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Format of Thesis

This thesis consists of five chapters. Chapter 1 is the introduction and in Chapters 2-4 the
research results are the focus on applying optical nonlinear response curves of
upconversion nanoparticles. The objective is to implement new modalities of super-
resolution microscopies. Chapter 5 concludes this thesis with a summation of the main

themes covered in this investigation. This thesis flowchart is illustrated below.

Chapter 2: For deep tissue super-resolution imaging
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Chapter 3: For the overall enhanced imaging quality
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Chapter 4: For the robust optical multipexing detection

1.0

Emission intensity (a.u.}
o = o

- o o

’d

2
i

2
=

1E4 0001 001 01 10 100 J
Powaf (miv)

CGe

This thesis summarizes the key results from my PhD research program, in which the topic
covered is super-resolution microscopy and nanoparticle-based super-resolution
microscopy. My PhD sets out to develop new super-resolution microscopy methods using
advanced nanomaterials. The main bulk of the framework developed for this thesis
consists of three results chapters. The first chapter describes the use of a near-infrared
nonlinear response curve from a single nanoparticle to develop a deep tissue super-
resolution imaging method. The second results chapter takes advantages of the two

response curves from two emission bands of a single nanoparticle, which yields two

i



things: the overall improved image quality; and increased imaging speed. In the third
chapter concerning the results, I explore the multiple emission curves derived from
different nanoparticles for robust optical multiplexing detection. Lastly, the conclusion

and discussions for future research are provided.
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Abstract

Due to the unique optical properties gained by converting near-infrared light to shorter
wavelength emissions, upconversion nanoparticles (UCNPs) have attracted considerable
interest. Their superior features, including their multi-wavelength emissions, optical
uniformity, background suppression, photostability and deep penetration depth through
the tissue, make them extremely suitable for biological and biomedical applications. By
taking advantage of their multi-photon nonlinear emissions in UNCPs, the goal of this
thesis is to develop UCNPs-based super-resolution microscopy methods to address the
challenges currently facing nanoscopy, for instance complexity, stability, limited
penetration through the tissue and low throughput. The methods being investigated in this
thesis make concrete the specific advantages in terms of image depth, speed, overall
quality, and multiplexing potentials. To unlock a new mode of deep tissue super-
resolution imaging, | first developed the near-infrared emission saturation (NIRES)
nanoscopy by taking advantage of near-infrared-in and near-infrared-out optical
nonlinear response curve from a single upconversion nanoparticle. This approach only
requires two orders of magnitude that are lower than the excitation intensity, which is
generally required for conventional multi-photon dyes. This work achieves a super-
resolution of sub 50 nm, less than 1/20™ of the excitation wavelength, and can image

single UCNP through a 93 um thick liver tissue.

To improve the overall imaging quality and simplify the system setups, I further exploited
the distinct nonlinear photon response curves from the two emission bands in UCNP, and
explored an opportunity for a tightly focused doughnut excitation to generate distinct
spectral dependent point speared functions (PSFs). With controllable PSFs from multi-
channel emissions by the excitation power density, this work presents the possibility of
achieving super-resolution imaging under saturated fluorescence excitation via PSF
engineering. Moreover, I developed a multicolour Fourier fusion algorithm to enlarge the
optical system's frequency shifting ability, and yield an enhanced imaging quality at a
higher imaging speed. By realising the uniform and distinct nonlinear emission curves
from different nanoparticles, this work posits a new optical encoding dimension for
multiplexing imaging. Proposed here is a robust PSF engineering strategy to extract

emitter properties. This work extends the multiplexing capacity of UCNPs and offers new

Xvil



opportunities for their applications. These methods are my contributions to the search for

a stable, viable, and multifunctional optical imaging modality for the nanoscale context.
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Chapter 1

Chapter 1 Introduction

Optical microscopy has played a critical role in biological and medical fields since it
allows us to investigate and discover the fine structures which are invisible to the naked
eye. With the first microscope [1], British physicist Robert Hook discovered the plant cell
wall structure in 1665. A contemporary Dutch scientist, A. Leeuwenhoek utilized a
homemade microscope to observe the body’s inner workings on a microscopic level,
seeing bacteria, sperm and even blood cells flowing through capillaries [2]. With further
developments in optical microscope technology in the next few centuries, imaging of cells
and their biological structures has enabled us to understand the functioning of cells.
During the last three decades, continuous advances in technology and modern research
methods have promoted the imaging field via a broad, interdisciplinary effort, leading to
crucial improvements like better labelling, more in-depth observation, and increased
spatial and temporal resolution. The significance of imaging modalities was recognized
as the essential breakthrough invention when in 2014 the Nobel Prize in Chemistry was
awarded 'for the development of super-resolved fluorescence microscopy'. The full
potential capabilities of different super-resolution microscopy methods have yet to be
explored, so the best approach to the advanced applications remains uncertain. For this
reason, super-resolution imaging is an active field because nanometre resolution imaging
is providing valuable insights into various biological systems, which important

implications for future research [3].

Given the excellent luminescence characteristics of rare earth elements, this thesis applies
upconversion nanomaterials on rare earth elements to optical super-resolution
technologies, which lays the foundation for solving the challenges of super-resolution
technology and single nanoparticle identification. The thesis covers fundamental physics
and several main experiments that support them, including photoluminescence, optical
nonlinear response, and imaging processing. These topics help to develop the field of
upconversion nanoparticles (UCNPs) and super-resolution imaging. The thesis focuses
on understanding the process of multi-photon nonlinear fluorescent emission in UCNPs.
By combining the advanced imaging processing algorithm, this thesis develops multiple

optical microscopy systems for biological imaging at the nanoscale.
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Since this thesis falls under the domain of super-resolution microscopy, Chapter 1 firstly
provides a general introduction of sub-diffraction imaging techniques. Moreover, this
chapter discusses the development of fluorescent nanoparticle assisted super-resolution
microscopes in biological and chemical analysis. This thesis aims to develop a stable and

straightforward super-resolution approach by using nonlinear optical response in UCNPs.

1.1 Diffraction limit in microscopy

Based on experimental evidence and basic principles of physics, Abbe proposed a famous
and vital conclusion which is that the resolution of the microsystem could not be reached
by diffraction limit [4]. Specifically, the structures with the size under micrometre are not
resolvable using a conventional light microscope due to diffraction. Abbe described the

transverse dimension of the far-field microsystem focal spot as follows with this equation:

A — 0.611 (1_1)

2nsina NA

Ar =

Where A represents the wavelength, n is the refractive index of the medium between the
sample and the objective, a is the semi-objective aperture angle, and NA represents the
numerical aperture. The size of the refractive index n and the aperture half-angle o are
constrained by objective technical conditions. Equation (1-1) represents the full width at
half maximum (FWHM) of the point spread function (PSF) and is commonly used as a

quantitative definition of resolution in far-field light microscopy.

Confronted with the resolution limit imposed by diffraction described in Equation (1-1),
scientists first opted for the obvious solution by increasing the numerical aperture or
reducing the wavelength of the excitation laser. Nevertheless, the resolution of the optical
microscopy was limited to approximately half wavelength of the light, even with perfect
lenses and optimal alignment. Instead of visible light, the researcher ultimately employed
an electron beam as a powerful approach to probe the sample to obtain more detailed
information after realising the wave nature of electrons. Following the same physical
principle but with a smaller wavelength down to one nanometre, electron microscopes
such as the scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) [5], reveal the subcellular structure and atomic organization of the materials with
accuracy approaching the angstrom range. However, the utility of those electron imaging

approaches come with significant restrictions in a life science research due to the vacuum
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operation requirement precluding the observation of living imaging. Moreover, according
to principles of signal detection, electron microscopes imposed a limitation on the specific
label and visualized multiple cellular structures in one organic sample. Furthermore,
transmission and scanning electron microscopes were relatively costly and time-

consuming.

Compared to electron microscopy, fluorescent microscope still had a unique place in the
life sciences since fluorescence imaging was compatible with cells, which enabled
minimally invasive optical-based observation of events occurring through long periods
of time. By taking advantage of the properties of evanescent waves, total internal
reflection fluorescence (TIRF) microscopy [6] achieved high axial resolution but was still
around the diffraction limit. Another near-field technique, scanning near-field optical
microscopy (SNOM) [7] employed the evanescent light wave at the end of a fibre tip. The
fluorescent signal from the sample surface could be collected to form an optical image,
whose resolution depended on the aperture size instead of the wavelength. However, the
interior of the cell was not visible with the SNOM technique, because the intensity of the
evanescent wave exhibited exponential decay as a function of the distance from the
boundary. Thus, SNOM could only collect high-resolution information near the surface
of the sample, providing accurate information while remaining limited to the throughput

in the case of slice techniques, as well as the volumetric images.

For studying sub-cellular structures and proteins within living cells, it would be
advantageous to devise optical far-field methods that can image at this length scale [8].
Over the past several decades, far-field fluorescence microscopy using focused light has
become an essential tool in several scientific disciplines including physical, chemical, and
biomedical research, especially in living cells and organisms. However, the diffraction of
light-imposed limitations on the spatial resolution, restricting the optical microscope’s
applicability. Therefore, it remains a pivotal challenge to improve the resolution of far-

field fluorescence light microscopy while retaining significant advantages.

1.2 Super-resolution technology

Recent years have witnessed the development of super-resolution far-field optical
microscopy techniques. To describe breaking the diffraction barrier in far-field

microscopy, Stefan Hell introduced the concept of reversible saturable or switchable
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optical fluorescence transitions (RESOLFT). This involved switchable or reversibly
saturable fluorophore transitions, where the diffraction barrier was overcome by a
saturated optical transition (depletion) between two optically distinguishable states
(on/off) in fluorescent molecules. To distinguish the fluorescent molecule from the
adjacent ones, it technically lied on how to "switch" the fluorescent of each emitter, or
how to control the fluorescence molecules switching between bright and dark states. For
this consideration, optical super-resolution technologies introduced new factors from the
photophysical and photochemical processes of fluorescent emitting, enabling the optical

switching of fluorescent molecules.

According to the fundamental principles, super-resolution technology could be divided
into two categories to deliver the resolution at nano-level. The first type of super-
resolution technology mainly utilizes sub-diffraction-limit pattern excitation methods.
Among the methods that improve resolution by pattern excitation modification, the most
important techniques are referred to as stimulated emission depletion (STED) microscopy
[9][10], ground-state depletion (GSD) microscopy [11] and structured illumination
microscopy (SIM) [12]. The second technique relies on stochastically detecting the
precise localization of single molecules, including photoactivated localization
microscopy (PALM) [13] and stochastic optical reconstruction microscopy (STORM)
[14]. There are many variations based on these schemes, as well as advanced imaging
process methods which could be combined to improve the performance of those existing

imaging modalities.
1.2.1 Patterned excitation approach

1.2.1.1 Stimulated emission depletion (STED) microscopy

In 1990, Stephen Hell proposed the concept of STED microscopy. Then he developed the
first experiment of STED microscopy with his colleagues four years later [9]. STED also
was the first technique successfully applied to super-resolution biological imaging of
fixed cells [10]. As stated above, STED employed spatially modulated and saturable
transitions between two fluorescent molecular states to engineer the PSF (Figure 1-1).
The principle of this technique relied on a time-sequential readout of fluorescent probe

photoswitching.
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Figure 1-1 | The principle of a STED microscope. (a) Experimental setup for STED microscopy. (b)
The simplified energy levels of the fluorescent switching in STED. (¢) A schematic illustration of a
STED microscopy. (d) The nonlinear depletion curve is shown as the normalized fluorescent signal
curve is plotted as a function of the STED laser power. The insets show simulated depletion efficiency
profiles for different values of maximum STED intensity [15].

A conventional STED optical setup configuration is presented in Figure 1-1a showing
the phase plate, excitation and depletion lasers (green and red beams, respectively),
dichromatic mirrors, objective, and tube lens. The probe is illuminated under two
synchronized ultrafast tiny aligned sources consisting of an excitation pulse laser
followed by a doughnut-shaped depletion pulse laser which is also named the STED beam.
Generally, the pulse width of the excitation laser is shorter than that of the counterpart.
By taking advantage of the time scales for molecular relaxation, pulsed lasers create
radially symmetric depletion regions. Figure 1-1b demonstrates that fluorophores occur
when a molecule encounters a photon that matches the energy gap between the ground
(So) and excited (S1) states. Upon interaction between the photon and excited fluorophore,
the excited fluorophores instantaneously return to the ground state through stimulated
emission before fluorescence emission can occur. Consequently, the STED beam can
effectively deplete the fluorescence in the selected zones near the focal spot of the excited
fluorophores (Figure 1-1c¢). The deactivation of the fluorophores occurs in the whole

focus volume, excluding the centre of focus.
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STED microscopy is one type of PSF engineering technique that sharpens the size of the
focal spot, equivalent to expanding the microscope spatial frequency passband. Although
both laser beams remain diffraction-limited, the final achievable resolution can easily
bypass the diffraction limit since the STED beam is shaped to feature a near zero-intensity
point at the centre of focus with the exponentially growing intensity toward the periphery.
The nonlinear depletion of the excited fluorescent state by the STED beam constitutes the
basis for achieving images with resolution under the diffraction limit (Figure 1-1d) [15].
Most spontaneous fluorescence can be depleted once the power of the STED beam is
above the statured threshold. With the increased STED beam power, the 'nonfluorescent
area' is expanding, but with little impact on the fluorescence in the central area. When
two laser pulses are superimposed, only probes that sit in the centre of the STED beam
can have the fluorescence emission, significantly restricting the emission and narrowing
the size of the effective PSF. The FWHM of the remaining effective PSF is well
approximated by an expanded form of Equation (1-2):

A
Arsrgp = -
2nsina ,1+(M)
Isat

where I, = Th—va is defined as the characteristic threshold intensity at which half of the
fl

(1-2)

maximal fluorescent signal is elicited, 1,4, 1s the maximum STED beam power, hv is the
photon energy, o is the cross-section of excitation, and 7z, is the fluorescence lifetime of

the excited state.

By increasing the power of the depletion laser, we can obtain an arbitrarily small Argrgp
to overcome the diffraction limit. Underlying Equation (1-2), the effective resolution
increase with STED is proportional to the power of the depletion laser. The resolution is
theoretically not fundamentally limited by diffraction anymore, but rather by the residual
intensity in the doughnut minimum in practice and the material properties, like the largest
Lnax that may be tolerated by the specimen. It becomes problematic at extremely intense
laser powers that are likely to cause destruction and rapid photobleaching of the
fluorescent probe. By taking the nonbleaching feature of the nitrogen-vacancy (NV)
centre in diamond [16], the highest resolution of 5.8 nm has been reported under the laser

intensity of 3.7 GW/cm?. For the biological structure imaging, the STED system can
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achieve a resolution of 20 nm with organic dyes [17], and a resolution of 50 nm with

fluorescent proteins [18].

For recording a complete image, both lasers are raster scanned across the samples, similar
to the conventional confocal microscope. One of the advantages of STED microscopy is
that effective resolution increase is entirely dictated by the experimental configuration
and the laser beam powers applied to the sample. Moreover, the image is acquired as the
beam scans along with the sample without additional image processing for the first
generation of STED microscopy. Meanwhile, the imaging speed of STED has reached up
to 200 fps [10] and up to 28 fps for the biological samples [17].

It has been three decades since the first concept of STED was proposed, and much work
has documented the enhanced performance of this imaging system, especially for those
advanced versions to address the improvements in axial resolution for three-dimensional
(3D) imaging. By coupling two STED depletion beams with two opposing objective
lenses as a 4Pi-style configuration, researchers have developed iso-STED [19] to improve
resolution in both the lateral and axial directions significantly. This technique yields an
isotropic PSF with a resolution reaching 40 nm along the axes. Such an asymmetrical
focal spot has benefits in recording high-resolution images from deep within biological
cells and tissues, such as visualizing the essential structures in the mitochondria of intact
cells [20]. Moreover, digital image processing can be employed to reduce the effect of
side-lobes and other artefacts that compromise the PSF. By exploiting the saturated
fluorescence excitation, a compressed sensing approach [21] has been recently reported
to demonstrate the potential to obtain 3D super-resolved imaging, principally through a

single 2D raster scan with tightly focused PSF.

1.2.1.2 Ground state depletion (GSD) microscopy

Apart from STED microscopy, GSD microscopy [11] employs the similar RESOLFT
principle described above by using laser featured with a central zero node to optical
switch-off the fluorescent probe. As illustrated in Figure 1-2b, the photoswitching
mechanism in the GSD system involves transiently shelving the fluorescent molecule in
a metastable dark triplet state (T1), which is done by applying an additional laser with an
appropriate wavelength. The fluorophore can be excited to a higher energy level and fall

back to a long-lived dark triplet state. In other words, electrons remain in the metastable
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Figure 1-2 | The principle of a GSD microscope. (a) A simplified energy level of stimulated emission.
(b) An energy level illustration of a GSD. Sy is the ground state, S; is the excited state, T, is a metastable
triplet state.

state for relatively long durations, which means fluorescent emission occurs only with
very low probability. Regardless of this, the metastable state can be populated by
repetitively exciting the fluorophore to increase the probability of a non-radiative

intersystem crossing transition to T1 from Si.

GSD enables over-resolution by switching fluorescent molecules between bright and dark
states using different wavelengths lasers according to the basic concepts of RESOLFT.
Fluorescence imaging recovery is mission-critical since GSD relies on scanning the
sample like STED microscopy. Slightly different from STED, GSD forbids the electron
transitions on the periphery by using a doughnut-shaped beam to deplete the fluorescent
molecules from ground state to triplet state. Thus, only the fluorescent molecules in the
centre zoom can have fluorescence emission, sharpening the effective PSF of the system.
Compared to STED, GSD exploits the ability of electron transitions in the long-lived dark

triplet state, which requires much less depletion laser power.

Optical transitions in the triplet state have been reported in conventional synthetic probes,
such as ATTO dyes, rhodamine, carbocyanine, Alexa Fluors, BODIPYs, and fluorescein.
One of the most significant challenges for GSD microscopy is to select suitable
fluorescent materials because of the potential photobleaching issue in driving
fluorophores to dark triplet states. Moreover, the excited fluorophores to the triplet state
must eventually be able to relax to the ground state after removing the depletion beam.
As a result, there must be a trade-off between the intersystem crossing rate, the optical

shelving time, and photobleaching activity. Unfortunately, there are a few fluorescent
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proteins or fluorescent molecules matching these specific requirements, subsequently

restricting the widespread use of GSD.

1.2.1.3 Structured illumination microscopy (SIM)

Unlike the above point scanning super-resolution modalities, SIM bypasses the
diffraction barrier without the requirement of photon switching fluorophores [12]. It is a

widefield technique that extracts the higher resolution by exploiting the interference
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Figure 1-3 | The principle of a SIM microscope. (a) An unknown sample structure is multiplied by
a known regular illumination pattern to generate a beat moiré fringes pattern. [12] (b) The
corresponding Fourier components. The moiré fringes occur at the spatial difference frequencies
between the pattern frequency and each spatial frequency component of the sample structure. They can
be coarse enough to observe through the microscope (¢) Experimental setup for SIM microscopy [90].
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(moiré patterns) of diffraction orders when two grid patterns are overlaid at an angle
(Figure 1-3a). As shown in Figure 1-3b, SIM typically requires closely spaced periodic
patterns to down-modulate the high spatial frequency information in the sample so that with
the support of optical transfer functions (OTF) the high-frequency information can be
reconstructed. Since the resolution is only enhanced in the direction perpendicular to the
line-shaped zero nodes, the pattern must be rotated in several directions to cover many
angles in the focal plane. With a specialized image processing algorithm, high-frequency
information can be extracted from the raw data to produce a reconstructed image,
doubling the resolution of traditional diffraction-limited light microscopy. This method
uses a grid array of line-shaped intensity maxima and minima instead of the conventional
doughnut-shaped excitation beam that is employed by other PSF engineering techniques
of STED and GSD described above. The mechanism of the enhanced resolution can be

described in terms of spatial frequencies and Fourier components.

The nonlinear structured illumination schemes, such as saturated pattern excitation
microscopy (SPEM) [22] and saturated structured illumination microscopy (SSIM) [12],
have demonstrated to take advantage of emission saturation where high-resolution
information is acquired in the system. In SPEM and SSIM, two powerful interfering
beams from the same light source generate a standing wave grid pattern to form the
structured illumination. Due to exposure to the intense illumination, most of the exposed
fluorescent probes within the specimen saturate, leaving only narrow dark line-shaped
volumes having a period of approximately 200 nm at the edges of the interference pattern.
By increasing the excitation power, the nonlinear saturated photo-response can help to
further improve the resolution of SIM in the regime of 50 nm and resolve sub-cellular
structures. New advances made in de-noising process and modified excitation conditions
have been applied to SIM, so that Hessian-SIM and grazing incidence SIM, have been
recently developed with high imaging speed. They are applied to observations of
ultrastructures of cellular organelles and their structural dynamics, such as mitochondrial

cristae.

The next challenge is to explore the possibilities of using these techniques for thick tissue
neuroscience imaging and nanomedicine tracking, as the strong scattering and absorption
aberrate the structured illumination patterns and introduce unwanted out-of-focus light,

both deteriorating the imaging resolution. For addressing this challenge, near-infrared
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excitation has been implemented to mitigate the absorption. Two-photon or multi-photon
excitation in conjugation to spot scanning SIM have been reported to improve the imaging
depth through tissue but at the price of low speed caused by the spot scanning scheme.
Organic fluorescent dyes and proteins are the most common imaging probes for SIM,
because of their outstanding staining and specific ability to target organelles. Nevertheless,
these probes require a tightly focused and high-power pulsed laser to activate the multi-
photon absorption process, due to their small multi-photon absorption cross-section. The
required high excitation power, especially by nonlinear SIM, limits long-duration

visualization of sub-cellular structure in living cells.
1.2.2 Single-molecule localization

1.2.2.1 Stochastic optical reconstruction microscopy (STORM)

Single-molecule localization microscopy (SMLM) is another class of super-resolution
microscopy technique used to achieve images at high spatial resolutions under 20 nm,
such as photoactivation localization microscopy (PALM)[13], stochastic optical
reconstruction microscopy (STORM) [14]. Differing from the fluorophore chemistry "on-
off" switching exploited in STED, the STORM techniques rely on the methodology of

temporally optical modulating the fluorescent of the emitters (Figure 1-4).

Since the basic working principles of STORM and PALM work are similar, this section
focuses on introducing STORM to explain the repeated rounds of imaging via photo-
activation stochastic on-off switching mechanisms [23]. STORM technology explores the
"blinking" property of many conventional fluorescent dyes to induce the temporal
photoswitching concept between bright and dark states (Figure 1-4b). As demonstrated
in Figure 1-4a, by applying a high-intensity laser light, the majority of fluorophores in a
diffraction-limited region can be excited to a stable and reversible dark state which has a
varied lifetime range [24]. Followed with another back-pumping laser, single molecules
can switch to the bright state at any given point of time, stochastically emitting
fluorescence for a short time before return to the dark state. The fluorescence signals
produced by those molecules cycling between bright and dark states are recorded over
time [25]. Finally, a super-resolution image is reconstructed from a set of frames with an
algorithm that extracts all identified emitters’ localization information from the recorded

data (Figure 1-4d).
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Figure 1-4 | The principle of an SMLM microscope. (a) Fluorophores-switching in a diffraction
limit region. (b) The photoswitching characteristics of the Cy5 and Cy3 applied in SMLM. (¢)
Gaussian fitting for single emitter localization. (d) The SMLM image processing for a single composite
super-resolution reconstruction. [23]

The detection precision of the single-molecule position depends on the signal intensity
(Figure 1-4c). The precision centroid position of every single emitter is based on

statistical curve-fitting algorithms, most often to a Gaussian function fitting, which is
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equivalent to a level of precision scaling with the square root of the total number of
collected photons. The purpose of this method is to determine both the mean value of the
standard error in the fitted position (o) and the photon distribution (p), according to

Equation (1-3):

a?
0=Ji+ﬁﬁ+ﬂ§ﬁ (1-3)
N N aN

Where s is the standard deviation of Gaussian function approximating the PSF of the
emitter, N is the total captured number of photons, b is the standard deviation of the

background noise, and a is the pixel size of the detector.

This equation takes the effect of photon shot noise, finite pixel size of the detector,
background noise into consideration. STORM is based on the knowledge that the
localization accuracy of a single fluorescent molecule can be achieved as low as 10 nm
when the measured photon distribution of the emitter is approximately 1,000 photons. In
the case of negligible background, Equation (1-3) is written as follows:

N
o== (1-4)

As described by Equation (1-3) and (1-4), the most critical elements in achieving the
precise localization in STORM imaging are to maximize the detected photon from the
emitter, which simultaneously minimizes the background fluorescence emission and

detector noise.

It is worth noting that localization precision of a single emitter is not equivalent to the
optical resolution of the reconstructed STORM image, which means the classic sampling
FWHM standard techniques do not apply to STORM data. Furthermore, Nyquist-
Shannon sampling theory which is also referred to as the Nyquist criterion, has defined
the theoretical smallest sampling frequency. At the very least it needs to be doubled the
size of the highest spatial frequency of an optical microscope. In other words, the labelling
density of the imaged specimen should be two-fold smaller than the thinnest structural
feature in the discerned image. The image performance of STORM is highly dependent
on several parameters, including localization uncertainty, the density of the rendered
molecule, sample drift, and photoswitching kinetics. Recently, the Fourier ring

correlation (FRC) [26] has become a widespread integral and practical measurement to
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determine image resolution in optical super-resolution microscopy. It accounts for all the
above factors directly from experimental data alone. By analyzing the trade-off between
labelling density and localization uncertainty in FRC measurement, quantification of the
spatial correlations also presents a way to estimate the average number of localizations
per emitter, contributing to the image. Moreover, the decorrelation analysis [27] is another

compelling method to analyse the image quality.

By taking advantage of the blinking mechanism, there is another technique called super-
resolution optical fluctuation imaging (SOFI) [28] to achieve fast sub-diffraction imaging,
which allows much higher labelling density comparing with STORM. Since the
instrumentation is typically more straightforward for localization-based as compared with
pattern illumination-based modalities, the STORM-type super-resolution techniques have
been much promoted for biomedical research applications. However, single-molecule
approaches typically require thousands of individual frames of image data for single
reconstructions, limiting these techniques to live-cell imaging. Several developments
have successfully presented that time-resolved imaging of multiple targets can be
promising tools. Techniques have been investigated to track the movement of up to
thousands of protein molecules in the same live-cell simultaneously, yielding sub-
diffraction information on the underlying cellular dynamics from particle tracks in

multicolour experiments.

1.2.2.2 Point accumulation for imaging in nanoscale topography (PAINT)

It should be noted that rapid advances are being made in the field of SMLM, so
researchers are interested in advanced techniques with emerging solutions. Although
STORM has successfully addressed many biological questions in imaging, it limits the
times of observations for the labelled molecule due to fluorophore bleaching, leading to
under-sampling of the actual underlying biology. Thus, the requirement of multiple
repeated observations of molecules has pushed the field to explore techniques that allow
a fluorophore to bind with a specific target. This binding method is then employed to
reconstruct of interest via PAINT [29].

PAINT microscopy uses a similar concept in STORM that localizes enough single
molecules by isolating the fluorescent events in time and space in a sub-diffraction limited

region, reconstructing a high-resolution composite image (Figure 1-5). However, instead
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Diffraction-limited DNA-PAINT

DMA-PAINT Diffrection-lim ed DA -PAINT

Figure 1-5 | The principle of a PAINT microscope. (a) DNA-PAINT concept. (b) Diffraction-limited
(left) and super-resolved DNA-PAINT images (right) of DNA origami nanostructures. (¢) In situ
protein-labelling strategy for DNA-PAINT using primary and DNA-conjugated secondary antibodies.
(d) Overlay of a diffraction-limited a-tubulin image (top left) with a super-resolved DNA-PAINT
image (bottom right). (e) Close-ups of the highlighted area in d, comparing diffraction-limited image
(left) with DNA-PAINT super-resolved image (right). [29]

of labelling the target stochastic photo-activation molecules with a permanently fixing
the fluorophore, PAINT relies on the transient binding of probes to the structure of interest.
Transient binding occurs on a time scale short enough to isolate a single emission rather
than observe a fluorescence 'spike' due to immobilization of the fixed probe. The probe

is rapidly dissociated and photobleached so that a new probe can serve as the replacement

PAINT is straightforward to implement without particular experimental conditions to
achieve the required photoswitching. The first iteration of PAINT was initially
demonstrated in 2006 [30], using intermittent collisions between a small environment-
sensitive dye Nile Red and giant unilamellar vesicles. It is worth noting that PAINT builds
a super-resolution reconstruction with the theoretically infinite number of emission events
which only are limited by the time and reagents available in practical experiments. To
achieve the appropriate super-resolved image, SMLM collects the data in as large a set as
possible. This is a highly significant advance in PAINT, as it is intrinsically optimized to

maximize the molecular sampling rate.

However, further technical development will be required to alleviate the challenges when
employing this approach. Firstly, it is difficult for the original PAINT approach to
15
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specifically label a variety of biomolecules, because interactions are mainly restricted to
electrostatic coupling or hydrophobic interactions. As a result, PAINT faces the challenge
to find available compatible probes. For high-quality single-molecule localization, there
is a critical requirement to control the binding events in a suitable time range. It will not
have enough signal to estimate the precise localization if the binding lasts too short, while
the spatiotemporal separation of each emitter will be another problem with a long binding
time. Moreover, PAINT has another challenge caused by the high background
fluorescence, which limits the technique to being conducted in conjunction with a robust

optical sectioning modality.

Deoxyribonucleic Acid (DNA) represents a promising candidate for developing an
imaging method of the PAINT concept by establishing a precisely programmable
interaction system. By labelling the probe to short DNA oligos with the specific antibody,
DNA-based PAINT (DNA-PAINT) [31] has demonstrated itself to be a powerful tool for
super-resolution microscopy. Specifically, the engineered oligos with a relatively low
affinity are introduced into the system and bind transiently, allowing a theoretically
unlimited time of localization and detection (Figure 1-5a). Relying on different
antibodies conjugated to oligos with a high number of orthogonal docking strands to carry
out the spectrally distinct dyes, Exchange PAINT [32] makes it possible for multiplexing
imaging at a high resolution. Similarly, the quantitative method of PAINT (qPAINT) [33]
provides an orthogonal way to extract and compare quantitative information. With new
advances being made in the development of Forster Resonance Energy Transfer (FRET)-
PAINT [34], background-free imaging has been achieved with non-specific binding.
Combined with fluorescence lifetimes [35], this technique has been developed to classify
different docking species on origami with the cost of executing quantitative
measurements. Therefore, new modalities are desired to combine the advantages of these
labelling methods, allowing more challenging experiments to observe and quantify

proteins in their native environment.

All in all, the DNA-PAINT imaging framework offers several advantages over STED,
SIM, or STORM, resulting in possibilities for new technological developments and
biological applications. However, we do note there are limits to the achievable image

acquisition speed when compared with those traditional super-resolution techniques.
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1.3 Nanoparticles in super-resolution techniques

With the advantages of the small size and biocompatibility, organic dyes and fluorescent
proteins are now widespread imaging probes in the above far-field super-resolution
microscopies. However, the disadvantages of current fluorescent proteins and molecular
dyes are also apparent in the super-resolution applications, particularly for the long-term
tracking of single molecular and real-time imaging of subcellular structures. Typically,
they are too dim to offer enough signal in fast imaging and can be rapidly photobleached
under the excitation light. Therefore, the super-resolution community seeks alternative
probes with intense brightness and resistance to photobleaching, in order to revolutionize

microscopy by revealing the events inside the cells.

Although nanoparticles have larger sizes compared with dye molecules and proteins,
several groups have successfully induced fluorescent nanoparticles into the imaging
communities to explore capability in functional subcellular imaging [36]. Nanoparticles
have attracted a great of attention as the excellent candidates for bio-labelling and
biosensing [37], drug delivery [38], cancer therapy [39], long-term molecular tracking
[40], solar cell application [41] and triggering chemical reaction [42] due to their
remarkable photophysical properties. For the potential applications of nanoparticles,
mapping of the centres within individual nanoparticles has become significantly
important. Recently, a variety of super-resolution modalities have utilized nanoparticles
as fluorescent nanoprobes, including quantum dots (QDots), carbon dots (CDots),
polymer dots (PDots), aggregation-induced emission (AIE) dots and UCNPs. This section
reviews the recent progress made in these fluorescent nanoparticles in super-resolution

imaging.

1.3.1 Quantum dots (QDots)

As the first generation of inorganic nanoparticles used as biomedical imaging probes
(Figure 1-6a), QDots are the artificial semiconductor nanocrystals with diameters
ranging from 2-10 nm with remarkable electronic and fluorescent properties [43][44]. By
controlling their sizes, QDots can emit distinctive colours of light [45]. Also, they are
resistant to photobleaching with intense brightness compared with conventional dyes.
QDots have other exceptional photophysical properties, such as broad excitation spectra,

significant absorption coefficient and narrow-band symmetric emission spectra.
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Figure 1-6 | Immunofluorescence imaging results of with QDots. (a) Structure of a multifunctional
QDots, showing the capping ligand TOPO, an encapsulating copolymer layer, tumour-targeting
ligands (such as peptides, antibodies or small-molecule inhibitors) and polyethylene glycol (PEG).[43]
(b—d) SOFI images of microtubule labelled with QDots525, QDots625 and QDots705, respectively.
[47] (e) The confocal image. (f) Multicolour merged image of (b)-(d). (g & h) ExM imaging of
Qdot605 labelled acetylated microtubule, Qdot655 labelled tyrosinated microtubule and Qdot705
labelled detyrosinated microtubule, respectively. [48] (i & j) ExM and ExSOFI images of boxed
regions in (g & h), respectively. (k) Image of confocal with QDots. [51] (I) Image in STED in the same
region. (n) Inset from (I), white square, with distinct QDots that could not be separated by confocal

(m).
Due to their blinking property [28][46], QDots have functioned well as a promising probe
in real-time optical microscopy with SOFI, improving both spatial and temporal

resolution. Multicolour QDots (Figure 1-6b-j) have recently been used to achieve higher
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labelling densities in the biological applications [47][48]. As based by calculating the
statistical moments of each pixel, SOFI provides single-molecule localization information
for quantifying target molecules. On the other hand, several kinds of available
commercial QDots have successfully expanded the application scope in STED
microscopy [49][50]. Stephan Hell utilizes CdSe@ZnS QDots (QDots 705) to
demonstrate STED microscopy [51] with lateral resolutions down to 50 nm for single

QDots and 85 nm for microtubule in HeLa cells (Figure 1-6k-n).

Although QDots are promising probes to facilitate nanoscopy resolution in standard
super-resolution modalities, they still require relatively intense laser (over 340 mW) and
exhibit issues concerning phototoxicity [51]. In addition to the general concerns of
photobleaching, the high power depletion laser may also cause thermal instability, leading
to artifacts in images. Besides, QDots blinking and broad absorption spectrum
represented the significant limitations in the context of particle tracking and long-term
image acquisition [49]. Due to the poor penetrating ability, no work has yet investigated
QDots’ ability to label tissue structures. Further work should focus on increasing the
labelling efficiency of QDots in a thick specimen by using small size or optimizing the

immunostaining method.

1.3.2 Carbon dots (CDots)

Compared to semiconductor QDots, which typically contain heavy metals constituents
which are highly toxic to the biological sample [43], CDots have emerged as a hugely
attractive option as subcellular targeting probes [52]. CDots are fluorescent carbon
materials consist of sp2 or sp3 carbon and oxygen-based or nitrogen-based groups, with
a tiny size smaller than 5 nm [53]. Furthermore, CDots can be produced inexpensively
through a single-step procedure on a large scale (Figure 1-7a). Following these promising
conclusions, the process in super-resolution microscopy has demonstrated that CDots are

promising labelling agents [54][55].

CDots' photoblinking properties make them an excellent candidate for SOFI [52][54]. A
type of 4.5-nm CDots has been developed with a burst-like blinking behavior and has
been demonstrated for imaging microtubules (Figure 1-7b-k). With the development of
near-infrared emissive in CDots, STED microscopy has improved spatial resolution down

to 30 nm for imaging in both fixed and living cells, demonstrating the potential of CDots
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Figure 1-7 | Super-resolution imaging of CDots-labelled structures inside a cell. (a) One-step
synthesis of CDots in PEG200N solvent [53] (b) Scheme presenting the possible mechanism of on-,
off-, and grey states of CDots. [54] (¢) Fluorescence wide-field image of a Saos-2 cell. (d) Second-
order SOFI image of (c). (e & g) and (f & h) Two subareas of the cell wide-field and SOFI images,
respectively. (i) A representative fluorescence trace of an individual CDots. [52] (j) Fluorescence wide-
field image of CDots in fixed trout epithelial gill cells. (k) SMLM image of (j). (i) Confocal imaging
of CDots in fixed MCF7 cells. [56] (m) STED image of the same region in (c). (n) High-density super-
resolution imaging of CDots-stained samples. [57] (0) Super-resolution reconstructed image of (n). (p)
Confocal imaging of CDots-labelled structures inside a cell and on the plasma membrane. (q) STORM
image of the same region in (p). (s) Inset from (q), green square, with distinct CDots that could not be
separated by confocal (r).

for super-resolution visualization of cellular dynamics (Figure 1-7i-m) [56]. Apart from
this, CDots present reversibly photoswitchable feature when combined with an electron
acceptor molecule [57][58]. With CDots-stained microtubules in fixed and live trout gill
epithelial cells, STORM has achieved a resolution of 25 nm (Figure 1-7n-s), making
possible super-resolution imaging of the clustering and distribution of membrane protein

receptors [36].

The main drawback of CDots is that the wavelengths of excitation beams are confined in
the ultraviolet (UV) range, causing cell death and also having the problem of tissue

penetration for bio-imaging. As the promising fluorescent nanoprobe for super-resolution
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microscopy, we need more investigations to improve the quality of CDots further [59],
particularly in mass production. Another significant challenge is the uncertain nature of
the chemical groups on the surface of CDots, which originates from a lack of control
during the synthetic process. Furthermore, it requires more characterization techniques to

understand the fluorescent mechanism operating in CDots.

1.3.3 Polymer dots (PDots)

Semiconducting PDots have demonstrated their capacity as a convincing alternative in
fluorescent labelling owing to their prominent optical performance, and they have
displayed broad applications in bioimaging. Recently, the process has demonstrated the

advantage of PDots for SOFI imaging by regulating their outstanding optical properties
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Figure 1-8 | Super-resolution nanoscopy of subcellular structures labelled with small
photoblinking PDots. (a) Chemical structures of small PFBT and CN-PPV PDots. [60] (b)
Conventional wide-field imaging of tubulin labelled with small CN-PPV PDots. (¢) The magnified
area in the square in panel (b). (d) 2nd-order SOFI image generated from panel (¢). (e) & (f) The
intensity profiles of the white arrows shown in panels (¢) & (d). (g) Chemical structures of small PFO
and PFTBTS PDots. [61] (i) Dual-colour imaging of microtubule filaments and clathrin-coated
vesicles. (j) alpha and acetylated microtubule. (k) Microtubule and mitochondria. (I) Microtubule
filaments and clathrin-coated vesicles. (m) Wide-field imaging of CCPs labelled with PFO PDots and
microtubules labelled with PFTBTS PDots. (n) The magnified region in the white box in (m). (o)
Second-order SOFI image from panel (n). (p) A wide-field image of PFSBODIPY565 labelled
tyrosinated-a-tubulins and PFSBODIPY 720 labelled mitochondria membranes. [62]
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such as high brightness, resistance to bleaching, and tunable properties for in vitro and in

vivo imaging [60][61][62][63].

PDots are particles that consist predominantly of m-conjugated polymers [60] with an
extra small (10 nm or less), which are suitable for fluctuation-based super-resolution
imaging of subcellular structures (Figure 1-8). By coating an inert polymer (styrene-co-
maleic anhydride) (PSMA) (Figure 1-8a), the researchers design the small blinking
PDots with surface carboxyl groups for biomolecular conjugation. Since the small size
confers improved biocompatibility, PDots have demonstrated their ability to label a
variety of subcellular organelles such as microtubules (Figure 1-8b-f), the nuclear,
mitochondria and envelope [61]. For investigating protein-protein interactions and
multiplexed subcellular structures imaging, a further process has developed the other two
types of PDots (Figure 1-8g), namely PFO and PFTBT5 PDots [61], with different
spectral and relatively fluorescent emission bands, respectively. With these small PDots,
indirect immunofluorescence imaging of the microtubule network in BS-C-1 cells is
performed via dual-colour labelling (Figure 1-8i-0). Furthermore, streptavidin-
conjugated PDots present prominent dual-colour subcellular labelling with a high signal-
to-noise ratio, enhancing the resolution of single microtubules to ~60 nm in the 8"-order

SOFI (Figure 1-8p) [62].

The small photoblinking PDots are not only promising probes for SOFI imaging but they
are also suitable for other emission blinking-based sub-diffraction methods, including
Bayesian analysis of blinking and bleaching microscopy [64] and bleaching/blinking
assisted localization microscopy [65]. However, the challenge is retaining the
extraordinary photophysical properties while decreasing the size of PDots. Typically, the
brightness of PDots drops proportionally to the number of emitters in a particular volume.
Moreover, a smaller size causes the more substantial surface quenching of the PDots due
to the increased ratio of surface area to volume. With the optimal design of new
semiconducting polymers, for example crystal host and dopant concentrations, synthesis
of much smaller size, PDots will significantly improve our ability to identify different

subcellular structures with super-resolution techniques.

22



Chapter 1

1.3.4 Aggregation-induced emission (AIE) dots

Although the QDots, CDots and PDots have shown their advantages in fluorescent
imaging with their photoblinking properties over a time sequence, organic dyes are still
the common choices for biological applications because they are easily modified and have
high biocompatibility. However, traditional organic fluorophores suffer from aggregation
caused quenching (ACQ) [66] due to the intense intermolecular n-w stacking interactions.
Specifically, the ACQ effect induces bright emission in dilute solution but weakened or
quenched emission in the aggregated labelling on targeted tissues or organs, limiting the
cope of fluorophores for practical applications. Fortunately, AIE dots [67][68] contain a
large number of molecules within small particles (14-nm) that have a unique
photophysical phenomenon very different to the ACQ effect, enabling bright emission in
highly aggregated states. The primary mechanism of AIE effect is that the physical

constraint in the aggregated states restricts free intramolecular motions, diminishing the
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Figure 1-9 | Super-resolution imaging of the subcellular structures labelled using AIE dots. (a)
Photocyclodehydrogenation process of o-TPE-ON+. [73] (b) Photoactivation and photobleaching
behaviors in fixed HeLa cells recorded by confocal microscopy. (¢) Diffraction-limited image with
totally blurred structure. (d) STORM super-resolution image of (c). (e) Synthetic routes and structures
of the Blue-AlIE dots, Green-AlE dots, and Red-AIE dots; fluorescence images of the solid powders
of the three molecules under 365 nm UV light and their quantum yields. [75] (f) Confocal imaging of
the microtubule structures labelled using the Red-AlIE dots. (g) STED images of (f).
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nonradiative decay of the excited state energy. Moreover, most AIE dots present low
toxicity and high biocompatibility with high resistance to photobleaching even under

intense laser irradiation [69].

AIE dots have served as viable fluorescent probes for specific subcellular labelling in
super-resolution visualization methods [70][71][72]. By tracking the intensity trace of
fluorescence turn-on photoactivatable probe named o-TPE-ON+ (Figure 1-9a), Tang et
al. have demonstrated a novel photoswitching AIE dots for STORM imaging to monitor
the dynamic of mitochondria in nanoscale level (Figure 1-9b-d) [73]. Furthermore, a
series of AIE-active fluorescent probes are synthesized for detection and super-resolution
imaging of B-amyloid fibrillation deposits in mouse brain slices [74]. Recent studies
demonstrate the application of AIE dots in STED imaging of microtubule structures at a
95-nm resolution of fixed cells (Figure 1-9e-g) [69][75]. With advanced processes
established in the synthetic probes, STED microscopy extends the application to image

AlE-stained mitochondria in living cells with a resolution of 74 nm [66].

Meanwhile, it seems more significant to develop new AIE dots with different emission
colour via diverse structures, covering the entire visible spectrum for super-resolution
microscopes. In particular, the AIE dots have near-infrared, or far-red emission will be
ideal because they do only minor photo-damage to biological samples, high sensitivity in

living systems, and there is minimal interference from the background autofluorescence.

1.3.5 Lanthanide-doped upconversion nanoparticles (UCNPs)

Although the nanoparticles mentioned above have demonstrated considerable advantages
in super-resolution imaging for biological research, only a few analyses have conducted
long term tracking and super-resolution imaging in deep biological tissues. The main
reason is that the excitation and emission of these nanoparticles are located at the range
of visible and ultraviolet wavelength with a low penetration ability in the deep tissue [76].
Moreover, these fluorescent nanoparticles are relatively photostable compared with the
dyes and proteins, but is still a major challenge for these nanoparticles in resisting the

photobleaching under excitation over several hours for long-term observation [77].

Addressing the issues mentioned above, UCNPs serve as a new type of multi-photon
probes with high density emitters in small volumes. Each UCNP contains thousands of

co-doped lanthanide ions that form a network of photon sensitizers and activators, which
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Figure 1-10 | Subdiffraction imaging with UCNPs. (a) Diagrams of the UCNP-assisted STED super-
resolution imaging. [79] (b) Energy level diagrams of Yb/Tm co-doped UCNPs under 980 nm
illumination (left), and under both 980 nm and 808 nm illumination (right). (c&d) Confocal (left) and
super-resolution (right) images of the 40-nm 8% Tm-doped UCNPs. (e&f) Confocal (left) and super-
resolution (right) images of the 13-nm 8% Tm-doped UCNPs.(g) Diffraction-limited image of UCNP
stained cytoskeleton structures. [80] (h) STED super-resolution image of (g). (e) The confocal image
from panel in (g). (j) STED image of (i).

have the unique optical property of converting near-infrared (NIR) to shorter wavelength
NIR, visible and ultraviolet emission [78]. UCNPs have attracted considerable attention
due to their superior physicochemical features, such as significant anti-Stokes spectral

shifts, background-free, photostable, low toxicity and high imaging penetration ability.

1.3.5.1 UCNPs in STED microscopy

Recent studies have indicated that UCNPs with thousands of emitters per nanoparticle
can serve as suitable single-molecule probes, enabling bright emission in super-resolution
imaging. A UCNP-assisted STED nanoscopy with low saturation intensity has achieved
sub-30 nm optical resolution in resolving the cluster of single 13 nm UCNPs (Figure 1-
10c-f) [79]. Specifically, the 808 nm STED beam with the similar the energy band (*Hs
—3Hs) can trigger stimulated emission to depopulate metastable *Hs level, consequently
inhibiting upconverted emission from higher excited levels (blue emission from 'Gs and
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'D», Figure 1-10b). Moreover, the continued work further presents a resolution of 80 nm

in resolving cellular cytoskeleton protein structures (Figure 1-10g-j) [80].

Although UCNP-assisted STED reduces two orders of magnitude power than
conventional dye-based STED, several restrictions still exist. Firstly, like the other STED-
like modalities, the depletion beam requires much higher power than that of the excitation
laser. Secondly, this STED scheme calls for a proficient skill in aligning dual laser beams,
which confines the technique to specialized laboratories and applications. Thirdly, the
low-efficiency four-photon emission in these UCNP-assisted STED methods is not
suitable for the high sensitivity super-resolution imaging. Furthermore, the specific
requirement of the depletion beam to match the targeted bandgap of the energy levels in
UCNPs, limiting the preponderance in varies of emission wavelengths. In this regard, a
more convenient and efficient approach will be imperative to utilize UCNPs in super-

resolution microscope instead of a stimulated emission procedure.

1.3.5.2 UCNPs in FED microscopy

As a derivative scheme of STED, fluorescence emission difference (FED) microscopy
[81] is a promising approach that addresses the above challenges in the commercialized
laser scanning microscopy system without the requirement of specific dyes and emission
spectrum. FED achieves super-resolution imaging by subtracting the image of focused
doughnut lasers beam (Ip,,,) from the one of Gaussian beam (I;4,,) with an appropriate

normalizing coefficient (r), according to Equation (1-5):

IFED = IGau —Tr* IDou (1'5)

However, the probes applied in FED microscopy regularly suffer from the photobleaching
problem. By introducing Er*" activated UCNPs with red emission (660 nm), the
nonbleaching FED microscopy achieves 172 nm resolution by using 800 nm 10 MWcm 2
excitations [82]. Parallel to this work, we use UCNPs to unlock a novel mode of near-
infrared emission saturation (NIRES) microscopy for super-resolution imaging inside the
deep tissue, with much lower excitation intensity than that required in conventional dyes
[83]. By exciting with a 980 nm doughnut-shaped beam and detecting at 800 nm, NIRES
resolves the single UCNP with a resolution of sub 50 nm through 93 pum thick liver tissue.
Further research suggests a new research direction that improves the resolution of near-

infrared nanoscopy by optimizing the material properties of UCNPs [84]. Combined with
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the self-healing Bessel beam, we explore this sub-diffraction imaging modality to map

single nanoparticles inside a strong scattering tumour cells spheroid [85][86].

1.3.5.3 UCNPs in super-linear microscopy

As FED microscopy requires two different modulated images for subtraction process,
additional data acquisition may compromise the performance of FED due to the sample
drifting issue. With the excitation orthogonalized UCNPs, one-scan FED microscopy
eliminates the issues as mentioned above by using two synchronized Gaussian and
doughnut beams [87]. On the other hand, photon avalanche in UCNPs is employed to
bypass the diffraction limit by using a single Gaussian beam [88]. This simple modality
relies on the highly nonlinear dependence of the emission intensity on the excitation
power. According to Equation (1-6), the resolution is inversely proportional to the number

of photons involved in the emission process:

_Aro_ )L
Ar = VN = 2NAVN

(1-6)

Where Ar is the resolution, Ary is the single-photon diffraction-limited resolution, N is
the number of photons involved in the emission process or the order of nonlinearity, A is

the excitation wavelength, and NA is the numerical aperture of the objective lens.

Thus, it is possible to realize sub-diffraction imaging is possible when N > 1 since the
intensity of multi-photon luminescence near the centre of the excitation beam spot will
be enhanced relative to the intensity near its edges. This is due to the multi-photon
luminescence intensity scaling as I, = P}, where Py, is the incident power density.
According to the theoretical simulation modelling, it evaluates the feasibility of resolving
20-nm features when the nonlinearity exceeds 80 [88]. Furthermore, a similar approach

provides experimental evidence by realizing 3D sub-diffraction imaging in a biological

sample on a conventional confocal setup [89].

1.3.5.4 UCNPs in nonlinear SIM

Compared with the wide-field structured microscopy, these point-by-point laser scanning
modalities suffer from the low frame rate. Most recently, our group reported a strategy of
upconversion nonlinear SIM to create video-rate super-resolution imaging through thick
biological tissues [90]. The unique nonlinear photoresponse of UCNPs enables the onset

of an efficient nonlinear mode on SIM for obtaining high-frequency harmonics in the
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Fourier domain of the imaging plane, making nonlinear SIM possible with gentle
excitation power. We further demonstrate that fine-tuning of the doping concentrations
in UCNPs can modify the nonlinearity of the photon response to further enhance the
resolution to 1/7" of the excitation wavelength. Based on time-wavelength-space
conversion, the multi-photon upconversion time-encoded SIM surpasses the speed
limitation on image acquisition with modulation and scanning rate of 50 MHz while
maintaining low excitation power [91]. The progress made in nonlinear SIM using
UCNPs lies in the improved resolution under a low excitation power, particularly for
single nanoparticles dynamic tracking through deep tissues. The structure illumination
also can extend to self-evolving ghost imaging [92] to increase the imaging speed in deep

tissue by using a feedback-based approach.

To achieve a low phototoxicity sub-diffraction imaging with lower excitation power,
controllable synthesis procedure of UCNPs will further benefit the energy transfer
process and resultant saturation intensity properties. Although there remain several
challenges to specific labelling UCNPs to the subcellular structures in live cells, recent
progress made in the functionalization of UCNPs, enabling bio-conjugation
[93][94][95][96], cell optogenetics [97][98] and long-term tracking in cells [99][100],
will empower UCNPs to track more biological events. The tuning of multiple emission
colours [101][102] and lifetimes [103] of UCNPs will permit multiplexed subcellular

structures imaging and long-term single molecules tracking in deep tissues [36].

1.4 Aim and outline

This thesis investigates the multi-photon nonlinear emission of UCNPs to implement
three innovative super-resolution microscopies, delivering several specific advantages
compared to existing modalities. Specifically, this thesis develops imaging approaches
by employing different emission intensity response curves on the excitation power: (1)
single nonlinear near-infrared emission response curve in a single UCNP; (2) multiple
diverse photoresponse curves in a single UCNP; and (3) uniform and distinct nonlinear

emission curves from different ions-doped UCNPs.

Chapter 2 develops and validates a new mode of near-infrared emission saturation
nanoscopy that has both excitation and emission in the near-infrared wavelength range

by employing UCNPs. This chapter conducts powerful deep tissue super-resolution
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microscopy through a doughnut-shaped laser beam, which requires several orders of
magnitude lower excitation intensity than that required for conventional multi-photon
dyes. The work opens the door for low power robust super-resolution imaging through
deep tissue. This chapter further suggests a new research direction that is improving the

resolution of near-infrared nanoscopy by optimizing the material properties of UCNPs.

Chapter 3 proposes and characterizes a novel concept by using the diverse
heterochromatic nonlinear photoresponses in UCNP, this will improve image resolution
and acquisition speed for super-resolution microscopy with PSF engineering. This work
suggests that a single doughnut-shaped beam can simultaneously generate both Gaussian
and doughnut PSFs in different emission colours. By investigating the PSFs in the Fourier
domain, this work indicates that doughnut PSF contains more information at a high spatial
frequency than Gaussian PSF while loses the contents in the medium frequency range.
Furthermore, this work develops a multicolour Fourier spectral fusion algorithm to
enlarge the frequency shifting coverage of the optical system. It thereby achieves the
effective super-resolution PSF by fusing Fourier components from each emission band
and processing OTF that contains the maximum spatial information. This approach opens
a new perspective to perform super-resolution with minimum distortion and information

loss.

Chapter 4 demonstrates an innovative method for single nanoparticle identification by
realizing the uniform and distinct nonlinear emission curves from different ions doped
UCNPs. This work points out a new optical encoding dimension by exploring the
nonlinear photo-response properties. Moreover, the chapter presents a robust strategy to
carry out the photo-response curves by applying PSF engineering to code the emitter
emission properties. Combined with pattern recognition technology, this approach can
easily classify single biomarkers by realizing noticeable features of their emission

patterns.

Chapter 5 summarizes this thesis and provides conclusions for this research. The methods
investigated in this thesis make concrete the specific advantages in terms of image depth,
speed, overall quality and precision. These methods represent our contribution to the topic,
by seeking a stable, viable, and multifunctional optical imaging modality at the nanoscale.
Moreover, the last chapter provides several potential research directions for future

analyses.
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Chapter 2 Multi-photon near-infrared emission saturation

nanoscopy for deep tissue imaging by using UCNPs

Multi-photon fluorescence microscopy (MPM), using near-infrared excitation light,
provides increased penetration depth, decreased detection background, and reduced
phototoxicity. Using the STED approach, MPM can bypass the diffraction limitation, but
it requires both spatial alignment and temporal synchronization of high power
(femtosecond) lasers, which is limited due to the probes’ inefficiency. Here, we report
that UCNPs can unlock a new mode of NIRES nanoscopy for deep tissue super-resolution
imaging with excitation intensity several orders of magnitude lower than that required by
conventional MPM dyes. Using a doughnut beam excitation from a 980 nm diode laser
and detecting at 800 nm, we achieve a resolution of sub 50 nm, 1/20" of the excitation
wavelength, in imaging of single UCNP through 93 pum thick liver tissue. This method
offers a simple solution for deep tissue super-resolution imaging and single-molecule

tracking.
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2.1 Background

Brighter, more biocompatible nanoparticles have been utilized as the fluorescent
nanoprobes, allowing more clearly long-term biological observations. Typically, the
fluorescent signal is proportional to illumination dose due to their linear fluorescence
response to excitation. The fluorescence of several unusual probes can respond in a
nonlinear way under certain conditions, including stimulated emission [104],
fluorescence saturation [105], saturated photoswitching [106] or stochastic
photoswitching [14]. An extensive variety of techniques is exploited by employing these

probes with nonlinear photophysical behaviour to achieve sub-diffraction imaging [107].

However, single-molecule localization across thick scattering specimens still presents
challenges [108], which requires a technique with a high penetration depth of illumination
through the refractive index mismatching thick tissue while still maintaining sub-
diffraction ability [107]. Moreover, densely-labelled biological specimens are hindered
by tissue scattering of both emission and excitation light, which increases background
and degrades both contrast and optical sectioning [109]. Multi-photon laser scanning
microscopy (MPLSM, also known as nonlinear, two-photon or three-photon scanning
microscopy) is an alternative method for imaging the biological samples with tens to
hundreds of microns thickness [110]. The principle of multi-photon excitation is to
employ two or more lower-energy photons, instead of the conventional excitation process
with only one excited photon, to stimulate the fluorescent group (Figure 2-1). Compared

with single-photon excited microscopy, multi-photon microscopy with the increased

Two photon emission I Excited State

| S, _—'E
! Absorption 2
(S o
(0.4 @
S ©
%, &
( r A <

I Absorption 1 Emission
90 s
(]

A 4

Ground State

Figure 2-1 | Diagram of the conventional two-photon emission. A molecule absorbs two photons at
the same time. The transition energy for this process is equal to the sum of the energies of the two
photons absorbed. Sy is the ground state, S; is the excited state.
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wavelength of the excitation light enables the visible or the NIR excitation to replace the
UV light, which results in in-depth penetration, less light scattering in the tissues and is
more biologically friendly to the living sample. When the focused excitation beam passes
through the thick sample, an effective excitation process occurs only in the region with a
high photon flux near the focal spot. This limits the amount of sufficient excitation
volume required to enhance the signal-to-background ratio and reduce out-of-plane

photobleaching.

Nevertheless, the spatial resolution of traditional MPLSM is physically limited by
diffraction to hundreds of nanometers, and the NIR wavelengths employed for excitation
in MPLSM prevent the accurate imaging of the subcellular features at the nanoscale
[111][112]. Advances in super-resolution fluorescence techniques allow high-resolution
fluorescence imaging of biological samples at resolutions beyond the diffraction limit.
STED microscopy has been successfully applied in conjunction with 2PLSM (STED2P)
to achieve super-resolution imaging of 2P-excited (2PE) fluorescence [113]. STED2P has
been demonstrated to produce five-fold improvement in 2P imaging resolution in fixed
cultured cells. Contemporary implementations in tissue have used a continuous-wave
(CW) STED laser, which reduces the efficiency of the depletion process. STED has been
proposed coupled with 2PE microscopy combining the advantages of 2PE with its super-
resolution ability. A method is proposed to perform 2PE-STED imaging using a single
wavelength (SW) and, consequently, the very same laser source for 2PE and depletion to

achieve 80 nm at 168 mW [114].

Two-photon light-sheet microscopy [115] can extend the penetration of illumination by
using a longer wavelength of light, but is still limited by the depth-of-focus and requires
two-side illumination to reach a 250-um-wide field-of-view. Furthermore, images from
light-sheet microscopy are affected by tissue scattering of emitted fluorescence photons,
which degrades the lateral image resolution in deep layers. In a 1P imaging system,
scattering due to the collagen matrix inhibits high-resolution imaging deep into this
sample, but 2P ISIM permits observation of fine details at depths of ~100 um [109]. Live
imaging of dendritic spines with the 60-nm resolution was achieved and demonstrated
that the technique allows accurate quantification of neuronal morphology up to 30-mm

deep in living brain tissue by Pulsed STED Two-Photon Excitation Microscopy [112].
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The nonlinear MPM [116], also known as two-photon or three-photon scanning
microscopy, uses near-infrared excitation that penetrates as deep as hundreds of microns
[110] through the so-called transparent biological window [76]. Near-infrared light does
not excite autofluorescence background and has minimal phototoxicity, ideal for live-cell
imaging. However, the longer wavelength used in MPM leads to a lower resolution,
hindered by the diffraction limit (A/2NA) [116] [117]. STED approach can minimize the
area of illumination at the focal point to achieve super-resolution imaging [11][118][119].
This approach has enabled MPM [113][114] to deliver five folds of improvement in
resolution in imaging fixed cells. Employing two spatially aligned and temporally
synchronized femtosecond lasers in a sophisticated pulsed STED [120][121], a super-
resolution of 60 nm at a depth of 50 um has been achieved for imaging dendritic spines
in living brain tissue [112][122]. Nevertheless, it requires high-power and expensive
femtosecond lasers for MPM to achieve super resolution. This is due to the poor
efficiency of the nonlinear multi-photon process, for instance small multi-photon

absorption cross-sections of the probes [114].

UCNPs are typically doped with ytterbium sensitizer ions (Yb**), which absorb the
photons located in the near-infrared region and transfer their excitation to activator ions
(Figure 2-2) [77][123]. Thulium (Tm?") co-doped UCNPs, able to convert 980 nm NIR
photons into strong 800 nm near-infrared emissions, are promising for background-free
deep tissue imaging. The sensitizer Yb>" ions have much larger absorption cross-section

in near-infrared compared to dye molecules used in MPM [42][124], benefiting from its
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Figure 2-2 | Diagram of upconversion emission in UCNPs. The sensitizer ions sequence absorbs
photons and pass to the activator ions which have multiple long-lived intermediate states to facilitate
the multiphoton upconversion process.
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linear absorption. Moreover, the photon upconversion process is a sequential absorption
process where the activator ions, such as Tm?", have multiple long-lived intermediate
states to facilitate the multiphoton upconversion process [78]. Therefore, UCNPs bypass
the crucial requirement of simultaneous absorption of more than two photons from the
femtosecond lasers, providing several orders of magnitude lower excitation threshold

than what most efficient multi-photon dyes normally have [42].

UCNPs have been recently discovered as being suitable for STED-like super-resolution
nanoscopy with sub-30 nm optical resolution in resolving the cluster of single UCNPs
[79]. A resolution of 80 nm has been further demonstrated in resolving subcellular protein
structures [80]. However, this scheme is not suitable for deep tissue super-resolution
imaging, because the 4-photon upconversion emissions, at a wavelength around 455 nm,
will attenuate rapidly through deep tissue. Ideally a near-infrared-in and near-infrared-out
configuration, by detecting emissions above 700 nm from UCNPs, would enable

upconversion nanoscopy imaging in deep tissue.

Here we report that setting the 980 nm excitation laser will create a doughnut beam
enabled super-resolution imaging of single UCNPs through deep tissue. Low power
coherent excitation at 980 nm can quickly saturate the metastable level that emits bright
near-infrared emission (800 nm), and the nonlinear power-dependent emission curve
(saturation curve) is sharp. Both play an essential role in enabling a new mode of NIRES
nanoscopy, ideal for deep tissue super-resolution imaging, with remarkable light
penetration depth, ultra-low auto-fluorescence background and minimum photo-toxicity.
We further demonstrate that fine-tuning of the doping concentration and material design
of UCNPs can further improve their optical properties to enhance resolution, suggesting
anew topic for the material sciences community to investigate, specifically more efficient

super-resolution probes through deep tissue.

2.2 Advantage of UCNPs in deep tissue imaging

To meet the requirements of super-resolution imaging through deep tissue, we first
calculate and examine the minimum excitation/depletion energy density (J cm?) for
fluorescent proteins [121], quantum dots [51], semiconductor nanowires segments [125]
and UCNPs [79] used in the STED and GSD approaches. Table 2-1 summarizes the

critical parameters for these probes to calculate the normalized energy densities for deep
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Table 2-1 | Key parameters of various imaging modalities for deep tissue using nanoparticles.

Aex Adep f Pulse duration | . Pow'e r .Energ‘y
Nanoscope Probe (nm) | (nm) | (MHz) tp (ps) intensity / | intensity
AL (MmW) | Io( em?)
628 - 38 1.2 0.05
STED [51] 1PE-QD 7.9x10%
- 775 38 1200 150
850 - 76 0.13 2.7
STED [121] 2PE-FP 9.4x1073
- 580 76 200 44
980 - CwW - 1
STED [79] | MP-UCNP 7.6x107
- 808 CwW - 40
GSD [125] | IPE-SEMI | 700 | Non 80 5 5 2.5%10*
NIRES [83] | MP-UCNP | 980 Non CwW - 75 1.2x10¢

tissue imaging. To compare the maximum laser-induced energy dosage, required by
different probes to achieve nanoscopy through deep tissue, we calculate the energy
density (/o) of both excitation and depletion laser during excitation time of 200 fs through

100 um skin tissue.

We can calculate the required /o according to:

Ry = e™! (2-1)
Prote
lo =3 ftpRer (2-2)

Where R;,- is the transmission ratio of an electromagnetic wave penetrating a material
(Beer's law); P is the beam power; 7, is the loss rate of the objective lens; ¢ 1s the exposure
time; A4 is the area of the focused laser spot; fis the pulse frequency; # is the pulse duration;
o 1s the attenuation coefficient; 4 is the wavelength; and / is the path length. Note that the
value of fand #, is 1 for CW laser. The loss rate of the laser through the objective lens is
based on our current system (7, = 0.43), and the areas of the focused laser spots are

Agay = 3.76 X 107° cm? for Gaussian beam and Ag,, = 7.81 x 107° cm? for doughnut

beam.

From Figure 2-3, it is evident that the tissue attenuates more power for shorter
wavelength [126], which requires considerable power in the visible range to achieve a
high resolution if using the one-photon excitation (1PE) scheme. It explains why two-
photon excitation (2PE) in the near-infrared range is the commonly used method.

Nevertheless, multi-photon probes have microscopic absorption cross-sections, thereby
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Figure 2-3 | Summary of the minimum energy densities required by a range of optical probes for
deep tissue super-resolution imaging. In order to facilitate the comparison, we normalize the
excitation/depletion power to certain pulse period (200 fs) through 100 um tissue. The red and blue
curves indicate the light effective attenuation coefficient in the tissue. [126] 1PE, one-photon excitation;
2PE, two-photon excitation; QD, quantum dots; FP, fluorescent protein; SEMI, semiconductor
nanowires segments.

requiring even more excitation power. In contrast, taking both advantages of the near-
infrared excitation wavelength and broad absorption cross-section, UCNPs provide a

potential solution by only requiring minimal laser power through the deep tissue.
2.3 Principle of NIRES nanoscopy

2.3.1 Photon transition system in UCNPs

The approximate function of optical resolution in a STED or GSD microscope has been
derived, releasing the famous square root law as described in Equation (1-2). The FWHM
of STED PSF with a fluorophore that contains two energy levels (Figure 2-4a) can be

represented as:

(2-3)

SIE
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Max
Here ho denotes the FWHM of confocal PSF. ¢ = Isfﬁ denotes the saturation factor. I is
S

referred to as the saturation intensity where the emission intensity decreases to half of the

maximum. IM%% represents the maximum amplitude of the STED beam profile.

The validity of this function of FWHM in STED can actually be extended for two-photon
STED and two-photon negative GSD where the fluorophore is excited by absorbing two
photons with energy below its bandgap. This can be done by modifying the function of
saturation intensity as Equation (2-4):

Iy = |24 (2-4)

OTPA

Here kg4 is the carrier transition rate from excited state B to ground state A, agp,4 denotes

the molecular cross-section with two-photon absorption.
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Figure 2-4 | Rate transition system of UNCPs. (a) The energy level diagram of the two-level system,
with excited state B and ground state A. (b) The energy level diagram of Tm>* and Yb*" doped UCNP.
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In this chapter, the NIRES nanoscopy has a similar physical process with two-photon
negative GSD but may not be able to use the existing function of resolution as Equation
(2-3). UCNP has a much more complex rate transition system (Figure 2-4b) than the
aforementioned two-level system, with rate Equations (2-5) to (2-10). Table 2-2 displays

the values of critical constants and rate parameters used in the simulations:

dn
_dtl = —C M Ny + Az WoNy + A3 W3Ng + AgqWuly + A5 WsNs — KgqNyny —
k3inzng—ksinsny (2-3)
dn
_dtz = My Ngy — CNpNgy — A WMy + A3W3Ng + AgaWally + As;WsNis + kgqnyny +
2k3inyn; (2-6)
dn
_d: = CoNyNgy—C3N3Ngy — (A3q + A3x)W3Nz + AgzWyNy + As3WsNs + 2ks nsny +
kyingng — ksinzng (2-7)
dny
2t C3MNsNsy — CaNyMgy — (A43 + AyaFa41)Wany + AsaWsns — kyMyny (2-8)
dns
2t = Calalsy — (asq + asztas,+as)wsns — ks nyns (2-9)
dnsz _

o Pogonsy — Wsais; — (€11 + €My + c3n3 + C4ny)ng, (2-10)

Here we simplify the energy level which involves two energy levels associated with the
sensitizer Yb*" ions and five associated levels with the activator Tm*" ions; nsi, ns2, ni,
n2, n3, n4 and ns are the populations of ions on energy levels of *F72, *Fsy, *He, *Hs/°F4,

3F23/°Ha4, 'G4 and 'D> respectively; c; is the energy transfer ratio between Yb*" on the

Table 2-2 | The values of key constants and rate parameters used in the simulations [79].

w2 (s)) ws (s)) wa(s) ws(s)) ws2 (s7)
63000 20000 15000 33000 8000
asi as2 ass asq
0.24 0.23 0.2 0.33
as as as as asz
0.18 0.24 0.58 0.27 0.73
ci(s) c2(s) c3(s) ca(s)
62000 50000 70000 5000
k31 () kai (s°)) ksi () Poso(s7))
140000 185000 500000 280000
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Figure 2-5 | Simulated excitation power-dependent emission intensity. Two-photon excited two
energy level system (labelled as 2 photons), three-photon excited two energy level system (labelled as
3 photons) and UCNPs with 2%, 4% and 8% Tm?*" doping. It is noted that the excitation power is
normalized to saturation intensity (Is) where the emission intensity drops by half.
excited level and Tm** both on the ground and the intermediate levels; Kj is the cross-
relaxation coefficients between the state i and j; a; is the branching ratio from energy
level i to j; Wi is the intrinsic decay rate of Tm>" on level i; P is the absorption rate of
Yb**; n3 (*Hs) is the excited state used in this work. Therefore, the resultant carrier number
(emission intensity) function of excitation power differs significantly from that for the

two-photon excited two-level system as shown in Figure 2-5. The result is a further

difference in the function of the resolution NIRES nanoscopy.

2.3.2 Saturation effect with the doughnut-shaped beam

Following a similar study done on confocal microscopy with saturated excitation [127],

we define the effective PSF of the NIRES as:

{heff(x) = hem(x) X hc(x)
hem(x) = 77(1') X hexc(x)

Here h,,,, (x) is the PSF of emission; h,,.(x) is the PSF of the excitation beam (doughnut

(2-11)

beam for NIRES); 7 is excitation power-dependent emission intensity curve; and h.(x) is
the PSF of the confocal collection system. The FWHM of the intensity dip in h.s
represents the resolution for NIRES nanoscopy. The experimentally measured PSF (hey;)
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Figure 2-6 | Theoretical simulation of the image of single UCNP by NIRES. (a) The PSF of UCNP
with size ranging from 0 nm to 50 nm. (b) The FWHM of the dip in h,,; for UCNPs with different
size. (¢) The ratio of the height value of the dip with the peak value in h,,,, for UCNPs with different
size. The UCNPs with 4% Tm3*, 20% Yb3* are used in this simulation. The excitation peak intensity is
100 times larger than the saturation intensity of UCNP.

of NIRES is the convolution between the hesr and the spatial profile (hycyp) of

nanoparticle as below:

hexp = heff * hycnp (2-12)

The deconvolution process on Ay, results in a measured heff, in which the FWHM of

the dip represents the resolution of NIRES. In this paper, the resolution is calculated

through deconvolution of experimental measured PSF.

The theoretical simulation of h,,, for different particle size is shown in Figure 2-6a,
where the PSF of UCNP with size 0 nm indicates the h.sf. This outcome indicates that a
larger particle size leads to a larger value of the FWHM of h,,,, (Figure 2-6b) and the
dip height of h,,,, (Figure 2-6¢), which in turn reduces resolution. It is notable that, the
FWHM of the dip of h,,,, can be smaller than the size of particle (Figure 2-6b) when the
FWHM of h,f is smaller than the particle’s size. This stems from the doughnut-shaped
PSF of hesf. If the shape of h,ff is a Gaussian function, the FWHM of the PSF after

convolution is always larger than the size of the particle.

2.3.3 Emission saturation enabled sub-diffraction resolution

NIRES nanoscopy takes advantage of multi intermediate ladder-like energy levels of
UCNPs (Figure 2-7a), easily converting 980 nm photons into 800 nm photons. The
emission saturation curve of the two-photon state *Hs (800 nm) (Figure 2-7b) shows an
early onset of upconversion emissions at low excitation power density and sharp rising-

up slope, reflecting its nonlinear energy transfer assisted photon upconversion process.
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Figure 2-7 | The simplified energy levels and 800 nm emission power dependence of Yb*" and
Tm?" co-doped UCNPs. (a) The sensitizer Yb** ions initiate the photon upconversion process by a
linear and sequential absorption of 980 nm excitation. Due to the multiple long-lived intermediate
states, the energy is stepwise transferred onto the scaffold energy levels of emitters Tm?". This
eventually facilitates multiphoton upconversion emissions, including those from the four-photon
upconversion excited state 'D, (455 nm & 741 nm), three-photon state !G4 (470 nm), and two-photon
excited state *Hs (800 nm). (b) The saturation intensity curve of the 800 nm emissions derives from
UCNPs (40 nm NaYFs: 20% Yb*", 4% Tm?*) under 980 nm excitation.

The decrease in the saturation curve under high excitation power (larger than 2 mW) is

due to the energy being further upconverted from *Ha to the higher energy states.

For generating a super-resolution image of the single nanoparticle by NIRES, we employ
a tightly-focused doughnut-shaped excitation beam to scan across a sample containing
UCNPs. Only when a single UCNP sits in the middle of the doughnut beam, NIRES
generates a negative contrast. By using the definition of resolution in GSD microscopy

[128], the FWHM of the dip at the measured PSF of a single UCNP defines the

2000+

1000+

Emission intensity (a.u.)

Figure 2-8 | The principle of NIRES nanoscopy using UCNP as a multi-photon probe for deep
tissue imaging. (a) The simulated ‘negative’ contrast images of the saturated upconversion emission
of a single UCNP at four different excitation powers of 0.1 MW ¢cm2, 0.4 MW cm™2, 1 MW ¢m™ and 3
MW cm. (b) Cross-section profiles in (a). Pixel size, 10 nm. Scale bar is 500 nm.
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experimental resolution achieved by NIRES (Figure 2-8b). By taking advantage of the
uniform size of monodisperse UCNPs, we can calculate the actual resolution of NIRES
through deconvolution with the size of a single nanoparticle. With the nonlinear
excitation process, the optical resolution of NIRES is limited by diffraction limitation
under low excitation power (Figure 2-8a, 0.1 MW cm™, 0.4 MW cm™?). However, this
limitation can be easily broken with high power (1 MW c¢cm?, 3 MW c¢m™) using a
purpose-built NIRES setup, shown in Section 2.4.1.

The resolution of NIRES at a specific excitation power density is primarily determined
by the emission saturation curve of UCNPs (Figure 2-7b). In our case, there are three
features from the curve affecting the resolution. The first feature is the saturation intensity
point (Is) to achieve the half value of the maximum emission intensity [129]. The second
feature is the power point (/max) which sets out to achieve the maximum emission
intensity with fixed Is. In other words, smaller /4y indicates the more superlinear shape
of the curvature between Is and Im4x. The third feature is the onset value of the curve,
which is defined as the power point (in the unit of Is) to achieve e of the maximum
emission intensity. Tremendous onset indicates a more underlinear shape of the curvature

between 0 and Is.

When excitation power is smaller than Is, the nanoparticle has not reached the non-
saturation condition. The acquired image of the UCNPs reflects the PSF of the doughnut
beam because the emission signal is proportional to the excitation intensities. When the
applied laser intensity is over Is, the acquired pattern will be affected due to the optical
nonlinear response of the emitter. The emission saturation should result in the expansion
of the obtained image and sharpened the dip at the centre of the doughnut pattern, as
shown in Figure 2-8a. To be specific, the increased excitation power elevates the
fluorescence at the centre region, while the fluorescence signals away from the centre
retain the same values since they have already reached the maximum. Typically, it is easy
to overcome the diffraction limitation by employing relative high laser much over Is.
Lower values of Is and/or /max shrink the size of a dark spot in the doughnut emission
PSF, thereby enhancing the resolution. The more significant onset of the curve offers a

lower depth of the PSF to yield a better resolution.
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2.4 Methods

2.4.1 Experimental setup

All the measurements were performed on a home-built microscopy system equipped with
a 3-axis closed-loop piezo stage (stage body MAX311D/M, piezo controller BPC303;
Thorlabs) and a vortex phase plate (VPP, VPP-1a, RPC Photonics). Figure 2-9 shows the
schematic drawing of the experimental setup, where UCNPs were excited by a
polarization-maintaining single-mode fibre-coupled 980 nm diode laser (BL976-PAG900,
controller CLD1015, Thorlabs). The first half-wave plate (HWP, WPHO05M-980,
Thorlabs) and a polarized beam splitter (PBS, CCM1-PBS252/M, Thorlabs) were
employed to precisely adjust the excitation power by rotating HWP electronically. The
purpose of the second HWP was to turn the polarization from horizontal (P polarized) to
vertical (S polarized). Confocal scanning was acquired without the VPP via the auxiliary
two flexible mirrors, as shown in the dotted portion of Figure 2-9. After collimation, the

excitation beam was reflected by the short-pass dichroic mirror (DM, T875spxrxt-UF1,

UCNPs

-

N
1000 2000
Distance (nm)

—

- ) L2

|
|
|
X | M | I OBI’F
-ﬂf"e-a*/’li ‘) l
A e - — N I r/ | \ ﬂ
980nm Lascr / | | y . I ]
Ll HWP PBS HWP | | VPP I FM CcCD

| a |
I'e D |

: | MMF
| |
| |

‘ M
____________ . SPAD
Auxiliary Confocal

Figure 2-9 | Experimental setup for NIRES nanoscopy (SMF, single-mode fibre; MMF, multi-mode
fibre; L1, collimation lens; L2, collection lens; HWP, half-wave plate; QWP, quarter-wave plate; PBS,
polarized beam splitter; VPP, vortex phase plate; M, mirror; FM, flexible mirror; DM, dichroic mirror;
OL, objective lens; BPF, band-pass filter; SPAD, single-photon avalanche diode; CCD, charge-coupled
device). The dotted portion is designed for auxiliary confocal with two flexible mirrors to bypass the
VPP in the main optical path. Inset shows PSF of the NIRES is measured by scattering of a 100 nm
gold bead in reflection (path not shown). The /; (ratio value of the intensity at the doughnut centre to
the max intensity of the beam) is measured as 1.39%. Scale bars: 500 nm.

43



Chapter 2

Chroma), and focused through a high numerical aperture objective (UPlanSApo,
100%/1.40 oil, Olympus) to the sample slide. A quarter-wave plate (QWP, WPQO5M-980,
Thorlabs) was adopted to transform the excitation beam from linear polarization to
circular polarization, in order to obtain optical super-resolution images.
Photoluminescence was collected in the same way and split from the excitation beams by
DM. The emission signals were filtered by bandpass filter (BPF, ET805/20M, Chroma)
or short pass filter (SPF, FF01-842/SP-25, Semrock), coupled into multimode fiber
(MMF, M421.02, Thorlabs), and then detected by a single-photon counting avalanche
photodiode (SPAD, SPCM-AQRH-14-FC, Excelitas). The MMF could also be switched
to a miniature monochromator (iHR550, Horiba) for measuring upconversion emission
spectra. Typical excitation powers for the recording of super-resolution NIRES images
varied from 5 mW to 100 mW. All powers were measured at the back aperture of the

objective lens. Pixel dwell times were adjusted to ~3 ms.

2.4.2 Materials

YCl3-6H20 (99.99%), YbCl3-6H20 (99.99%), TmCl3-6H20 (99.99%), NH4F (99.99%),
NaOH (99.9%), oleic acid (OA, 90%), and 1-octadecene (ODE, 90%) were purchased
from Sigma-Aldrich.

2.4.2.1 Synthesis of UCNPs

NaYFs: Yb, Tm nanocrystals with different Tm doping (from 2% to 8%) were synthesized
according to our previously reported method [79][130]. Taken NaYFa: 20% Yb, 2% Tm
as an example, one mmol RECI3 (RE =Y, Yb, Tm) with the molar ratio of 78:20:2 were
added to a flask containing 6 ml OA and 15 ml ODE. The mixture was heated to 170 °C
under argon for 30 min to obtain a clear solution and then cooled down to about 50 °C,
followed by adding 5 mL methanol solution of NH4F (4 mmol) and NaOH (2.5 mmol).
After stirring for 30 min, the solution was heated to 80 °C under argon for 20 min to
remove methanol, and then the solution was further heated to 310 °C for another 90 min.
Finally, the reaction solution was cooled down to room temperature, and nanoparticles
were precipitated by ethanol and washed with cyclohexane, ethanol and methanol three

times to get the NaYFa4: 20% Yb, 2% Tm nanoparticles.

For the nanoparticles with the desired size or core-shell structure, layer-by-layer epitaxial

growth had been employed. The shell precursors preparation was similar to that for the
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core nanoparticles synthesis, until the step where the reaction solution was slowly heated
to 150 °C and kept for 20 min. Instead of further heating to 300 °C to trigger nanocrystal
growth, the solution was cooled down to room temperature to yield the shell precursors.
For epitaxial growth, 0.15 mmol as-prepared core nanocrystals were added to a containing
6 ml OA and 6 ml ODE. The mixture was heated to 170 °C under argon for 30 min, and
then further heated to 300 °C. Next, 0.25 ml as prepared shell precursors were injected
into the reaction mixture and ripened at 300 °C for 4 min, followed by the same injection
and ripening cycles for several times to get the nanocrystals with the desired size. Finally,
the slurry was cooled down to room temperature, and the formed nanocrystals were

purified according to the above procedure.

We synthesized other several kinds of core nanoparticles for similar size with different
doping Tm doping concentrations (from 1% to 8%), NaYF4: 20%Yb*", 2%Er*" and
NaYF4: 40%Yb*", 4%Tm*" using the same method.

2.4.2.2 Hydrophilic UCNPs

In order to obtain hydrophilic UCNPs, we washed the OA from the UCNP surface. We
first added 500 pL 97% Ethyl Alcohol to 500 phLUCNPs in cyclohexane, followed with
centrifuged at 9000 round per minute (rpm) for 10 min. Removing the supernatant and
adding 500 puL 97% Ethyl Alcohol and 500 uL. 0.2 M HCI to precipitant, followed with a
vortex to dissolved. Then the solution was centrifuged at 9000 rpm for 10 min to remove
the oleic acid. The supernatant was removed and 500 pL water and 200 pL 97% Ethyl
Alcohol were added to the precipitant, followed by a vortex for dissolving. Next, the
UCNPs without OA were washed with Milli-Q water twice to get the final hydrophilic
UCNPs.

2.4.2.3 Preparation of slides for single nanoparticle measurement

A coverslip was washed with ethanol through ultrasonication and dried. 10 pl of the
nanoparticles (diluted to 0.01 mg/ml in cyclohexane) was dropped onto the surface of the
coverslip and left to dry naturally. The coverslip was put onto a glass slide and air bubbles

were squeezed out.

45



Chapter 2

20 0 » ] il
Diameter (nm)

Averuge diameter = 1.1 nm
PRTT™

Diameter (nm)

Figure 2-10 | TEM images (left) and size distribution histograms (right) of the nanoparticles. (a)
NaYF4: 20% Yb, 2% Tm. (b) NaYF4: 20% Yb, 3% Tm. (¢) NaYF4: 20% Yb, 4% Tm. (d) NaYF4: 20%
Yb, 6% Tm. (e) NaYF4: 20% Yb, 8% Tm. (f) NaYF4: 40% Yb, 4% Tm. Scale bar is 50 nm.

2.4.2.4 Characterization techniques

2.42.4.1 Transmission electron microscopy (TEM) imaging

The morphology of the formed materials was characterized via TEM imaging (Philips
CM10 TEM with Olympus Sis Megaview G2 Digital Camera) with an operating voltage
of 100 kV. The samples were prepared by placing a drop of a dilute suspension of
nanocrystals onto copper grids. Figure 2-10 shows the TEM images of the synthesized
UCNPs.

2.4.2.4.2 The measurements of upconversion emission spectra

The emission spectra of the UCNPs were measured on a home-built confocal microscope.
The experimental setup was depicted in Figure 2-9. The light source was a polarization-
maintaining single-mode fibre-coupled 980 nm diode laser (BL976-PAG900, controller
CLD1015, Thorlabs). After collimation, the excitation beam was reflected by the short-
pass dichroic mirror (DM, T875spxrxt-UF1, Chroma), then focused through a high
numerical aperture objective (UPlanSApo, 100x/1.40 oil, Olympus) to the sample slide.
The emission signals were collected through the same objective lens and filtered by a
short-pass filter (SPF, FF01-842/SP-25, Semrock). Finally, the singles were coupled into

multimode fibre (MMF, M42L.02, Thorlabs) which were connected with the spectrometer
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Figure 2-11 | The upconversion emission spectra from UCNPs. The emissions were obtained for
UCNPs solution (NaYF4: 20% Yb*", x% Tm’" nanoparticles, x=2, 3, 4, 6 and 8) under 980 nm
excitation laser.

(QEpro, Ocean Optics). The exposure time of the experiment was set to 100 ms. The
upconversion emission spectra of these series UCNPs solutions are shown in Figure 2-

11.

2.4.2.4.3 The measurements of saturation intensity curves

The measurements were done on the home-built confocal microscope. A half-wave plate
(HWP, WPHO5M-980, Thorlabs) and a polarized beam splitter (PBS, CCM1-PBS252/M,
Thorlabs) were employed to precisely adjust the excitation power by rotating HWP
electronically. The purpose of the second HWP was to turn the polarization from
horizontal (P polarized) to vertical (S polarized). A quarter-wave plate (QWP, WPQO05M-
980, Thorlabs) was adopted to transform the excitation beam from linear polarization to
circular polarization to obtain optical confocal images. Photoluminescence was collected
using the same method and split from the excitation beams by the short-pass dichroic
mirror (DM, T875spxrxt-UF1, Chroma). The emission signals were filtered by bandpass
filters (BPF, ET808/20M, Chroma) and a short-pass filter (SPF, FF01-842/SP-25,
Semrock), coupled into multimode fibre (MMF, M421.02, Thorlabs), and then detected

by a single-photon counting avalanche photodiode (SPAD, SPCM-AQRH-14-FC,
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Figure 2-12 | The saturation intensity curve of the 800 nm emissions from UCNPs. (a) 800 nm
emission saturation curves obtained for a single UCNP (NaYF4: 20% Yb**, x% Tm** nanoparticles, x
=2, 3,4, 6 and 8) under 980 nm excitation. (b) Normalized emission saturation curve to the maximum
intensity.

Excelitas). Pixel dwell times were adjusted to ~50 ms. Thus, the 800 nm emission

saturation intensity curves of these UCNPs can be acquired by electronically rotating

HWP to control the excitation power (Figure 2-12).
2.4.3 Biological samples

2.4.3.1 Preparation of HeLa cell samples

The human cervical cancer (HeLa) cells were obtained from the American Type Culture
Collection (ATCC®CCL-2™). The cells were incubated in Dulbecco’s High Glucose
Modified Eagle’s Medium (DMEM) which contained 10% fetal bovine serum (FBS) and
was incubated at 37 °C and 5% COsx.

For the internalization of UCNPs, 5*10° HeLa cells were seeded on a glass coverslip in a
six-well plate with 2% FBS for 24 hours. Then, 30 pg/ml hydrophilic UCNPs were put
into each well to for two hours internalization, followed by washing with phosphate buffer
saline (PBS) three times, five minutes per time, to make sure removal of all UCNPs that
were not internalized. Then, the cover slide was mounted on a glass slide. In order to
avoid the moving of nanoparticles in the cell, the sample was kept at 4 °C for 10 minutes

before the microscopy measurement.

2.4.3.2 Preparation of tissue sample preparation

Mice post-euthanasia were injected with a lethal dose of Xylazine and Ketamine mixture,

and the mice were transcardially perfused with saline to remove blood content. Brain,
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Chapter 2

Figure 2-13 | Photographs of different mouse tissue slices on glass slides. (a) Brain tissue slices. (b)
Kidney tissue slices. (¢) Liver tissue slices. (d) Kidney and liver tissue with blood slices. (e) The
magnified tissue slice of the blue square in (c¢). (f) Zoom-in of the tissue slice of red square in (d).

kidney and liver tissue samples were collected and fixed in 4% Paraformaldehyde (PFA)
overnight at 4 °C and sectioned into 100 pm, 150 pm, 200 um in thickness, using an
automated vibratome (Leica VT1200 S). The brain, kidney and liver sections were then
mounted in glycerol containing 0.05 mg/ml UCNPs for NIRES imaging. All procedures
performed on mice were approved by the Animal Care and Use Committee, the
University of Sydney Animal Ethics Committee (2017/1197).
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Figure 2-14 | UV-vis absorption spectra of the 50 pm and 100 pm live, brain, and kidney tissue
slice samples, respectively.

49



Chapter 2

To demonstrate the advance of the longer wavelength for deep tissue penetration (Figure
2-13), we use the UV-Vis spectrophotometer (Cary 60 UV-Vis, Agilent Technologies) to
measure the light absorption through 50 pm and 100 pm liver, brain, and kidney tissue
slice samples, respectively (Figure 2-14). As can be seen, the extinction rates of these
tissues decrease in general when increasing the light wavelength in the visible and near-

IR region.
2.5 Results and discussion

2.5.1 Optimal emission band

From the fluorescence spectrum profiles of UCNPs under continuous-wave 980 nm
excitation laser in Figure 2-11, we select four main emission peaks at 455 nm, 470 nm,
741 nm and 800 nm to investigate the effect of emission band on the resolution of NIRES.
Figure 2-15a shows the images of single UCNPs (NaYFa: 20% Yb**, 4% Tm?") with

different bandpass filters under a doughnut beam. The corresponding cross-section
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Figure 2-15 | Optimal emission band to achieve high resolution under the same excitation power.
(a) Experimental images of a single UCNP (NaYF4: 20%Yb, 4%Tm) obtained with the doughnut beam
at455 nm, 470 nm, 741 nm and 800 nm emission bands and full emission, respectively. The laser power
was fixed at 30 mW which was measured at the objective back aperture. Scale bar, 500 nm; Pixel dwell
time, 3 ms; pixel size, 10 nm. (b) Emission intensity profiles along with the arrows in (a) to indicate
the resolution change at different emission peaks. (¢) Emission saturation curves obtained for a single
UCNP in a different colour.
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profiles are presented in Figure 2-15b. According to the emission saturation curves in
Figure 2-15c¢, s of 800 nm peak is 0.088 MW/cm?, which is much smaller than the rest
of the emission bands. Compared with 455 nm emission peak under the fixed excitation
power, 800 nm emission band improves the resolution from 147.7 nm to 50.3 nm.
Depending on the excitation power, the fluorescence is stimulated sequentially according
to the energy levels (Figure 2-7a). It is easier to generate the 800 nm upconversion
emission from the lower *Hs intermediate level than the four-photon 455 nm fluorescence
from 'D2 to *He. Interestingly, although I of the full emission is nearly equal to 455 nm
peak, the FWHM of full emission is twice larger than that of blue emission (Figure 2-
15b). Thus, detecting the signal at 800 nm as the optimal emission band not only offers a

deep penetration but also helps achieve high resolution with low excitation power.

2.5.2 Resolution dependent on Tm-doped and excitation power

The saturation curve of UCNP can be optimized by tuning the doping concentration of
emitters (Figure 2-12). UCNPs with lower Tm*" doping concentration can quickly reach
the saturated point with lower values of Is and /m4x due to their smaller energy transfer
ratio [80] and resultant lower saturated carrier flow rate. This is proportional to the laser-
induced carrier generation rate. The lower values of Is and Iu4x favour achieving higher

resolution. However, lower Tm*" doped UCNPs have a smaller onset of their saturation

10mW | 20mW | 30mW | 40mW | 50mW || 75mW  100mW || 150mW || 200mW  260mW

Low Excitation Power High

Figure 2-16 | The acquired images of different Tm>" doping concentration of UCNP (NaYF4: 20%
Yb**, x% Tm**, ~40 nm in diameter) under different excitation power. Pixel dwell time, 3 ms; pixel
size, 10 nm. Scale bar is 500 nm.
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Figure 2-17 | Super-resolution scaling Ar of UCNPs (NaYF4: 20% Yb*', x% Tm3*, ~40 nm in
diameter; x = 2, 3, 4, 6 and 8) as a function of the excitation power (intensity). The dots of
experimental data fit well to the simulation results (solid lines). Error bars indicate standard deviations
from line profiles of several measurements. Insets, NIRES images of 8% Tm3* doped UCNPs at 5.5
MW cm? (left), 4% Tm>*" one at 4 MW cm (middle), and the corresponding cross-section profile lines
(right). Pixel dwell time, 3 ms; pixel size, 10 nm. Scale bar is 500 nm.

curve (2% Tm*" in Figure 2-12b), which substantially affects the resolution.
Consequently, it is hard for UCNPs with 2% and 3% Tm>" to achieve higher resolution
even by increasing the excitation power (Figure 2-16 & Figure 2-17). UCNPs with high
Tm** doping concentration have sharper curvature in the onset of the saturation curves.
However, the values of Is and Imax (Figure 2-12b) are too high due to more massive
energy transfer ratio [80] and higher cross-relaxation rate [79] for high Tm*>" doped UCNP.

Therefore no higher resolution benefit is evident.

According to Figure 2-12b, 4% Tm>" doped UCNPs have larger onset value than 2% and
3% Tm>" doped UCNPs, and smaller Iy value than 6% and 8% Tm?>" doped UCNPs.
Therefore 4% is the best doping concentration for NIRES. It is notable that even though
the best resolution for 4% Tm?" will be similar to that for the two-photon excited system,
4% Tm?>" still can produce a much better resolution with limited excitation power because
it has much smaller /s. As shown in Figure 2-17, UCNPs with 6% and 8% Tm?" require

higher power to achieve the same resolution as that for 4% Tm?>" UCNPs, optimized for
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NIRES. With that, the highest resolution for singe nanoparticle imaging is 33.9 + 12.3

nm (Figure 2-17 inset) at an excitation power density of 4 MW c¢cm™.

As explained in Section 2.3, the conventional method of square root law is not suitable to
fit the resolution of NIRES due to the unique saturation curve of UCNPs. However,
Figure 2-16 still demonstrates a similar trend in that the resolution was enhanced with an
increase of excitation intensity over a suitable range. The resolution starts to worsen when
increasing the excitation power beyond the range, especially for the low doped
concentrations. Referring to negative modality, the location of the single UCNPs in the
scanned image is in the sense of local minima or zero in the focal spot (Figure 2-9). In
the actual beam modulation, the centre dip of the doughnut intensity distribution is not
precisely zero at the focal plane, which causes the fluorescence to elevate at the centre,
especially under conditions of intense power (Figure 2-16). When two or more UCNPs
with relatively small distance are excited at the focal plane, the minimum fluorescence
values increase due to the emissions having overlapped, reducing the image contrast and
creating difficulties in extracting the target signals from the image. Recognizing this
effect when two or more nanoparticles overlapped, we simulate the merged two negative-
shaped profiles with a certain central point shift simulation in Figure 2-18. By using the

profile with FWHM at 50 nm, two dips are apparent with a distance larger than 40 nm,
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Figure 2-18 | Two cross-section line profiles with negative-shaped PSF overlapping with different
centre distance from 10 nm to 50 nm. (a) The original negative-shaped profile. (b-f) The merged
profiles of the two same profiles with different central distances, 10 nm (b), 20 nm (c¢), 30 nm (d), 40

nm (e), 50 nm (f), respectively.

53



Chapter 2

while it is impossible to resolve the two points with a smaller distance. To eliminate the
effect of this interference to obtain a high practical resolution, we assert that the value of

the minima fluorescence at the centre should be less than half of the maximum.

2.5.3 Resolution improved by Yb-doped and core-shell structure

Figure 2-19 further explores the resolution enhancement by changing the sensitizer
concentration Yb-doped (20% and 40%). Figure 2-19a shows 800 nm emission
saturation curves of different Yb-doping UCNPs. The emission peak is selected at 800

nm, and the laser power is fixed at 10 mW. The scanned fluorescence images are
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Figure 2-19 | The resolution can be improved by increasing sensitizer concentration. (a) 800 nm
emission saturation curves of different Yb-doped UCNPs. (b) Images of a single 40 nm 20%Yb, 4%Tm-
doped UCNP (left) and 40 nm 40%Yb, 4%Tm-doped UCNP (right) obtained with the doughnut beam.
(¢) Emission intensity profiles across the two UCNPs in (b). (d) statistical resolution in (¢). The
emission peak was selected at 800 nm and the laser power is fixed at 10 mW which is measured at the
objective back aperture. Error bars indicated standard deviations from line profiles of five
measurements. Scale bar is 500 nm; Pixel dwells time, 3 ms; pixel size, 10 nm.
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Figure 2-20 | The resolution can be improved by adding an inert shell. (a) 800 nm emission
saturation curves of UCNPs with or without an inert shell. (b) Images of a single 40 nm 40%Yb, 4%Tm-
doped UCNP (left) and 5 nm inert shell UCNP (right) obtained with the doughnut beam. (¢) Emission
intensity profiles across the two UCNPs in (b). (d) statistical resolution in (¢). The emission peak was
selected at 800 nm and the laser power is fixed at 10 mW which is measured at the objective back
aperture. Error bars indicated standard deviations from line profiles of five measurements. Scale bar is
500 nm; Pixel dwells time, 3 ms; pixel size, 10 nm.

illustrated in Figure 2-19b with their corresponding cross-section profiles presented in
Figure 2-19¢. As shown in Figure 2-19d, these comparisons indicate that the resolution
is changed from 117.3 £ 8.7 nm to 86 + 8.7 nm after increasing Yb-doping concentration
from 20% to 40%. From these curves in Figure 2-19a, we find that the Is is left moving
and results in improving the resolution. High sensitizer concentration has a lower
threshold and saturation point, enabling high resolution under a fixed excitation power

compared to its low doped counterpart.

A further investigation of the inert effect on the resolution of NIRES is shown in Figure
2-20. Protected by a 5 nm thickness core-shell structure, Figure 2-20a presents that

nanoparticles can be brighter and sensitive. As a result, the dip size in the core-shell
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Figure 2-21 | 800 nm emission saturation curves of UCNPs with different size. UCNPs is NaYF4:
40%Yb**, 4%Tm?*. The investigated sizes of UCNPs are 35 nm, 40 nm and 60 nm.

UCNPs is smaller than the one without a core-shell (Figure 2-20). Figure 2-20c depicts
the corresponding cross-section profiles. The emission peak and laser power are set in the
same way as the sensitizer concentration comparison. As shown in Figure 2-20d, these
comparisons indicate that the dip size in the centre can be reduced to 74.57 £ 5.62 nm

after coating a 5 nm NaYF4 shell.

From these curves in Figure 2-19a and Figure 2-20a, we find that the left moving Is
results in the improvement of the resolution. In Figure 2-21, the emission response curves
have a left moving tendency when increasing the nanoparticle size. However, for the size
parameter, the Is of smaller size UCNP presents as a ‘fake right moving’ due to the low
emission signal down to the noise level. As a result, this phenomenon leading the smaller
UCNPs requires a higher excitation power to obtain the same resolution compared with
larger UCNPs, which does not match our simulation result in Figure 2-6a. For this reason,
we conclude that the resolution of NIRES microscopy can be further improved by
optimizing the activator concentration, excitation power intensity, sensitizer
concentration and designing a core-shell structure. It suggests a topic with huge potential
for the material sciences community to investigate and improve the resolution of NIRES

nanoscopy.
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Figure 2-22 | NIRES super-resolution imaging of single UCNPs inside the HeLa cell. (a) Bright-
field and fluorescence wide-field image of UCNPs taken up by a HeLa cell. (b) and (¢) Confocal images
of areas of (10 pm % 10 um) and (6 pm % 6 um), respectively. (d) NIRES image showing two UCNPs
in a diffraction limit area. Zoom-in of the confocal image (e) and NIRES image (f). (g) The positive
NIRES image by subtracting (f) from (e). (h) Cross-section line profiles of UCNPs in the confocal
image (e), raw NIRES image (f), and positive NIRES image (g). The pixel dwells time for confocal and
NIRES is 3 ms. The pixel size for confocal and NIRES is 10 nm. The scale bar is 7.5 pm in (a), 2.5 pm
in (b), 1.5 pm in (¢) and 500 nm in (d) — (g).

2.5.4 Resolving single UCNPs inside HeLa cell

We verify the power of NIRES modality by resolving the single 40-nm UCNPs inside
HeLa cells. Figure 2-22a shows the wide-field imaging of multiple UCNPs inside the
HeLa cell. Figure 2-22b & c display the large confocal scanning at the centre region with
size (10 pmx10 um) and (6 pmx6 pm), respectively. Figure 2-22d shows that NIRES
can clearly distinguish UCNPs within a diffraction limit area, which cannot be resolved
by the conventional confocal microscope (Figure 2-22¢). Like the saturated absorption
competition microscopy [131], higher excitation power will elevate the dip in the PSF of
emission for NIRES to the maximum point of PSF. This is according to the saturation
curve (Figure 2-15¢) and thereby switches the NIRES into confocal microscopy,
subsequently obtaining a “Gaussian image”. The subtraction of the “Gaussian image”
with respect to negative NIRES image will further provide a positive NIRES image [51],
resulting in a positive NIRES image (Figure 2-22g). The intensity line profiles (Figure
2-22h) show that the distance between the two UCNPs is 280 nm. Moreover, Figure 2-
23 provides more data using NIRES to resolve single UCNPs with a resolution of 72.1

nm in a biological environment.
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Table 2-3 | FWHM of 455 nm, 800 nm confocal and NIRES at different depth of a tissue slice.

0 pm 15 pm 55 pm 75 nm 93 um
455nm | S212EIST 132982243 | )5 189 nm | 3594+ 14.50m | 4007 + 16.4 nm
nm nm
800 nm | Y0105 | 42332275 ) 4ot 7 343 0m | 475.0£33.5nm | 4883 + 17.6 nm
nm nm
NIREs | OEILL | 424£62 1 )4 go0m | 480473nm | 382+ 143nm
nm nm

2.5.5 Deep tissue imaging by NIRES

We further examine the penetration depth and resolution of NIRES imaging through deep
tissue (Figure 2-24). In this experiment, 4% Tm?®" 40% Yb*" co-doped UCNPs are
attached behind a 93 um thick slice of mouse liver tissue (Figure 2-13), which allows
UCNPs diffuse into the tissue slice for super-resolution imaging of single UCNPs from
different depths (Figure 2-24). Due to the aforementioned strong attenuation for visible
emissions (shown in Figure 2-24b and Figure 2-14), through a 93 pm liver tissue slice,
there is only 11.3% of 455 nm emission left in confocal imaging (Figure 2-24c). In
contrast, 38.7% of a strong signal at 800 nm is detectable in both confocal imaging (in
red) and NIRES (in magenta) super-resolution imaging. More encouragingly, by
increasing excitation power to compensate for the aberration induced distortion on
excitation PSF[132], a relatively consistent resolution of sub-50 nm has been maintained
without any aberration correction through tissue as deep as 93 um (Figure 2-24d with the
corresponding data in Table 2-3). Figure 2-25 presents super-resolution scaling Ar of
UCNPs as a function of the excitation power at 93 um depth inside liver tissue. The lower

refractive index[133][134] of tissue for NIR light results in less aberration than that for

a b Confocal c NIRES d NIRES+ e 72.1 nm
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Figure 2-23 | Resolved two particles with distance below the diffraction limit. (a) Confocal scanned
image (6 um x 6 um) of the UCNPs sample. (b) Magnified the red dotted square in (a). (¢) The same
position obtained by NIRES, with distinct UCNPs that could not be separated by confocal. (d) The
positive NIRES sub-diffraction image by (¢) subtracted from (b). (e) Cross-section line profile of
UCNPs in raw NIRES image (¢), subtracted image (d) and confocal image (b). Pixel dwell time, 3 ms;
pixel size, 10 nm. Scale bar, 1.5 pm in (a); 500 nm in (b) — (d).
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Figure 2-24 | The penetration depth of different emission bands and optical resolution of different
imaging modalities at different depth of a liver tissue slice. (a) An illustration of a mouse liver tissue
slice with 93 um thickness. (b) Single-particle imaging at different depth in liver tissue. Left, confocal
images from 455 nm emission; middle, confocal images from 800 nm emission; right, the
corresponding NIRES images. (¢) The normalized emission attenuation at different depths through the
liver tissue. (d) The corresponding FWHM in (b); The resolutions of NIRES in (d) are 49.6 + 11.1 nm
(0 um), 42.4 £+ 6.2 nm (15 um), 42.4 &+ 7.2 nm (55 pm), 48.0 = 7.3 nm (75 um), 38.2 &= 14.3 nm
(93 um). Benefiting from the controlled synthesis of intensity monodispersed UCNPs, every single
nanoparticle can be distinguished from each cluster by comparing their emission intensity to statistical
averaged value. The pixel dwell time for confocal and NIRES is 3 ms. The pixel size for confocal and
NIRES is 10 nm. The scale bar is 500 nm.

visible beam, which also contributes to the high resolution achieved by NIRES for single

nanoparticle imaging.

Figure 2-25 further examines the resolution power of NIRES in resolving single UCNPs
from nanoparticle clusters in deep tissue. Figure 2-25a shows a bright field image of an
88 um liver tissue slice, merged with the fluorescence image of four clusters of UCNPs
(in magenta). At this depth, 800 nm confocal microscopy (Figure 2-25b) does not provide
sufficient resolution to image single UCNPs within a diffraction limit area (Figure 2-25¢
& d). In contrast, NIRES nanoscopy can resolve single UCNPs by either negative (Figure
2-25e & f) or positive images (Figure 2-25g & h). The two typical areas of confocal and
NIRES/NIRES+ images, marked by the orange square (Figure 2-25¢, e & g) and green
square (Figure 2-25d, f & h), respectively, clearly illustrate the sub-50 nm resolution
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Figure 2-25 | NIRES nanoscopy for super-resolution imaging of single UCNPs through deep
mouse liver tissue. (a) Bright-field and fluorescence wide-field image of UCNPs at 88 um depth inside
a mouse liver tissue slice. (b) Confocal images of a 6 pmx6 um area containing clusters of UCNPs. (¢)
and (d) are the zoom-in confocal images of two areas of interest from (b). (e) and (f) are the raw data
of NIRES images of (¢) and (d). (g) and (h) are the processed data of NIRES+ images of (e) and (f). (i)
Line profiles of UCNPs from the confocal image (c), raw NIRES image (e), and positive NIRES image
(). (j) Line profiles of UCNPs from confocal image (d), raw NIRES image (f), and positive NIRES
image (h). The pixel dwells time for confocal and NIRES is 3 ms. The Pixel size for confocal and
NIRES is 10 nm. The scale bar is 8§ pum in (a) and 1.5 pm in (b) and 500 nm in (c) — (h).

achieved by NIRES nanoscopy, in resolving single UCNPs separated with 161 nm and
275 nm (Figure 2-25i and j). To compensate the scattered excitation power through the
thick tissue, the excitation power density to achieve the best resolution in the depth of 88

pm is 5.5 MW cm?.

Notably, the resolvable distance of 161 nm is not the limit of NIRES. For instance,
UCNPs with a distance 72 nm can be resolved as shown in Figure 2-23. Figure 2-26
provides additional data showing that the best resolutions of 54 nm and 62 nm have been
achieved through an 85 um mouse kidney tissue slice and a 92 pum brain tissue slice,
respectively. From the high brightness (20000 photon counts per second, in contrast to
the low detection background of 1000 photon counts per second) of a single UCNP
emitting at 800 nm through a 93 pum tissue, we estimate the limit in imaging depth to
detect a single nanoparticle by NIRES should be around 175 um. An objective lens with
longer working distance (around 100 um used in our current setup) should be used to

confirm this limit in future research.
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Figure 2-26 | NIRES images in the deep mouse brain and Kkidney tissue. (a) NIRES image at 92 um
depth inside brain tissue (upper) and 85 pum depth inside kidney tissue (bottom), respectively. (b) The
corresponding cross-section profile lines. The pixel dwells time, 3 ms; pixel size, 10 nm. Scale bar, 500
nm.

2.5.6 Discussion

980-nm light has a significant absorption in bio-samples, which may heat the surrounding
media by causing sample damage issues. To bypass this challenge, Wu et al. demonstrate
a similar FED microscopy using UCNPs [82], with 172 nm resolution achieved using 800
nm 10 MW cm excitation and 660 nm emission detection. Combined with the self-
healing Bessel beam, our group further explore this sub-diffraction imaging modality to
map single nanoparticles inside a strong scattering tumour cells spheroid [85]. On the
other hand, we report a strategy of the nonlinear SIM towards video-rate super-resolution
imaging through thick biological tissues [90]. The unique nonlinear photoresponse of
UCNPs makes possible the onset of an efficient nonlinear mode on SIM for obtaining
high-frequency harmonics in the Fourier domain of the imaging plane. It enables
nonlinear SIM to achieve the resolution to 1/71 of the excitation wavelength with a gentle

excitation power.

The engineered nanocrystals offer a new strategy to surpass the diffraction limit for
current techniques, providing alternatives to conventional modalities typically using
organic dyes and other nanoparticles. With the field enhancement by the localized surface
plasmon resonance of the metal materials [135][136][137], it can get a reduced excitation

power required to obtain resolution improvement. The new developed large scale
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assembles [138] of plasmonic metal nanoparticles onto single UCNPs gives a possible
way for further investigation. Besides, while rare-earth nanocrystals-based down—
conversion [139] for sub-diffraction imaging in the NIR-IIb window is promising, one
photon down-conversion is easier to generate under the low excitation power. Due to the
bright emission, the particles can be synthesized so that they are smaller, which makes it

possible to explore the potential of biological probes.

2.6 Conclusion

In conclusion, this work demonstrates a multi-photon fluorescence saturation microscopy
for super-resolution imaging to circumvent the specific requirement of probes in STED-
like modalities. Compared with our recent work reporting low excitation power
STED[79], the NIRES approach presented here achieves the same level of imaging
resolution (< 50 nm) using a simple setup. NIRES offers a great deal of simplicity and
stability, as an advanced tool to achieve super-resolution in deep tissue, and is superior to
the conventional MPM approaches [140][141]. In contrast to the conventional methods
by increasing the excitation power to achieve super-resolution, this emphasizes the
fluorescent rising slope and threshold enable us to improve the resolution through the
synthesis of probes. The key feature of this approach is that it can be applied to any
nonlinear optical probes with fluorescence saturation for the sub-diffraction imaging. To
achieve super-resolution imaging using low laser power and a longer wavelength, i.e. to
reduce phototoxicity applied to live cells, controlled synthesis of UCNPs will further
optimize the energy transfer process and resultant saturation intensity properties. In this
way the bio-photonics can surpass the diffraction limit. The recent progress made on the
functionalization of UCNPs, enabling bio-conjugation, cell optogenetics [142] and long-
term tracking in the cell [143], will empower NIRES to track more biological events. The
tuning of multiple emission colours and lifetimes [103] of UCNPs will allow NIRES to
undertake multiplexed super-resolution imaging of subcellular structures and long-term

tracking of single molecules in deep tissue [36].
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Chapter 3 Fourier domain heterochromatic fusion for super-

resolution microscopy by point-spread-function engineering

With the advantages of nonlinear photon response, the optical resolution of fluorescence
microscopy has overcome the diffraction limit. PSF engineering is a super-resolution
imaging approach that encodes emitter properties in the shape of the PSF. However,
complexed excitation setups or repetitive scans are needed, which explains the issues of
low speed, poor stability and operational complexity associated with the current laser
scanning approaches. These techniques mostly focus on single colour emission,
restricting the available and flexible benefits from multicolour implementation. Herein,
we propose a strategy by extending the capabilities of PSF engineering to the spectral
regime. Exploiting the distinct nonlinear photon response of each emission band in the
single upconversion nanoparticle, we explore an opportunity for a tightly focused
doughnut excitation to generate distinct spectral dependent PSFs. By heterochromatic
Fourier spectral fusion, we show the fused OTF can cover both low and high frequency
information to yield the overall enhanced image quality. We show single upconversion
nanoparticles can be super-resolved with a spatial resolution of 50 nm, 1/20" of the
excitation wavelength. This work further suggests a new scope for developing nonlinear
multi-colour emitting probes to improve the image quality and noise control in super-

resolution nanoscopy.

3.1 Background

To overcome the optical diffraction limit, several techniques have been developed in the
past two decades [3]. On the one hand, linear modalities such as SIM [108] introduce a
particular geometry of the illumination, such as fringes [22] and speckles [144][145] to
enhance resolution. However, the maximal resolution improvement is restricted by a
factor of 2 over conventional wide-field microscopy. On the other hand, several methods
have pushed more modest resolution enhancement by exciting the fluorescent probes in
a nonlinear regime, either inducing binary stochastic methods [146][147] or under
saturated conditions [148][83]. The saturated optical transition can be stimulated
emission [118][119], ground-state depletion [125][128][148], absorption [12][83][149]

or fluorescence photo-switching [150]. As a consequence, the designing of illumination
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with patterned light excitation [21] then becomes an essential scheme for the super-

resolution imaging modalities.

SIM-based processing algorithms for point-scanning patterned illumination approaches
[151] have been developed to obtain extraordinary efficacy of resolution enhancement,
as a focused spot is a special type of structured illumination [152][153]. When
considering the resolution limit of an imaging system, it is easier to consider the
associated frequency space. The higher spatial frequencies correspond to a better-
resolved image. The OTF is the direct Fourier transform of the PSF, contains all the
spatial frequencies permitted by the objective. The origin of the spatial resolution limit is
the finite support of the OTF of a microscope’s optics in the frequency domain, limiting
maximum Fourier mode that is still transmitted in the optics. Compared to the wide-field
sinusoidal pattern that contains only one direction frequency, a tiny focused spot is a
pattern that contains all the frequencies possibly supported by the objective [152]. Since
the resolution increase is achieved by the frequency components of the focal spot,
introducing higher-than-classically-allowed spatial frequencies into the excitation spot
would allow for a better than 2-fold gain in resolution. As nonlinearity in the fluorescence
results in an equivalent excitation PSF with extended frequency content [153],
computational nonlinear scanning microscopy further enhances the spatial resolution [21].
However, the lack of high-frequency components in OTF with Gaussian PSF, prohibiting

substantial improvement of resolution under fluorescence saturation.

One promising direction is through PSF engineering [154][155], involves altering an
optical system in such a way as to generate a non-classical excitation or detection PSF. It
has already encoded the emitter properties in the shape of the emission PSF to improve
the resolution in confocal microscopy [81], extend the microscope’s depth of field
[156][157], and enhance the localization precision in all three dimensions [158][159][23].
The most prominent example of PSF engineering is generating a doughnut-shaped beam
in STED microscopy [119]. Since the width of the central dark spot is sub-diffraction
[131], it contains higher spatial frequencies in the doughnut PSF than a diffraction-limited
Gaussian spot [160]. By using a structure-shaped excitation spots exclusively with the
advantage of fluorescence saturation, the doughnut pattern-based modalities
[105][128][161] have been demonstrated their ability to extract the extraordinary
information at the higher spatial frequency for resolution enhancement.
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Nevertheless, these techniques mostly focus on single colour emission, restricting the
benefits from multicolour implementation. As a prerequisite in order to extract the more
extensive coverage of spatial information to enhance the quality of super-resolution
images, these advances still require specialized optics to meet the particular excitation
conditions or multiple scans in detection to produce images with multiplexed PSF. As a
consequence, the complex optics elements and efforts in maintaining the proper
alignments and system stabilities are the critical limiting factors for point-scanning super-
resolution microscopes. It is hoped to widely use these in material sciences and biology

laboratories.

Here, we propose a strategy by extending the capabilities of PSF engineering from the
spatial domain to the colour region. Using a single doughnut-shaped beam point-scanning
illumination, we investigate the heterochromatic nonlinear responses and saturated
fluorescence emissions of UCNPs. Exploiting the distinct nonlinear photon response of
each emission band in UCNPs, we explore an opportunity for a tightly focused doughnut
excitation to generate distinct spectral dependent PSFs. With the controllable PSFs from
multi-channel emissions, we demonstrate the possibility to achieve super-resolution
imaging by a single scan under saturated fluorescence excitation via PSF engineering
either in the spatial domain or Fourier domain. We further develop a multicolour Fourier
spectral fusion algorithm to enlarge the frequency shifting coverage of the optical system.
What is subsequently achieved is the effective super-resolution PSF by fusing Fourier
components from each emission bands and processing OTF that contains the maximum

spatial information.

3.2 Spatial frequency domain

For a better understanding of this Fourier domain fusion method, we briefly go through
the necessary theoretical knowledge about the spatial frequency domain [162][163],
including the spatial frequency, spectrum, 1D and 2D Fourier transform, fast Fourier

transform, image convolution and deconvolution and image filtering.

3.2.1 Image spatial frequency and spectrum

For a two-dimensional (2D) plane, an image can be defined as a 2D functions f(x, y) to
describe the intensity or brightness values distribution at the real spatial coordinates (x, y)

in an image plane. By considering a row of pixels in the image, we can also define it as
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Figure 3-1 | The line pairs in an image plane. The wider space between the bars on the left-hand side
means the low spatial frequency, indicating low image resolution. The narrower space on the right-
hand side represents the high spatial frequency, which means the high image resolution.

the one-dimensional signal. The form of this signal is similar to the traditional signal in
the temporal domain. Nevertheless, here the image signal is defined in the spatial domain.
As a consequence, the frequency of the image is also known as the spatial frequency,
which reflects the change of the pixel grayscale of the image in the space. For the image
signal, the spatial frequency refers to the number of periodic changes of the brightness
within unit length (Figure 3-1). For example, concerning the image of a wall, due to the
flat distribution of grey value, the low-frequency component is strong, while the high-
frequency component is weak. For images with rapid spatial variations, such as
chessboard, the high frequencies are relatively intense and the low frequencies relatively

faint.

The concept of spatial frequency is fundamental to all aspects of imaging. Typically, we
describe the image resolution by using spatial frequency, which in terms of "line pairs per
mm" (Figure 3-1). The highest resolution indicates the ability to resolve the closest
spacing of white and black bars. Since a pair of lines are like peaks and crests of adjacent

waves, line pairs per mm is a measure of spatial frequency.

An alternative spatial frequency-based representation is to use a spectrum of different
frequency components over the image. With the direct 2D Fourier transform of a spatial
function f(x,y), we can obtain the 2D spectrum F (u, v) of spatial frequencies with no
information loss. The Fourier transform of the image obtains the spectrum diagram, which
is actually the distribution diagram of the image gradient. Note that there is no point-to-
point correspondence between the spectrum diagram and the original spatial
representation, even in the case of no frequency shift. In fact, the point on the spectrum

presents the gradient, which is the intensity difference between two adjacent points on the
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image. Besides, the value of the point on the spectrum depends on the component of this
gradient (frequency) of the corresponding plane wave on the overall image. Moreover,
the spatial representation f(x,y) can be recovered from the corresponding spectrum

through reverse conversion.

In image processing, both spatial and spectrum representations are equivalent to each
other. Such spatial to spectral transformation simplifies image processing to some extent.
Through the transformation of image information, it is conducive to the processing,
processing or filtering of unnecessary information, and the enhancement or extraction of

interesting parts or features.

3.2.2 Fourier transform

Due to the computational mechanism of the computer, it is not able to process the
continuous and infinite single. In the image process, the Fourier transform is an operation
that transforms data from the spatial domain into the frequency domain, converting the
signal into a sinusoidal signal with many different frequencies and different amplitudes.
As most of the targeted images are complex and lack any strong periodicity, the Fourier
transform is a mathematical tool that provides a unique and powerful way to obtain and
analyse the image spatial frequencies. It can analyse the components of the signal and
deconstruct the waveform as a weighted sum of sinusoidal functions with no information
loss. The sine and cosine components for the decomposition are called the basic functions
of the decomposition. The weighted sum of these basis functions is called a Fourier series

in Equation (3-1):

f) =3a,+ Z; (@n cos™= + by, sin ™) (3-1)
a = 7 [ f)dx (3-2)

an= 7" F G0 cos (") da (3-3)

by = 7[5 £ sin (M) dx (3-4)

where the weighting factors for each cosine (ax) and sine (b») function are the Fourier
coefficients, and the index n specifying the number of cycles of the sinusoid that fit within

one period 2L of the function f(x) is a dimensionless frequency of a basis function. A

67


https://www.sciencedirect.com/topics/neuroscience/fourier-transform

Chapter 3

1D function with period 2L is uniquely represented by two infinite sequences of
coefficients. The notion of a Fourier series can also be extended to complex coefficients.

Consider a real-valued function f(x):

)= Ape™ (3-5)
Then substitute the Euler's formula to (3-5):
ST fe e mdx = [T (X" Aye™) e ™¥dx = 2mA, (3-6)
SO
_ 1 (m —inx
An =" f(x) e dx (3-7)

: T L L] .
For a function periodic in [— > E]’ it becomes:

fe = 4 (3-8)
Ay = %f_éf(x) e 1) dx (3-9)

3.2.2.1 1D continuous Fourier transform and inverse transform

The Fourier transform generalizes the limiting case of the complex Fourier series L — oo.

By using continuous F(u)du to replace the discrete An and setting% — u, then change

the sum to an integral, and Equation (3-9) finally becomes the 1D continuous Fourier

transform:
F = [, f(x)e?m™dx (3-10)
1D continuous Fourier inverse transform:

f) = [° Fwe?™*dy (3-11)

3.2.2.2 2D continuous Fourier transform and inverse transform

The Fourier series decomposition equally holds for 2D images. Based on Equation (3-12),

the 2D continuous Fourier transform F (u, v) of the function f (x, y) is defined as:

F(u,v) = fjooo fjooof(x, y)e 2rux+vy) gy dy (3-12)
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Where u and v are the numbers of cycles fitting into one horizontal and vertical period,

respectively. With the given F (u, v), the inverse 2D Fourier transform f(x, y):

fooy) = [°[7 F(u,v)e?mr @+ dy dy (3-13)

3.2.2.3 1D discrete Fourier transform and inverse transform

In the digital image process, each image function f(x, y) is defined over discrete instead
of the continuous domain. Consequently, we employ a discrete Fourier transform (DFT)
for image processing. For the single variable discrete function f(x) (x=0, 1, 2, ... M-1),

the 1D discrete Fourier transform F (u) is defined as:

i2mux

F(u) = ~ SN fo)e™ w (3-14)
Where u=0,1, 2, ..., M-1.

1D inverse DFT:

i2mux

fl) = XI5 Fwe ™ (3-15)

Wherex=0, 1, 2, ..., M-1.

3.2.2.4 2D discrete Fourier transform and inverse transform
The use of sampled 2D images of finite extent leads to the following 2D DFT of an M xN
image as follows:
F( _ 1 M-1v\v'N-1 _iZE(%*'%) 3-16
u, v) - m2x=0 Zy=0 f(x:Y)e (3-16)
Where u=0,1,2, ..., M-1;v=0, 1,2, ..., N-1.

With the given F (u, v), the inverse 2D Fourier transform f (x, y):

vy

FO0y) = SMA SN F(u,v)e (it (3-17)

Where x=0,1,2,...,M-1;y=0,1,2, ..., N-1.

3.2.3 Fast Fourier transform

As introduced in section 3.2.2, the Fourier transform makes it possible for the computer
to calculate and analyse the signals. However, the transformation requires a lot of

calculation, including convolution, which has challenged the performance of the
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computer, especially for hardware implementation. For example, we calculate the F (u, v)
involves a summation over all image pixels from the image f (x, y) with dimensions N X
N. The overall operations of a DFT calculating the spectrum with N? values are O(N*).

However, such an algorithm is impractical.

Fortunately, the fast Fourier transform (FFT) is a more efficient algorithm that can
significantly reduce the computational complexity to calculate DFT. The 1D FFT speeds
up calculations due to a possibility to represent a Fourier transform of length N being a
power of two in a recursive form, as the sum of two Fourier transforms of length N/2.
The recursion ends at the point of computing simple transforms of length 2. Thus, the
FFT algorithm computes a 1D Fourier transform for N points in only O(N logN)
multiplies and adds, becoming a practical and essential way on computers. Therefore the
complexity of the 2D FFT becomes O(N?logN) from O(N*). In particular, the more
sample points involved, the more efficient of FFT algorithm. A function or signal can be
converted between the time domain and the frequency domain by a pair of mathematical
operators, which is similar to the Fourier transform. Based on the successive doubling

method, the original Fourier transform can be divided into two recursive formulas:
F() = = [Fapen () + Foqq ) W3k] (3-18)
Fu+K) = 2 [Fopen () — Foaa(W)W3k] (3-19)

Where u=0, 1, 2, ..., M-1; M = 2K, F,,.,,(u) and F,;,(u) are the Fourier values of K

points.

3.2.4 Convolution and deconvolution

Image convolution is a typical method for image processing. The purpose of image
convolution is to make use of the spatial relationship between pixels and their adjacent
pixels and realize blurring, sharpening, edge detection and other functions through the
operation of weighted sum. The calculation process of image convolution is the process
of the weighted sum of image f (x, y) local pixel blocks by a convolution kernel w(a, b),
as Equation (3-20). Figure 3-2 presents the process of image convolution. The

convolution kernel is essentially a fixed-size array of weights with the points in the centre.
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Figure 3-2 | The process of image convolution. For each pixel of the image, the product of its
neighborhood pixels and the corresponding elements of the filter matrix is calculated and then added
as the value of the pixel position.

feoy) *w(a,b) =% @new [f(x—ay—bw(ab) (3-20)
(e-ay-b)ef

For the 2D discrete convolution:
fOoy) *h(x,y) = Lo SMIE TN [ f(mmh(x —my—n)  (3-21)

The Fourier transform of the convolution of two signals is equal to the product of their
Fourier transforms. Moreover, the Fourier transform of the convolution of two spatial

functions is the product of the Fourier transforms of the two functions.
f&xy) * h(x,y) & F(u,v)H(u,v) (3-22)
f,y)h(x,y) © F(u,v) * H(u,v) (3-23)

Deconvolution is an algorithm-based method to reverse the effects of convolution on
recorded data, which is widely applied in image processing. The convolution
kernel w(a, b) is also known as the PSF, specifying how the imaging process impacts a
point source. The perfect process forms for a point source an image with a single bright
point and other zero-valued pixels, while the real process produces an area of non-zero
pixels such that a grey level profile across this area follows the PSF. For deconvolving an

image, the PSF has to be known or estimated from measurements of the image.

By image deconvolution, one attempts to revert the blurring effect of the microscope, and

thus increase image contrast and sufficient resolution, by using the PSF as prior
71



Chapter 3

information. Deconvolution can be performed in a single step, e.g., by Wiener or then
iteratively, e.g., by Richardson-Lucy. In this chapter, we use the Richardson-Lucy
algorithms. Since deconvolution is an iterative process, the deconvoluted results depend
on the number of iterations. Typically, we need to try a few more times to get the best

results.

The iterative Richardson-Lucy algorithm can be described with the following:

_ i * _
Oke+1 = {h®0k+b ®h }Ok (3-24)

where O, and oy, are the current and next object estimates, i is the original image, h is

the PSF, h* its mirrored version and b a background term.

3.2.5 Image filtering

Image filtering in the spatial domain is performed by convolution with an appropriate
kernel. This operation selects the information in the frequency domain, but it is difficult
to quantify this impact in the spatial domain. The frequency domain is more natural to
specify these effects. As described in Equation (3-22) and (3-23), the Fourier transform
converts the image from the spatial domain to the frequency domain, while the inverse
Fourier transforms recovers the spectrum domain to the spatial domain (Figure 3-3a &
d). Using the corresponding relationship between spatial domain and frequency domain,

we try to transform the spatial convolution filter into the frequency domain filter. Then

Figure 3-3 | Image filtering in the spatial domain. (a) The original image. (b) The low-pass filter
image. (¢) The high-pass filter image. (d) The Fourier frequency domain of the original image. (e) The
corresponding low-pass frequency domain of (b). (f) The corresponding high-pass frequency domain
of (¢).
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we transform the processed image back to the spatial domain, achieving the purpose of

image filtering.

3.2.5.1 Ideal filter

The low-pass filter can filter out the high-frequency component through the low-
frequency component. In the image process, the low-frequency component refers to the
part of the image that does not change much. The low-pass filtered image has fewer sharp
details than the original image while highlighting the smooth transition part (Figure 3-
3b). An ideal sharp cut-off filter (Figure 3-3e) simply blocks all frequencies at distances
larger than a fixed filter radius Do (cut-off frequency) from the centre (zero frequency) of
the spectrum:

1, D(u,v) < D,

H(w,v) = {0, D(u,v) = D, (3-25)

On the contrast, the high-pass filter can filter out the low-frequency component through
the high-frequency component. In the image process, the high-frequency component
refers to the part of the image with extensive changes, which corresponds to the edge,
detail and texture information of the image. The high-pass filtered image has a smooth
transition with less grayscale than the original image while highlighting the edge and
other details (Figure 3-3¢). An ideal high pass filter (Figure 3-3f) suppresses all
frequencies up to the cut-off one and does not change frequencies beyond this border:

0, D(u,v) < D,

H(w,v) = {1, D(w,v) = D, (3-26)

The ideal bandpass filtering preserves a specific range of frequencies and suppresses all
others. Conversely, band-stop filtering suppresses a range of frequencies and preserves

all other frequencies:

0, D(u,v)<D0—%
H(u,v) =<1, D, —%S D(u,v) < D, +¥ (3-27)
lo, D(u,v) > Do+~

Where W is the bandwidth; on the other hand, the ideal band-stop filter is just using one

minus the bandpass.
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a Frequency domain ideal b Spatial domain ideal

Figure 3-4 | The ideal image filter. (a) Ideal filtering in the frequency domain. (b) Ideal filtering in
the spatial domain. The ideal filter has ring artifacts. The spatial image has a violent vibration.

From Figure 3-3b, we find the low pass filtered image produces some "ring artifacts",
which refers to the shock at the sharp change in the grey level of the output image. The
main reason is that the selected ideal filter has an abrupt change in the frequency domain
(Figure 3-4a). The shape of the ideal low-pass filter in the frequency domain is a
rectangle, so its inverse Fourier transform in the spatial domain is a sinc function (Figure
3-4b). Therefore, the spatial function of a filter with a window function is somewhat
similar to the sinc function after inverse Fourier transform. To prevent the artifacts and
receiving smooth data, we usually employ the other two kinds of filters, i.e. Butterworth

filter and Gaussian filter, in the imaging process instead of the ideal filter.

3.2.5.2 Butterworth filter

The Butterworth low pass filter function is written as:

1

2n
D(u,v)
1+ Do

H(u,v) = (3-28)

where n denotes the degree of the filter, which controls how sharply the transition from
pass-band to stop-band. The larger n is, the closer the filter is to the ideal filter. Compared
to the ideal filter, Butterworth filter has a nearly equally flat response in the passband, but
transitions to stop-band more smoothly, thus avoiding a sharp discontinuity at the cut-off

(Figure 3-6). In contrast to Equation (3-28), we can get the high-pass Butterworth filter.

3.2.5.3 Gaussian filter

The Gaussian low pass filter is defined as:
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a Frequency domain Butterworth b Spatial domain Butterworth
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Figure 3-6 | The Butterworth image filter. (a) Butterworth filtering in the frequency domain. (b)
Butterworth filtering in the spatial domain. The Butterworth filter has a flat response in the passband,
but transitions to stop-band more smoothly when compared to the ideal filter.

a Frequency domain Gaussian b Spatial domain Gaussian

Figure 3-5 | The Gaussian image filter. (a) Gaussian filtering in the frequency domain. (b) Gaussian
filtering in the spatial domain. The Gaussian filter has a smooth transition from pass-band to stopband
when compared to the ideal filter.

-Dp? (u,v)

H(u,v) = e 200’ (3-29)

Similarly to the Butterworth filter, the Gaussian filter has a smooth transition from pass-
band to stopband (Figure 3-5). In contrast to Equation (3-29), we can obtain the high-
pass Gaussian filter. In this chapter, we use the Gaussian filter for the simulation and

experimental data process.

3.3 The multicolour PSF engineering super-resolution microscopy

By exploiting the fluorescence spectral dependence of the emitters in the focus plane,
Figure 3-7 presents the general concept of the multicolour PSF engineering super-
resolution microscopy. It shows the PSFs versus emission wavelengths, synchronously

generating different multicolour PSFs, red Gaussian PSF (PSF;,,) and green doughnut
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Emission

Low Power

High Power

Figure 3-7 | The concept of multicolour PSF engineering super-resolution microscopy. One
doughnut illumination beam can generate two different PSF in different colour channels. The two
emissions are doughnut under low power, but the PSF in red colour turns to Gaussian under relatively
high power.

PSF (PSFp,,), under single doughnut excitation with relative intense power. The concept
of this work is based on extracting the distinct features in nonlinear photon responses of
multi-colour emission probes and engineering the PSF of the single probe in both the
spatial and Fourier domains. In this section, we describe the image process algorithms
underpinning the methods of FED image subtraction and heterochromatic Fourier
spectrum fusion, respectively. Moreover, we evaluate their performance in nanoscopy

through theoretical simulations.
3.3.1 Image subtraction

3.3.1.1 Principle

FED microscopy is an effective method that can improve the resolution of laser scanning
microscopy based on the two sequential scans to obtain two images with a PSF,,, and a
PSFp,, , respectively (Figure 3-7). As this approach is based on laser scanning
microscopy, it can be added to a commercial system with only minor modifications by
adding a vortex phase plate to generate a doughnut excitation beam. We achieve the
super-resolution image (Figure 3-8c¢) by subtracting the image obtained by the doughnut
(Figure 3-8b) beam scan from the image obtained from the Gaussian beam scan (Figure

3-8a). An appropriate normalizing coefficient (r), typically between 0.7 and 1, is used to
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Figure 3-8 | The principle of the FED image subtraction. (a) The Gaussian PSF. (b) The Doughnut
PSF. (¢) The processed FED PSF by subtracting (b) from (a). (d) The corresponding cross-section
profiles in (a) to (c).

adjust the imaging quality. To get a better visual image, we usually set the negative value

as zero during the image process. The subtraction process follows Equation (3-30) and
(3-31):

PSFFED - PSFGau — T * PSFDOU (3'30)

IFED = IGau —r* IDou (3'31)

where PSFpgp is the processed effective PSF; PSF;,, is Gaussian PSF; PSFp,, is

doughnut PSF; r is normalizing coefficient; Iz, is the processed image; I, is the image

taken with PSF;,,; Ipoy 1S the image taken with PSFp,,,.

3.3.1.2 Simulation

To demonstrate the effect of the PSF on the FED image subtraction, we consider a
numerical experiment in a series of patterns consisted of emitters with varying distances
in Figure 3-9. In the centre region, the distance between these points is closer to each
other. The points move further away as they spread out. This design allows us to get a

distribution of points with different spatial frequencies in a plane. Rather than obtaining
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Figure 3-9 | A series of patterns consisted of emitters with varying distances for simulation.

the two images from two scans, we develop a super-resolution approach based on the two
emission PSFs (Gaussian and doughnut) by exciting the nonlinear multi-colour probe.
Figure 3-10 demonstrates the simulation results of the FED image subtraction
(simulation code in Appendix I). Compared with the image obtained from PSF;,,
(Figure 3-10 a & d), the resolution of the processed image by subtracting the emission

PSFpo, from the PSF;,,, has been significantly enhanced (Figure 3-10 ¢ & e).

Although our new method has simplified two scans based modality of FED, the main
shortcomings of both subtraction-based modalities suffer from the image distortion of
artefacts and critical information loss. The subtraction balances the initial image’s
intensities, and the direct subtraction of normalized data sets often generates areas with
negative intensity values, which is a potential source of data loss. To eliminate this effect,
we introduce an appropriate normalizing coefficient » to adjust the strength of the
subtraction. However, the » as a constant for the entire imaging area will cause over-

subtracting and the resultant data loss. Most recently, researchers further employ a pixel
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Figure 3-10 | Simulation result by FED image subtraction. (a) The scanning image by Gaussian PSF
and (b) Doughnut PSF. (¢) The processed result by subtracting the image in (b) from that in (a). (d)
The magnified quarter image in (a). (e) The magnified quarter image in (¢). In this simulation, the
appropriate normalizing coefficient 7 is 0.9.

assignment [164] approach to adjust the contrast factor in each pixel, but at the expense

of the overall resolution.
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Figure 3-11 | The OTF profiled of the FED image subtraction.
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As the processed image in Figure 3-10 ¢ & e, the subtraction method creates an absence
in critical spatial frequencies. Moreover, the processed image shows the dots with
different sizes, apparently as the artefacts. We can explain this artifact by analyzing their
OTF. From Figure 3-11, the OTF of the processed FED PSF has much larger frequency
information compared to either ion PSFp,,, or PSF¢,,. However, we know the system
cannot carry out such information in the original PSFs. As a sequence, the enhanced

spatial frequency is often accompanied by the artificial error in this method.
3.3.2 Fourier fusion

3.3.2.1 Principle

Alternatively, we can transfer the heterochromatic saturated emission PSFs into Fourier
domain and achieve the super-resolution imaging with frequency shifting mechanism
conceptualization (simulation code in Appendix II). This strategy can effectively
overcome any issues of information loss and image distortion associated with the spatial
domain subtraction approach since Fourier domain OTF fusion can maximize the overall
coverage of emission PSF patterns. By using a doughnut beam illumination, the spatial
frequency components are encoded into both the doughnut excitation patterns, and the
doughnut saturated emission patterns (Gaussian), including the high spatial frequency
components being captured in the broader range of the detection OTF. Figure 3-12

compares the difference in frequency components between OTFs obtained by two

Gaussian Doughnut Fusion
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Figure 3-12 | Schematics of Fourier fusion for super-resolution microscopy. (a) Gaussian PSF. (b)

Doughnut PSF. (¢) Fourier fusion PSF. (d) OTF of Gaussian. (¢) OTF of Doughnut. (f) OTF of Fourier
fusion. (g) The corresponding cross-section profiles of OTF in (d) to (f).

80



Chapter 3

emissions’ PSFs. Obviously, PSFj,, generates more content at a high spatial frequency
than that generated by PSF,,,. More significant content of high frequencies in OTF helps
to recover high spatial frequency components in the image through the deconvolution

algorithm.

However, the emission PSFy,, has a gap in the intermediate frequency range, resulting
in a deficiency at the mediate to low spatial frequencies (Figure 3-12e). Meanwhile this
loss can be compensated by the OTF components generated from PSF,,, (Figure 3-12d).
Therefore, heterochromatic OTF fusion of saturated emission PSFs in Fourier domain
takes advantage of both the PSFp,,, resolving power in providing high frequency content

and the compensation effect from PSF;,, in covering the medium frequency range

(Figure 3-12f).

Following a similar study [165], we develop a heterochromatic Fourier spectrum fusion
method to alleviate the frequency deficiency at specific frequency points as well as the

partial deficiency induced by the saturation effect. The procedure is given by:
OTF,pr = OTFgay X Maskgay + OTFpoy X maskpey, X 1 (3-32)
losr = lgau X Maskggy + Ipoy X maskpy, X r; (3-33)

where OTF s and I.¢5 are the final processed effective OTF and image, respectively.
OTF;,, and OTFy,,,, are the Fourier transform of the corresponding PSF,,, and PSFp,,,,
respectively. The mask,,, (Gaussian low pass, Figure 3-13a) and maskp,,, (Gaussian

high pass, Figure 3-13b) are the cut-off Fourier frequency filters, respectively. r; is a

b C 04r 1\ Gaussian
\'l ——— Doughnut
=031
= \
©
o 02F
|_
@]
0171
0 kx
maskga, maskp,, Spatial frequency

Figure 3-13 | Schematics of binary masks for Fourier fusion. (a) Maskg., corresponds to a Gaussian
low-pass filter used to block the high-frequency component above ... The orange arrow of k. denotes
the direction of the spatial-frequency increase. (b) Maskp,y is a high-pass filter that permits the high-
frequency component above 7. (¢) OTF profiles of Gaussian (red solid) and Doughnut (green dash),
respectively. 7., is a point selected at the intersection of Gaussian and Doughnut profiles.
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Figure 3-14 | Effective PSF for the fusion process by using the Gaussian and doughnut PSF. By
selecting the cut-off frequency, we can obtain the PSF,f and the low/high-frequency pass masks for

imaging processing.
variable that modifies the ratio of these fused components for achieving the optimal

synthetic system OT Fss. Igqy and Ip,,, are the acquired images with the corresponding

PSF;,, and PSFp,,,, respectively.

The details in the image process are shown in Figure 3-14 & Figure 3-15. Firstly, we
obtain the effective PSF for the fusion process by using the Gaussian-like and doughnut
PSF (Figure 3-14). In the beginning, the emission spectrum is collected to determinate
the multiple emission bands (emission wavelength) of the fluorescent probes. As each
emission band has different emission colour, the two power dependent curves are
obtained by using wavelength band-pass filters or a dichroic mirror. The two different
emission PSFs (Gaussian-like and doughnut) were measured by employing an intense
doughnut-shaped beam to scan a single fluorescent probe. Both of the raw images may
contain complementary information, which can be analysed by the OTF spectrum from
each emission band through the fast Fourier transformation (FFT). By setting the cut-off
frequency, the two different spectrums are fused into a single compound spectrum to yield
an OTF,yy, referred to as the "segmented Fourier spectrum”. For the PSF reconstruction,

the inverse fast Fourier transformation (iFFT) is applied to yield the images with the
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Figure 3-15 | The flow chart of the Fourier domain heterochromatic fusion method. The high-
quality image is achievable for the fused image by Richardson-Lucy deconvolution with the PSF, .

emission PSF,rs. Meanwhile, the low/high-frequency pass masks are obtained for the

next imaging processing step.

With the effective PSF and frequency masks, we can process the images by the Fourier
domain heterochromatic fusion method (Figure 3-15). Firstly, the two images of different
colour emission are obtained by using a focused doughnut-shaped beam to scan the
specimen. Then the two images were converted to the Fourier domain through FFT. With
the frequency filter masks (masks are from Figure 3-15), the information in the Fourier
domain is selected by applying the low-pass (LP) mask for the image of Gaussian-like
and high-pass (HP) mask for the counterpart. Subsequently, a new optimal Fourier
domain is achieved by fusing these two selected Fourier domains. The fused image can
be obtained by using iFFT. Finally, the high-quality image is achievable for the fused
image by Richardson-Lucy deconvolution with the PSF.f (PSF,ff is from Figure 3-15).

3.3.2.2 Simulation

To evaluate the imaging performance using the Fourier fusion PSF engineering, we
perform a numerical simulation to scan different types of beams over a series of patterns,

consisting of diffraction limit dots of single emitters (same as the pattern in Figure 3-9).
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Figure 3-16 | A numerical study using the heterochromatic Fourier spectrum fusion algorithm to
overcome the issues associated with frequency deficiency and imaging distortion. (a) The image
obtained by using Gaussian PSF. (b) The image obtained using Doughnut PSF. (¢) The image obtained
using the fusion algorithm. (d) Richardson-Lucy deconvolution result of the image in (a). (e)
Richardson-Lucy deconvolution result of the image in (b). (f) Richardson-Lucy deconvolution result
of the image in (f). The iterations of the simulation are 180.

Figure 3-16 presents the image-resolving powers of the PSFp,,,, the saturated doughnut
PSFgqy » and the fused heterochromatic PSF,rr, as well as their corresponding

deconvoluted images with iterations of 180.

For a clear comparison, we magnify the deconvoluted images in Figure 3-17. For the dots
on the fourth ring (in green), the distance is too close for the Gaussian PSF to resolve
them (Figure 3-17a), while the doughnut PSF provides a higher resolution that clearly
resolves each dot (Figure 3-17b). For the dots with more sparse points on the third ring
(in red), the doughnut PSF fails in providing some intermediate frequency information

(see Figure 3-17b), which resulted in poorly resolved dots on the third circle.

To maximize the coverage of spatial information from the different emission PSFs and
their corresponding Fourier domain components, we use the design Fourier binary masks
(Figure 3-13) to fuse different PSFs in the deconvolution process and achieve the

improved image quality with sufficient amount of details without distortion, as shown in
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Figure 3-17 | The magnified images for the Gaussian, doughnut and Fourier fusion comparison.
(a) The deconvoluted image obtained using Gaussian PSF. (b) The deconvoluted image obtained using
Doughnut PSF. (¢) The deconvoluted image obtained using the fusion algorithm. (d) The corresponding
PSF profiles of Gaussian (red), Doughnut (green) and Fusion (blue), respectively.

Figure 3-17c. Figure 3-18 demonstrates the corresponding OTF of the Gaussian,
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Figure 3-18 | The OTF for the Gaussian, doughnut and Fourier fusion comparison. (a) The OTF
of Gaussian PSF. (b) The OTF of Doughnut PSF. (¢) The OTF of the fusion. (d) The corresponding
OTF profiles of Gaussian (red), Doughnut (green) and Fusion (blue), respectively. 85



Chapter 3

e
L
\—- ' CD
M y

BPr 2

12
) ° MMED .

980nm Taser

_ﬁ_@‘ A a— | M)
smr e s B P /M
PBS  HWP

L1 HwI

SPAD 2
BPF 1

MMF1

Auxiliary Confocal
SPAD 1

Figure 3-19 | Schematic of the single beam Fourier fusion super-resolution nanoscopy.

doughnut and Fusion PSF. This Fourier domain fusion approach utilizes all the
complementary frequency contents (Figure 3-18d), simultaneously acquired from the
single doughnut beam scanning, and maximize the image deconvolution process in super-
resolution imaging. Given that the final detected signal is the saturated emission with
enhanced contrast to the background noise, it successfully resolves the higher frequencies
information that is otherwise covered by the noise in confocal scanning mode (see Figure

3-17¢ in the inner ring in yellow).
3.4 Methods

3.4.1 Experimental setup

All the measurements have been performed on the same home-built microscopy system
setup in Figure 2-9. The only difference is the signal collection part (Figure 3-19). The
emission signals are separated by the short-pass dichroic mirror (DM2, T785sp, Chroma),
and purified by the bandpass filter (BPF1, ET740/60M, Chroma) and bandpass filter
(BPF2, ET805/20M, Chroma), respectively.
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3.4.2 Materials

3.4.2.1 Synthesis of UCNPs

We use the same method for the UCNPs synthesis and characterization (section 2.4.2).

3.4.2.2 Surface modification of UCNPs

Post-synthesis surface modification was implemented to transfer the UCNPs into
hydrophilic and biocompatible before bioconjugation with Streptavidin. Surface
modification was performed via ligand exchange with block copolymer composed of
hydrophilic block poly(ethylene glycol) methyl ether acrylate phosphate methacrylate
(POEGMA-b-PMAEP) [93]. In a typical procedure, 500 ul of OA-coated UCNPs (10
mg/mL) were dispersed in tetrahydrofuran (THF). Then the OA-capped UCNPs in THF
were mixed with 5 mg copolymer ending in the carboxyl group in 2 mL THF. The above
mixture was sonicated for 1 min, followed by incubation in a shaker overnight at room
temperature. The polymer-coated UCNPs were purified four times by
washing/centrifugation at 14860 rpm for 30 min with water to obtain the carboxyl group
modified UCNPs. Subsequently, the supernatant was removed and the nanoparticles were

dispersed in water for further conjugation with Streptavidin.

3.4.2.3 Streptavidin-UCNPs

The protocol of carbodiimide chemistry was adopted to conjugate the carboxyl group on
the polymer with the amine groups of Streptavidin molecules. The UCNPs were re-
activated by the EDC (100-folder molar ratio to UCNPs) in HEPES buffer (0.2 mM, pH
7.2) with slightly shaking at room temperature for 30 mins. The Streptavidin molecules
(100 uM) were added to the above solution with 600 rpm shaking for 3 h reaction. The
activated carboxyl-UCNPs were washed/centrifuged at 14680 rpm cycle twice to remove

EDC and resuspended in HEPES buffer to obtain probe Streptavidin-UCNPs.

3.4.2.4 Biotin-UCNPs

Alternatively, we used the ligand exchange to get Biotin-UCNPs. Following the protocol
in section 2.4.2.2, we obtained the ligand-free UCNPs removing the OA. The 50 mg
Biotin was dissolved in 0.1M NaOH in 9 ml water under vigorous stirring for 30 mins at

room temperature, adjusting the pH of the final solution to 8. 0.5 mL ligand-free UCNPs
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was added to the above solution drop by drop under 2 h stirring. After that, we added 10
ml DEG and kept stirring the solution stirring at 105°C for 1 h to remove water. The
solution was transferred to 20 ml Teflon-line autoclave and incubated at 160°C 2 h. The
final solution was washed/centrifuged at 14680 rpm cycle three times with ethanol and

deionized water to obtain probe Biotin-UCNPs.
3.4.3 Cellular immunofluorescence
3.4.3.1 Preparation of COS-7 cell samples

3.4.3.1.1 Cell resuscitation

COS-7 Cell Line (African green monkey kidney epithelial cells) were brought from the
International Trade in Endangered Species of Wild Fauna and Flora (CITES). The cells
from the liquid nitrogen were thawed in a 37 € water bath. This was followed by adding
5 ml of culture medium Dulbecco’s High Glucose Modified Eagle Medium (DMEM)
with 10% FBS to a T25 bottle, then frozen cell fluid was added to T25 bottle overnight

for passaging.

3.43.1.2 Cell passaging

The cell culture medium was removed, washed twice with PBS. Then 1 ml of Pancreatic
enzyme was added to T25 bottle, 37 degrees for 5 minutes, followed adding 3 ml of
neutralizing trypsin, and 4 ml of culture medium were added to a T25 bottle. 1 ml of cells
in culture medium was incubated in a glass-bottomed 35 mm dish at 37 °C and 5% COz

for 24 h. COS-7 cells were harvested when the confluency reached about 80—90%.

3.4.3.1.3 Cell membrane extraction

Before the immunostaining labelling, cells were washed with PBS twice and extracted
with 0.2% Triton X-100 dissolved in prewarmed extracting buffer containing 0.1 M
piperazine-N, N’-bis (2-ethanesul-fonic acid) (PIPES), 1 mM ethylene glycol-bis (B-
aminoethyl ether)- N, N, N’, N’-tetraacetic acid (EGTA), and 1 mM MgCl> at room
temperature for about 40 s. Removing the extracting buffer and washed with Tris twice

was the next step.
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3.4.3.2 Microtubule imaging

For the immunostaining labelling, COS-7 cells were fixed with the 4% PFA for 10 min
and then washed with PBS twice. COS-7 cells were permeabilized with 0.5% Triton-
X100 for 5 min and blocked with blocking buffer containing 1% bovine serum albumin
(BSA) and 0.5% Triton-X100 for 30 min. After that, the cells were kept in 1% BSA for
an additional 30 min. COS-7 cells were stained with 1:50 primary antibody (rat anti-
mouse anti-tubulin antibody, ab6160) dissolved in a blocking buffer for 1 h. Cells were
washed with PBS containing 1% BSA and stained with 1:200 secondary antibody
(donkey anti-mouse, Alex647) dissolved in blocking buffer for 1 h. Then, cells were
washed with PBS containing 1% BSA twice and washed with Tris containing 1% BSA.
COS-7 cells were stained with 0.065 mg/ml streptavidin-UCNPs in Tris containing 0.5%
BSA, 0.5% Triton and 5 mM NaF for 1 h at room temperature. After that, the labelled

cells were washed with 5 mM NaF and stored at 4 °C before imaging.
3.5 Results and discussion

3.5.1 Multicolour emission in UCNPs

We choose to use UCNPs and experimentally verify our approach. UCNPs represent an
entirely new class of multi-colour emitting probes that rely on high densities of multi-
photon emitters [166][167][168][169], which upconverts near-infrared photons into

visible ones. Their exceptional brightness under microscopy and nonlinear optical
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Figure 3-20 | The upconversion emission spectra from UCNPs. The emissions were obtained for
UCNPs solution (NaYFa: 40% Yb**, 4% Tm*") under 980 nm excitation laser.
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Figure 3-21 | Heterochromatic emission saturation contrast produced by UCNPs and power-
dependent emission PSF patterns under a tightly focused doughnut beam illumination. (a) The
upconversion emission spectrum of a typical 40 nm single nanoparticle (NaYFs: 40% Yb**, 4% Tm3")
upon 980 nm excitation laser at a power density of 10 MW/cm?. Insert is a simplified energy level and
upconversion process of Yb*" and Tm*" co-doped UCNPs. The multiphoton NIR upconversion
emissions mainly from two-photon excited state (800 nm, *Hs — 3Hs) and four-photon excited state
(740 nm, 'D; — *Hy). (b) The two distinct power-dependent saturation intensity curves of the 800 nm
and 740 nm emissions. (¢) The power-dependent PSF patterns of two emission bands from a single
UCNP under a doughnut-shaped excitation beam. Under the low excitation power (10 mW), both
channels display the doughnut-shaped PSFs. The 800 nm emission converts to Gaussian PSF when
increasing the laser power to 150 mW.

properties make UCNPs suitable as single-molecule probes [40][99][170][171][172] and
super-resolution imaging [85]. Figure 3-20 display the typical emission spectra of a 40-
nm UCNP based on a NaYFs host co-doped with high-concentrations of 40% Yb**
sensitizer ions and 4% Tm>" activators ions under 980 nm excitation laser (power density

of 10 MW/cm?).

By taking the benefit from the multiple long-lived intermediate states (Figure 3-21a), the
sensitized photon energy can be stepwise transferred onto the scaffold energy levels of
Tm?" emitters, which eventually facilitates the multiphoton upconversion emissions from

the two-photon excited state (800 nm, *H4 — *Hg) and four-photon excited state (740 nm,

D2 — 3Ha). The upconversion emission at 800 nm from the lower intermediate excited
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Figure 3-22 | The experimental and theoretical simulation of the process for generating Gaussian

Excitation power

PSF under a doughnut beam. The power-dependent PSF patterns of two emission bands (740 nm and
800 nm) from a single UCNP when increasing the laser power from 10 mW to 150 mW. Pixel size, 10

nm. Scale bar is 500 nm.

level has a lower saturation threshold compared with emissions from the higher levels, as

confirmed by the nonlinear fluorescence saturation curves shown in Figure 3-21b.

By taking advantage of the apparent contrast in saturation intensity curves of
upconversion emissions from the multi-intermediate states [173], we scan the sample of
single UCNPs using a tiny focused doughnut illumination beam and detect from multiple
emission channels, including 800 nm and 740 nm (shown in Figure 3-21¢). We find that
under the low excitation power, both channels display the doughnut-pattern PSFs. The
difference in heterochromatic saturated emission PSFs becomes significant with an
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Figure 3-23 | The cross-section profiles of the simulated PSF at 800 nm emission band under
different excitation power.

increased excitation power. Because of the non-zero feature at the centre dip of doughnut
beam (around 1.4%, see Figure 3-19), at an intense power density, the 800 nm saturated
emission PSF eventually becomes a “Gaussian PSF” with two-photon upconversion
emission at centre reaching the maxima (Figure 3-21¢). In contrast, the 740 nm saturated
emission PSF remains a doughnut shape. The reason behind this is because the increased
excitation power elevates the two-photon fluorescence at the centre to reach the maxima,
while the fluorescence signals away from the centre keep at the same values since they

have reached saturation.

For a better understanding of the process of generating a Gaussian emission PSF under a
doughnut excitation, Figure 3-22 demonstrates and compares the experimental and
theoretical simulation. Moreover, Figure 3-23 shows the cross-section profiles of the
simulated PSF at 800 nm emission band for the comparison of how the excitation power
affects the final emission PSF. We can find the centre dip rises sharply with the increased
excitation power. Eventually, the doughnut-shaped profile turns to the Gaussian under a
fully saturated power. It worth noting that as fully explained in section 2.5, we can reduce
the excitation power by designing the optimal synthesis of UCNPs, including the activator
and sensitizer doping concentration, core-shell structures, as well as choose the optimal

emission bands.
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Figure 3-24 | The standard confocal images of UCNPs by scanning a standard Gaussian beam.
(a) Emission band at 800 nm. (b) Emission band at 455 nm. The excitation power is 10 mW. The scale
bars are 1.5 pm.

3.5.2 Fourier fusion on single nanoparticles

Using the heterochromatic PSF, we apply the Fourier spectrum fusion approach for
imaging the UCNPs cluster. We first acquire the standard confocal images of 800 nm and
455 nm emission bands by scanning a standard Gaussian beam (Figure 3-24). Since the
wavelength of 455 nm is almost half of 800 nm emission, the image of 455 nm emission

has a resolution according to the diffraction limit Equation (1-1) We then obtain the pair

800 nm Doughnut b 740 nm Doughnut

250 0 210

Figure 3-25 | The multicolour images of UCNPs by scanning a doughnut-shaped beam. (a)
Emission band at 800 nm. Inset, the corresponding Fourier transform. (b) Emission band at 740 nm.
Inset, the corresponding Fourier transform. The excitation power is 150 mW. The scale bars are 1.5
pm.
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of contrast images at 800 nm and 740 nm by scanning a doughnut-beam (Figure 3-25).
Neither confocal results (Figure 3-24) nor the over-saturated image (Figure 3-25a)
provide sufficient resolution to distinguish single UCNPs within the diffraction limit area
(the square with the dashed line in the images). The reason is that the Gaussian PSF cannot

produce high spatial information.

In contrast, the 740 nm saturated emission doughnut PSF carries the high-frequency
information from the clusters of single nanoparticles (Figure 3-25b), making it possible
to differentiate the single nanoparticles from the clusters. By analyzing the Fourier
transform of the “Gaussian” and doughnut PSF (inset images in Figure 3-25), the
doughnut contains the information at a higher frequency in the Fourier domain (the outer
circle with the dashed line). We can also find there is a gap in the medium frequency
region (inner circle with the solid line). However, the Fourier transform of the “Gaussian”

PSF can cover this gap.
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Figure 3-26 | Super-resolution imaging of single UCNPs using Fourier fusion. (a) Super-resolution
imaging by Fourier-domain fusing 800 nm “Gaussian” emission and 740 nm doughnut emission in
Figure 3-22. (b) and (c¢) are the magnified area of interest from Gaussian and fusion, respectively. (d)
Line profiles of single UCNPs. (e) Line profiles of two nearby UCNPs from (b) and (c). Pixel dwell
time, 1 ms. Pixel size, 10 nm. The scale bars are 1 um in (a) and 500 nm in (b & ¢).
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Figure 3-27 | The statistic size distribution of the nanoparticles NaYF4: 40% Yb*", 4% Tm3 in
TEM and Fourier domain fusion super-resolution imaging. (a) TEM image of the nanoparticles.
Inset is the statistic histogram of the size distribution, indicating the average size is 47.1 £1.8 nm of
over 100 samples. (a) Fourier domain fusion image of the nanoparticles. Inset is the statistic histogram
of the size distribution, indicating the average full width at half maximum (FWHM) is 57.4 £5.1 nm
of over 50 samples. Scale bar is 100 nm in (a), 1500 nm in (b).

Using the Fourier domain heterochromatic fusion approach to saturated emission PSFs

(Equation (3-32) & (3-33)), we achieve a high-quality image by fusing the “Gaussian”
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Figure 3-28 | Photo-stability tests of UCNPs used in super-resolution microscopy. Emission
intensity against the number of scan repetitions for repeated scanning of UCNP images by the doughnut
excitation beam. Excitation laser power is fixed at 150 mW and the signal is collected from the centre
nanoparticle with exposure times 50 ms. Inset, the two-colour images are obtained at the beginning,
middle and end of the scanning period. Dwell time is 1 ms.
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and doughnut emissions (Figure 3-26). We demonstrate the ability in resolving the
discrete nanoparticles with a discernible distance of 120 nm (Figure 3-26¢). Figure 3-
26e shows the corresponding line profile analysis. The spectrum-domain contrast, as a
result of their nonlinear emission responses at multiple intermediate upconversion states,
is the key in providing different degrees of saturated emission PSFs for heterochromatic
OTF fusion. The magnified comparison images of Figure 3-26b & ¢ demonstrate a
significantly improved FWHM resolution of 52 nm (~A/20) from 460 nm, compared with
the results shown in Figure 3-26d. The average statistical FWHM of UCNPs in the

processed Fourier fusion super-resolution images is 57.4 £ 5.1 nm (Figure 3-27).

For the long-term image acquisition and particle tracking, UCNP represents a significant
advantage in photostability, compared with traditional organic fluorophores and
fluorescent proteins. Figure 3-28 further presents there is no bleaching issue in emission

intensity even after 1,500 repetitive scans.

As the low excitation density is important for super-resolution nanoscopy to be used for
biological applications, we further demonstrate the use of 2% Tm** and 40% Yb** UCNPs
(Figure 3-29) to reduce the excitation power requirement. According to our previous
works[83][84], the relatively low doping concentration of activators will facilitate

UCNPs to achieve the emission saturation at low excitation power. As shown in Figure

c
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Figure 3-29 | Heterochromatic emission saturation contrast for the low lanthanide-doped UCNPs.
(a) TEM images of the nanoparticles NaYFs: 40% Yb**, 2% Tm>". The average size is around 50 nm.
(¢) The experimental and simulation results of the power dependent PSF patterns of two emission bands
from a single UCNP when increasing the laser power from 1 mW to 50 mW. (d & e) The corresponding
cross-section profiles of simulated 740 nm emission PSFs and 800 nm emission PSFs in (c),
respectively. Scale bar is 100 nm in (a), and 500 nm in (c).
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Figure 3-30 | The sub-diffraction imaging of the lower activator doped UCNPs (2% Tm*" and
40% Yb3*). (a) The 800 nm emission band image of UCNPs under a 980 nm doughnut beam excitation,
which creates Gaussian-like (over-saturated doughnut) PSF. (b) The 740 nm emission band image of
UCNPs under a 980 nm doughnut beam excitation, which provides doughnut PSF. (¢) The
deconvoluted results in (a). (d) The super-resolution imaging by Fourier domain fusing the 800 nm
Gaussian-like emission in (a) and the 740 nm saturating doughnut emission in (b). (e) Line profiles of
the two nearby UCNPs from (a), (¢) and (d). The 980 nm laser power is 50 mW, which is measured at
the back aperture of the objective lens. Pixel dwell time, 1 ms. Pixel size, 10 nm. The scale bar is 500
nm.

3-29, under 50 mW excitation, the 800 nm emission PSF turns to a Gaussian-liked profile,
while the 740 nm emission PSF remains as a doughnut shape. Using the Fourier domain
heterochromatic fusion method, as shown in Figure 3-30, we can resolve the two UCNPs
with a distance of 95 nm. The corresponding excitation power density of 2.75 MW/cm?

is well below the photo-toxic damage threshold for the living cells [85][99].

3.5.3 Comparison of different algorithms

As introduced in section 3.3, we can obtain the super-resolution image with the
multicolour PSF engineering methods, including the FED subtraction and Fourier fusion
algorithms. Based on the simulation, we have concluded that Fourier fusion offers a better
quality image since the subtraction induces some artifacts and loses critical information.
Moreover, deconvolution is a typical method to recover the original high-quality data in
the image process. As introduced in section 3.2.4, we use the iterative Richardson-Lucy
algorithm in this chapter. For demonstrating the advantage of the Fourier fusion approach,

Figure 3-31 compares the processed experimental image with those different algorithms.
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800 nm Gaussian Decov. 800 nm Gaussian Decov. 455 nm Gaussian

Subtraction Fusion

Figure 3-31 | Comparison of different algorithms. (a) Confocal image with Gaussian beam 800 nm.
(b) The deconvolution of the Gaussian beam at 800 nm emission. (¢) The deconvolution of the Gaussian
beam at 455 nm emission. (d) The deconvolution of the “Gaussian” beam (super-saturated doughnut)
at 800 nm emission. (e) The image of the FED subtraction algorithm. (f) The image of the Fourier
fusion algorithm. The scale bar is 500 nm.

We select the UCNPs cluster in the diffraction limit volume that is highlighted by the
dashed line in Figure 3-25a. Figure 3-31a presents the conventional confocal imaging
by using a Gaussian beam at 800 nm emission. It is hard to distinguish the distribution of
the UCNPs in this diffraction-limited region. By using the corresponding Gaussian PSF,
Figure 3-31b shows that Richardson-Lucy deconvolution cannot resolve the single
nanoparticles compared with the Fourier fusion method (Figure 3-31f). Although it
seems the blue emission has doubled the resolution (Figure 3-24b), we still cannot get
comparable information as the Fourier fusion (Figure 3-31c). Similar to the “Gaussian”
generated from the doughnut saturation, the Richardson-Lucy deconvolution fails to get
the super-resolution image. The Gaussian PSF cannot extract the information at the high

spatial frequency.

With the two images in Gaussian and doughnut PSF (Figure 3-25), we obtain the resolved
nanoparticles in Figure 3-31e. However, we can find that the brightness of the particles
is significantly different, especially for the two closest particles. Moreover, the size of the
processed UCNPs is not uniform, which is not consistent with our TEM images (Figure

3-27a). The experimental results of the processed FED subtraction match well with our
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simulation (Figure 3-10d), the enhanced spatial frequency of the FED subtraction method
is often accompanied by artificial error. As a consequence, we know that the Fourier

fusion is the best algorithm among these image process modalities.

3.5.4 Fourier fusion on continuous specimens

We know that the super-resolution imaging modality needs to achieve high-quality data
with continuous biological specimens. We further demonstrate that the multicolour
Fourier fusion approach can facilitate a simple method for simultaneous super-resolution
imaging of microtubule network in cells [174]. Figure 3-32a shows the original image of
the targeted microtubule network. Also, Figure 3-32b & c¢ present the corresponding
simulated images with Gaussian and doughnut PSF, respectively. We can see that the
microtubule filaments in Figure 3-32c¢ are hollow due to the effect of the doughnut-

shaped beam.

With the iterative Richardson-Lucy deconvolution algorithm, Figure 3-33 and Figure 3-
34 highlight the importance of compensating for the missing spatial frequency regions
for bio-imaging applications. The high image resolutions in both transverse directions are
achievable for the complexed samples, as the fine structures of microtubules can be
resolved using Fourier domain fusion method. Imaging results show that sub-diffraction
resolution in both transverse directions is achievable in biological samples, as evidenced
by the observed fine structures of microtubules in the PSF Fourier fusion image shown in
Figure 3-33c. We also find the Richardson-Lucy deconvolution can help us enhance the
image resolution, even with the Gaussian PSF. From the cross-section profiles in Figure

3-33d, the doughnut PSF can resolve the information in the sub-diffraction region

Figure 3-32 | Simulated images of the microtubule network. (a) The original image of the
microtubule network.[174] (b) The convoluted image with the Gaussian PSF. (¢) The convoluted image
with the doughnut PSF.
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Figure 3-33 | Simulation of Fourier domain heterochromatic fusion imaging of cell microtubules.
The deconvoluted results by (a) Gaussian, (b) Doughnut and (c¢) Fourier domain heterochromatic
fusion. Inset of (a—c) are the magnified region of the microtubule. (d-f) Line profiles along the lines
marked as 1-3 in (a-c). The scale bar is 10 um.

compared to the Gaussian PSF. For the larger space sample, the Gaussian PSF can
distinguish it while doughnut PSF fails (Figure 3-33e). Among the three PSF, our fusion
method offers the best ability to resolve the samples. With the Fourier fusion algorithm,
we are able to enhance the high-frequency information to increase the resolution further
(Figure 3-33f). These results confirm the super-resolving capacity of multicolour PSF

fusion engineering in the Fourier domain.

Ground truth Deconv. Gaussian Deconv. Doughnut Deconv. Fusion

Figure 3-34 | Numerical study from Fourier domain heterochromatic fusion imaging of cell
microtubules. (a) The ground truth of the simulated microtubules. (b) Gaussian-like PSF
deconvolution imaging result. (¢) Doughnut PSF deconvolution imaging result. (d) Fourier domain
fusion PSF deconvolution imaging result based on (a) and (b).
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3.5.5 Evaluating image resolution

Although several super-resolution microscopies claim they theoretically provide
resolution at the nanoscale, the very different factors limit their resolution. From the basic
knowledge of the spatial frequency in section 3.2, the image can be converted to the
frequency domain by the Fourier transformation, consists of high frequency and low-
frequency information. In other words, the quality of the image is not only dependent on

the high-frequency information (high resolution in the spatial) but also the low frequency.

The conventional method for evaluating image resolution is measuring the FWHM.
However, the FWHM criterion is laborious and often overestimates the effective
resolution by selecting line cuts narrowed by background noise. Moreover, this method
ignores the importance of information located at the medium and low frequency, which
may affect the final quality of the image. Therefore, there is an urgent requirement for a

robust and reliable method for measuring the effective resolution directly from the image.

Recently, the FRC analysis has been successfully applied to the super-resolution imaging
field, since it is a straightforward, calibration-free, and user-friendly method to estimate
the image resolution for the microscopy [26][175][176]. The FRC-based resolution
metric shows terrific sensitivity to the image signal-to-noise ratio, as well as to all sample
and system dependent factors. The fundamental idea behind FRC is to evaluate the
effective cut-off frequency. The estimated effective resolution can be defined as the

inverse of the effective cut-off frequency.
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Figure 3-35 | FRC analysis on the imaging quality of Gaussian, doughnut and Fourier fusion
PSFs.in Figure 3-33a-c.
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To validate the performance of the multicolour PSF engineering approaches, we have
evaluated the imaging results by using the same sample found with the FRC method. We
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Figure 3-36 | Large-scale super resolution imaging results of the patterned structure using
Fourier domain heterochromatic fusion. (a) (i & ii) The confocal and the Fourier domain
heterochromatic fusion deconvoluted images of the ‘super res’ text pattern. (iii-iv) The confocal and
the Fourier domain heterochromatic fusion deconvoluted images of a panda pattern. (b) The image
results of a sunflower pattern from five processing methods. (i) Confocal imaging; (ii) Gaussian
deconvolution; (iii) Doughnut deconvolution; (iv) Subtraction; (v) Fourier domain heterochromatic
fusion deconvolution. (¢) The image quality evaluation results. (i) The decorrelation analysis for the
image in (b-v). The resolution is 2*(pixel size)/k., where k. is expressed in normalised frequencies. (ii)
The resolution comparison for the five methods in (b). (d & e) The magnified regions in (b-v). (f)
Corresponding cross-line profiles in (d). The patterns were generated by using the electron beam
lithography for etching 150 nm holes on a silicon substrate. The iteration number for all the
deconvolution process is 70. The scale bars are 1 um in (a & b), and 500 nm in (d & e).
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use the 1/7 fixed threshold to obtain the effective cut-off frequencies. Figure 3-35 shows
that the multi-PSF engineering approach results have achieved a comparable resolution

to our previous STED results [79].

Moreover, we apply our method of Fourier domain heterochromatic fusion to resolve
UCNPs assembled into the various large-scale patterns. While confocal microscopy
(Figure 3-36a-i & iii) cannot resolve the fine details with spacing below the diffraction
limit (427 nm for 980 nm excitation), our Fourier-domain fusion method has successfully
resolved the UCNPs image patterns (Figure 3-36a-ii & iv). We further quantify the
resolving power of Fourier domain fusion by comparing the image results of a sunflower
pattern from confocal imaging (Figure 3-36b-i), Gaussian deconvolution (Figure 3-36b-
ii), doughnut deconvolution (Figure 3-36b-iii), subtraction (Figure 3-36b-iv) and
Fourier domain fusion deconvolution methods (Figure 3-36b-v). The Fourier domain
fusion approach clearly presents the best image quality. In our experiment, we apply a
robust decorrelation analysis [27] to measure the averaged image resolution directly.
Figure 3-36¢-i shows the decorrelation analysis for the Fourier domain fusion
deconvolution images (Figure 3-36b-v), where the original image is filtered by the high-
pass Gaussian filters to emphasise the specific frequency band. These filtered images are
conducted with the Pearson cross-correlation (grey curves) to find the most correlated
frequencies (blue cross) between each image and its normalised low-pass image. The
largest number of the most correlated frequency is the cut-off frequency (kc), indicating

the averaged resolution.

Moreover, Figure 3-36c¢-ii displays the resolutions obtained from the five methods
(Figure 3-37), with the Fourier domain fusion achieved the best quality in resolution
(106.7 nm). Notably, the resolution by decorrelation reports the image quality, and the
highest resolution is around the maximum non-zero frequency value of the image in the
Fourier domain (see the magenta line). Figure 3-36d & e present the detailed features of
the two selected areas (Figure 3-36b-v) by the five methods. The deconvolution of
confocal cannot resolve the features below the diffraction limit. The deconvoluted
doughnut image shows many artifacts, due to its inherent drawback of frequency loss.
Although the subtraction compensates some artifacts, it shows the missing frequency

information, e.g. the middle point cannot be presented in Figure 3-36d-iii. According to
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Figure 3-37 | The decorrelation analysis for the image processed by different methods. (a) The
result of the confocal image. (b) The result of the image by Gaussian deconvolution. (¢) The result of
the image by doughnut deconvolution. (d) The result of the image by subtraction. The resolution is
2*(pixel size)/k., where k. is expressed in normalized frequencies.

the cross-line profiles in Figure 3-36f, Fourier domain fusion shows the superior power

in both resolving the fine features and managing the image artefacts.

3.5.6 Discussion

To the best of our knowledge, this is the first work exploring the multi-colour nonlinear
responses and Fourier domain fusion for enhancing spatial resolution beyond the
diffraction limit. It maximizes the capabilities of Fourier domain OTF fusion of multiple
saturated emission PSFs in the spectral regime to improve the entire imaging quality,
which can recover the otherwise hidden spatial information during the single beam
scanning and confocal detection process. Compared with the temporal domain
modulation of excitation modality that requires switching illumination pattern [165] or
laser mode [177] with dual excitations procedure, the single scan method is simple, fast
and stable. It can avoid the use of the additional optical components and procedures in
correcting the sample drifts between multiple sequential recordings. The single-beam
scanning mode using a simplified optics setup is compatible with the standard commercial

or lab-based laser scanning microscopes; therefore, they may overcome the current
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Figure 3-38 | Schematics and optical properties of upconversion nanoparticles for hyper-
spectrum Fourier domain heterochromatic fusion in single beam scanning super-resolution
microscopy. (a) Optical setup for multicolour detection under a single doughnut excitation beam. (b)
The simplified energy level of UCNPs, 800 nm emission from two-photon level, 470 nm from three-
photon level, 455 nm and 741 nm from four-photon level. (¢) Different emission PSFs can be acquired
from four distinct upconversion emission bands. The pattern can be modified by changing excitation
power. The four-emission pattern can be applied to the Fourier fusion method. (d) The power
dependence curve of the upconversion emissions from the four emission bands. (e) The optical transfer
functions of the four emissions PSFs.

0

bottleneck issue associated with the system’s complexity and stability. This imaging
modality is compatible with point-scanning-based methods such as imaging scanning
microscopy (ISM) [152] or Rescan [178], which may also help to mitigate the frequency
deficiency issues. To remove the additional camera, we can further develop this technique

to modulate chromatic aberrations by using multicolour phase mask [159].

Figure 3-38 shows our method can be potentially extended for simultaneous acquisition
of high-quality images from hyper-spectrum bands. Judging by the emission spectrum, at
least four emission bands from different energy levels can emit nonlinear power-
dependent upconversion emissions (Figure 3-38b). In the multiple energy level system,
each transition between two energy levels may result in a robust nonlinear emission and

power-dependent responses (Figure 3-38d). By taking advantage of these nonlinear
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differential responses in the hyper-spectrum domain, a series of emission PSFs can be
obtained through the parallel multi-colour detection channels (Figure 3-38¢). By fusing
the multi-frequency components in the Fourier domain (Figure 3-38e), the final image
quality can be further enhanced. Similar to the algorithm we developed in the two-colour

spectrum frequency fusion, the procedure is given by:

Lopr = Igoo X Maskgog + I740 X Maskysg X 1y + ly79 X maskyz9 X 1, +

14_55 X ma5k455 X 3 (3-34)

where Igog, 1740, l470, I4ss are the images obtained from each corresponding PSF,
respectively. The maskgyo, mask-4,, mask,,, and mask,ss are circular/ring Fourier
frequency filters, respectively. The 1y, 1, and 75 are the variables that modify the value

ratio of the fused components towards the optimal fused system OTF.

Unfortunately, I was not able to finish the cellular immunofluorescence using UCNPs due
to the outbreak of COVID-19. As a consequence, there is not enough available data for
the Fourier fusion method to demonstrate its power in creating an enhanced image quality

in a real biological environment.

3.6 Conclusion

In summary, this work reports a single-doughnut beam scanning microscopy for super-
resolution imaging. The design principle is to encode high-frequency spatial information
into the multiple colour bands and decode them by extracting the maximum coverage of
Fourier components of the saturated multi-colour emission PSFs. This approach, based
on Fourier domain heterochromatic fusion, opens a new perspective to perform super-
resolution with minimum distortion and information loss, as it maximizes the coverage
of all the spatial frequency details. This strategy has great potential in improving the
resolution and artificial noise controlling for PSF engineering-based super-resolution
nanoscopy, €.g. STED microscopy [179][180], GSD microscopy [123], SIM [151] and
lattice light sheet (LLS) microscopy [181][182][183]. Although UCNPs meet our
requirement and have been successfully used in our Fourier domain heterochromatic
fusion microscopy, this work calls for new developments of other nonlinear optical
responsive probes with multi-colour emitting properties. The combination of the existing
fluorescent probes includes both molecular format of organic dyes [184][185] and the

inorganic nanoparticles [186][187], where preferably, the emission at each band should
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be highly dependent on the excitation power and their nonlinear optical response to
excitation saturation. I anticipate this work triggers a new conceptualization for optical or
material studies to investigate methods and probes for a new generation of imaging

modalities.
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Chapter 4 Distinct nonlinear optical response encoded single

nanoparticle for multiplexed detection

UCNPs are increasingly used as luminescent candidates in multiplexing applications due
to their excellent optical properties. In the past, several encoding identities have been
proposed for UCNPs, including emission colour, luminescence lifetime, intensity ratio
between different emission bands, and spatial colour distribution. In this work, we
develop a new optical encoding dimension for upconversion nanoparticles by exploring
the nonlinear photo-response properties. A set of distinct nonlinear photo-responses in
the same components with different concentrations are achieved in which tens of unique
codes can potentially be generated in the same colour channel. Furthermore, we present
a robust strategy to code and decode emitter properties by applying PSF engineering for
imaging classification. We utilize a doughnut-shaped excitation beam to carry out the
distinct nonlinear optical responses information on an emission signal detector, result in
further improved the power-dependence differentiation between UCNPs, including
simultaneously identifying varied species in a single colour image. Our work dramatically
extends the multiplexing capacity of UCNPs and offers new opportunities for their
applications in a wide range such as microarray assays, bioimaging, anti-counterfeiting,

deep tissue multiplexing detection and high-density data storage.

4.1 Background

The optical multiplexing detection has attracted considerable attention, as it enables high
data-storage capacity, simultaneous identification of multiple targeted chemicals and
biomolecules, improved encryption, enormous amounts of the required information to be
analyzed [188]. Apart from this, multiplexed detection cannot only save sample volume
but also reduces assay time and cost [102]. Therefore, the development of advanced

multiplexed detection has become highly prized.

In optical multiplexing techniques, the encoding dimensions play a critical role by
presenting the multiplexed coding ability. Many optical encoding dimensions have been
developed, including colours [189], intensities [190], polarization [191], lifetimes
[192][193] and angular momentum [194]. It is worth noting that these dimensions cannot

only be adopted individually for multiplexed imaging but can also be used as a

108



Chapter 4

combination [188]. This combination would offer a much larger encoding capacity than
only using one dimension. As a consequence, it has always attracted significant interest
in devising new encoding dimensions to meet the increasing requirements of various

applications.

Generally, we perform optical multiplexing detection by using fluorescent dyes and
luminescent nanoparticles. For the most frequently used probes, the main challenges for
the organic dyes are photobleaching and emission spectral overlapping. QDots offer
significant advantages over organic dyes because of their excellent photostability and
excitability by a single wavelength. However, the shortcoming is their short excitation-
wavelength is toxicity to the biological samples, as well as leading to relatively strong
background fluorescence. UCNPs have been used as an alternative luminescent probe in
multiplexing applications due to their excellent optical properties. In the past, several
works have proposed new encoding methods by employing UCNPs, including emission
colours, intensities, and lifetimes [188]. However, these are standard dimensions for
multiplexing detection. With the superior optical properties of UCNPs, it should have

large capacities in multiplexing that we have not fully explored.

In this work, we propose a new multiplexing concept for UCNPs by exploring the
nonlinear optical response properties to create an optical encoding dimension. We
demonstrate that the same ion-doped nanoparticles have the distinct and uniform
nonlinear response curves once we normalize them. With this feature, we can generate a
unique coding in the same colour channel by designing different doped concentrations.
Furthermore, we develop a robust strategy to carry out the emission response properties
by applying PSF engineering for imaging classification. Due to the distinct emission
response curves, their emission PSFs are vastly different. For the image analyzing, there
are several parameters, like the inner diameter, outer diameter, the ratio between them, as
well as the centre depth. All of the parameters help to classify different particles. Our
work dramatically extends the multiplexing capacity of UCNPs and offers new
opportunities for their applications in a wide range such as microarray assays, bioimaging,

anti-counterfeiting, deep tissue multiplexing detection and high-density data storage.
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4.2 The principle of PSF engineering for imaging recognition

4.2.1 Adjusting the excitation power by polarization

For obtaining the optical emission response curve against the excitation power, we
typically need to collect several emission intensities points by changing the excitation
power. As introduced in the similar setup in Figure 2-9, we employ the polarization to

electronically and precisely control the power over an extensive range.

In the case of polarized light (Figure 4-1), we chose the half-wave plate that has the phase
difference between o-light and e-light. Although the light from the crystal plate is still
plane-polarized, the vibration plane of the outgoing light rotates by 26 angle concerning
the vibration plane of the incoming light, which is the angle between the vibration plane
of the incoming light and the optical axis on the crystal surface. When the polarized light
passes through the half-wave plate, the outgoing light is still plane-polarized, but the
vibration surface of the polarized light rotates at the certain angle 26, and the rotation
angle only depends on the angle 6 between the vibration plane of the incident light and
the optical axis of the crystal. Therefore, we can adjust the output laser power by rotating
the half-wave plate correspondingly. With the help of a Neutral Density (ND) filter with

a suitable attenuation ratio, we can expand the power to a broad range.
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Figure 4-2 | Multiplexed detection strategy for imaging two types of UCNPs at the same emission
colour band. (a) The optical nonlinear response curves of two different concentration doped UCNPs
(1% Tm and 8% Tm). (b) Emission intensity and imaging under a low excitaton power. (¢) Emission
intensity and imaging under a medium excitaton power. (d) Emission intensity and imaging under a
high excitaton power. [99]

4.2.2 Nonlinear response in UCNPs

As introduced in the previous chapters, the optical nonlinear response in UCNPs means
the emission intensity is not linear to the excitation power and will be saturated when the
power keeps increasing. In reality, the nonlinear response property has been applied for
single nanoparticle detection [99]. As shown in Figure 4-2a, the two different doped
particles have different response curves. The low doped UCNPs have the first take-off
threshold while the high doped ones exude a stronger saturation intensity. When under a
low excitation power, only the low doped particles have the emission since the high doped

have not reached the threshold (Figure 4-2b). When applying the power to the cross-
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Figure 4-3 | Confocal microscopy images and statistical intensities of UCNPs. Confocal microscopy
quantitative measurement of the whole spectrum luminescence emission of UCNPs under 808 nm
excitation at the power density of 5.5%10® W/cm?. Scale bar: 1 mm.

point, all the emissions have the same intensity (Figure 4-2c¢). By increasing the power,
we can only see the high doped particles because of the intensity ratio (Figure 4-2d).
Then we can separate the two kinds of particles from each other at the same emission

colour band without any assistance of filters.

However, the emission intensity of the same doped particles exhibits a significant

fluctuation, one that limits this in multiplexing applications. Figure 4-3 demonstrates that
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Figure 4-4 | The emission response curves of Tm and Er doped UCNPs. (a) The conventional
response curves from Tm*" and Er*" doped UCNPs. (b) The normalized response curves.
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the intensities of the single nanoparticles have an 8% error, although it seems uniform
with the confocal images. The same doped UCNPs have different emission response
curves (Figure 4-4a). However, we find the same doped particles have uniform and
distinct nonlinear response curves if we normalize them (Figure 4-4b). Thus, we can
develop a new optical encoding dimension for multiplexed imaging by exploring the

whole response curves instead of the featured points.

4.2.3 PSF engineering encoding the nonlinear response curves

Generally, it is easy to classify two types of probes by using the standard Gaussian PSF
for imaging chromatically well-separated emitters, e.g. splitting the imaging channels
with filters or a dichroic mirror. However, it should encounter more challenges to
simultaneously classify more types of emitters by splitting the imaging channels multiple
times. With the distinct optical nonlinear response curves, our initial approach shows

significantly reduced effectiveness without the requirement of the filters. We can identify
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Figure 4-5 | The concept of PSF engineering encoding the nonlinear response curves for
nanoparticles recognition. (a) The three parts for the PSF engineering recognition. We can use a
doughnut beam to scan the particles, encoding the curves into the emission patterns. Finally, we can
identify the nanoparticles by analyzing the emission patterns. (b) The normalized response curves from
three different doped UCNPs: 2% Tm, 4% Tm and 6% Tm. (¢) The simulated PSF by using a doughnut
beam to carry out the response curves in (b). (d) The corresponding PSF from the experimental results.
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the types of nanoparticles by recognizing the power-dependent curves instead of the

conventional properties, like colour, intensity and lifetime.

However, it is time-consuming and not reliable if we measure the emission response
curves one by one. From the previous chapters, we know that PSF engineering is one of
the super-resolution imaging approaches to encode emitter properties in the shape of the
PSF. To be specific, different response curves have different PSFs under the same
excitation power (Figure 4-5b). So we develop a robust method by using a doughnut

beam to scan the particles, encoding the curves into the emission patterns (Figure 4-5¢).
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Figure 4-6 | The emission features of Tm** and Er*" doped UCNPs. (a) The energy levels of the
Tm*" and Er3" doped UCNPs. (b) The emission spectrum of the Tm?*" and Er** doped UCNPs, where
Tm** doped UCNPs have the 800 nm and Er** doped UCNPs have the 550 nm emission. [42]
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To engineer an optimized PSF for identifying the single nanoparticles by pattern
recognition, we design a working flow composed of three parts (Figure 4-5a). The first
portion is doughnut beam scanning, which generates the nonlinear response data of point
sources. These signals are collected with a single-photon detector to generate the outputs
as the pattern classifications for detected emitters in the image. Finally, we can identify

the nanoparticles by analyzing the emission patterns.
4.3 Results and discussion

4.3.1 Verifying the PSF engineering by filters

To verify that we could discriminate between two types of UCNPs with the proposed PSF
engineering method on a single photon detector, we prepare a mixed sample containing
Tm>" and Er** doped UCNPs. From the energy levels and emission spectrum (Figure 4-

6), the mixed two samples featured emission peaks at 800 nm and 550 nm, respectively.

Figure 4-7a shows the confocal imaging of the two mixed UCNPs at grayscales. We can

find it is hard to separate these particles if the two particles have the same emission

a

v iEm + ¢ - [pil
d-e f.

Figure 4-7 | Verifying the PSF engineering to classify the single nanoparticles by filters. (a) The

_— .' -
a'—

grayscale confocal imaging of the mixed UCNPs. (b) Identifying the two types of UCNPs with colour
filters. (¢) PSF engineering to recognize the UCNPs. (d-f) The corresponding experimental results in
(a-c).
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intensity. However, it is easy to recognize them with the help of colour filters (Figure 4-
7b). The image has a spectral 550 nm bandpass filter so that only the Er*" doped UCNPs
are visible (green channel); then, with another 800 nm bandpass filter so that only the
Tm>" doped UCNPs can be recognized (blue channel). With a doughnut-shaped beam to
scan the same area, we can see the shapes of the different colours emitters are slightly
different (Figure 4-7c¢). Moreover, the PSF of the Tm*" doped UCNPs has a smaller hole
at the central region compared to the Er** doped ones. Their optical nonlinear response
curves can explain the difference in the size of the hole. The Tm*" doped UCNPs have a
fast take-off threshold and can research the saturation early. Thus, we can rapidly classify
the different types of UCNPs by analyzing their emission patterns, which have encoded
their optical response curves properties. Furthermore, Figure 4-7d — f demonstrates the
experimental results to verify the stability of our proposed PSF engineering method for

single nanoparticle identification.

a Power intensity (MW/cm®)
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Figure 4-8 | Classifying multiple UCNPs at the same intensity with the same colour. (a) The optical
nonlinear response curves from different concentration Tm doped UNCPs: 2% to 8%. (b) The

corresponding PSF by using a doughnut-shaped excitation beam to carry out the response curves.
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4.3.2 Classifying multiple UCNPs at the same intensity with the same colour

Then, we can extend this PSF engineering classification method for the UCNPs with the
same intensity at the same colour emission. Figure 4-8a shows that different Tm doped
UCNPs have the distinct emission response curves, even when they only have a 1%
percentage difference in the Tm doping. With a doughnut-shaped excitation beam to scan
though the single nanoparticles, we find that the shape and central features are slightly
different in the corresponding emission PSFs. As a consequence, it is possible to robustly
classify the different UCNPs at the same intensity with the same emission colour by using

the PSF engineering approach.

4.3.3 Multiplexing detection of the biomarkers

We have demonstrated that we can use the nonlinear response properties of the UCNPs
to be a new dimension for the multiplexing imaging. We further combine this proposed
PSF engineering method with colour filters for simultaneous biomarker multiplexing
detection. According to section 3.4.2.2, we can design and functionalize the several kinds
of UCNPs to simultaneously detect the specific species of pathogenetic DNA sequences,
which is superior to conventional suspension array assays based on microspheres (Figure
4-9). The sample can be divided into three schemes with colour filters and continue to be

distinguished with the emission patterns.

Figure 4-9 | Multiplexing detection of the biomarkers. The sample can be divided into three schemes
with colour filters and continue to be recognized with the emission patterns. Finally, we are able to

detect multiplexing. [192]
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4.3.4 Discussion

For the image analyzing, there are several parameters, like the inner diameter, outer
diameter, the ratio between them, as well as the centre depth (Figure 4-10). All of the
parameters help to classify different particles. To increase the identification efficiency,
we can induce machine learning for the pattern recognition. Several research works have
indicated that machine learning has great potential as a powerful tool in microscopy,
posited to replace existing algorithmic approaches. This approach resolves a key
challenge in PSF engineering method by recognizing the slight difference among the

emission patterns.

For optimizing discrimination between emitters, the PSF engineering method can be
applied with net training to maximize the strengths of the reconstruction net. In current
consideration, we only focus on single colour emission bands. However, one single
UCNPs have multiple emission colours. The PSF engineering method can detect the
emission response curves from different emission bands with an additional detector. What
a pity is that we have not finished the biomarker multiplexed detection by using UCNPs
due to the outbreak of COVID-19.

Figure 4-10 | The parameters in the emission pattern help to classify different particles
accurately. R is the outer diameter of the PSF, r is the inner diameter of the centre hole. We can also
use the ratio between the outer and inner diameters, as well as the centre depth (the ratio of the intensity

at centre dip compared to the highest inteisty).
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4.4 Conclusion

This work reports that the nonlinear photo-response curve of UCNPs is distinctive and
uniform can be a new dimension for multiplexing detection. Furthermore, I present a
robust strategy to code and decode emitter properties by applying PSF engineering for
imaging classification. This work utilizes a doughnut-shaped excitation beam to carry out
the distinct nonlinear optical response information on an emission signal detector. In turn,
this results in further improving the power-dependence differentiation between UCNPs,
including simultaneously identifying varied species in a single colour image. This work
develops a strategy for distinguishing multiple types of UCNPs at the same emission
colour band with the same intensity. This work can combine with machine learning for
analysis of emission patterns. Extended here is the multiplexing capacity of UCNPs and

it is one that offers new opportunities about how they can be applied.
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Chapter 5 Conclusion and Future work

In this thesis, the focus has been on developing new methods to improve the performance
of super-resolution microscopes. With the multiphoton nonlinear emissions of UCNPs,
this thesis made several concrete advances in terms of super-resolution image depth,
speed, overall quality and multiplexing. For unlocking a new mode of deep tissue super-
resolution imaging, this thesis first developed the NIRES nanoscopy by taking advantage
of NIR-in and NIR-out optical nonlinear response curve from the single nanoparticle.
With the heterochromatic optical nonlinear response curves in a single UCNPs, this
project developed a multicolour Fourier fusion algorithm to achieve the maximum spatial
frequency information, yielding the overall enhanced image quality and increasing
imaging speed. By realizing the uniform and distinct nonlinear emission curves from
different nanoparticles, this work pointed out a new optical encoding dimension for the
multiplexing imaging. This thesis had investigated and opened up some new exciting
research areas. Moreover, this chapter delivers a brief discussion of the potential research

topics for future works.

5.1 Conclusion

This work created the first NIR nanoscopy for deep tissue super-resolution imaging by
using UCNPs. It demonstrated a multi-photon fluorescence saturation microscopy for
super-resolution imaging to circumvent the specific requirement of probes in STED-like
modalities. With a simple setup, this work designed NIRES microscopy to achieve the
same level resolutions which were comparable to our recently reported low excitation
power STED. It offered a great deal of simplicity and stability, as an advanced tool to
achieve super-resolution in deep tissue, superior to the conventional MPM approaches.
In contrast with conventional methods by increasing the excitation power to achieve the
super-resolution, this work was the first work showing the optical resolution of UCNP
nanoscopy can be modified by varying its material properties. This work emphasized the
fluorescent rising slope and threshold enabled us to improve the resolution through the
synthesis of probes. To achieve super-resolution imaging using low laser power and a
longer wavelength, i.e. to reduce phototoxicity applied to live cells, controlled synthesis

of UCNPs will further optimize the energy transfer process and resultant saturation
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intensity properties for bio-photonics. This makes it possible to surpass the diffraction
limit.

This thesis also explored a concept that using the diverse emission responses in
fluorophores will increase image resolution and imaging speed for super-resolution
nanoscopy with PSF engineering. It is shown here that the different nonlinear response
on different emission colour of fluorophores could simultaneously generate multiple PSFs
will increase the imaging resolution through a Fourier domain heterochromatic fusion
process. The work contained a theoretical simulation and a systematic experimental
measurement to reveal and validate the concept, achieving sub-50 nm resolution (1/20%
of the excitation wavelength). This strategy has great potential in improving the resolution,
and artificial noise controlling for PSF engineering-based super-resolution nanoscopy. It
marked the first time that the nonlinear process in a lanthanide-doped nanoparticle is
demonstrated as able to generate multiple PSF simultaneously. It further confirmed that
samples’ spatial frequency information could be encoded into the PSF and decoded by
using Fourier domain fusion. Moreover, this work revealed that a single beam mono
scanning could achieve the FED microscopy and Fourier fusion nanoscopy with our

strategy, which increases the typical imaging speed.

Furthermore, this work reported that the optical nonlinear response curve of UCNPs was
uniform and this characteristic means that it can serve as a new dimension for
multiplexing detection. It presented a robust strategy to code and decode emitter
properties by applying PSF engineering for imaging classification. This work utilized a
doughnut-shaped excitation beam to carry out the distinct nonlinear optical responses
information on an emission signal detector, resulting in simultaneously identifying varied
species in a single colour image. It developed a strategy for distinguishing multiple types

of UCNPs at the same emission colour band with the same intensity.

5.2 Future work

The next step with the super-resolution microscopy modalities presented in this thesis
would be to apply them to inspect biological samples. For future analyses, two key
directions are briefly discussed here: doughnut beam with rare-earth nanocrystals and
other fluorescent materials. I expect that all of the directions can further enhance the

performance of the developed super-resolution imaging systems.
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5.2.1 Doughnut beam with rare-earth nanocrystals

5.2.1.1 NIRES for down-shifting nanomaterials for NIR Il imaging

According to the principal of NIRES, the nonlinear response curve will affect the
performance of the microscopy. In Chapter 2, I employ the emission saturation curve of
the two-photon state *Hs (800 nm) of the NaYbF4: 4% Tm?", 20% Yb*" for easily
converting 980 nm photons. It shows the early onset of upconversion emissions at low
excitation power density and sharp rising-up slope, reflecting its nonlinear energy transfer
assisted photon upconversion process. The early take-off threshold and small saturation
point can help reduce the requirement of the excitation power to achieve a high resolution
in deep tissues. From the material design, one possibly future study is to continue
investigating rare-earth nanocrystals with the doughnut beam, but using the like down-
shifting materials for imaging with the longer emission wavelength. It has reported that
cerium doping (Er/Ce co-doped NaYbF4 nanoparticle core with an inert NaYF4 shell) can
suppress the upconversion pathway while boosting down-shifting emission intensity by
~9-fold to produce bright 1550 nm luminescence under 980 nm excitation [139]. One of
the advantages of using this material is the longer wavelength allows deeper penetration.
Moreover, the down-shifting emission here follows the single-photon emission process,
which means the emission curve has an earlier threshold and can reach saturation easier.
So, we can design several down-shifting imaging nanoparticles with emission bands

located at the longer wavelength region to further enhance the NIRES microscopy.

5.2.1.2 Mirror enhanced NIRES

We also can reduce the excitation power by employing a mirror substrate [195] in NIRES
microscopy. It has reported the interference of the local electromagnetic field confined
the confocal PSF to a 110 nm spot axially, which enables axial super-resolution with all
laser-scanning microscopes. With the assistance of the mirror, we can further optimize
the nonlinear optical response curve due to self-interference. Figure 5-1 shows that the
threshold and saturation power can be left shifted when using a silver mirror surface with
a 138.4 nm silica layer as a spacer. As a consequence, we can obtain a higher resolution

even with the same excitation power. The inset in Figure 5-1 indicates the resolution can
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Figure 5-1 | Reducing the excitation power for NIRES microscopy using a mirror substrate. The
comparison between the nonlinear optical emission response curves with and without the mirror
substrate (138.4 nm silica layer as a spacer). Inset, the corresponding image with a doughnut beam at
50 mW excitation power [196].
be enhanced from 140 nm to 70 nm when using the mirror [196]. It highlights the
interference effect from a mirror substrate can help obtain a high resolution under a

relatively lower excitation power.

5.2.1.3 Detecting modulation for multicolour Fourier fusion

As introduced in Chapter 3, I develop the multicolour Fourier fusion to yield the overall
enhanced imaging quality by using the heterochromatic nonlinear responses and saturated
fluorescence emissions of UCNPs. In my design, I use two SPADs to detect the targeted
signal with a dichroic mirror and bandpass filters. A new study can employ CCDs to
replace the SPADs for fluorescence detection, like ISM [197], which may help to mitigate
the frequency deficiency issues by: firstly, recording the signal that passes through the
pinhole on an array detector; and secondly, capturing an image at every scan position

[160].

Typically, the multicolour Fourier fusion method requires at least two cameras to collect

signals simultaneously. To remove the additional camera, we can use a prism to relocalize

123



Chapter 5

different colour signals at the different regions on the camera, as the double viewer or
quadruple viewer technologies. Furthermore, we can combine the phase mask (a single
voltage pattern) [159] technique to produce the desired patterns on the CCD for the two
different wavelengths. The phase mask may induce 3D information, extending the Fourier

fusion approach to 3D super-resolution applications.

5.2.2 Doughnut beam with other fluorescent materials

We also can combine the doughnut beam with other materials to extend the technologies
to larger communities, including both molecular format of organic dyes [184][185] and
inorganic nanoparticles [186][187]. From Chapter 3, the critical points are that the
emission at each band should depend highly on the excitation power and their nonlinear
optical response to excitation saturation. One research work has demonstrated a new
antibunching mechanism dynamic Coulomb blockade with a core-shell design [186].
When under a weak excitation, these nanoparticles emit red antibunched light (emission
from quantum-confined CdSe core). At higher pump levels they exhibit an additional
green band (emission from CdS shell) with bulk-like, Poissonian photon statistics. This
mechanism makes it possible to generate both quantum and classical light from the same
nanocrystal without any detrimental effects due to Auger decay. Thus, we can obtain two

colour emissions with different response curves in one nanoparticle.
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%% % % % %% % % %% % % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
% This code is for FED simulation %

% Baolei Liu & Chaohao Chen 2019 %

%% % % % %% % % %% % % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
clear all

close all

clc

%% % % % %% % % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
set(groot,'defaultFigureCreateFcn',@(fig,~)addToolbarExplorationButtons(fig))
set(groot,'defaultAxesCreateFcn',@(ax,~)set(ax.Toolbar,'Visible','off'))

%% % % % %% % % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%% %% %% % %% %% %% Generate the original pattern for simulation %%%%%%%%%
matrix = zeros(401,401);

lo = zeros(401,401);

k=0;

fori=16:2:28
k = k+i;
matrix(201,201+k) = 1;
end

for angle = 10:10:360
matrix1 = imrotate(matrix,angle,'bicubic’,'crop');%nearest bilinear
lo =lo + matrix1;

end

%% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %% % %
figure(1);imshow(lo,[]); % plot the original pattern

%% % % % % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%%%%%%%% % % % %% %% %% Generate the Gaussian PSF %%%%%%%%% % % %% %%
a=-100; b = 100;

x=(-100:1:100);

Y=X;

[X,Y] = meshgrid(x,y);

m=(a+b)/2;

s =35;

pl=-5%*((X-m)/s).»2;

p2 = (s * sqrt(2*pi));

intensity = exp(-3 * (X.A2 +Y.A2)/s"2) / p2;

intensity=intensity./max(max(intensity));

%6%3% %%%6%%%% %% %% % %% %% %% % %% %% %% %% %6 %% %% % %% % % %% % %% % % %%
%%%%%%%%%%%%%%%%% Generate the doughnut PSF %%%%%%%%%%%%% %%
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% here we adjust the dpughnut pattern according to the experimental data %
[ =-1; % topological charge;

n =abs(l)+0; % radial index; n=|I|,[lI|+2,[I|+4 ...

D =sqrt(2); % is a constant for normalization;

Z=6; %[-] a XY-slice in the z-direction

[TH,R] = cart2pol(X,Y);

% Analytical functions

G = @(r,z) D./sqrt(1+z.22).*exp(-r.2./(1+z2.72)). *exp(-1i/4*(z.¥r."2)./(1+2.72));
A= @(r,z) (sqrt(2)*r./sqrt(1+z.72)).abs(l).*LaguerreL((n-
abs(l))/2,abs(l),2*r.72./(1+z.72));

PHI = @(th) exp(1i*I*th);

PSI = @(z) exp(-1i*(n+1)*atan(z));

P = @(th,r,z,t) G(r,z).*A(r,z).*PHI(th).*PSI(z). *exp(-1i*t);

p1=P(TH,R,Z,0);

pl=flipud(abs(p1).70.06);

pl=pl./max(max(pl));

%% % % %% % % % % % % % % % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%%%%%%% %% % % %% %% %% %% %% Resize the PSF %%%% %% % % %% %%%%%% % %
GE=intensity;

GE = imresize(GE,[105 105]);

DE=p1;

DE = imresize(DE,[105 105]);

DE(53,53)=0.5; % set the center dip has reached half maximum

%% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%%% % %%%% %%%%%%% Plot the Gaussian and doughnut PSF %%%%%%%%%%%%
figure(2);

subplot(1,2,1); imshow(GE,[]);

subplot(1,2,2); imshow(DE,[]); colormap hot;

%% % %% %% %% %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %% % % % %
%%% % %%%% %%%% % %% Generate the image by Gaussian PSF %%%%%%%%%%%%
PSFsum = sum(sum(GE));

DloT_GE = conv2(lo,GE,'same')./PSFsum;

DIoT_GE = imnoise(DIoT_GE, 'poisson');

DloT_GE = DloT_GE./max(max(DIloT_GE));

% %% % % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%%%% % %% % %% %% %%%% Plot the image by Gaussian PSF %%%%%%%%% %%%%
figure(3);

imshow(DloT_GE,[]); colormap hot; title('GE');

%% % % %% %% % % % % % % % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%%%%%%%%%%%%%%% Generate the image by doughnut PSF %%%%%%%%%%%
PSFsum = sum(sum(DE));
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DloT_DE = conv2(lo,DE,'same')./PSFsum;
DloT_DE = imnoise(DIoT_DE, 'poisson');
DloT_DE = DloT_DE./max(max(DloT_DE));

%% % % %% %% %% %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %% % %
%% %%%%%% % % %% %% %% Plot the image by doughnut PSF %%%%%%%%%%%% %
figure(4);

imshow(DloT_DE,[]); colormap hot; title('DE");

%% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%% %%%%%% % % % % %% %% %% %% Generate FED image %%%%%%%%%%%% % % %%
r=0.9; % normalizing coefficient for subtraction

PSF_FED=GE-r*DE; % Effective PSF caculation in FED

PSF_FED(PSF_FED<0)=0; % set the negative data as zero

FED=DIloT_GE-r*DloT_DE;% FED image caculation
FED(FED<0)=0;% set the negative data as zero
FED = FED./max(max(FED));

%% % % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%% %% %% %% % % % %% %% %% %% %% Plot FED image %%%%%%%% %% % % %% %%%%
figure(5);

imshow(FED,[]); colormap hot; title('FED");

%% % % %% %% %% %% % % % % % % % % % % % % % % % % % % % % % % %o % % % % % % % % % %% % % %
%% %% %%%%%%%%%% %% %% %% %% Plot FED PSF %%%% % % % % % % %% %%%%%%%
figure(6);

imshow(PSF_FED,[]); colormap hot; title('PSF_FED');

%% %% % % % %% % %% % % % %% %% % % % %% % % % % % % % % % % % % % % % % % %% % % % % % %
%%%%%%%%%%%%% % %% %% Convert PSF to OTF %% %% %% % % %% % % %% % %%%%
GE_f = fftshift(fft2(GE));

GE_f = GE_f./max(max(GE_f));

DE_f = fftshift(fft2(DE));

DE_f = DE_f./max(max(DE_f));

FED_f = fftshift(fft2(PSF_FED));

FED_f = FED_f./max(max(FED_f));

%% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%% %% %% %% % % % %% %% %% %% % Plot OTF curve %%%%%%%%% % %% %% %%%%% %
figure (7);

plot(1:size(GE_f,1),abs(GE_f((size(GE_f,1)+1)/2,:).A(1/2)),'r");hold on;
plot(1:size(DE_f,1),abs(DE_f((size(DE_f,1)+1)/2,:).~(1/2)),'g");hold on;
plot(1:size(FED_f,1),abs(FED_f((size(FED_f,1)+1)/2,:).7(1/2)),'b");

title('OTF from PSF');legend('Gaussian','Donut’,'FED');
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%% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%%% % % %% % %%%%%%%% Plot PSF crosssection profiles %%%%%%% %% %% %%%%
figure(8); fontsize=12;

Ix=GE(53,:);

Ix=I1x/max(Ix);

ly=DE(53,:);

ly=ly/max(ly);

1z=PSF_FED(53,:);

Iz=Iz/max(1z);

x=1:105;

plot(x,Ix,'-r",'LineWidth', 2);hold on

plot(x,ly,'-g','LineWidth’, 2);hold on

plot(x,lz,'-b','LineWidth', 2);

xlabel('x (\mum)','FontName','Times New Roman');
ylabel('Counts','FontName’,'Times New Roman');

title('PSF crosssection profiles');legend('Gaussian’,'Donut’,'FED');

function v = LaguerreL(varargin)
%% %% %% %% %% % % % % % % % % % % % % % % % % % % % % % % % %o % % % % % % % % %% %% % % %

% Plot Generalized Legendre Polynomials: LaguerreL(n,z)
%

% Coded by Manuel Diaz, NHRI, 2018.08.28.

% Copyright (c) 2018, Manuel Diaz.

% All rights reserved.

%% % % % %% % % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
% Refs.:

% [1] Milton Abramowitz, Irene Stegun, Handbook of Mathematical Functions,

% National Bureau of Standards, 1964, ISBN: 0-486-61272-4, LC:QA47.A34.

%% % % % %% % % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
% Evaluates the Generalized Laguerre polynomials GL(n,k,x).

%

% First terms:

%

% GL(0,k,x) =1;

% GL(1,kx)=1+k-x;

% GL(2,k,x) =2+ 3%k + k"2 - 4*x - 2*¥k*x + x"2)/2;

% GL(3,k,x) =6+ 11*k + 6*¥k"A2 + kA3 - 18*x - 15*k*x - 3*k"A2*X + ...

% 9*xA2 + 3*k*xA2 - x"3)/6.
% Recursion:
%

% GL(0,kX) =1

% GL(1,kX)=1+k-x;
%

% if2<=a:
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% GL(n,k,X) = ( (k+2*n-1-X) * GL(n-1,k,X) + (1-k-n) * GL(n-2,k,X) ) / n

% Special values:

% For k=0, the associated Laguerre polynomials GL(N,K,X) are equal

% to the Laguerre polynomials L(N,X).

%6%3%%%%%%%% %% %% % %% % % %% % %% % % %% % % %% % %% % % %% % %% % % %% % %%

% This program and its subprograms may be freely used, modified and
% distributed under the GNU General Public License:

% http://www.gnu.org/copyleft/gpl.html
% Basic Assumptions:

% n: is a positive interger value.

% k: is a positive interger value.

% k: can be a single value or vector array.
% Function inputs:

if (nargin ==2) % Evaluate classical Laguerre Polynomials

n=varargin{1};
k=0;
x=varargin{2};

elseif (nargin == 3) % Evaluate generalized Laguerre Polynomials

n=varargin{1};
k=varargin{2};
x=varargin{3};
else
error('Usage: >> LaguerreL(n:int,k:int,x:array)');
end
% Verify inputs
if rem(n,1)~=0, error('n must be an integer.'); end
if rem(k,1)~=0, error('k must be an integer."'); end
if n <0, error('n must be positive integer.'); end
if k <0, error('k must be positive integer.'); end
% Initialize solution array
v = zeros(size(x));
% Compute Laguerre Polynomials
GL = zeros( numel(x), n+1);

if n==

v(:) = 1.0; % GL(0,k,x)
elseif n==1

v(:) = 1+k-x(:); % GL(1,k,x)
elseif n>1

GL(;,1)=1; % GL(0,k,x)
GL(:,2) = 1+k-x(:); % GL(1,k,x)
fori=2:n

GL(:,i+1) = ( (k+2*i-1-x(:)).*GL(:,i) + (-k-i+1).*GL(:,i-1) )/i;

end
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v(:) = GL(:,i+1); % GL(n,k,x)
end
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Appendix Il

9% % %% % % % % % % %% % % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
% This code is for Fourier fusion simulation %

% Baolei Liu & Chaohao Chen 2019 %

%% %% % %% %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
clear all

close all

clc

%% % % % % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
set(groot,'defaultFigureCreateFcn',@(fig,~)addToolbarExplorationButtons(fig))
set(groot,'defaultAxesCreateFcn',@(ax,~)set(ax.Toolbar,'Visible','off'))

%% % % % % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%% %% %% % %% %% %% Generate the original pattern for simulation %%%%%%%%%
matrix = zeros(401,401);

lo = zeros(401,401);

k=0;

fori=16:2:28
k = k+i;
matrix(201,201+k) = 1;
end

for angle = 10:10:360
matrix1 = imrotate(matrix,angle,'bicubic’,'crop');%nearest bilinear
lo =lo + matrix1;

end

%% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %% % %
figure(1);imshow(lo,[]);% plot the original pattern

%%%6% % %%%% % %% %% % %% %% % %% %% % %% %% % %% %% % %% %% % %% %% % %% %%
%% %% % %% %% %% % %% % %% Generate the Gaussian PSF %%%%%% %% % %% %% %%
a =-100; b = 100;

x=(-100:1:100);

y=X;

[X,Y] = meshgrid(x,y);

m=(a+b)/2;

s =35;

pl=-5%*((X-m)/s).»2;

p2 = (s * sqrt(2*pi));

intensity = exp(-3 * (X.A2 +Y.A2)/s"2) / p2;

%% % % % % % % % % % % % % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%%%%%%%%% % %%%%%%% Generate the doughnut PSF %%%%%%%%%%%%%%%
% here we adjust the dpughnut pattern according to the experimental data %
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[ =-1; % topological charge;

n =abs(l)+0; % radial index; n=|I|,[lI|+2,[I]|+4 ...

D =sqrt(2); % is a constant for normalization;

Z=6; %[-] a XY-slice in the z-direction

[TH,R] = cart2pol(X,Y);

% Analytical functions

G = @(r,z) D./sqrt(1+z.22).*exp(-r.2./(1+z2.72)). *exp(-1i/4*(z.¥r."2)./(1+2.72));
A = @(r,z) (sqrt(2)*r./sqrt(1+z.72)).abs(l).*LaguerreL((n-
abs(l))/2,abs(l),2*r.72./(1+z.72));

PHI = @(th) exp(1i*I*th);

PSI = @(z) exp(-1i*(n+1)*atan(z));

P = @(th,r,z,t) G(r,z).*A(r,z).*PHI(th).*PSI(z). *exp(-1i*t);
p1=P(TH,R,Z,0);

pl=flipud(abs(p1).70.06);

pl=pl./max(max(pl));

%% % % % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%%% % % %% % % %% % % %% % % %% %% Resize the PSF %%%% %% %% %% %% %% %% %%
GE=intensity;

GE = imresize(GE,[105 105]);

DE=p1;

DE = imresize(DE,[105 105]);

DE(53,53)=0.5; % set the center dip has reached half maximum

%% %% %% %% %% % % % % % % % % % % % % % % % % % % % % % % % %o % % % % % % % % % %% % % % %
%%% % %%%%%%%%%%% Plot the Gaussian and doughnut PSF %%%%%%%%%%%%
figure(2);

subplot(1,2,1); imshow(GE,[]);

subplot(1,2,2); imshow(DE,[]); colormap hot;

xlabel('x (\mum)','FontName’,'Times New Roman');

ylabel('Counts','FontName’,'Times New Roman');

%% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%%% % %%%% %%%%%%% Generate the image by Gaussian PSF %%%%%%%%%%%%
PSFsum = sum(sum(GE));

DloT_GE = conv2(lo,GE,'same')./PSFsum;

DloT_GE = imnoise(DloT_GE, 'poisson’);

DloT_GE = DloT_GE./max(max(DIloT_GE));

% %% % % %% % % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%%%% % %% % %% %% %%%% Plot the image by Gaussian PSF %%%%%%%%% %%%%
figure(3);

imshow(DIloT_GE,[]); colormap hot; title('GE');

%% % % %% %% % % % % % % % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%%%%%%%%%%%%%%% Generate the image by doughnut PSF %%%%%%%%%%%
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PSFsum = sum(sum(DE));

DloT_DE = conv2(lo,DE,'same')./PSFsum;
DloT_DE = imnoise(DIoT_DE, 'poisson');
DloT_DE = DloT_DE./max(max(DloT_DE));

%% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%% %%%%%% % % % %%%%% Plot the image by doughnut PSF %%%%%%%%%%%% %
figure(4);

imshow(DloT_DE,[]); colormap hot; title('DE'");

%% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%% %% %%% %% %% % %% %% Deconvolution with doughnut PSF %%%%%%%%% % %%
iterations = 150; % internation times
lucy_dl1=deconvlucy(real(DloT_DE),DE,iterations);

lucy _dI1 = lucy_dI1./max(max(lucy_dI1));

%% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%%% %% %%% %% %% %% Polt the doughnut deconvoluted image %%%%%% %% %% %%
figure(5);

imshow([lucy_dI1],[]);colormap hot;

title('donut lucy deconv')

drawnow

%% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%% %% % %% %% %% % %% %% Deconvolution with Gaussian PSF %%%%%%%% %% %%
lucy_dl2=deconvlucy(real(DloT_GE),GE,iterations);

%% % % %% %% %% %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %% % % %
%%%%%%%%%%%%%% Polt the Gaussian deconvoluted image %%%%%%%%%%%%
figure(6);

imshow([lucy_dI2],[]);colormap hot;

lucy_dI2 = lucy_dI2./max(max(lucy_dI2));

title('gaussian lucy deconv')

drawnow

%% %% % % % % % % % % % % % % % % % % % % % % % % %% % % %% % % % % % % %% % % %% % % %% %
%% %%%%%%% %%%% % %% %% Convert PSF to OTF %% %% %% % % %% % % %% % % %%%
11_f = fftshift(fft2(DloT_GE));

11_f=11_f./max(max(11_f));

12_f = fftshift(fft2(DIoT_DE));

12_f =12_f./max(max(12_f));

GE_f = fftshift(fft2(GE));

GE_f = GE_f./max(max(GE_f));

DE_f = fftshift(fft2(DE));

DE_f = DE_f./max(max(DE_f));
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%% % % % % % % % % % % % % % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%%%% % %% % %%%%%%% Design mask for Fourier fusion %% %% %% %% % % %% %% %%
factor = 0.160; % factor to set the cutoff frequency for Fourier fusion

GE_f_mask = circular_mask(GE_f,factor,false); % Low pass from Gaussian

DE_f_mask = circular_mask(DE_f,factor,true); % High pass from doughnut

I11_f _mask = circular_mask(l1_f,factor,false); % Low pass from Gaussian

12_f_mask = circular_mask(12_f,factor,true); % High pass from doughnut

% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %% % % %% %6
%% %% %% %% %% %% % %%% % %%%% Fusion PSF %% %% % %% %% %% %% % %% % % %%%
Fusion_f=GE_f mask+2.5.*DE_f mask; % 2.5 is the fusion factor

Fusion_f = Fusion_f./max(max(Fusion_f));

Fusion = ifft2(Fusion_f);

Fusion = Fusion./max(max(Fusion));

%% % % % % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%% % % %% %% % % % % %% %% % %% %% Fusion image %% % %% %% %% %% % % % %% %% %%
I3_Fusion = fftshift(11_f_mask+2.5.%12_f mask); % fusion factor should be same
I3_Fusion = I3_Fusion./max(max(I3_Fusion));

I3 = ifft2(13_Fusion);

13 = 13./max(max(13));

%% %% %% %% %% % % % % % % % % % % % % % % % % % % % % % % % %o % % % % % % % % % %% % % % %
%%%% % %% %% % % %% % % % %%% %% Plot OTF curves %%%%%%% %% %% %% %%%%%
figure (7);

plot(1:size(GE_f,1),abs(GE_f((size(GE_f,1)+1)/2,:).~(1/2)),'r");hold on;
plot(1:size(DE_f,1),abs(DE_f((size(DE_f,1)+1)/2,:).7(1/2)),'g');hold on;
plot(1:size(Fusion_f,1),abs(Fusion_f((size(Fusion_f,1)+1)/2,:).7(1/2)),'b");

title('OTF from PSF');legend('Gaussian’,'Donut','MISS");

%% % % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%% % % %% %% % % % % %% %% %% %% % %% Plot OTF %% %% %% % % % % % % %% %% %% % %
figure (8);

subplot(1,3,1);

imshow(abs(GE_f).~(1/3.5),[]);title('Gaussian OTF from PSF');

subplot(1,3,2);

imshow(abs(DE_f).~(1/3.5),[]);title('Donut OTF from PSF');

subplot(1,3,3);

imshow(abs(Fusion_f.~(1/3.5)),[1);title('MISS OTF from PSF');

%% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%% % % %% %% % % % % % % % %% %% % % %% Plot PSF %% %% %% % % % % % %% %% % % % % %
figure (9);

subplot(1,3,1);

imshow(GE./max(max(GE)),'InitialMagnification','fit");colormap hot;title('Gaussian
PSF');
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subplot(1,3,2);

imshow(DE./max(max(DE)),'InitialMagnification', fit');colormap hot;title('Donut PSF');
subplot(1,3,3);
imshow(abs(Fusion)./max(max(abs(Fusion))),'InitialMagnification','fit');colormap
hot;title('"MISS PSF');

%% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%% %% % %% %% %% % %% % %% Fourier fusion deconvolution %%%%%% %% % %% %% %
lucy _dI3 = deconvlucy(abs(I3),abs(Fusion),iterations);

lucy _dI3 = lucy_dI3./max(max(lucy_dI3));

%% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%%% %% %% % %%% %% %% %% Plot the Fourer fusion results %%%%%%%%%%%%% %
figure (10);

subplot(2,2,1);

imshow(DloT_GE,'InitialMagnification','fit");

colormap hot;title('Original Gaussian');

subplot(2,2,2);

imshow(DloT_DE,'InitialMagnification', fit");

colormap hot;title('Original Donut');

subplot(2,2,3);

imshow(abs(13),'InitialMagnification','fit');

colormap hot;title('MISS Fusion');

subplot(2,2,4);

imshow(abs(lucy_dI3),'InitialMagnification’,fit");

colormap hot;title('MISS lucy deconv');

%% % % %% % % % % % % % % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%%%%%%%%% Comparision of deconvoluted results with different PSFs %%%%%%
figure (11);

subplot(1,3,1);

imshow([lucy_dI2],[],'InitialMagnification’,fit");

colormap hot;title('De_Gaussian');

subplot(1,3,2);

imshow([lucy_dI1],[],'InitialMagnification’,fit");

colormap hot;title('De_Donut');

subplot(1,3,3);

imshow(abs(lucy_dI3),'InitialMagnification’,fit');

colormap hot;title('De_Fusion');

%% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%% %% % %% %% %% % %% Cross section profiles of different PSFs %%%%%%%%%%%
figure(12); fontsize=12;

Ix=GE((size(GE,1)+1)/2,:);

Ix=flipud(abs(Ix));

Ix=1x/max(Ix);
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ly=DE((size(DE,1)+1)/2,:);

ly=flipud(abs(ly));

ly=ly/max(ly);

If=Fusion((size(Fusion,1)+1)/2,:);
If=flipud(abs(If));

If=If/max(If);

c=(-52:1:52);

plot(c,Ix,'-.r','LineWidth', 2);hold on
plot(c,ly,'-og','LineWidth', 2);hold on
plot(c,If,"--*b','LineWidth', 2);hold on

xlabel('x (\mum)','FontName','Times New Roman');
ylabel('Counts','FontName’,'Times New Roman');
legend('gaussian’,'"doughnut’,'fusion');

function [ masked ] = circular_mask(data, ratio, invert)
% Name: circular_mask.m

% grating = circular_mask(grating,0.25,false);
% Description: Apply a circular mask

% Params:

% data - input matrix

% ratio - mask size

% invert - invert mask?

dims = size(data);

width = dims(1);

height = dims(2);

[W, H] = meshgrid(1:width,1:height);

if invert
mask = sqrt((W-width/2-1).A2 + (H-height/2-1).A2) > ratio*width/2;
else
mask = sqrt((W-width/2-1).A2 + (H-height/2-1).A2) < ratio*width/2;
end
%% % %% %% %% %%% gaussian low pass filter %%%%%% %% % %% %% %% % %% %
w = fspecial('gaussian',[15 15],5);
mask = imfilter(mask,w);
%% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
masked = data .* mask’;
end
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