groups of emitters
and their separate
localization. To achieve
ultra-high resolution, post-
processing of the obtained
data is carried out,
combining information
about different groups into
a single image of the
sample. The accuracy of
determining the
coordinates of single
molecules depends on the
stability of the
experimental setup and the
signal-to-noise ratio

Ultra-high
resolution.

Difficulty in
processing images
from closely spaced
overlapping labels.
Accuracy of
determining the
coordinates of
single molecules
depends on the
stability of the
experimental setup
and the signal-to-
noise ratio.

Total Internal
Reflection
Fluorescence
(TIRF)

3D resolution
AX=Ay =
=250 — 200 nm
Resolution
Az =100 nm
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The sample must contain
fluorescent labels.
Obtaining information
about fluorescent labels
located near the interface
of media with different
refractive indices.
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Obtaining high-
contrast images at
the interface of
media. Using
different sources
of exciting
radiation

Resolution is
limited by
diffraction. Use of
special systems for
fluorescence
excitation
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Short exposure time.
Special image processing is
required, since the intensity

of the exciting radiation

decreases exponentially

with distance from the
interface.

(lamps, lasers).
Obtaining high-
contrast images of
cell structures
located near its
membrane
adjacent to the
cover glass of the
sample under
study, where total
internal reflection
occurs.
Observation of
fast processes.

(prisms or special
objectives)

3D record resolution
AX=Ay=Az=
=10 nm [86].
Commercially
available systems:
Ax=Ay =20-30 nm
Az =50 nm

Nanoscopy (AZ =1 um) for the
with modified system N-STORM
PSF [64] with astigmatic
PSF;
AX=Ay =20 nm
Az =25nm

(AZ = 2-20 pm) for
the system SPINDLE

The sample must contain
fluorescent labels.
Additional elements are
introduced into the
microscope optical scheme
to modify the PSF, and
subsequent processing of
the obtained images is
necessary. By choosing the
type of modernized PSF, it
is possible to select
different working depths
and localization accuracies
of labels in the sample

The processing
provides access to
3D information
with super-
resolution without
scanning. It is
used to study
samples of
different nature

Special post-
processing of the
obtained images to
determine the
coordinates (x, y, )
of the emitting tags.
The accuracy of
determining the
coordinates of a
single object
depends on the
signal-to-noise
ratio. The problem
of detecting and
processing

from Double Helix
Optics [100].

3 Methods of Fluorescence Microscopy of
Single Molecules

Fluorescence microscopy is a technique for detecting
fluorescent micro-objects using an optical microscope.
This method has found widespread application in
materials science and the biomedical fields. The
operation of a fluorescence microscope is based on the
ability of atoms and molecules to absorb light quanta and
transition to excited states. When a molecule returns to
its ground state, it emits light or fluorescence. Absorption
and fluorescence depend on the structure of an electron
energy level of a molecule and are specific to each type
of molecule. Biological samples fluoresce only weakly,
but by using bright and diverse fluorescent molecules
(fluorophores), which can stain various tissue and cell
structures, fluorescence microscopy has proven to be a
valuable technique in biomedical research.

In the 90s of the last century, new technologies for
fluorescence microscopy were developed, such as the 4Pi
and 1M methods (mentioned in the first part of this
review). These technologies provide a better resolution
than diffraction limits. One method for determining the
exact location of a fluorescent molecule is by suppressing
the spontaneous emission of surrounding molecules,
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superimposed
images

which is implemented in methods like reversible
saturable optical fluorescence transition (RESOFT).

The first approach implemented in practice was the
microscopy of spontaneous emission suppression, known
as STED (Stimulated Emission Depletion) [50—-52]. This
method was developed by Stefan Hell in 1994 [50], and
in 2014 he received the Nobel Prize for Chemistry for his
development of the technique [53]. The first version of
the STED microscope was a single-point system, which
used two synchronized pulsed lasers to excite fluorescent
molecules and suppress their fluorescence. When a
molecule in the excited S; state interacts with a photon
with an energy equal to the difference between the S; and
So states, it returns to its ground state (Fig. 3a). In order
to force molecules to return to their ground state, the
sample is additionally illuminated with a STED laser
along with the exciting light. The STED laser has a
special spatial distribution of intensity in the form of a
torus, with zero intensity at the center. This results in only
molecules located close to the region of zero intensity of
the STED light emitting, narrowing the point-scattering
function (Fig. 3b). Then a sequential scan of the entire
sample takes place [51, 52]. The resolution achieved by
the STED method is determined by an Eq.:
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Fig. 3 STED-microscopy: (a) diagram of energy levels; (b) schematic diagram of a STED microscope, point source

images obtained using confocal and STED microscopes.
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where Imax is the used intensity of the STED laser, lsa is
the intensity required for 50% of the forced emission. The
enhancement of Imax to high values results in a fast photo-
fading of the sample, therefore, to increase the resolution,
Isat,, Which is inversely proportional to the lifetime of the
fluorophore, should be reduced. The achieved resolution
in the XY- plane is 30—70 nm.

The advantage of this method lies in its high shooting
speed, making it suitable for analyzing live, dynamic
systems. However, creating multicolored STED
microscopy can be challenging due to the undesirable
overlap of wavelengths from the exciting and quenching
lasers. Nevertheless, the selection of dyes allows us to
solve this issue and perform two-color microscopy on
living cells with a resolution of approximately
50 nm [54]. At the same time, achieving a resolution of
30-50 nm requires the use of very high intensities from
a quenching STED laser, on the order of
10-100 MW/cm?2. When using a conventional STED
laser that emits radiation in the red portion of the
spectrum, such as 594 nm, this intense light flux can lead
to rapid photobleaching of the dyes in the sample and
cause phototoxic effects. These problems can be partially
addressed by using pulsed lasers and time-gated
detection methods (gated STED) [54]. Due to the
registration of radiation with an expected lifetime of
fluorescence, the intensity of the STED laser can be
reduced by 3—10 times without losing resolution.

A reduction in the scanning area to smaller fields of
view (subdiffractive in size) has proven to be an effective
method for reducing photobleaching in STED
microscopy [55]. With this approach (MINFIELD), the
fluorophores inside the quenching laser ring are not
exposed to the maximum light intensity, and therefore
remain fluorescent for a longer period of time. In
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addition, when scanning an area of 200 x 200 nm?
corresponding to a single nuclear pore, this method
provides an increase in photostability of up to an order of
magnitude compared to scanning the entire nucleus using
the same parameters. As a result, it is possible to obtain a
high-resolution or dynamic image of fluorescent proteins
in the nuclear pore complex. The most incoming results
were obtained in the MINSTED (the doughnut position
entailing minimal STED must be identical with the
fluorophore coordinate, hence the name MINSTED) and
MINFLUX (or minimal fluorescence photon fluxes
microscopy) systems [56—58]. The localization accuracy
is about 1 nm. This high accuracy can be achieved by
localizing with the movement of the quenched STED
beam in the form of a ring closer to the position of the
fluorophore  during localization. This increases
information gain per detected photon and reduces the
number of photons needed to obtain high accuracy.

Thus, STED microscopy allows obtaining images of
ultra-high spatial resolution, an order of magnitude
higher than the diffraction limitation. It is possible to
implement tracking of several types of labels in a single
experiment. Unfortunately, intense laser exposure can
lead to photobleaching of luminescent labels and the
occurrence of phototoxic effects. These drawbacks are
overcome in the MINSTED and MINFLUX methods,
which are the next stage in the development of this
approach and increase the resolution to the size of an
individual luminescent molecule of =1 nm.

In parallel, at the same time, methods of single-
molecule localization microscopy (SMLM methods) are
being developed. These methods operate by separately
registering individual fluorescent labels (such as
molecules, quantum dots, or fluorescent proteins)
[59-63]. There is another name for these techniques,
which are also referred to as SMACM (single-molecule
active control microscopy) methods. For photo-
switchable fluorescent proteins that undergo a reversible
transition between fluorescent and dark states,
fluorescence can be induced using radiation from a light
source with an intensity that is one or two orders of
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magnitude lower than a STED (stimulated emission
depletion) laser, approximately 1-10 kW/cm? [62]. This
corresponds to typical illumination levels in confocal
microscopy.

Three independent groups of researchers have
worked independently on the development and
implementation of these techniques, and the results of
their research are currently available in the form of three
microscopy techniques. These techniques include Photo-
Activation Localization Microscopy (PALM) [59, 62],
Fluorescence Photo Activation Localization Microscopy
(FPALM) [60], and Stochastic Optical Reconstruction
Microscopy (STORM) [61,62]. Single-molecule
localization techniques rely on separately detecting
individual fluorescent molecules. Typically, the sample
being studied contains a large number of fluorescent tags.
And if they all start emitting light at the same time, their
images will overlap and it will be difficult to get
information about their location. Therefore, it is
necessary to provide conditions for the labels to emit in
sparse groups, record their images, and determine the
exact location of each individual label (Fig. 4). To
achieve subdiffraction accuracy in determining the
coordinates of the emitting labels, the type of radiation
point source hardware is taken into account. The source
image is an Airy disk, and its transverse coordinates can
be determined by calculating the “gravity center” of the
molecule image, or by approximating the distribution of
radiation intensity recorded within the source using a 2D
Gaussian function. The accuracy of evaluating individual
molecule coordinates depends on the stability of the
experimental setup and the signal-to-noise ratio. An
image of the fluorescent label or fluorophore is formed
by a number of photons emitted from it. Based on this, an
image consisting of N photons can be considered as N
measurements of the location of the fluorophore. And
each measurement has an uncertainty determined by the
point spread function (PSF), leading to a localization
accuracy close to:

Ax — Dese @3)

N

a b
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where AX is the localization accuracy and APSF is the
size of the point spread function. It is necessary in these
methods to bypass the group nature of fluorescent label
emission by exposing them to laser radiation in order to
study the entire sample. The labels are switched from the
emitting to the non-emitting state. By sorting through the
combinations of “switched-on” (i.e., emitting) labels and
determining their location with accuracy exceeding the
diffraction limit (localization accuracy ranging from
80 nmto 2.5 nm, depending on the level of useful signal),
the sample image is compiled with higher resolution in
the transverse plane [59-62].

It is possible to obtain a 3D image using the
microscopy technique of localization of single
molecules, provided that a slight upgrade to the
microscopic system is made. For example, weak
cylindrical lenses can be added to the optical system [63].
As a result of using these extra cylindrical lenses, the
image of the emitting molecule will depend on its
position along the Z axis. The point spread function
(PSF) of the system will also be modified. By analyzing
the shape of the images obtained in this system, it will be
possible to estimate not only the coordinates of the
emitting object in the transverse directions (X and Y), but
also its position in the longitudinal direction relative to
the Z axis. The successful implementation of this system
contributed to the fact that by the end of 2016 Nikon
developed the N-STORM system, capable of building
images with super resolution operating on this principle
[64]. According to the manufacturer, the system provides
a resolution of 20—30 nm in the transverse direction and
50 nm in the Z axis [61]. At the current stage of
developing this technique, the ways to solve the issue of
resolution and localization of overlapping source images
are being studied. This solution is important, as it will
accelerate data processing, and therefore — increase the
speed of getting images with super-resolution. Currently,
several algorithms for localization have been proposed
that permit to resolve individual images of radiation
sources even under significant overlap of their
images [62, 65].

. —_ —
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Fig. 4 Demonstration of the principle of single-molecule localization microscopy. (a) Standard fluorescence image.
(b) Sequential stochastic activation of small groups of emitters and their separate localization. (c) Determining the
location of individual emitters. (d) Reconstructed super-resolution image.
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Fig. 5 Schematic diagram of total internal reflection microscopy.

The idea of separate activation, registration and
subsequent processing of the received data images allows
obtaining ultra-high spatial resolution in the SMLM
method. However, it is necessary to choose a
compromise between temporal and spatial resolution,
since the accuracy of localization of single molecules
depends on the stability of the experimental setup and the
signal-to-noise ratio. As the ensemble of excited labels
increases, difficulties arise in processing images of
closely spaced and overlapping labels. Various
approaches are proposed to solve this problem.

An increase in resolution can be achieved by using
the phenomenon of total internal reflection. Total Internal
Reflection Fluorescence (TIRF) microscopy is based on
this principle. The phenomenon of total internal
reflection occurs when light passes through the boundary
between two media, provided that the first medium from
which the light originates is denser than the second
medium into which it enters. This condition is expressed
as n1 > ny where ny and n; are the refractive indexes of
the two media. By increasing the angle of incident light
on the interface between the two media, a critical angle
of incidence can be reached, at which the angle of
refraction becomes equal to n/2 and the reflected light
becomes completely internal. At this point, the light no
longer propagates in the second medium, but slides along
the interface. The value of the critical angle depends on
the refractive index of the media, and not on the
wavelength of the light. In the region where the incident
light experiences total internal reflection, there is a narrow
area where attenuated, non-propagating (evanescent) light
waves occur. These waves can excite fluorescence in a thin
layer of material, as shown in Fig. 5 [66].

The size of a typical living cell is several microns.
Radiation at the boundary between media with full
internal reflection penetrates to a depth of about
100 nm [67]. Therefore, TIRF microscopy allows
obtaining high contrast images of cell structures next to
the membrane adjacent to the cover glass of the sample
being studied, where total internal reflection occurs. The
sample is illuminated in a thin layer, leading to the fact
that there is no “illumination” of the image by

J of Biomedical Photonics & Eng 10(4) 2024

040202-9

fluorescence excited in structures deeper than 100 nm
from the cover glass. Using TIRF microscopy, fast
moving processes can be observed because the exposure
time for this method is short. The intensity of light in the
area of fluorescence excitation decays exponentially with
distance from where the light is incident. This feature
must be taken into account when evaluating fluorescence
at different depths — at the surface it will be more intense
than at the edges of the attenuated wave region. With an
equal content of fluorochrome, this fact will require
special image processing [66, 67].

As the light source for fluorescence excitation, lasers
and various lamps can be used. The choice of the light
source depends on the specific parameters of a particular
system. The use of white light is more convenient, since
any component necessary for work can be extracted from
it with the help of light filters [68]. But regardless of the
type of light source chosen, its rays should illuminate the
sample at an angle. There are 2 main methods for
illuminating a sample at an angle: using prisms or
through a specialized objective. When a prism is used,
the light source should be placed above the test sample
and there should be a system for the prisms configuration
correction for each test sample [69]. And when using
special objectives, the angle of light incidence on the
sample is adjusted by focusing the objective. An
important parameter of the objective is its numerical
aperture, since it determines the ability of the objective
to illuminate the sample at a certain angle. The higher the
numerical aperture value, the greater the angle of
incidence. For TIRF microscopy, the value of the
numerical aperture must exceed the value of the sample
refractive index. For instance, in biological tasks, this
requirement is met by objective with a numerical aperture
(NA) of 1.4. Prism-based systems allow operating in a
wide range of wavelengths, and have larger sensitivity.
The systems where lenses are used are easy to handle and
therefore widely used, but their capabilities regarding the
field of view size and sensitivity are smaller.

The interface between the media, where complete
internal reflection of light happens, is located between
the cover glass and the test sample, but for solving some
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specific research problems, it can be deeper. Owing to
focusing in deeper layers of the sample, it became
possible to see what was previously considered
inaccessible for observation, for example, a membrane of
a plant cell hidden under the cell wall [69]. Detection of
fluorescence in various parts of the spectrum can be
fulfilled automatically, the TIRF-microscopy system can
be combined with the visualization of fluorescence
recovery after photobleaching (FRAP) or fluorescence
resonance energy transfer (FRET).

Although TIRF microscopy does not provide super-
high resolution imaging, it does visualize structures at the
interface with high contrast inaccessible to other
approaches. This feature opens up new possibilities. The
combined use of TIRF microscopy and optical tweezers
opens up new possibilities for studying the physical
interactions between organelles. Specifically, it allows us
to study the interaction between the endoplasmic reticulum
and Golgi corpuscles in plant cells [70]. Currently, the
TIRF microscopy method is being used beyond biological
applications in other areas. For example, it is used for
visualization and study of kinetics in nanocatalysis [71]. In
Ref. [72], this technique was used to study the surface
dynamics of polyethylene terephthalate hydrolase. This is
important for the future development of polyethylene
terephthalate (PET) hydrolases.

4 Microscopy with Increased Axial
Resolution by Upgrading the Point
Spread Function

In the methods of fluorescence microscopy of single
molecules, wide-angle microscopes and 2D camera
detectors are normally used to localize molecules with an
accuracy significantly exceeding the diffraction limit. Due
to the limited number of photons available from each
emissive label (single molecule, nanoparticle, fluorescent
protein, quantum dot), these methods require a scrupulous
mathematical analysis and image processing. They allow
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getting the information about the projections of the
radiating labels location on the sample observation plane.
Much more information on the test object can be obtained
by extending it to the 3D localization of the emitters. While
working with a 2D projection, when there is no
information about the position of structures or their
dynamics in the axial direction, it is easy to miss important
information or make a mess of the data obtained. This
prevents a correct understanding of the structure and
processes taking place in the sample under study. By
means of scanning, the 3D information about the test
sample structure or position of a small luminous object can
be obtained. And this is exactly what is done in the
methods earlier described in the first part of the review:
laser scanning confocal microscopy, near-field optical
microscopy (by this method the information at a shallow
depth can be obtained), light sheet microscopy. In order to
obtain 3D information from a single 2D image, it is
necessary to modify the PSF of the microscopic system so
that it depended on the object position along the Z axis.
Then the information about the axial object location will
be encoded in its image [73]. To date, many options for the
microscope PSF upgrading are known, but the schematic
diagram of them is approximately the same (Fig. 6), and
represents an inverted 4f microscopic system. The PSF of
a standard microscope is changed by changing the phase
of the electromagnetic field in the Fourier plane of the 4f
system.

The most obvious and easily made PSF modification
is the addition of astigmatism to the system using
cylindrical lens [64]. Due to this, an astigmatic PSF can
be obtained, and by the change of the source image shape,
i.e., whether the ellipse is stretched along the X-axis or
the Y-axis, (Fig. 7), the Z coordinate of the radiating label
can be determined. However, the range for the Z
coordinate estimation is limited to 1-um depth. In section
2 the N-STORM system is described, functioning on this
principle and able to restore the longitudinal coordinate
with an accuracy of 50 nm.

SLM
(Phase mask)

V. %

CCD camera

Fig. 6 Diagram of experimental setup for modifying the PSF based on spatial phase modulation of the back focal plane

radiation. F — focal distance, SLM — spatial light modulator.
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D

Fig. 7 Images generated due to the PSF modifying into an astigmatic PSF. Scale 0.5 um (from Ref. [63]. Reprinted
with permission from AAAS).

EEEEE
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Fig. 8 Schematic images were obtained by converting PSF into an DH-PSF at different distances from the focus of the
objective.

-1.5 um

Another approach is based on the formation of a
rotating light field collected from a point radiation source
to determine the depth of the object by defocusing (Depth
from Defocus, DFD). A rotating PSF can have various
structure [74]. Thus, the PSF described in Refs. [75, 76],
is a bright spot, rotating around the center under
defocusing. For further processing, the easiest method is
the one that allows transformation of the microscope
classical PSF into two spots rotating during defocusing.
In this case, it is possible to explicitly associate the
longitudinal location of the radiating object with the
gradient of the straight line passing through the centers
of the rotating spots. The obtained two-lobe fluorescent
images can be analyzed using algorithms and programs
engineered for the analysis of fluorescent images, by the
methods of fluorescence microscopy of single molecules
described in the previous section. But these algorithms
and programs should be slightly supplemented, since
now it is necessary to analyze a pair of spots instead of
one. To make this modification of the microscope PSF,
several types of diffraction optical elements (DOE) were
offered. Their development is based on various
principles. A more detailed discussion of them is given
below.

It was proposed in Refs. [77, 78] to use the 5
Laguerre-Gauss modes superposition in order to obtain a
field with the intensity distribution in the form of 2 bright
spots rotating around their common center during
propagation (Fig. 8). The results of numerical modeling
for a linear system along with the experimental obtaining
of the proposed field using a calculated hologram are
presented. A low efficiency, about 2%, is reported for this
field formation. The authors draw a conclusion that the
generated field can be used as a PSF system for the tasks
of precise 3D-localization of luminous objects in optical
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microscopy. But for this, an increased energy efficiency
of its formation is necessary. It is shown in Ref. [79] that
using rotating fields, the depth estimation accuracy is
higher than that for classical microscopes with PSF,
representing the Airy function. The authors offer to
modify the microscope optical system in a way providing
the microscope PSF transformation into a superposition
of five Laguerre-Gauss modes, the same as in Ref. [78]).
As for information about the object depth, it is proposed
to obtain it by defining the transfer function of the
system. The transfer function, in turn, depends on the
value of the defocus parameter, which is related to the
position of the object, since the received image is a
convolution of the object field and the transfer function.
The authors of this work assert that this method of getting
information about the object depth is rather complicated.
For these purposes it is reasonable to use a simpler and
more efficient pre-built calibration curve for the depth
estimation based on the image rotation. In the article the
demonstration of the proposed method is also given. In
Ref. [80], a solution to the problem of low efficiency of
the two-lobe field generation is proposed. The authors
propose an algorithm to increase the efficiency of the
field formation, with the initial distribution of intensity
and phase of the field being a superposition of Laguerre-
Gauss modes. During the algorithm operation, the
intensity distribution is replaced by a homogeneous one
within the aperture boundaries. After this the field is
decomposed by Laguerre-Gauss basis functions. To
improve the efficiency of the field formation, 9 planes are
selected in the space where the field under study rotates
in the range from —90° to 90° through 2 Rayleigh lengths,
or Rayleigh ranges. In each of the planes, the intensity
distribution obtained due to the Fresnel transform, is
multiplied by the weight function. The weight function is
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two 2D Gaussian functions, it is located at the point of
the intensity maxima. Parameters of the functions
included in the weight function are chosen in such a way
that the width of the Gaussian functions coincides with
the maxima width. The reverse Fresnel transform is
carried out and the phase in the plane of the phase mask
is replaced with the received one. The efficiency of the
field generation using the phase mask and obtained as a
result of this algorithm was 56.8% according to the
modeling results and 37% according to the data received
in the experiment, where the phase profile was formed
with a spatial light modulator. The modified PSF of the
microscope is called a Double-Helix Point Spread
Function, DH-PSF.

After the publication of work [80], a series of papers
followed testifying to the effectiveness of using a two-
lobe field as the microscope PSF to get 3D information
about the position of a small luminous object in a sample
with sub-diffraction accuracy. The research described in
Ref. [81], demonstrates the possibility of the DH-PSF
application for visualization of weak emitters in
biological systems for tracking the quantum dots motion
in glycerin and in living cells. One more experimental
demonstration of this mask use for precise localization of
objects is given in Ref. [82]. A precise localization of the
molecules of photoactivated fluorophore, DCDHF
(2-dicyanoethylene-3-cyano-2,5-dihydrofuran
fluorophore) residing in the polymer matrix, is carried
out. The achieved accuracy is 10 nm in the transverse
direction and 20 nm in the longitudinal direction for a
sample of 2 um thickness. This exceeds the diffraction
limit by an order of magnitude. In Ref. [83], it is
proposed to take into consideration the molecular
radiation anisotropy. The polarization and intensity
distribution of the field emitted by a molecule is related
to its orientation in space. Disregard of this fact in
designing systems for the precise localization of
individual molecules, causes the errors of tens of
nanometers in the localization estimation, which is
unacceptable with an accuracy of the object position
evaluating of 10—15 nm. The author’s crew has proved
that using a 2-lobe field as a function of the microscope
PSF, it is possible to determine not only the exact
location of the molecule, but also its orientation in space.
Owing to the offered method use, the determination of
the location of molecules was significantly improved: the
dipole-induced location error was reduced, and the
standard deviation for transverse and longitudinal
localization was also lowered. The test object is localized
within an elementary volume, (Ax, Ay, Az)=(5, 5, 34) nm;
while previously proposed methods were limited to the
volume (AX, Ay, Az)=(25, 25, 116).

The probable wide use of two-lobe light fields in real
optical systems influenced by aberrations inspired the
studies of these fields for their resistance to aberrations.
Thus, in Ref. [84] the influence of spherical aberration is
studied, and in Ref. [85] the influence of coma and
astigmatism is investigated. As a result, it became
possible to develop a system capable of tracking RNA
COVID-19 in a cell with an accuracy of 10 nm [86], to
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identify nanoscale details of the MyosinH organization in
the apical complex of Toxoplasma gondii, with
localization accuracy of 12 nm in the transverse direction
and 22 nm in the axial direction [87], to produce 3D
localization of individual atoms in an optical lattice [88],
imaging of whole mammalian cells [89].

Thus, in Ref. [86] a team of authors proposed to build
an “unconventional” two-lobe point spread function
(unconventional DH-PSF), with the controllable
parameters, such as energy efficiency, transverse size and
localization accuracy of the luminous source. By
changing these characteristics, it is possible to obtain a
PSF with the parameters required for a specific task and
a certain sample. In the work, a 2-lobe field is generated,
which is later used for 3-D localization, suitable for
typical background conditions of the experiment. The
development of a phase element providing the
“unconventional two-lobe PSF” formation is based on a
regularity revealed by the authors. If optical vortices of
the first order are located along the axis, then the beam
energy will be divided into 2 lobes. The impact of the
number of vortices on the intensity distribution was
studied by the authors and it was found that with an
increase in the number of optical vortices, the efficiency
of the 2-lobe field formation rises. But at the same time
an increase in the image transverse size is observed. For
an effective localization of molecules, a high efficiency
of the field formation and a small transverse size of the
resulting image are obligatory, therefore it is necessary to
find the optimal efficiency-and-size combination, and
consequently — the optimal vortices number. The search
of these optimal values was fulfilled with the same
unchanged number of vortices, N =9, and the distance
between them changed. The aperture of the pupil also
remained unchanged. The localization accuracy was
estimated using the Cramér-Rao inequality. It was
illustrated that the field proposed by the authors of this
work gives better results than the field proposed in article
[79], but the depth of field (depth of focus) here is only
1.2 um, whereas for the field from Ref. [79] this value is
2 pm.

The capabilities of the proposed phase mask and the
“unconventional two-lobe PSF” obtained with its help
are demonstrated by visualizing microtubules in mice
cells, fulfilled using the obtained PSF. The tubes are
marked with a fluorescent dye, excited by laser radiation.
The re-emitted light passes through a system where the
PSF is modified by means of the calculated element, and
is recorded by an EMCCD camera (Electron Multiplying
Charge-Coupled Device). This method used for getting
the information about the fluorescent dye molecules
position in 3-D space, is called Super-resolution Photon-
efficient Imaging by Nanometric Double-helix-PSF
Localization of Emitters (SPINDLE). By applying this
algorithm, it is possible to localize the emitting object in
an elementary volume (AX, Ay, Az) = (2.5, 3.8, 16.5) nm
when 6000 photons from the source are detected, and in
a volume (AX, Ay, Az) = (22, 29, 52) nm while detecting
1100 photons from the emitter. And the background
noise of 30 photons per pixel was typical.
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To form a light field with the required rotation
parameters and intensity distribution structure, it is
reasonable to refer to the structured light fields
properties. Thus, in Ref. [90] a method was proposed to
obtain diffractive optical elements (DOE) for the 2-lobe
light field formation, based on the spiral beam’s optics
[91]. A further development of the method made it
possible to develop a DOE optimized for a specific
system with an increased efficiency [92, 93]. This
allowed for upgrade of the spatial and temporal
resolution characteristics. The capabilities of the
obtained system are presented in Ref. [94]. A resolution
about 10 nm the for single colloidal quantum dots was
achieved for all 3 spatial coordinates, and for an exposure
time of about 100 ms.

An alternative method is proposed in Refs. [95, 96]
for making a phase mask for the formation of fields
rotating during propagation. In Ref. [95] a simple and
effective method for generating rotating light fields is
offered. Here a phase mask is used consisting of sectors
(or spiral sections) filled with discrete phase levels
ranging from 0 to 2w. The authors consider these spiral
phase masks suitable for spatial modulation of light. The
calculation algorithm for the mask phase was developed
for a general selection of topological charges in radial
and azimuthal zones, which provides controllability of
the generated rotating field. The results of numerical
modeling and experiments, demonstrating rotation of
3-lobe and 4-lobe fields during defocusing, are also
presented. It is shown that during propagation, the
dependence of the rotation angle of the field intensity
distribution on the defocusing value corresponds to the
arctangent function. Defocusing is understood as a
displacement of the observation plane from the image
plane along the axis of the beam propagation. The
gradient of the linear part of the obtained dependence
rises with the increase of both numerical aperture of the
optics used and the number of phase levels of the spiral
phase mask. The same researchers team reported on the
obtainment of a phase mask capable of the formation of
a two-lobe field in Ref. [96], and the algorithm for
calculating the spiral phase used by this team was the
same as in the previous work [95]. The rotation speed of
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the field being generated was controlled by variation of
two main parameters of the spiral phase mask: the
number of radial zones and phase difference in the
neighboring sectors. Characteristics of the fields
generated by these masks were studied through
numerical modeling. As a result of this numerical
modeling, the influence of the number of radial zones and
phase gradations on the resulting fields properties was
determined. To prove the revealed dependences, a full-
scale experiment was carried out, and its results were
consistent with the numerical modeling results

In works [97—-99], for 3D localization it is proposed
to use a tetrapod point spread function (Tetrapod PSF),
the intensity distribution structure of which is more
complex as compared to an astigmatic or double-helical
PSF. The peculiarity of the tetrapod PSF is that it can
provide detection of emitting objects at larger depths,
compared to the above-described methods: 1 pm for
astigmatic and 2 pm for double-spiral PSF. In Ref. [97]
the use of tetrapod PSF is demonstrated for localization
at depths of 20 um (in the experiment carried out with a
microchannel system) and 6 um (in tracking of quantum
dots attached to lipid molecules diffusing in the cellular
membranes of mammalian cells). In a series of
experiments at depths of 6 um and 20 um, the same
optical system was used. The element forming the
tetrapod PSF was obtained using a multi-element liquid
crystal spatial light modulator (LC SLM). This enabled
the researcher to dynamically control the structure of the
generated field and change the PSF depending on the test
sample. The phase distribution needed for the generation
of tetrapod PSF was calculated using an algorithm.
Accounting for the system parameters (magnification,
numerical aperture, noise and signal levels), a numerical
image model was constructed. The image model was
used to solve the problem of finding the phase
distribution in the Fourier plane that could provide the
dependence of the system PSF on the depth of occurrence
of the point source. This strict condition imposed on the
PSF, forces researchers to solve a number of tasks for the
parameter’s minimization, therefore an optimization
program was specially developed for these purposes.

0 um

3 um

Fig. 9 (a) Phase distribution in the Fourier plane of the 4f system. Intensity distributions: (b) numerically calculated,
(c) experimentally obtained (taken from Ref. [97]).

1 um
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The optimization program was used for various depths of
determining the point source location, from 2 to 20 pm.
In the course of this program operation, a whole family
of phase filters was obtained for the formation of tetrapod
PSF needed for various conditions. The found PSFs
consisted of 2 separate fractions, and the transverse
distance between them raised while the emitter was
moving away from the focal plane of the microscope
lens. The type of phase distribution in the Fourier plane
and the type of tetrapod PSF, found by the calculation
and experimentally obtained in various sections along the
Z axis, are shown in Fig. 9.

The modification of the microscopic system PSF
provides new possibilities for making nanoscopes based
on optical microscopes that are capable of displaying the
3D structure of the test sample. The PSF can be formed
for a specific task, whether it is required to get a precise
localization, ~1 nm, at a shallow depth >1 um; or vice
versa — a less accurate localization, 40—50 nm, but at a
greater depth, say up to 20 pm.

However, the use of microscopes with modified PSF
has its own difficulties related to various factors: post-
processing of images, choice of optimal algorithms for its
obtainment, selection of concentrations of fluorescent
labels, resolution of images overlapped from neighboring
labels, the sample drift. Nevertheless, despite the
difficulties these methods show imposing results. In 2019
in the USA, the company “Double Helix Optics” was
established, that made a commercial offer for the set-top
box attached to microscopes [100]. With this attachment
it is possible to obtain 3D images with nanometric
resolution due to replaceable phase masks that provide
the PSF modification of the system. The localization
depth declared by the manufacturer is 20 pm, and the
accuracy of coordinate’s estimation is 25 nm. So, for a
specific task it is possible to select a PSF required for the
work in certain conditions. But manufacturers warn that
the user will need to choose what is more important for
him in each particular case: a larger localization depth or
a higher accuracy in determining the point source
location. The set of phase masks includes elements for
getting DH PSF, tetrapod PSF, multi-color visualization,
and elements providing larger depth. Besides, special
software is also supplied complete with the set-top box
for constructing a 3D image by the images obtained.

Thus, the modification of the PSF system allows one
to obtain information about the position of luminous
marks in 3D space from 2D images. Due to the large set
of statistics, one can obtain ultra-high resolution. By
choosing different types of modified PSF, one can
localize one can localize luminous point sources at
different depths or in a relatively thin layer, but with high
accuracy. The accuracy of localization of single
molecules depends on the stability of the experimental
setup and the signal-to-noise ratio. The use-related
approach continues to offer new DOE options for
implementing 3D visualization [101] and to develop
algorithms for working in a large field of view [102].
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5 Hybrid Methods of Super Resolution
Microscopy

Various methods of super resolution microscopy with
their benefits and disadvantages have been considered in
this review. Lately, works have been published
describing systems where various methods are combined
in order to obtain the most complete information about
studied samples.

In Ref. [103], a system is described that combines the
method of super resolution microscopy based on the use
of photonic nanojets formed by transparent microobjects,
with laser scanning confocal microscopy. To combine
these two methods, the researchers placed microspheres
in random order on the sample upper surface. To locate
the microspheres on the sample upper surface, a solution
of microspheres made of melted silicon dioxide (d = 2.5;
5; 7.5 um, Nspnere = 1,47) and polystyrene (d =5 pm,
Nsphere = 1.62) was first poured onto the sample, and then
evaporated. After the liquid component evaporation, the
image of the sample was obtained with the aid of a
confocal microscope using a laser light source with
A =408 nm. In this way the image of an anode template
made of aluminum oxide with holes of 25-nm diameter
and a distance between them of 50 nm was recorded. In
the resulting images holes are resolvable. Unfortunately,
the authors did not provide any data on the intensity
measurements or modulation for the fulfilled
experiments, so it is problematic to compare the hybrid
method with other methods and estimate the resolution.
Besides, it is important to note that these impressively
small-size elements were displayed with a laser light
source, which provides the increased illumination power
and reflected light intensity. One more quite important
factor is the use of a confocal microscope, which ensures
a higher resolution than a classical optical microscope
due to the PSF change.

The construction of an ultra-sensitive nano
immunosensor is described in Ref. [104]. The imaging
system of this sensor is based on a joint use of methods
of the microscope PSF modification for 3D localization
of an object (the Airy disk is converted into an astigmatic
PSF) and light-sheet microscopy. The researchers
obtained images of plasmonic nanoimmunosensors
consisting of specially processed couples of gold and
silver nanoparticles of a certain size. Visualization was
carried out in 1000 sections (500 sections above the focal
plane and 500 — below the focal plane) with a pace of
10 nm. Basing on the difference in images of gold and
silver nanoparticles, the distance between them was
measured, it was 23 + 3 nm for the concentration of 7.8
Zeptomol (zepto =10?Y). The distances between the
nanoparticles were estimated for different virus
concentrations, and measurements were carried out from
23 to 48 nm. The earlier unknown concentration of the
virus has been estimated in a sample of lettuce leaves. In
the future the offered method may prove to be a reliable
way for the virus molecules detecting at the level of a
single molecule.
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Another example of combining the capabilities of
light-sheet microscopy with the PSF modification is
given in Ref. [105]. The tilted light sheet microscopy
with 3D point spread functions (TILT 3D) combines a
new approach of sample illumination with an inclined
light sheet and the use of PSF operating in a wide axial
range (i.e. working depth along the Z axis) for
3D super-localization of individual molecules, as well as
for 3D super-resolution of visualization in thick cells.
Since the axial position of a single emitting particle is
encoded in its image structure, and not in the position or
thickness of the light sheet illuminating the sample, the
requirements to the light sheet in this approach are not so
rigid, and the extremely thin beam formation is also not
required. The system described in this paper is based on
a standard inverted microscope and has a small number
of specially manufactured parts and assemblies, which
makes it quite affordable. With this device, a 3D-
visualization with super resolution (~10 nm) can be
performed in thick mammalian cells.

A system presented in Ref. [106], allows for 3D
mapping of the sample temperature. The PSF
modification into a DH-PSF makes it possible to receive
3D information. Photoluminescence of quantum dots is
closely connected with temperature, and a linear
dependence has been established between the change in
the wavelength of the fluorescence intensity peak and the
temperature change. And this dependence was used by
the authors in their work. This means that quantum dots
can be used as nanoscale materials for the temperature
measurements, while the temperature is estimated by the
photoluminescence spectrum of quantum dots inserted in
the sample. In the obtained system, the radiation
collected from the sample was divided into 2 recording
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channels, one was for determination of the spectral
characteristics of their radiation, and the other — for the
3D localization of the emitting quantum dot. In the
experiments a simultaneous measurement of temperature
was demonstrated carried out in different points of the
sample of living cancer cells of liver during the time t =
300 s.

6 Conclusion

The review presents modern methods for increasing the
spatial resolution of optical microscopes. Table 1
summarizes the features of the high-resolution
microscopy methods considered in this review. These
methods make it possible to distinguish smaller details in
the image of a sample, by an order of magnitude smaller
than the diffraction limit. These approaches combine the
latest scientific and technological achievements with the
innovative ideas of their creators. By using the features
of different methods, new opportunities are opened for
studying samples. It is possible to obtain not only 3D
information about the sample’s structure, but also
information about its spectral, thermal, and
compositional properties, which is important for
biomedical applications. This gives hope that the efforts
of the scientific community to develop high-resolution
imaging techniques will lead to the creation of more
efficient and versatile microscopy methods that will
allow obtaining more comprehensive information about
the objects being studied.

Disclosures

The authors declare no conflicts of interest.

1.

F.-Y. Zhu, L.-J. Mei, R. Tian, C. Li, Y.-L. Wang, S.-L. Xiang, M.-Q. Zhu, and B. Z. Tang, “Recent advances in
super-resolution optical imaging based on aggregation-induced emission,” Chemical Society Reviews 53(7), 3350—
3383 (2024).

P. Gupta, N. Rai, A. Verma, and V. Gautam, “Microscopy based methods for characterization, drug delivery, and
S. So, M. Kim, D. Lee, D. M. Nguyen, and J. Rho, “Overcoming diffraction limit: From microscopy to nanoscopy,”
D. V. Prokopova, S. P. Kotova, “Modern optical microscopy. Part 1,” Journal of Biomedical Photonics & Engineering
A. Darafsheh, G. F. Walsh, L. Dal Negro, and V. N. Astratov, “Optical super-resolution by high-index liquid-
A. V. Maslov, V. N. Astratov, “Optical nanoscopy with contact Mie-particles: Resolution analysis,” Applied Physics
Yu. E. Geints, A. A. Zemlyanov, and E. K. Panina, “Peculiarities of photonic nanojet formation from multilayer
G. Huszka, M. A. M. Gijs, “Super-resolution optical imaging: A comparison,” Micro and Nano Engineering 2, 7-28

X. Li, Z. Chen, A. Taflove and V. Backman, “Optical analysis of nanoparticles via enhanced backscattering facilitated

S. Lecler, Y. Takakura, and P. Meyrueis, “Properties of a three-dimensional photonic jet,” Optics Letters 30(19),

> understanding the dynamics of nanoparticles,” Medicinal Research Reviews 44(1), 138-168 (2024).
> Applied Spectroscopy Reviews 53(2—4), 290-312 (2018).
* 9(4), 040202 (2023).
> immersed microspheres,” Applied Physics Letters 101(14), 141128 (2012).
> Letters 110(26), 261107 (2017).
" spherical microparticles,” Atmospheric and Oceanic Optics 24(6), 587-592 (2011).
> (2019).
9.
by 3-D photonic nanojets,” Optics Express 13(2), 526-533 (2005).
1 2641-2643(2005).
11.

J of Biomedical Photonics & Eng 10(4) 2024

J. J. Schwartz, S. Stavrakis, and S. R. Quake, “Colloidal lenses allow high-temperature single-molecule imaging and
improve fluorophore photostability,” Nature Nanotechnology 5(2), 127-132 (2010).

040202-15 26 Dec 2024 © J-BPE


https://doi.org/10.1039/D3CS00698K
https://doi.org/10.1039/D3CS00698K
https://doi.org/10.1002/med.21981
https://doi.org/10.1002/med.21981
https://doi.org/10.1080/05704928.2017.1323309
http://dx.doi.org/10.18287/JBPE23.09.040202
http://dx.doi.org/10.1063/1.4757600
http://dx.doi.org/10.1063/1.4757600
http://dx.doi.org/10.1063/1.4989687
http://dx.doi.org/10.1134/S1024856011060078
http://dx.doi.org/10.1134/S1024856011060078
http://dx.doi.org/10.1016/j.mne.2018.11.005
http://dx.doi.org/10.1364/OPEX.13.000526
http://dx.doi.org/10.1364/OPEX.13.000526
http://dx.doi.org/10.1364/OL.30.002641
http://dx.doi.org/10.1038/nnano.2009.452
http://dx.doi.org/10.1038/nnano.2009.452

D.V. Prokopova and S.P. Kotova: Modern Optical Microscopy. Part 2 doi: 10.18287/JBPE24.10.040202

12
13

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

S. M. Mansfield, G. S. Kino “Solid immersion microscope,” Applied Physics Letters, 57(24), 2615-2616 (1990),.

J. B. Pendry, “Negative refraction makes a perfect lens,” Physical Review Letters 85(18), 3966-3969 (2000).

Z. Chen, A. Taflove, and V. Backman, “Photonic nanojet enhancement of backscattering of light by nanoparticles: a
potential novel visible-light ultramicroscopy technique,” Optics Express 12(7), 1214-1220 (2004).

C. M. Ruiz, J. J. Simpson, “Detection of embedded ultra-subwavelength-thin dielectric features using elongated
photonic nanojets”, Optics Express 18(16), 16805-16812 (2010).

J. Y. Lee, B. H. Hong, W. Y. Kim, S. K. Min, Y. Kim, M. V. Jouravlev, R. Bose, K. S. Kim, I.-C. Hwang, L. J.
Kaufman, C. W. Wong, P. Kim, and K. S. Kim, “Near-field focusing and magnification through self-assembled
nanoscale spherical lenses,” Nature 460(7254), 498-501 (2009).

Z. Wang, W. Guo, L. Li, B. Luk’yanchuk, A. Khan, Z. Liu, Z. Chen, and M. Hong, “Optical virtual imaging at 50
nm lateral resolution with a white-light nanoscope,” Nature Communications 2(1), 218 (2011).

M. Kim, T. Scharf, S. Miihlig, C. Rockstuhl, and H. P. Herzig, “Engineering photonic nanojets,” Optics Express
19(11), 10206-10220 (2011).

M. Kim, T. Scharf, M. Brun, S. Olivier, S. Nicoletti, and H. P. Herzig, “Advanced optical characterization of micro
solid immersion lens,” Proceedings of SPIE 8430, 84300E (2012).

D. Kang, C. Pang, S. M. Kim, H. S. Cho, H. S. Um, Y. W. Choi, and K. Y. Suh, “Shape-controllable microlens arrays
via direct transfer of photocurable polymer droplets,” Advanced Materials 24(13), 1709-1715 (2012).

V. N. Astratov, A. V. Maslov, K. W. Allen, N. Farahi, Y. Li, A. Brettin, N. I. Limberopoulos, D. E. W. Jr, A. M.
Urbas, V. Liberman, and M. Rothschild, “Fundamental limits of super-resolution microscopy by dielectric
microspheres and microfibers,” Proceedings of SPIE 9721, 97210K (2016).

Yu. E. Geints, A. A. Zemlyanov, and E. K. Panina, “Controlling the parameters of photon nanojets of composite
microspheres,” Optics and Spectroscopy 109(4), 590-595 (2010).

Optonano Microsphere-Assisted  Super-Resolution  Microscopes, OptoSigma (accessed 22 May 2024).
[https://www.optosigma.com/eu_en/optonano-microsphere-assisted-super-resolution-microscopes-PT-ONANO.
html?___ store=eu_en& _ from_store=us_en].

D. Grojo, N. Sandeau, L. Boarino, C. Constantinescu, N. De Leo, M. Laus, and K. Sparnacci, “Bessel-like photonic
nanojets from core-shell sub-wavelength spheres,” Optics Letters 39(13), 3989-3992 (2014).

Yu. E. Geints, A. A. Zemlyanov, and E. K. Panina, “Spatial and energy characteristics of nanofields in the vicinity
of isolated spherical particles,” Atmospheric and Oceanic Optics 23(8), 666—674 (2010). [In Russian]

Yu. E. Geints, E. K. Panina, and A. A. Zemlyanov, “Comparative analysis of spatial shapes of photonic jets from
spherical dielectric microparticles,” Atmospheric and Oceanic Optics 25(5), 338—345 (2012).

Y. Shen, L. V. Wang, and J. Shen, “Ultralong photonic nanojet formed by a two-layer dielectric microsphere,” Optics
Letters 39(14), 4120-4123 (2014).

G. Gu, R. Zhou, Z. Chen, H. Xu, G. Cai, Z. Cai, and M. Hong, “Super-long photonic nanojet generated from liquid-
filled hollow microcylinder,” Optics Letters 40(4), 625-628 (2015).

T. Jalali, D. Erni, “Highly confined photonic nanojet from elliptical particles,” Journal of Modern Optics 61(13),
1069-1076 (2014).

R. Chen, J. Lin, P. Jin, M. Cada, and Y. Ma, “Photonic nanojets generated by rough surface micro-cylinders,” IEEE
28th Canadian Conference on Electrical and Computer Engineering (CCECE), 1393-1397 (2015).

S. Lee, L. Li, Y. Ben-Aryeh, Z. Wang, and W. Guo, “Overcoming the diffraction limit induced by microsphere optical
nanoscopy,” Journal of Optics 15(12), 125710 (2013).

A. Darafsheh, N. I. Limberopoulos, J. S. Derov, D. E. Walker, and V. N. Astratov, “Advantages of microsphere-
assisted super-resolution imaging technique over solid immersion lens and confocal microscopies,” Applied Physics
Letters 104(6), 061117 (2014).

H. Yang, N. Moullan, J. Auwerx, and M.A. Gijs, “Super-resolution biological microscopy using virtual imaging by
a microsphere nanoscope,” Small 10(9), 1712-1718 (2014).

A. Darafsheh, C. Guardiola, J. Finlay, A. Carabe, and D. Nihalani, “Simple super-resolution biological imaging,”
SPIE Newsroom, 29 April 2015 (accessed 27 May 2024) [https://www.spie.org/news/5912-simple-super-resolution-
biological-imaging].

A. Darafsheh, C. Guardiola, A. Palovcak, J.C. Finlay, and A. Cérabe, “Optical super-resolution imaging by high-
index microspheres embedded in elastomers,” Optics Letters 40(1) 5-8 (2015),

H. Yang, M. A. Gijs, “Optical microscopy using a glass microsphere for metrology of sub-wavelength
nanostructures,” Microelectronic Engineering 143, 86—90 (2015).

W. Fan, B. Yan, Z. Wang, and L. Wu, “Three-dimensional all-dielectric metamaterial solid immersion lens for
subwavelength imaging at visible frequencies,” Science Advances 2(8), €1600901 (2016).

P. Ghenuche, J. de Torres, P. Ferrand, and J. Wenger, “Multi-focus parallel detection of fluorescent molecules at
picomolar concentration with photonic nanojets arrays,” Applied Physics Letters 105(13), 131102 (2014).

B. Du, Y. Ye, J. Hou, M. Guo, and T. Wang, “Sub-wavelength image stitching with removable microsphere-
embedded thin film,” Applied Physics A 122(1), 15 (2016),

J of Biomedical Photonics & Eng 10(4) 2024 040202-16 26 Dec 2024 © J-BPE


http://dx.doi.org/10.1063/1.103828
http://dx.doi.org/10.1103/PhysRevLett.85.3966
http://dx.doi.org/10.1364/OPEX.12.001214
http://dx.doi.org/10.1364/OPEX.12.001214
http://dx.doi.org/10.1364/OE.18.016805
http://dx.doi.org/10.1364/OE.18.016805
http://dx.doi.org/10.1038/nature08173
http://dx.doi.org/10.1038/nature08173
http://dx.doi.org/10.1038/ncomms1211
http://dx.doi.org/10.1038/ncomms1211
http://dx.doi.org/10.1364/OE.19.010206
http://dx.doi.org/10.1117/12.921871
http://dx.doi.org/10.1117/12.921871
http://dx.doi.org/10.1002/adma.201104507
http://dx.doi.org/10.1002/adma.201104507
http://dx.doi.org/10.1117/12.2212762
http://dx.doi.org/10.1117/12.2212762
https://doi.org/10.1134/S0030400X10100164
https://doi.org/10.1134/S0030400X10100164
https://www.optosigma.com/eu_en/optonano-microsphere-assisted-super-resolution-microscopes-PT-ONANO.html?___store=eu_en&___from_store=us_en
https://www.optosigma.com/eu_en/optonano-microsphere-assisted-super-resolution-microscopes-PT-ONANO.html?___store=eu_en&___from_store=us_en
http://dx.doi.org/10.1364/OL.39.003989
http://dx.doi.org/10.1364/OL.39.003989
https://ao.iao.ru/ru/content/vol.23-2010/iss.08/6
https://ao.iao.ru/ru/content/vol.23-2010/iss.08/6
https://dx.doi.org/10.1134/S102485601205003X
https://dx.doi.org/10.1134/S102485601205003X
http://dx.doi.org/10.1364/OL.39.004120
http://dx.doi.org/10.1364/OL.40.000625
http://dx.doi.org/10.1364/OL.40.000625
http://dx.doi.org/10.1080/09500340.2014.920056
http://dx.doi.org/10.1109/CCECE.2015.7129483
http://dx.doi.org/10.1088/2040-8978/15/12/125710
http://dx.doi.org/10.1088/2040-8978/15/12/125710
http://dx.doi.org/10.1063/1.4864760
http://dx.doi.org/10.1063/1.4864760
http://dx.doi.org/10.1002/smll.201470055
http://dx.doi.org/10.1002/smll.201470055
http://dx.doi.org/10.1117/2.1201503.005912
http://dx.doi.org/10.1364/OL.40.000005
http://dx.doi.org/10.1364/OL.40.000005
http://dx.doi.org/10.1016/j.mee.2015.03.072
http://dx.doi.org/10.1016/j.mee.2015.03.072
http://dx.doi.org/10.1126/sciadv.1600901
http://dx.doi.org/10.1126/sciadv.1600901
http://dx.doi.org/10.1063/1.4896852
http://dx.doi.org/10.1063/1.4896852
http://dx.doi.org/10.1007/s00339-015-9528-y
http://dx.doi.org/10.1007/s00339-015-9528-y

D.V. Prokopova and S.P. Kotova: Modern Optical Microscopy. Part 2 doi: 10.18287/JBPE24.10.040202

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

L. A. Krivitsky, J. J. Wang, Z. Wang, and B. Luk&apos;yanchuk, “Locomotion of microspheres for super-resolution
imaging,” Scientific Reports 3(1), 3501 (2013).

J. Li, W. Liu, T. Li, I. Rozen, J. Zhao, B. Bahari, B. Kante, and J. Wang, “Swimming microrobot optical nanoscopy,”
Nano Letters 16(10), 66046609 (2016).

F. Wang, L. Liu, H. Yu, Y. Wen, P. Yu, Z. Liu, Y. Wang, and W. J. Li, “Scanning superlens microscopy for non-
invasive large field-of-view visible light nanoscale imaging,” Nature Communications 7(1), 13748 (2016).

M. Duocastella, F. Tantussi, A. Haddadpour, R. P. Zaccaria, A. Jacassi, G. Veronis, A. Diaspro, and F. D. Angelis,
“Combination of scanning probe technology with photonic nanojets,” Scientific Reports 7(1), 3474 (2017).

G. Huszka, H. Yang, and M. A. M. Gijs, “Microsphere-based super-resolution scanning optical microscope,” Optics
Express 25(13), 15079-15092 (2017).

G. Huszka, M. A. M. Gijs, “Turning a normal microscope into a super-resolution instrument using a scanning
microlens array,” Scientific Reports 8(1), 601 (2018).

F. Wang, L. Liu, P. Yu, Z. Liu, H. Yu, Y. Wang, and W. J. Li, “Three-dimensional super-resolution morphology by
near-field assisted white-light interferometry,” Scientific Reports 6(1), 24703 (2016).

S. Perrin, P. Montgomery, and S. Lecler, “Super-resolution imaging within reach,” Optical Engineering 58(5),
050501 (2019).

R. Horstmeyer, R. Heintzmann, G. Popescu, L. Waller, and C. Yang, “Standardizing the resolution claims for
coherent microscopy,” Nature Photonics 10(2), 68—71 (2016).

G. Wu, M. Hong, “Optical microsphere nano-imaging: progress and challenges,” Engineering 36, 102-123 (2024).
S. W. Hell, J. Wichmann, “Breaking the diffraction resolution limit by stimulated emission: stimulated-emission-
depletion fluorescence microscopy,” Optics Letters 19(11), 780—782 (1994).

V. Westphal, S. O. Rizzoli, M. A. Lauterbach, D. Kamin, R. Jahn, and S. W. Hell, “Video-rate far-field optical
nanoscopy dissects synaptic vesicle movement,” Science 320(5873), 246249 (2008).

S. W. Hell, K. Willig, M. Dyba, S. Jakobs, L. Kastrup, and V. Westphal, “Nanoscale resolution with focused light:
STED and other RESOLFT microscopy concepts,” Chapter 31 in Handbock of Biological Confocal Microscopy, 3rd
Ed., Springer New York, New York, 571-579 (2006).

S. W. Hell, “Nanoscopy with focused light (Nobel Lecture),” Angewandte Chemie International Edition 54(28),
8054-8066 (2015).

F. Bottanelli, E. B. Kromann, E. S. Allgeyer, R. S. Erdmann, S. Wood Baguley, G. Sirinakis, A. Schepartz, D.
Baddeley, D. K. Toomre, J. E. Rothman, and J. Bewersdorf, “Two-colour live-cell nanoscale imaging of intracellular
targets,” Nature Communications 7(1), 10778 (2016).

F. Gottfert, T. Pleiner, J. Heine, V. Westphal, , D. Gorlich, S. J. Sahl, and S. W. Hell, “Strong signal increase in
STED fluorescence microscopy by imaging regions of subdiffraction extent,” Proceeding of the National Academy
of Science of the USA 114(9), 2125-2130 (2017).

M. Weber, H. Von Der Emde, M. Leutenegger, P. Gunkel, S. Sambandan, T. A. Khan, J. Keller-Findeisen, V. C.
Cordes, and S. W. Hell, “MINSTED nanoscopy enters the Angstrém localization range,” Nature Biotechnology
41(4), 569-576 (2023).

M. Weber, M. Leutenegger, S. Stoldt, S. Jakobs, T. S. Mihaila, A. N. Butkevich, and S. W. Hell, “MINSTED
fluorescence localization and nanoscopy,” Nature Photonics 15(5), 361-366 (2021).

J. Wang, Z. Zhang, H. Shen, Q. Wu, and M. Gu, “Application and development of fluorescence probes in MINFLUX
nanoscopy (invited paper),” Journal of Innovative Optical Health Sciences 16(01), 2230011 (2023).

H. Shroff, H. White, and E. Betzig, “Photoactivated localization microscopy (PALM) of adhesion complexes,”
Current Protocols in Cell Biology 41(1), 4.21.1-4.21.27 (2008).

M. J. Rust, M. Bates, and X. Zhuang, “Sub-diffraction-limit imaging by stochastic optical reconstruction microscopy
(STORM),” Nature Methods 3(10), 793-796 (2006).

E. Betzig, G. H. Patterson, R. Sougrat, O. W. Lindwasser, S. Olenych, J. S. Bonifacino, M. W. Davidson, J.
Lippincott-Schwartz, and H. F. Hess, “Imaging intracellular fluorescent proteins at nanometer resolution,” Science
313(5793), 1642-1645 (2006).

R. Piestun, A. Basic, 3D localization and imaging of dense arrays particle, 14/777361 Patent Number, Date of Patent:
19 May 2020, USA.

B. Huang, W. Wang, M. Bates, and X. Zhuang , “Three-dimensional super-resolution imaging by stochastic optical
reconstruction microscopy,” Science 319(5864), 810-813 (2008).

N-STORM Super-Resolution Microscope System (accessed 30 May 2024). [https://www.microscope.
healthcare.nikon.com/en_EU/products/super-resolution-microscopes/n-storm-super-resolution].

A. J. Barsic, Localization of Dense Clusters of Nanoscale Emitters for Super-resolution Microscopy, Doctoral Thesis,
University of Colorado at Boulder, 145 (2014).

G. Huszka, M. A. M. Gijs, ““Super-resolution optical imaging: A comparison,” Micro and Nano Engineering 2, 7-28
(2019).

B. Hecht, H. Heinzelmann, and D. W. Pohl, “Combined aperture SNOM/PSTM: best of both worlds?,”
Ultramicroscopy 57 (2-3), 228-234 (1995).

J of Biomedical Photonics & Eng 10(4) 2024 040202-17 26 Dec 2024 © J-BPE


http://dx.doi.org/10.1038/srep03501
http://dx.doi.org/10.1038/srep03501
http://dx.doi.org/10.1021/acs.nanolett.6b03303
http://dx.doi.org/10.1038/ncomms13748
http://dx.doi.org/10.1038/ncomms13748
http://dx.doi.org/10.1038/s41598-017-03726-5
http://dx.doi.org/10.1364/OE.25.015079
http://dx.doi.org/10.1038/s41598-017-19039-6
http://dx.doi.org/10.1038/s41598-017-19039-6
http://dx.doi.org/10.1038/srep24703
http://dx.doi.org/10.1038/srep24703
http://dx.doi.org/10.1117/1.OE.58.5.050501
http://dx.doi.org/10.1038/nphoton.2015.279
http://dx.doi.org/10.1038/nphoton.2015.279
https://doi.org/10.1016/j.eng.2023.10.019
http://dx.doi.org/10.1364/OL.19.000780
http://dx.doi.org/10.1364/OL.19.000780
http://dx.doi.org/10.1126/science.1154228
http://dx.doi.org/10.1126/science.1154228
http://dx.doi.org/10.1007/978-0-387-45524-2_31
http://dx.doi.org/10.1007/978-0-387-45524-2_31
https://doi.org/10.1002/anie.201504181
https://doi.org/10.1038/ncomms10778
https://doi.org/10.1038/ncomms10778
http://dx.doi.org/10.1073/pnas.1621495114
http://dx.doi.org/10.1073/pnas.1621495114
https://doi.org/10.1038/s41587-022-01519-4
https://doi.org/10.1038/s41566-021-00774-2
https://doi.org/10.1038/s41566-021-00774-2
http://doi.org/10.1142/S1793545822300117
http://doi.org/10.1142/S1793545822300117
http://dx.doi.org/10.1002/0471143030.cb0421s41
http://dx.doi.org/10.1038/nmeth929
http://dx.doi.org/10.1038/nmeth929
http://dx.doi.org/10.1126/science.1127344
http://dx.doi.org/10.1126/science.1153529
http://dx.doi.org/10.1126/science.1153529
https://www.microscope.healthcare.nikon.com/en_EU/products/super-resolution-microscopes/n-storm-super-resolution
https://www.microscope.healthcare.nikon.com/en_EU/products/super-resolution-microscopes/n-storm-super-resolution
http://dx.doi.org/10.1016/j.mne.2018.11.005
http://dx.doi.org/10.1016/0304-3991(94)00144-C

D.V. Prokopova and S.P. Kotova: Modern Optical Microscopy. Part 2 doi: 10.18287/JBPE24.10.040202

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

93.

94.

A. L. Mattheyses, S. M. Simon, and J. Z. Rappoport, “Imaging with total internal reflection fluorescence microscopy
for the cell biologist,” Journal of Cell Science 123(21), 3621-3628 (2010).

M. L. Martin-Fernandez, C. J. Tynan, and S. E. D. Webb, “A ‘pocket guide’ to total internal reflection fluorescence,”
Journal of Microscopy 252(1), 16—22 (2013).

I. Sparkes, R. R. White, B. Coles, S. W. Botchway, and A. Ward, “Using optical tweezers combined with total internal
reflection microscopy to study interactions between the er and golgi in plant cells,” in The Plant Endoplasmic
Reticulum, C. Hawes, V. Kriechbaumer (Ed.), 1691, 167-178 (2018).

C. Yan, X. Mei, X. Gong, and W. Xu, “Practical applications of total internal reflection fluorescence microscopy for
nanocatalysis,” Industrial Chemistry & Materials 2(1), 85-99 (2024).

A. P. Rennison, A. Nousi, P. Westh, R. Marie, and M. S. Mgller, “Unveiling PET Hydrolase Surface Dynamics
through Fluorescence Microscopy,” ChemBioChem 25(5), 202300661 (2024).

A. von Diezmann, Y. Shechtman, and W. E. Moerner, “Three-dimensional localization of single molecules for super-
resolution imaging and single-particle tracking,” Chemical Reviews 117(11), 7244-7275 (2017).

M. D. Lew, S. F. Lee, M. Badieirostami, and W. E. Moerner “Corkscrew point spread function for far-field three-
dimensional nanoscale localization of pointlike objects,” Optics Letters 36(2), 202-204 (2011),

S. Prasad, “Rotating point spread function via pupil-phase engineering,” Optics Letters 38(4), 585-587 (2013).

A. Greengard, Y. Schechner, and R. Piestun, “Depth from diffracted rotation,” Optics Letters 31(2), 181-1836
(2006).

A. Greengard, Y. Y. Schechner, and R. Piestun, “Depth from rotating point spread functions,” Proceedings of SPIE
5557, 91-97 (2004),

A.Von Diezmann, Y. Shechtman, and W. E. Moerner “Three-dimensional localization of single molecules for super-
resolution imaging and single-particle tracking,” Chemical Reviews 117 (11), 7244-7275 (2017).

S. R. P. Pavani, R. Piestun, “High-efficiency rotating point spread functions”, Optics Express 16(5), 3484-3489
(2008).

M. D. Lew, M. A. Thompson, M. Badieirostami, and W. E. Moerner, “In vivo three-dimensional superresolution
fluorescence tracking using a double-helix point spread function,” Proceedings of SPIE 7571, 75710Z (2010).

S. R. P. Pavani, M. A. Thompson, J. S. Biteen, S. J. Lord, N. Liu, R. J. Twieg, R. Piestun, and W. E. Moerner, “Three-
dimensional, single-molecule fluorescence imaging beyond the diffraction limit by using a double-helix point spread
function,” Proceedings of the National Academy of Sciences 106(9), 2995-2999 (2009).

M. P. Backlund, M. D. Lew, A. S. Backer, S. J. Sahl, G. Grover, A. Agrawal, R. Piestun, and W. E. Moerner, “The
double-helix point spread function enables precise and accurate measurement of 3D single-molecule localization and
orientation,” Proceedings of SPIE 8590, 85900L (2013).

S. Ghosh, G. Grover, R. Piestun, and C. Preza, “Effect of double-helix point-spread functions on 3D imaging in the
presence of spherical aberrations,” Proceedings of SPIE 7904, 79041D (2011),

Z. Cao, K. Wang, “Effects of astigmatism and coma on rotating point spread function,” Applied Optics 53(31), 7325—
7330 (2014).

A.R.Roy, J. Wang, M. Han, H. Wang, L. Mockl, L. Zeng, W. E. Moerner, and L. S. Qi, “Multicolor super-resolution
imaging to study human coronavirus RNA during cellular infection,” Biophysical Journal 122(3), 16a (2023)

G. Grover, R. Piestun, “New approach to double-helix point spread function design for 3D super-resolution
microscopy,” Proceedings of SPIE 8590, 85900M (2013).

A. Balaji, L. S. Zarko, P. D. Dahlberg, J. C. Boothroyd, and W. E. Moerner, “Revealing the 3D nanoscale organization
of MyosinH in the apical complex of toxoplasma gondii through single-molecule localization microscopy with the
double-helix point spread function,” Biophysical Journal 123(3), 30a—31a (2024).

T. Legrand, F.-R. Winkelmann, W. Alt, D. Meschede, A. Alberti, and C. A. Weidner, “Three-dimensional imaging
of single atoms in an optical lattice via helical point-spread-function engineering,” Physical Review 109(3), 033304
(2024).

Y. Nakatani, W. Colomb, S. Gaumer, and A.-K. Gustavsson, “3D super-resolution imaging of mammalian cells using
long axial range double-helix point spread functions,” Biophysical Journal 123(3), 434a—435a (2024).

V. G. Volostnikov, E. N. Vorontsov, S. P. Kotova, N. N. Losevskiy, and D. V. Prokopova, “Diffractive elements
based on spiral beams as devices for determining the depth of bedding of radiation sources,” Bulletin of the Russian
Academy of Sciences: Physics 80(7), 766—769 (2016).

E. Abramochkin, V. Volostnikov, “Spiral-type beams,” Optics Communications 102(3—4), 336-350 (1993).

D. V. Prokopova, E. N. Vorontsov, S. P. Kotova, N. N. Losevsky, S. A. Samagin, I. T. Mynzhasarov, A. A. Gorshelev,
I. Y. Eremchev, and A. V. Naumov, “Improving the energy efficiency of diffraction optical elements for 3d
nanoscopy,” Bulletin of the Russian Academy of Sciences: Physics 83(12), 1453-1458 (2019).

D. V. Prokopova, S. P. Kotova “Phase diffraction optical elements with enhanced efficiency for nanoscopy,”
Photonics Russia 14(2), 170-182. (2020).

I. Yu. Eremchev, D. V. Prokopova, N. N. Losevskii, I. T. Mynzhasarov, S. P. Kotova, and A. V. Naumov, “Three-
dimensional fluorescence nanoscopy of single quantum emitters based on the optics of spiral light beams,” Physics-
Uspekhi 65(06), 617-626 (2022).

J of Biomedical Photonics & Eng 10(4) 2024 040202-18 26 Dec 2024 © J-BPE


http://dx.doi.org/10.1242/jcs.056218
http://dx.doi.org/10.1242/jcs.056218
http://dx.doi.org/10.1111/jmi.12070
https://doi.org/10.1007/978-1-4939-7389-7_13
https://doi.org/10.1007/978-1-4939-7389-7_13
https://doi.org/10.1039/D3IM00046J
https://doi.org/10.1039/D3IM00046J
https://doi.org/10.1002/cbic.202300661
https://doi.org/10.1002/cbic.202300661
http://dx.doi.org/10.1021/acs.chemrev.6b00629
http://dx.doi.org/10.1021/acs.chemrev.6b00629
http://dx.doi.org/10.1364/OL.36.000202
http://dx.doi.org/10.1364/OL.36.000202
http://dx.doi.org/10.1364/OL.38.000585
http://dx.doi.org/10.1364/OL.31.000181
http://dx.doi.org/10.1117/12.560169
http://dx.doi.org/10.1021/acs.chemrev.6b00629
http://dx.doi.org/10.1021/acs.chemrev.6b00629
http://dx.doi.org/10.1364/OE.16.003484
http://dx.doi.org/10.1117/12.842608
http://dx.doi.org/10.1117/12.842608
http://dx.doi.org/10.1073/pnas.0900245106
http://dx.doi.org/10.1073/pnas.0900245106
http://dx.doi.org/10.1073/pnas.0900245106
http://dx.doi.org/10.1117/12.2001671
http://dx.doi.org/10.1117/12.2001671
http://dx.doi.org/10.1117/12.2001671
http://dx.doi.org/10.1117/12.874111
http://dx.doi.org/10.1117/12.874111
http://dx.doi.org/10.1364/AO.53.007325
http://dx.doi.org/10.1016/j.bpj.2022.11.313
http://dx.doi.org/10.1016/j.bpj.2022.11.313
http://dx.doi.org/10.1117/12.2005694
http://dx.doi.org/10.1117/12.2005694
http://dx.doi.org/10.1016/j.bpj.2023.11.282
http://dx.doi.org/10.1016/j.bpj.2023.11.282
http://dx.doi.org/10.1016/j.bpj.2023.11.282
https://doi.org/10.1103/PhysRevA.109.033304
https://doi.org/10.1103/PhysRevA.109.033304
http://dx.doi.org/10.1016/j.bpj.2023.11.2632
http://dx.doi.org/10.1016/j.bpj.2023.11.2632
https://doi.org/10.3103/S1062873816070248
https://doi.org/10.3103/S1062873816070248
http://dx.doi.org/10.1016/0030-4018(93)90406-U
http://dx.doi.org/10.3103/S1062873819120232
http://dx.doi.org/10.3103/S1062873819120232
https://doi.org/10.22184/1993-7296.FRos.2020.14.2.170.182
https://doi.org/10.3367/UFNe.2021.05.038982
https://doi.org/10.3367/UFNe.2021.05.038982

D.V. Prokopova and S.P. Kotova: Modern Optical Microscopy. Part 2 doi: 10.18287/JBPE24.10.040202

95. M. Baranek, Z. Bouchal, “Rotating vortex imaging implemented by a quantized spiral phase modulation,” Journal of
the European Optical Society-Rapid Publications 8, 13017 (2013).

96. M. Baranek, Z. Bouchal, “Optimizing the rotating point spread function by SLM aided spiral phase modulation”,
Proceedings of SPIE 9441, 94410N (2014).

97. Y. Shechtman, L. E. Weiss, A. S. Backer, S. J. Sahl, and W. E. Moerner, “Precise three-dimensional scan-free
multiple-particle tracking over large axial ranges with tetrapod point spread functions,” Nano Letters 15(6), 4194—
4199 (2015).

98. Y. Shechtman, A.-K. Gustavsson, P. N. Petrov, E. Dultz, M. Y. Lee, K. Weis, and W. E. Moerner, “Observation of
live chromatin dynamics in cells via 3D localization microscopy using Tetrapod point spread functions,” Biomedical
Optics Express 8(12), 5735-5748 (2017).

99. Y. Shechtman, S. J. Sahl, A. S. Backer, and W. E. Moerner, “Optimal point spread function design for 3D imaging,”
Physical Review Letters 113(13), 133902 (2014).

100.Double Helix Optics (accessed 3 June 2024). [https://www.doublehelixoptics.com/].

101.F. Wang, H. Liu, Y. Tan, J. Gu, X. Miao, Y. Xiao, C. Wang, J. Li, Z. Wang, and Y. Zhang, ‘“2x double-helix point
spread function based on ring segmentation method for nanoparticle tracking technique,” Optical Engineering 63(10),
105107 (2024).

102.D. Xiao, R. Kedem Orange, N. Opatovski, A. Parizat, E. Nehme, O. Alalouf, and Y. Shechtman, “Large-FOV 3D
localization microscopy by spatially variant point spread function generation,” Science Advances 10(10), eadj3656
(2024).

103.Y. Yan, L. Li, C. Feng, W. Guo, S. Lee, and M. Hong, “Microsphere-coupled scanning laser confocal nanoscope for
sub-diffraction-limited imaging at 25 nm lateral resolution in the visible spectrum,” ACS Nano 8(2), 1809-1816
(2014).

104.S. K. Chakkarapani, Y. Sun, and S. H. Kang, “Ultrasensitive norovirus nanoimmunosensor based on concurrent axial
super-localization of ellipsoidal point spread function by 3D light sheet microscopy,” Sensors and Actuators, B:
Chemical 284, 81-90 (2019).

105.A. Gustavsson, P. N. Petrov, M. Y. Lee, Y. Shechtman, and W. E. Moerner, “3D single-molecule super-resolution
microscopy with a tilted light sheet,” Nature Communications 9(1), 123 (2018).

106.J. Yang, B. Q. Li, R. Li, and X. Mei, “Quantum 3D thermal imaging at the micro-nanoscale,” Nanoscale 11(5), 2249—
2263 (2019).

J of Biomedical Photonics & Eng 10(4) 2024 040202-19 26 Dec 2024 © J-BPE


http://dx.doi.org/10.2971/jeos.2013.13017
http://dx.doi.org/10.1117/12.2087103
https://doi.org/10.1021/acs.nanolett.5b01396
https://doi.org/10.1021/acs.nanolett.5b01396
http://dx.doi.org/10.1364/BOE.8.005735
http://dx.doi.org/10.1364/BOE.8.005735
http://dx.doi.org/10.1103/PhysRevLett.113.133902
https://doi.org/10.1117/1.OE.63.10.105107
https://doi.org/10.1117/1.OE.63.10.105107
https://doi.org/10.1126/sciadv.adj3656
https://doi.org/10.1126/sciadv.adj3656
http://dx.doi.org/10.1021/nn406201q
http://dx.doi.org/10.1021/nn406201q
http://dx.doi.org/10.1016/j.snb.2018.12.118
http://dx.doi.org/10.1016/j.snb.2018.12.118
http://dx.doi.org/10.1038/s41467-017-02563-4
http://dx.doi.org/10.1038/s41467-017-02563-4
http://dx.doi.org/10.1039/C8NR09096C

