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STIMULATED EMISSION DEPLETION NONLINEAR STRUCTURED ILLUMINATION
MICROSCOPY (STED-NSIM) APPARATUS, METHODS, AND APPLICATIONS
Related Application Data

The instant application claims priority to US provisional application S/N 62/381871 files

August 31, 2016, the subject matter of which is incorporated by reference herein in its entirety.

Background

Aspects and embodiments of the invention are in the field of imaging optical microscopy;
more particularly, structured illumination microscopy (SIM); most particularly, superresolution-
SIM apparatus, methods, and applications.

Since its first demonstration in the early 1990s, superresolution (SR) microscopy has
promised to revolutionize cellular imaging. Fluorescence microscopy techniques are now
routinely utilized to decipher dynamic and complex processes with targeted specificity.
However, despite advances, SR imaging carries a high price tag in terms of technical
considerations and complexity, particularly when it comes to obtaining even higher resolution
beyond the diffraction limit. Speed, photon efficiency, label density requirements, photo-toxicity
to live cells, as well as the risk of imaging artifacts are all factors to be considered in determining
the usefulness of a particular superresolution microscopy method and can influence the practical
resolution limit of a superresolution microscope.

More particularly, existing SR microscopy methods often have special requirements on
labeling methods and require the user to adjust experimental and image processing parameters
accordingly. For example, in single molecule (SM) localization microscopy, it is critical to

ensure low spot densities. Because many SM localization microscopy software packages exist
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for processing SM image data, the user has to weigh the pros and cons of these packages
according to the needs of a particular study.

Photo-switching nonlinear SIM (PS NL-SIM), another powerful wide-field SR method,
requires a high label density to avoid imaging artifacts. Furthermore, due to the variance of
photo-switching rates and yields of both FPs and synthetic dyes throughout a cell, all methods
that rely on photo-switching, including SM localization microscopy, PS NL-SIM, and patterned-
activation NL-SIM (PA NL-SIM) risk locally varying image quality and information content.

Other 3D SR techniques, such as interferometric photo-activated localization microscopy
(IPALM) and point-scanning 3D stimulated emission depletion (STED) microscopy, add
significant complexity to instruments. 3D linear SIM requires three-beam interference and 15
frames of exposure for one axial section in order to improve 3D resolution by a factor of two.
Expanding the 3D linear SIM approach to nonlinear SIM (NSIM) demands unrealistically high
photo-stability from fluorophores.

In PALM/STORM (STochastic Optical Reconstruction Microscopy), resolution is
determined by localization precision, i.e., the photon budget, but labeling density and
fluorophore switching characteristics can greatly affect the imaging speed and the amount of
imaging artifacts in the results.

Nonlinear Structured-Illumination Microscopy (NSIM) refers to a group of full-field
superresolution imaging methods that operate under the principle of SIM. According to the SIM
theory, any non-polynomial effects on either the fluorophore or the fluorescent emission can be
used as the vehicle to unlimited resolution. Excitation saturation, photo-switching depletion
(PD), and photo-switching activation (PA) of fluorophores have been previously demonstrated in

NSIM. The resolution reportedly reached by a combination of saturation and PA was 45 nm at
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an excitation wavelength of 488 nm through resolving two harmonic orders above the linear
structured illumination term. The history of NSIM suggests that the choice of nonlinear effect
has profound consequences, and better performance may be achieved with nonlinear effects that
have not been applied to NSIM.

The use of stimulated emission depletion (STED) in NSIM has previously been
suggested, however no implementation has been reported. On the surface, STED is an unlikely
candidate for NSIM. Although STED refers to a nonlinear photonic effect, its use has been
associated with scanning STED microscopy, in which an intensely focused donut beam is
essential for breaking the diffraction limit. As NSIM calls for a full-field nonlinear effect, the
weak nonlinearity from a diluted STED field appears unrealistic for superresolution. Past work
in NSIM may solidify this. Nonlinearities of saturation, PD, and PA are strong under moderate
light intensity, but as reported, neither was able to detect more than three harmonic orders above
the linear term. Since higher harmonic components of the structured nonlinear effect are key to
improving resolution, a weak nonlinear effect will likely be unsuccessful in NSIM.

The inventors have recognized the advantages and benefits of farther diffraction-limited,
superresolution imaging, a wider selection of fluorescent labels, and lower cost 3D imaging
capabilities than enabled by current NSIM approaches. These benefits and advantages, and
solutions to the problems recognized by those skilled in the art are achievable and enabled by the

embodied apparatus and method, referred to herein as STED-NSIM.

Summary
An aspect of the invention is a superresolution STED-NSIM imaging apparatus. In an

exemplary embodiment, a superresolution STED-NSIM microscope includes a suitable light
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source adapted to provide an excitation beam along an excitation beam path and a STED beam
along a STED beam path; a polarizing beam splitting component disposed in the STED beam
path adapted to provide two STED beams having orthogonal polarizations along a first polarized
STED beam path and a second polarized STED beam path; a first optical component disposed in
the first polarized STED beam path adapted to generate a first STED beam pair in the form of a
first 1D STED pattern along a first STED beam pair path; a second optical component disposed
in the second polarized STED beam path adapted to generate a second STED beam pair in the
form of a second 1D STED pattern along a second STED beam pair path, wherein the first STED
beam pair and the second STED beam pair are mutually incoherent; a beam combiner disposed
in the first STED beam pair path and the second STED beam pair path, wherein four beams are
output along a four STED beam path; an objective lens disposed in an epifluorescence mode in
both the excitation beam path and the four STED beam path and a fluorescence emission path
and a sample-reflected STED beam path, wherein the four STED beams are combined to form a
2D structured STED pattern, and the 2D structured STED pattern and the fluorescence emission
excitation beam are directed towards a sample object; a position-controllable sample object
mount; a dichroic mirror disposed in a collinear sample-reflected STED beam path and a sample
fluorescence emission path adapted to transmit/reflect the sample-reflected STED pattern/sample
fluorescence emission; an image-forming optical component adapted to generate a sample-
reflected STED pattern image, disposed in the sample-reflected STED image path downstream
of the dichroic mirror; an image detector disposed to receive the reflected STED pattern image
and the sample fluorescence emission; and a controller coupled to the image detector adapted to
provide a position feedback control signal to the position-controllable sample object mount,

wherein an image resolution is sub-diffraction-limited. In various non-limiting, exemplary



WO 2018/045014 PCT/US2017/049349

embodiments the superresolution STED-NSIM imaging apparatus may include some or all of the
following features, components, steps, limitations, and/or characteristics, alone or in non-limiting
variations appreciated by those skilled in the art:
-wherein the suitable light source is a low-coherence, broad-band, light source;
-wherein the suitable light source is a supercontinuum laser;
-wherein the excitation beam is 550 nm — 571 nm + 16 nm, the STED beam is 716 nm + 20 nm,
and the pulse duration is 150 ps — 350 ps;
-wherein the first optical component and the second optical component each comprises a
diffraction grating and a lens;
-wherein the objective lens is a 60x oil immersion objective having a full numerical aperture,
NAogj, greater than 1.0;

-wherein the 2D structured STED pattern has a NAgrep less than 1.0, such that the 2D

STED pattem has a period from 380 nm — 400 nm;

-wherein NAog; 1s equal to 1.49 and NAgrep 1s equal to 0.92;

-wherein the image-forming optical component is mounted on a moveable translation stage along
the optical path;
-wherein the light source 1s pulsed;
-the apparatus comprising a superresolution STED-NSIM epifluorescence microscope;
-wherein the image detector is an sSCMOS camera;
-wherein the sample object mount is an inverted sample stage, which allows a water-immersed
sample to be imaged through a non-metallized interface without SPR effects.

An aspect of the invention is a superresolution STED-NSIM imaging method. In an

exemplary embodiment, the imaging method includes the steps of providing a fluorescence
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emission excitation beam and four STED beams having a given numerical aperture (NAgtep);
transmitting the fluorescence emission excitation beam and the four STED beams through an
objective lens having a NAgp; to generate a 2D structured STED pattern having a numerical
aperture, NASTED, where NAog; is greater than NAgrep; 1lluminating a sample target with the
2D STED pattern and with the fluorescence emission excitation beam in an epifluorescence
mode; propagating a fluorescence emission and a reflected 2D STED pattern from the sample
through the objective lens; propagating the reflected 2D STED pattern through an imaging
component and forming a reflected 2D STED pattern image thereof on an image detector; and
tracking a contrast of the reflected 2D STED pattern image during image acquisition to provide
feedback to a sample holder translation stage to actively maintain focus of the sample, wherein,
due to the STED depletion effect occurring in in out-of-focus layers of the sample, out-of-focus
emission under the epifluorescence mode does not reach the emission image detector thus
providing superresolution along an axial axis of the sample. In various non-limiting, exemplary
embodiments the superresolution STED-NSIM imaging method may include some or all of the
following steps, features, components, limitations, and/or characteristics, alone or in non-limiting
variations appreciated by those skilled in the art:

-further comprising tracking a contrast of the 2D STED pattern image during image acquisition
to provide feedback signal to the sample piezo stage to maintain a focus position of the sample;
-further comprising providing the NAopg; from 1.4 — 1.5 for collecting an emission image and
generating a 2D STED pattern at a NAgtep between 0.90 — 0.95;

-further comprising processing the 2D STED pattern image using a fully deterministic imaging
processing method, in which a pre-calibrated set of parameters are used to process all image

data;
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-in which the pre-calibrated set of parameters are determined by the following steps:

a) measure the 2D STED pattern period and orientation;

b) calibrating a phase shift step size between two separate 1D STED patterns to change
the phase of a combined 2D STED pattern in the x- and y-directions, which are
orthogonal to the axial z-direction;

c¢) measuring a STED quenching pattern phase to determine a real phase of the STED
quenching pattern;

d) measuring a modulation strength ratio between harmonic orders of the STED pattern’s
nonlinear effect by analyzing images of the sample consisting of random scattered
structures; and

e) determining a bleaching rate map to correct individual raw image set intensities, 7,(x,

¥, I)(where [ is an exposure index), before NSIM reconstruction.

Brief description of the Drawings

Fig. 1A schematically shows a superresolution STED-NSIM apparatus layout; Fig. 1B
schematically shows a 3D view of the STED pattern generation and the epifluorescence
excitation through the objective lens; Fig. 1C schematically shows a pupil view of the four STED
beams, the epifluorescence excitation beam, and the emission beam, according to illustrative
embodiments of the invention.

Fig. 2: Z-stack images of ATTO-633 stained tubulin in U20S cell. The cell nucleus was
located above the field of view. Z values are measured from the glass-water interface. Fig. 2(a)
Epifluorescence images were blurred by sever out-of-focus emission; Fig. 2(b) Sum of 81 frames

of raw STED NSIM exposure is free of out-of-focus emission, which is depleted by a uniform
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STED field; Fig. 2(c) Applying NSIM image processing on raw frames yields superresolution
images at 70 nm lateral resolution (H=4).

Fig. 3 graphically illustrates emission from a single 20 nm bead under a scanning 1-D

[1 47,005 + 0.5msin )] ™!

STED pattern. The dashed line is a fitted curve of , with the peak

10,

STED field strength T = 10.4 and interference contrast * = 8945 Through the fitting, the

peak to-valley strength of the 1D STED field was estimated to be 0.3-10.415“5. The 2D STED
field, which is an overlay of two orthogonal 1D fields, was estimated at 0.6-20.815”'f-. The

average strength of the 2D STED field is at IO.SIS(“.

Fig. 4 illustrates the use of a bead sample to extract critical image processing parameters.
Fig. 4(a) illustrates the step of measuring the 2D STED pattern phase. The figure shows k-space
patches of a bead sample that are waiting to be merged into a superresolution k-space image.
The DC component (k=0) is visible in five orders H=[0,0], [-1, 0], [1,0], [0,-1], and [0,1], where
the first index is the harmonic order in the x-direction and the second index is the harmonic order
in the y-direction. Phases of the DC component in the [-1, 0] and [1,0] orders are conjugated

"

X x — v
S el 1; similarly, ¢ ¢ 1. The pattern phases are calculated as

x o ex Yy ¥ o Yo 7 : : i
¢ = (q{; 1P ) /2 and ¢ (<I5 s ¢! =)/ 2; Fig. 4(b) illustrates the step of measuring the

modulation strength of the harmonic orders. Because the bead sample is a random structure, the
ideal k-space image of the bead sample should by a “white noise” 2D spectrum. Thus the
modulation strength of each harmonic order can be measured by k-space signal RMS values
within the OTF. The measurement calculated two RMS values, RMSg:n from the k-space area

corresponding to NA < 0.8 and RMSy from a ring area beyond the maximal NA. The signal

RMSg = [RMSg 2~ RMS

RMS value was calculated as , which is linear to the modulation

8
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strength of the harmonic order. The measurement was repeated on more than 10 sets of bead
image data. The average modulation strength value was used in image processing.

Fig. 5: Images of 20 nm diameter fluorescent beads randomly immobilized on a
coverslip. Fig. 5(a): Diffraction limited epifluorescence image. A large cluster of beads was seen
in the highlighted region (scale bar 1 um); Fig. 5(b): STED NSIM image taken at H= 6 (169
exposures, 54 nm resolution) (scale bar 1 um); Fig. 5(c): Resolution progress during image
processing. The bead cluster was resolved as three clusters in linear STED SIM (H=1), and
then gradually broke down to individual beads when H = 2 to 6 orders were added (scale bar 0.5
um).

Fig. 6: Images of atto-633 stained tubulin network in U20S cell. Fig. 6(a):
Epifluorescence image (scale bar 1 um); Fig. 6(b): STED NSIM image taken at H= 6 (169
exposures, 54 nm resolution) (scale bar 1 um); Fig. 6(c): Resolution progression during image
processing. As higher harmonic orders were added, junction of tubulin fibers became better
defined (scale bar 0.5 um); Fig. 6(d): Fourier image progression. As higher harmonic orders
were added, the Fourier image extended in k-space. These images were plotted in a logarithm
false-color scale.

Fig. 7: Bleaching test of single IgG molecules. IgG particles with low brightness similar
to what are seen in Fig. 11 were selected and monitored under continuous epi-imaging. Step-like
bleaching was observed in the intensity-time trace and confirmed that these particles were single
molecules.

Fig. 8: z-axis resolution of STED NSIM. Measured contrasts of 1D STED pattern
decreases in out-of-focus layer (scattered point, fitted with a Gaussian dashed curve). The

FWHM of contrast is 700 nm, which matches the value predicted by diffraction theory. The
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structured depletion effect, however, decreases faster than the pattern contrast (solid curve). At

an average field strength of 10 IS{“’, the contrast of a 2D structured STED effect drops to half at
145 nm away from the focal depth. The z-resolution of images in Fig. 2 is therefore estimated to
be 290 nm. Increasing the STED strength will improve the z-resolution as well as the lateral
resolution.

Fig. 9: Theory basis of 3D superresolution with low-coherent depletion NSIM. Fig. 9(a):
Interfering two coherent laser beams generates a structured pattern extending along the optical
axis; Fig. 9(b): Activation effect from a coherent structured illumination extends along the optical
axis; Fig. 9(c): Depletion effect from a coherent structured illumination extends along the optical
axis; Fig. 9(d): Interfering two beams, which are split from the same low coherent source,
generates a structured pattern that is confined in the in-focus layer; Fig. 9(e): Activation effect
from a low-coherent structured illumination has spatial structure in the in-focus layer, but
quickly degrades to a uniform activation in out-of-focus layers. The uniform background will
cause strong artifact in NSIM results; Fig. 9(f): Depletion effect from a low-coherent structured
illumination creates spatial structured emission in the in-focus layer, uniformly removes out-of-
focus emission and provides the physical basis of 3-D superresolution imaging.

Fig. 10: Bleaching rate map of ATTO-633 stained U20S tubulin under 41 ms per cycle
exposures with both the excitation and the STED beam active. The map was calculated by
summing raw frames of more than 20 image sets, and fitting pixel brightness of consecutive
frames with an exponential decay curve. During NSIM image processing, individual image sets
were bleaching corrected according to the map before being subjected to superresolution image
reconstruction. The bleaching map follows the spatial distribution of the excitation field, which

is a multi-spatial-mode bean spread over an area of 24 um in diameter. The area in the middle of

10
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the view did not show significantly elevated bleaching, indicating that the addition of the STED
field (12 um in diameter) did not cause significant bleaching.

Fig. 11: Images of ATTO633-IgG randomly immobilized to coverslip. Fig. 11(a): Ep1
fluorescence image is dominated by ultra-bright aggregating IgG particles; Fig. 11(b): STED
NSIM images resolved cluster structures of IgG aggregation; Fig. 11(c): Cross section of the
cluster demonstrates 70 nm lateral resolution; Fig. 11(d): After re-plot the highlighted region re-
plotted in saturated intensity scale, dim IgG particles were seen in both epi and STED NSIM
images. Bleaching tests confirm that these dim particles are scattered single molecules (Fig. 7);
Fig. 11(e): Cross section of a single IgG molecule shows the molecule is resolved at a FWHM of

70 nm.

Detailed Description of Non-limiting, Exemplary Embodiments

An optical schematic of a superresolution STED-NSIM microscope 100 is shown in Fig.
1. The STED-NSIM microscope includes a light source 102 adapted to provide a pulsed
fluorescence emission excitation beam 104 along a fluorescence emission excitation beam path
105 and a pulsed STED beam 106 along a STED beam path 107. A polarizing beam splitting
component 108 is disposed in the STED beam path 107 and provides two STED beams 110, 112
having orthogonal polarizations along a respective first polarized STED beam path 111 and a
second polarized STED beam path 113. A first optical component 116 is disposed in the first
polarized STED beam path 111 to generate a first STED beam pair 120 (1D STED pattern) along
a first STED beam pair path 121, and a second optical component 118 is disposed in the second
polarized STED beam path 113 to generate a second STED beam pair 122 (1D STED pattern)

along a second STED beam pair path 123. The first and second optical components

11
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advantageously are diffraction gratings each followed by a lens. Each of the two diffraction
gratings is mounted on a controllable piezo-translation stage to provide phase control of each 1D
STED pattemn. The light source advantageously is a low-coherence, broad-band, pulsed light
source, €.g., a supercontinuum laser, whose output is randomly polarized. The first STED beam
pair and the second STED beam pair are mutually incoherent. A beam combiner 125 is disposed
in the first STED beam pair path 121 and the second STED beam pair path 123, such that four
STED beams 126 are output along a four STED beam path 127. An objective lens 130 is
disposed in the fluorescence emission excitation beam path and the four STED beam path so as
to irradiate the sample (not part of the invention per se), which is mounted on a piezo-
controllable sample translation stage 131, with the fluorescence emission excitation beam 104
and illuminate the sample with a 2D structured STED pattern 128 created by the interference
between the two 1D STED patterns in the objective. In an exemplary embodiment the objective
lens 130 is a 60x oil immersion objective having a full numerical aperture (NAog;) greater than
1.0. In an illustrative embodiment, NAopy = 1.49 and the 2D structured STED pattern has a
NAgstep = 0.92, providing a 2D structured STED pattern period from 380 nm — 400 nm.
Fluorescence emission 141 and the 2D STED pattern 142 reflected from the sample pass
back through the objective 130 in a collinear path to a dichroic mirror 145. As illustrated in Fig.
1A, the sample-reflected 2D STED pattern 142 is transmitted and the sample fluorescence
emission is reflected. The transmitted 2D STED pattern is imaged by an image-forming optical
component 150 on an image detector 160 disposed to receive the reflected 2D STED pattern
image and the sample fluorescence emission. In an exemplary embodiment, the image-forming
optical component 150, in the form of a tube lens, had a focal length, f, equal to 200 mm.

Advantageously, the image-forming optical component 150 is mounted on a controllable,

12
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motorized translation stage whereby moving component 150 along the optical path allows the
focus depth at the sample to be freely set at a distance from a glass-water interface between the
sample and objective lens. In an illustrative embodiment, the image detector 160 is a sSCMOS
camera; with f= 200 mm, the effective image pixel size was 97.5 nm.

A controller 170 is coupled to the image detector. The contrast of the 2D STED pattern
image 1s tracked during image acquisition to provide feedback signal 171 to the sample piezo
stage 131 to actively maintain sample focus. Two position control signals 172 are sent to the
first optical component 116 and the second optical component 118, respectively, for phase
control of the two 1D STED patterns. In use, the superresolution STED-NSIM microscope 100
provides sub-diffraction-limited image resolution.

Fig. 1B is a 3D view of the STED pattern generation from the objective lens and the
epifluorescence excitation (i.e., an object in an optical microscope is irradiated by normal
incident light and fluorescence is viewed from the same side).

Fig. 1C is a pupil view of the four STED beams, the excitation beam, and the
fluorescence emission beam. The broadband STED beams centered at 716 nm enter the
objective lens at NA=0.92, and form a 2D grid pattern 128 at 396 nm periods.

STED-NSIM Imaging

In an illustrative embodiment, image data were taken with 0.7 mW excitation power and
9 mW total STED power at the sample. The excitation power was spread to a 24 um diameter
area, and the STED field was 12 um in diameter. The average intensity of the STED field was 8
MW/cm?, and the estimated instantaneous intensity of STED field was 40 MW/cm® All image
data were taken with 30 ms camera exposure plus 11 ms for image readout and STED pattern

phase-shifting,

13
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The microscope 100 used a 2D structured STED pattern instead of a rotating 1D structure
pattern to generate superresolution image. The image reconstruction theory of the 2D method
was presented in Zhang, H., Zhao, M., and Peng, L., Nonlinear structured illumination
microscopy by surface plasmon enhanced stimulated emission depletion, Opt. Express 19,
2478324794 (2011), incorporated by reference herein. That reference, however, relied on total
internal reflection fluorescence (TIRF) illumination and surface plasmon resonance (SPR) effects
at a silver-based interface of the sample. The 2D method used two incoherent 1D structured
STED pattems overlaid orthogonally to create an x-y grid pattern, and phase shifts the pattern in
both directions during image acquisition. Compared to the 1D rotating method, the embodied
2D approach requires fewer exposures to fill a Fourier space image isotropically. The 1D
rotation method would need 3H(H+1) exposures whereas the 2D method needs (H+1)>
exposures. When H is larger than 2, the embodied 2D method enables faster imaging.

Because the supercontinuum source 102 (Fig. 1A) is randomly polarized, two
polarizations of the source are incoherent. Thus in the STED-NSIM microscope 100, the STED
beam was split into two polarizations; each was then used to create a 1D pattern by passing
through a grating (116, 118). The two 1D STED patterns were then recombined orthogonally to
form the 2D structured STED pattern 128. Two close-loop piezo stages were used to shift
gratings and consequently shift the pattern phase in the x- and y-directions.

The sample was mounted in a fabricated inverted sample stage with 3D piezo position
control. The sCMOS camera 160 was used to capture the emission image and the reflected 2D
STED pattern image 142 from the sample’s glass-water interface simultaneously. The 2D STED
pattern image 142 was formed via a tube lens 150 mounted on a motorized translation stage (L2

in Fig. 1A). A LabVIEW-based image software program was developed to capture both images

14
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in a split view fashion. The contrast of the imaged STED pattern was analyzed in real-time and
fed to a PID feedback thread (controller 170/signal 171 in Fig. 1A) within the imaging software,
which actively maintained the sample focus (z-axis). Moving the pattern imaging tube lens 150
allowed the focal tracking depth oat the sample to be shifted by a desired distance. The distance
between a cell slice image and a basal surface of the sample (see Fig. 2) was precisely controlled
optically through the position of lens 150.

The 2D STED pattern 128 was generated at a NAgrep = 0.92, which is significantly
smaller than the 1.49 NAog; of the objective lens. NAgrep = 0.92 was chosen because: (1) it
allows a high quality reflected image of the 2D STED pattern 142 to be seen in the diffraction
limited camera, and (2) Contrast measurements, illustrated in Fig. 3 indicate that patterns using
higher NA had inferior pattern contrasts.

The excitation beam was delivered to the sample in an epifluorescence mode (i.e., an
object in an optical microscope is irradiated by normal incident light and fluorescence is viewed
from the same side) at NA = 0. Because the STED depletion effect occurs in out-of-focus layers,
out-of-focus layer emission under the epifluorescence mode does not reach the camera. The
system could potentially use a light-sheet illumination mode so that structures in out of focus
layers will not be bleached, but would require a drop in the emission detection NA because of
geometrical constraints of the light-sheet mode.

Imaging processing method

The embodied STED-NSIM imaging method utilized a fully deterministic imaging
processing method, in which a pre-calibrated set of parameters are used to process all image
data. Unlike previous NSIM studies, neither a regression algorithm nor empirical parameters

were used in the process. The pre-calibration involves five steps:
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1. Measure STED pattern period and orientation

Periods and orientations of two orthogonal 1D STED patterns were calculated directly from
reflected pattern images. The k-vectors of the two 1D patterns do not need to be precisely
orthogonal as long as they are at 90° + 2°.

2. Calibrate piezo phase shift step size

Two voltage-signal-controlled piezo-powered translation stages coupled to diffraction gratings
116, 118, respectively, used to shift the 2D STED pattern x-y phase were driven by analog
voltage step signals under the control of the LabVIEW system software. To calibrate the signal
voltage vs. phase shift size, a sequence of pattern images were taken under uniform stepping
voltages. Phase values of pattern images were calculated and fitted with a linear function.

3. Measuring the STED quenching pattern phase

Due to the experimental split view arrangement, the absolute phase of the sample-reflected 2D
STED pattern 142 had an unknown offset from the phase of the 2D STED quenching pattern 128
in the emission image, and could not be used for imaging processing; therefore, the ‘real’ or
actual phase of the 2D STED quenching pattern 128 was measured from the emission image of a
standard fluorescent sample. In STED NSIM, we used 20 nm beads randomly immobilized on a
coverslip as the standard sample due to its highly reproducible random structures. More than 10
sets of bead images were first taken. Raw images were processed half-way according to the
standard NSIM method, to the point that individual patches of k-space images were formed, as
illustrated in Figs. 4(a) and 4(b). The next step would be merging these patches into a
superresolution k-space image; however, the merging step requires knowing the phase of the
STED pattem so that the patches could be merged in phase. To retrieve the phase value, we

compared the phase difference between DC components (k=0) visible in both +1 and -1 orders of

16



WO 2018/045014 PCT/US2017/049349

the k-space patches, which according to SIM theory should be twice of the phase value of the
STED pattern (Fig. 4(a)). For each bead image set, an x-y vector phase value was measured.
The average value of more than 10 image sets was used in image processing. The above phase
measurement method requires: (1) that the pattern period is smaller than the diffraction limit, so
that there is an overlapping region between +1 and -1 orders of the k-space patches, and (2) that
the sample has sufficient average brightness so that the DC component has a high SNR and the
phase of the DC component is accurate. (1) was achieved by intentionally shrinking the pattern
NA; (2) was achieved by a proper protocol to immobilize the bead in a high surface density as
seen in Fig. 5. In theory, all k-components within the overlapping region could be used to
calculate the phase, but because only the DC component is guaranteed to exist in all samples, the
algorithm therefore used only the DC component.

4. Measure the modulation strength ratio between harmonic orders

Because the bead sample is a random structure, the ideal k-space image of a bead sample should
by a “white noise” 2D spectrum. Thus the modulation strength of each harmonic order can be
measured by the k-space signal RMS value from a bead image set (see Fig. 4(b)). For each bead
image set, a 2D array of modulation values was measured. The average array of more than 10
image sets was used in image processing.

5. Measure the bleaching rate map

Because the bleaching rate varies with the excitation intensity, we found that uniform bleaching
correction is not suited for STED NSIM. In locations where the actual bleaching rate deviated

from the uniform value, artifacts were seen. To calculate a bleaching map over the entire field of

! 200

view, at least 20 sets of raw cell data sets "= 1~ , where / 1s the exposure index, were

merged into a single raw set Teeydy, Bleaching curves of all pixels are fitted with the
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exponential decay model to obtain a per exposure bleaching map. The map was used to correct

each individual raw image set L (x3.D) before NSIM reconstruction.

The NSIM reconstruction process was discussed id. A MatLab program was written to
process image sets.
Additional Discussion

In the superresolution STED-NSIM microscope 100 shown in Fig. 1, a 1-MHz repetition-
rate supercontinuum laser provided both the uniform excitation illumination at 571 nm and the
2D structured STED quenching field at 716 nm. With a moderate STED power of 20 mW
spread over the entire field of view, the embodied STED NSIM apparatus and method were able
to resolve up to five orders above the linear term (harmonic order H = 6). Figs. 5(a,b,c) show the
comparison between the diffraction-limited epifluorescence image (Fig. 5a) and the
superresolution image (Fig. 5b) of fluorescent beads (FluoroSphere Crimson 20 nm, Thermo
Fisher) immobilized on coverslips. As more harmonic orders were added during image
reconstruction (Fig. 5¢), seemingly singlet beads in the epi-image were revealed as clusters of
beads. More details about these clusters were added as the harmonic order reached the highest
order.

Similarly, in an image of ATTO633-antibody stained microtubules in fixed U20s cells
(Figs. 6(a,b,c,d)), spatial locations of microtubule junctions became better defined as higher
order harmonics were added. With a 2D STED pattern period of 396 nm, and an objective lens
NAgg; of 1.49, the resolution limit of H6 was 54 nm at the 700 nm wavelength. 169 exposures
were needed for producing one image. At 41 ms per exposure, the acquisition time needed to
reach 54 nm lateral resolution was 6.9 seconds. Faster imaging speeds are possible at lower

resolution as indicated in Table 1. The STED field strength used for achieving 54 nm resolution
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was at a low 10.8 Iy in average (Fig. 5) and yet the superresolution effect reached by our STED
NSIM is higher than reported PA NSIM: the 54 nm resolution in our STED NSIM is roughly
18% of the diffraction limit with 716 nm STED light and 1.49 NAgg;y lens; while the 45 nm

resolution in PA NSIM is roughly 31% of the diffraction limit with 405 nm PA light and 1.7 NA

lens.
Table 1: Exposure number, total time and resolution scaling
H Exposure number Total time needed at 41 ms per Resolution (nm)
exposure (s)
1 (Linear SIM) 9 0.36 168
2 25 1.03 118
3 49 2.00 91
4 81 3.32 74
5 121 4.96 62
6 169 6.93 54

The success of STED NSIM derives from a fundamental advantage in SNR. SIM
assumes fluorescence emission of a given sample is the continuous response of the illumination

function. In reality, the photon emission process and the photo-switching process (PD or PA) are

both stochastic and have additional Poisson shot noise of VN . For the photon emission process,
N refers to the number of photons. For the photo-switching process, however, N refers to the

number of fluorophores, because fluorophore photo-switching is a photochemical reaction. The

SNR of an ideal experiment is VN . In a fluorescence microscopy experiment, the number of
photons is always much larger than the number of fluorophores. Therefore, when average
photon counts are the same, NSIM methods based on photonics nonlinear processes have a
theoretical SNR advantage over those based on photochemical processes.

For an imaging method being SNR limited by the number of fluorophores, the direct

consequence is that a low density labeled sample will not be imaged properly. Because a SIM
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superresolution image is the product of sophisticated image processing, low SNR may manifest
as artifacts instead of random noise in the final result. Strong imaging artifacts from scattered
single molecules were indeed previously reported in PD NSIM, even though those molecules
appeared sufficiently bright. When SNR is label density-limited, boosting exposure or using a
brighter label will not improve the result. The label density limit is likely the ultimate barrier
that prevented PD and PA SIM from higher resolution.

On the other hand, if the above argument about SNR limit 1s valid, NSIM based on
photonics nonlinear processes should be purely photon shot noise-limited and able to produce
single molecule images that are free of artifacts. However, theoretical advantages often do not
materialize in experiments due to various practical limitations. For example, saturation
excitation is a photonic process that in theory should be able to reach single molecule sensitivity.
However, under saturation excitation single molecules will bleach before the image acquisition is
completed.

To test whether STED NSIM can truly perform at the single molecule limit, we randomly
immobilized ATTO633-IgG on coverslips, forming both bright aggregated particles and dim IgG
molecules barely visible in the epi image, as illustrated in Figs. 11(a-d). In the superresolution
image, bright particles and dim molecules were both resolved at 70 nm resolution. Bleaching
tests on molecules of similar brightness confirmed that these dim IgG molecules were indeed
single molecules as indicated graphically in Fig. 7. As expected, single molecules were
presented by STED NSIM without artifacts.

In addition to the differences between photonic and photochemical effects, there is also a
theoretical SNR difference between depletion and activation NSIM. When trying to improve the

resolution by strengthening the nonlinear effect, depletion generates an overall darker image with

20



WO 2018/045014 PCT/US2017/049349

less shot noise, which allows higher harmonic orders to be detected, whereas activation generates
a brighter image with higher shot noise and leads to a self-limited SNR on high harmonic orders.

Unlimited resolution NSIM is only possible with a depletion effect. Based on such
notion, when a photo-switching effect was first used in NSIM, photo-switching depletion (PD)
instead of activation (PA) was used. However, depletion processes are often a double-sided
sword. PD and STED deplete away photons, whereas photo-activation processes detect all
photons emitted by the sample. The debate on depletion vs. activation is further complicated by
other factors; e.g., because PD is a much slower process than PA, if one has to perform NSIM
with the photo-switchable effect, PA is no doubt the better choice, even though PD has the
theoretical potential for better resolution. Advantageously, STED is an instantaneous depletion
process and the speed of STED NSIM is only limited by the photon shot noise. The fact that
STED will deplete the fluorescence signal away can be a drawback in time-lapse imaging
applications; however, many point scanning STED time-lapse imaging studies have
demonstrated that with highly photostable labels, such drawbacks of the STED effect can be
overcome. Furthermore, depletion NSIM also has an unexpected advantage, which is low-cost
axial superresolution.

In all current superresolution methods known to the inventors, breaking the diffraction
limit in both the axial (z) and lateral (x-y) directions requires substantial cost in lateral resolution
and/or instrument complexity. For example, when applying PSF engineering to localize single
molecules in the axial dimension, the same limited photon information was used to localize
molecules in all three dimensions, consequently compromising the lateral resolution. Other 3D
SR techniques, such as iPALM and 3D S-STED, add significant complexity to instruments,

making it much less accessible. 3D linear SIM require three beam interference and 15 frames of
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exposure for one axial section in order to improve 3D resolution by a factor of two. Expanding
the 3D linear SIM approach to NSIM will demand unrealistically high photo-stability from
fluorophores. Per the embodied invention, by using a structured depletion pattern from a low-
coherence source, STED-SIM has natural super z-section resolution and allows 3D SR imaging
with no compromise in lateral resolution and no instrument modifications.

Previously all NSIM methods opted to use CW lasers to generate illumination pattern
through two-beam interference. Due to the strong coherence of CW lasers, the interference
pattern maintains high contrast along the optical axes as long as the two beams overlap.
Therefore, fluorescence from an extended distance along the optical (z) axis contributes to the
final signal and no super z-sectioning is possible, as illustrated in Figs. 9(a-f). In the STED
NSIM microscope, the illumination is from broadband-pulsed light source with very low
coherence. Therefore, the two-beam interference pattern will quickly lose contrast in out-of-
focus layers (Fig. 9(d)). Since STED is a nonlinear effect, a small decrease in interference
contrast causes quick deterioration of harmonic signals, providing the physical foundation for
sub-diffraction z-section.

However, signal section alone is not sufficient to achieve axial superresolution. If an
activation effect is used, fluorescence from out-of-focus layers adds a bright background to raw
image data, overwhelming the super-sectioned signal (Fig. 9(e)) and causing strong image
artifacts in the superresolution image. In fact, activation NSIM requires the use of axially-
confined excitation, such as TIRF or lattice light sheet illumination to avoid such artifacts. None
of these approaches is ideal. TIRF limits the image to a thin basal layer. Lattice light sheet
illumination causes a significant drop in resolution because the geometry of light sheet

illumination prohibits an objective lens with a desired highest NA to be used.
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In STED NSIM, out-of-focus emission is depleted by a uniform STED field (Fig. 9(f)),
and only useful in-focus signal will reach the camera. Thus, the embodied STED NSIM
microscope can image an axial section of 3D structure under a simple epi-excitation mode. Figs.
2(a-f) show a four-slice z-stack image set taken from an ATTO-66 stained tubulin network near
the cell nucleus. Due to the rich 3D structure, images from the traditional Epi1 fluorescence
image mode were blurred by server out-of-focus emission. In the sum image of 81 frames of raw
STED NSIM data, out-of-focus emission was depleted by the uniform STED field, and sectioned
structures were revealed with diffraction-limited lateral resolution. Applying NSIM image
process algorithm to raw data produces a set of z-stack images with 74 nm lateral resolution,
which contains much more detail about the tubulin network structure within the section. The
thickness of the super z-section is determined by the strength of the nonlinearity. We estimated
that currently at 10 Iy, our STED-SIM has a z-section of approximately 290 nm (Fig. 8), less
than half of the diffraction-defined depth of focus. Indeed, z-slices separated by 200 nm show
gradual structure changes in 3D tubulin structure at different depths of the cell (Fig. 2).
Remarkably, STED NSIM obtained these 3D superresolution images without modifying the 2D
Epi imaging system or changing the image processing method. The axial superresolution came
entirely by choosing a more advantageous nonlinear effect in NSIM.

Practical limitations still exist in STED NSIM though. The single molecule image in Fig.
11 was taken with 81 exposures at H = 4, whereas images from beads and cells in Figs. 5 and 6
were obtained with 169 exposures at H= 6. The single molecule sample offered a very limited
photon budget, and the number of exposures had to be cut back to avoid significant bleaching.
SIM assumes a constant sample under changing illumination patterns. Bleaching of the sample

has to be corrected during imaging process. Bleaching rates vary between samples. Whereas
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bead samples exhibited unmeasurable bleaching under the STED NSIM microscope, ATTO-633
stained cell tubulin networks suffered an average bleach rate of 0.1% per 41 ms exposure, as
illustrated in Fig. 10. However, when label density is extremely low, random bleaching of
individual fluorophores cannot be fully described by the continuous bleaching model. In other
words, stochastic bleaching of individual fluorophores may become the major source of noise in
low density labeled samples. To decrease stochastic bleaching behavior in low label density
samples, fewer exposures were used to obtain Fig. 11(a, b, d).

In high density labeled samples, practical limitations still apply. Attempts to further
improving the resolution were made but resulting images from bead samples often have artifacts,
which are not likely caused by bleaching, because bead samples did not have noticeable
bleaching afterwards. Instead, artifacts are likely caused by sample lateral drifting, because the
microscope system can only actively track the sample’s focus depth but not lateral position. As
imaging at higher resolution requires more exposures and longer acquisition time, the
microscope’s mechanical stability needs to be improved in order to reach even higher resolution
than demonstrated.

In theory, the resolution of STED NSIM could be improved by using the maximal
NAgrep to produce the diffraction limited structured pattern. The 396 nm period used here is far
from the diffraction limit of the NAggj 1.49 lens. The choice was intentional, because a low-
period pattern allows direct viewing of the STED pattern reflected from the sample’s glass-water
interface, whose contrast provides a way to implement active focal tracking, which is highly
advantageous for all 3D superresolution microscopes. Most importantly, direct viewing of the
pattern permits precise measurements of the pattern phase, orientation, and spatial frequency

values, and the relative strength of harmonic orders. These parameters are critical for artifact-
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free image reconstruction. Previously, regression algorithms and empirical approaches were
used on real NSIM image data to obtain such information when the illumination pattern was not
easily accessible. We found that the effectiveness of using a regression algorithm depends
greatly on the structural characteristics and brightness of the sample, and results were not as
reliable as direct measurements. Thus a choice was made to compromise resolution for robust

artifact-free image processing with all predetermined parameters.

It 1s notable that the STED field intensity used in STED NSIM is one magnitude lower
than what point scanning STED used to reach similar resolution (few tens of MW/cm? vs several
hundred MW/cm?). Furthermore, the STED NSIM microscope uses a 2D grid-shape STED field
to quench the sample. The same pattern was interpreted as thousands of independent
“doughnuts” in parallel RESOLFT. Accidentally, the pattern period we used (396 nm) is similar
to that of parallel RESOLFT. But despite using a much weaker nonlinear effect, STED NSIM
performed at a higher resolution than parallel RESOLFT. This performance difference is due to
different image forming models employed by NSIM vs. point scanning STED. NSIM processes
images under a strict Fourier image processing theory, whereas point scanning STED treats the
doughnut-shaped point spread function (PSF) as a simple digital scanner probe and processes
images in a pixelated image space. In parallel RESOLFT, the periodic spatial relationship of
“thousands of donuts” was further ignored. This spatially digitalized and simplified imaging
model leads to incomplete information recovery and inferior resolution under similar
experimental conditions.

As point scanning STED has been very successful in live imaging, especially with time-
gate STED detection that improves resolution dramatically, it is reasonable to expect STED

NSIM, using much less light intensity, will be applicable to live imaging. The 3D resolution of
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STED NSIM could be further improved by using time-gated exposure, because in STED NSIM,
the axial and the lateral resolution are both tied to the detection of the structured nonlinear
depletion effect. Efforts that boost the lateral resolution, whether by increasing the STED effect
or improving the detection method of the STED effect, will equally boost the axial resolution.
STED NSIM offers a low-cost, fast 3D superresolution imaging capability for all biological
samples from single molecules to densely labeled continuous structures, making it an accessible

and reliable tool for various biological applications.
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What is claimed is:
1. A superresolution STED-NSIM apparatus, comprising:

a suitable light source adapted to provide an excitation beam along an
excitation beam path and a STED beam along a STED beam path;

a polarizing beam splitting component disposed in the STED beam path
adapted to provide two STED beams having orthogonal polarizations along a first
polarized STED beam path and a second polarized STED beam path;

a first optical component disposed in the first polarized STED beam path
adapted to generate a first STED beam pair in the form of a first 1D STED pattern
along a first STED beam pair path;

a second optical component disposed in the second polarized STED beam
path adapted to generate a second STED beam pair in the form of a second 1D
STED pattern along a second STED beam pair path,
wherein the first STED beam pair and the second STED beam pair are mutually
incoherent;

a beam combiner disposed in the first STED beam pair path and the
second STED beam pair path, wherein four beams are output along a four STED
beam path;

an objective lens disposed in an epifluorescence mode in both the
excitation beam path and the four STED beam path and a fluorescence emission

path and a sample-reflected STED beam path,
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wherein the four STED beams are combined to form a 2D structured STED
pattern, and the 2D structured STED pattem and the fluorescence emission
excitation beam are directed towards a sample object;

a position-controllable sample object mount;

a dichroic mirror disposed in a collinear sample-reflected STED beam
path and a sample fluorescence emission path adapted to transmit/reflect the
sample-reflected STED pattern/sample fluorescence emission;

an image-forming optical component adapted to generate a sample-
reflected STED pattern image, disposed in the sample-reflected STED image path
downstream of the dichroic mirror;

an image detector disposed to receive the reflected STED pattern image
and the sample fluorescence emission; and

a controller coupled to the image detector adapted to provide a position

feedback control signal to the position-controllable sample object mount,

wherein an image resolution is sub-diffraction-limited.

The STED-NSIM apparatus of claim 1, wherein the suitable light source is a low-

coherence, broad-band, light source.

3.

The STED-NSIM apparatus of claim 1, wherein the suitable light source is a

supercontinuum laser.

4.

The STED-NSIM apparatus of claim 1, wherein the excitation beam is 550 nm — 571 nm

+ 16 nm, the STED beam is 716 nm + 20 nm, and the pulse duration is 150 ps — 350 ps.

5.

The STED-NSIM apparatus of claim 1, wherein the first optical component and the

second optical component each comprises a diffraction grating and a lens.
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6. The STED-NSIM apparatus of claim 1, wherein the objective lens is a 60x oil immersion
objective having a full numerical aperture, NAog;, greater than 1.0.
7. The STED-NSIM apparatus of claim 6, wherein the 2D structured STED pattern has a
NAstep less than 1.0, such that the 2D STED pattern has a period from 380 nm — 400 nm.
8. The STED-NSIM apparatus of claim 7, wherein NAog;y 1s equal to 1.49 and NAstep 18
equal to 0.92.
9. The STED-NSIM apparatus of claim 1, wherein the image-forming optical component is
mounted on a moveable translation stage along the optical path.
10. The STED-NSIM apparatus of claim 1, wherein the light source is pulsed.
11. The STED-NSIM apparatus of claim 1, comprising a STED-NSIM epifluorescence
microscope.
12. The STED-NSIM apparatus of claim 1, wherein the image detector is an sCMOS camera.
13. The STED-NSIM apparatus of claim 1, wherein the sample object mount is an inverted
sample stage, which allows a water immersed sample to be imaged through a non-metallized
interface without SPR effects.
14. A superresolution STED-NSIM imaging method, comprising:
providing a fluorescence emission excitation beam and four STED beams
having a given numerical aperture (NAsteD);
transmitting the fluorescence emission excitation beam and the four STED
beams through an objective lens having a NAog; to generate a 2D structured
STED pattern having a numerical aperture, NASTED, where NAog;j is greater

than NASTED;
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illuminating a sample target with the 2D STED pattern and with the
fluorescence emission excitation beam in an epifluorescence mode;
propagating a fluorescence emission and a reflected 2D STED pattern
from the sample through the objective lens;
propagating the reflected 2D STED pattern through an imaging
component and forming a reflected 2D STED pattern image thereof on an image
detector; and
tracking a contrast of the reflected 2D STED pattern image during image
acquisition to provide feedback to a sample holder translation stage to actively
maintain focus of the sample,
wherein, due to the STED depletion effect occurring in in out-of-focus
layers of the sample, out-of-focus emission under the epifluorescence mode does
not reach the emission image detector thus providing superresolution along an
axial axis of the sample.
15. The superresolution STED-NSIM imaging method of claim 14, further comprising
tracking a contrast of the 2D STED pattern image during image acquisition to provide feedback
signal to the sample piezo stage to maintain a focus position of the sample.
16. The superresolution STED-NSIM imaging method of claim 14, further comprising
providing the NAog; from 1.4 — 1.5 for collecting an emission image and generating a 2D STED
pattern at a NAgrtep between 0.90 — 0.95.
17. The superresolution STED-NSIM imaging method of claim 14, further comprising
processing the 2D STED pattern image using a fully deterministic imaging processing method, in

which a pre-calibrated set of parameters are used to process all image data.
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18. The superresolution STED-NSIM imaging method of claim 17, in which the pre-
calibrated set of parameters are determined by the following steps:
a) measure the 2D STED pattern period and orientation;
b) calibrating a phase shift step size between two separate 1D STED patterns to change
the phase of a combined 2D STED pattem in the x- and y-directions, which are
orthogonal to the axial z-direction;
c¢) measuring a STED quenching pattern phase to determine a real phase of the STED
quenching pattern;
d) measuring a modulation strength ratio between harmonic orders of the STED pattern’s
nonlinear effect by analyzing images of the sample consisting of random scattered
structures; and
e) determining a bleaching rate map to correct individual raw image set intensities, 7,(x,

¥, I)(where [ is an exposure index), before NSIM reconstruction.
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INTERNATIONAL SEARCH REPORT International application No.
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Box No. I1 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
See extra sheet(s).

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be scached without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. [l As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. ﬁ No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-13

Remark on Protest [:] The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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INTERNATIONAL SEARCH REPORT International application No,

PCT/US2017/049349

Continued from Box No. Ill Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |, claims 1-13, drawn to a superresolution STED-NSIM apparatus, comprising a polarizing beam splitting component disposed in
the STED beam path.

Group I, claims 14-18, drawn to a superresolution STED-NSIM imaging method, comprising: providing a fluorescence emission
excitation beam and four STED beams having a given numerical aperture (NAsted).

The inventions listed as Groups |-l do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons: the special technical feature of the Group
| invention: a polarizing beam splitting component disposed in the STED beam path adapted to provide two STED beams having
orthogonal polarizations along a first polarized STED beam path and a second polarized STED beam path; a first optical component
disposed in the first polarized STED beam path adapted to generate a first STED beam pair in the form of a first ID STED pattern along
a first STED beam pair path; a second optical component disposed in the second polarized STED beam path adapted to generate a
second STED beam pair in the form of a second 1 D STED pattern along a second STED beam pair path, wherein the first STED beam
pair and the second STED beam pair are mutually incoherent; a beam combiner disposed in the first STED beam pair path and the
second STED beam pair path, wherein four beams are output along a four STED beam path as claimed therein is not present in the
invention of Group Il. The special technical feature of the Group Il invention: four STED beams having a given numerical aperture
(NAsted); transmitting the fluorescence emission excitation beam and the four STED beams through an objective lens having a NAobj to
generate a 2D structured STED pattern having a numerical aperture, NAsted, where NAobj is greater than NAsted; tracking a contrast of
the reflected 2D STED pattern image during image acquisition, wherein, due to the STED depletion effect occurring in in out-of-focus
layers of the sample, out-of-focus emission under the epifluorescence mode does not reach the emission image detector thus providing
superresolution along an axial axis of the sample as claimed therein is not present in the invention of Group I.

Groups | and Il lack unity of invention because even though the inventions of these groups require the technical feature of providing a
fluorescence emission excitation beam and four STED beams; transmitting the fluorescence emission excitation beam and the four
STED beams through an objective lens to generate a 2D structured STED pattern; illuminating a sample target with the 2D STED
pattern and with the fluorescence emission excitation beam in an epifluorescence mode; propagating a fluorescence emission and a
reflected 2D STED pattern from the sample through the objective lens; propagating the reflected 2D STED pattern through an imaging
component and forming a reflected 2D STED pattern image thereof on an image detector; and providing feedback to a sample holder
translation stage, this technical feature is not a special technical feature as it does not make a contribution over the prior art.

Specifically, US 2016/0187259 A1 (FONDAZIONE ISTITUTO ITALIANO DI TECNOLOGIA) 30 June 2016 (30.06.2016) teaches
providing a fluorescence emission excitation beam and four STED beams (para. 0058); transmitting the fluorescence emission excitation
beam and the four STED beams through an objective lens to generate a 2D structured STED pattern (para. 0058); illuminating a sample
target with the 2D STED pattern and with the fluorescence emission excitation beam in an epiflucrescence mode (para. 0051, 0058);
propagating a fluorescence emission and a reflected 2D STED pattern from the sample through the objective lens (para. 0058);
propagating the reflected 2D STED pattern through an imaging component and forming a reflected 2D STED pattern image thereof on
an image detector (para. 0054); and providing feedback to a sample holder translation stage (paras. 0051, 0058).

Since none of the special technical features of the Group | or Il inventions are found in more than one of the inventions, unity of invention
is lacking.
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