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Summary

Single molecule localization microscopy (SMLM) surpasses the diffraction limit by se-
quentially imaging individual fluorescent molecules. By incorporating 4Pi detection to
capture self-interference from the fluorescence emitters via two objective lenses,
4Pi-SMLM achieves isotropic sub 5 nm resolution in three dimensions (3D). This the-
sis details the design, construction, and evaluation of a Cryo-4Pi-SMLM system, aiming
to enable subcellular 3D fluorescence imaging in native states with isotropic localization
precision under cryogenic conditions, providing a 3D correlative light and electron mi-
croscopy solution.

In Chapter 2, we describe the design and construction of a Cryo-4Pi microscope and
its mechanical characterization. We discuss an optical alignment protocol that ensures
4Pi interference imaging at cryogenic temperatures. The system cools samples to 100 K
with minimal thermal fluctuations, exhibiting low drift and vibration, providing a robust
platform for cryogenic 4Pi-SMLM imaging.

In Chapter 3, we develop a vectorial point spread function (PSF) model for 4Pi-SMLM,
including polarization modulation. This model accounts for varying emitter orientations
and aberrations in both objective lenses. Using this framework, we analyze the effects of
aberrations and molecular orientation on 3D position and orientation estimation in high-
NA and low-NA 4Pi-SMLM systems. We further evaluate the potential of the 4Pi vectorial
fitter in simulations. To enhance orientation precision in low-NA systems, we propose uti-
lizing three distinct linearly polarized excitations to improve azimuthal angle sensitivity.

In Chapter 4, we implement cryogenic 4Pi microscopy and assess its optical perfor-
mance, including aberration estimation and 3D experimental PSF characterization. The
4Pi vectorial fitter is applied to experimental data on fluorescent bead imaging, achiev-
ing sub 5 nm lateral and 2 nm axial localization precision. While axial position variations
are well captured, challenges remain in fringe assignment, leading to significant axial ar-
tifacts.

In Chapter 5, we introduce an alternative cryogenic fluorescence imaging approach,
waveguide-based total internal reflection fluorescence microscopy. This system employs
a photonic chip and an air objective, enabling plasma membrane imaging in fixed cells at
liquid nitrogen temperatures.

The concluding chapter explores future advancements for Cryo-4Pi-SMLM, including
refining evaluation methods to achieve theoretically optimal isotropic sub-nm 3D local-
ization precision, extending the system for simultaneous 3D position and orientation esti-
mation within an axial range of about 1 micron, and integrating Cryo-4Pi-SMLM with Cryo
Electron Microscopy for correlative imaging of macromolecular complexes in their na-
tive state. Additionally, we propose a novel strategy to enhance axial resolution in SMLM
through excitation interference from a single beam. These future directions hold great
potential for uncovering the high-resolution 3D organization of molecular structures at
cryogenic temperatures.

ix






Samenvatting

Enkel-molecuul lokalisatie microscopie (SMLM) doorbreekt de diffractielimiet door indi-
viduele fluorescerende moleculen sequentieel af te beelden. Door 4Pi-detectie kan zelf-
interferentie van fluorescente emitters via twee objectieflenzen vastgelegd worden, en
een isotrope sub 5 nm resolutie in drie dimensies (3D) bereikt worden. Dit proefschrift
beschrijft het ontwerp, de constructie en de evaluatie van een Cryo-4Pi-SMLM systeem,
gericht op het mogelijk maken van subcellulaire 3D-fluorescentiebeeldvorming van bio-
logische monsters dichtbij hun oorspronkelijke toestand met isotrope localisatieprecisie
onder cryogene omstandigheden, wat een oplossing biedt voor 3D-correlatieve licht- en
elektronenmicroscopie.

In Hoofdstuk 2 beschrijven we het ontwerp en de constructie van een
Cryo-4Pi-microscoop en de mechanische karakterisering ervan. We beschrijven een op-
tisch uitlijningsprotocol dat 4Pi-interferentiebeeldvorming bij cryogene temperaturen ga-
randeert. Het systeem koelt monsters tot 100 K met minimale thermische fluctuaties, met
een lage drift en laag trillingsniveau, en biedt een robuust platform voor cryogene 4Pi-
SMLM-beeldvorming.

In Hoofdstuk 3 ontwikkelen we een vectorieel puntspreidingsfunctie (PSF)-model voor
4Pi-SMLV, inclusief polarisatiemodulatie. Dit model houdt rekening met zowel varié-
rende emitteroriéntaties als aberraties in de beide objectieflenzen. Met behulp van dit
raamwerk analyseren we deze effecten van aberraties en moleculaire oriéntatie op 3D-
positie- en oriéntatieschatting in 4Pi-SMLM-systemen met hoge en lage NA. We evalue-
ren verder het potentieel van de 4Pi-vectorfitter in simulaties. Om de oriéntatieprecisie in
systemen met lage NA te verbeteren, stellen we voor om drie verschillende lineair gepola-
riseerde excitaties te gebruiken om de azimutale hoekgevoeligheid te verbeteren.

In Hoofdstuk 4 implementeren we cryogene 4Pi-microscopie en beoordelen we de
optische kwaliteit ervan, inclusief aberratieschatting en 3D experimentele PSF karakteri-
sering. De 4Pi vectoriéle fitter wordt toegepast op experimentele beeld-data van fluores-
cerende kralen, waarbij sub 5 nm laterale en 2 nm axiale lokalisatieprecisie wordt bereikt.
Hoewel axiale positievariaties goed worden vastgelegd, blijven er uitdagingen bestaan in
toewijzing van de interferentie-periode, wat leidt tot significante axiale artefacten.

In Hoofdstuk 5 introduceren we een alternatieve benadering voor cryogene fluores-
centiebeeldvorming, gebaseerd op totale interne reflectiefluorescentiemicroscopie met
behulp van golfgeleiders. Dit systeem maakt gebruik van een fotonische chip en een lucht-
objectief, waarmee het plasma-membraan in vaste cellen bij vloeibare stikstoftemperatu-
ren mogelijk is gemaakt.

Het afsluitende hoofdstuk onderzoekt toekomstige ontwikkelingen voor
Cryo-4Pi-SMLM, waaronder het verfijnen van evaluatiemethoden om theoretisch opti-
male isotrope sub-nm 3D-lokalisatieprecisie te bereiken, het uitbreiden van het systeem
voor gelijktijdige 3D-positie- en oriéntatieschatting binnen een axiaal bereik van onge-
veer 1 micrometer, en het integreren van Cryo-4Pi-SMLM met Cryo Electronen Microsco-
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pie voor correlatieve beeldvorming van macromoleculaire complexen in hun oorspron-
kelijke toestand in de cel. Daarnaast stellen we een nieuwe strategie voor om de axiale
resolutie in SMLM te verbeteren door excitatie-interferentie met een enkele belichtings-
bundel. Deze toekomstige richtingen bieden grote mogelijkheden voor het ontdekken van
de hoge-resolutie 3D-organisatie van moleculaire structuren bij cryogene temperaturen.
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Introduction



2 1. Introduction

1.1. Fluorescence Light Microscopy

1.1.1. Properties of Fluorescence

The continuous development of fluorescence light microscopy provides powerful tools for
investigating sub-cellular structures, with high sensitivity and specificity. Fluorescence is
a luminescence process, where atoms or molecules spontaneously emit a photon as they
relax from a higher electronically excited state to the ground state. The electronic and vi-
brational energy states and relaxation processes are depicted in a Jablonski diagram [1],
as shown in Figure 1.1(a). First, when a fluorescent molecule absorbs energy from a pho-
ton of a suitable wavelength, an electron is excited to the first excited singlet state (S;),
then the electron relaxes to the lowest vibrational energy level of the first excited state,
after internal conversion via vibrational relaxation in about a picosecond. Then, the elec-
tron returns to its ground state (Sp), releasing energy as a fluorescent photon within a few
nanoseconds. The energy difference caused in the second step is known as the Stokes
shift [2], resulting in longer wavelength fluorescence emission due to non-radiative en-
ergy loss, as illustrated in Figure 1.1(b). A dichroic mirror is often used in a fluorescence
light microscope for separating the excitation and emission light. Figure 1.1(a) illustrates
a single absorption-emission transition process. Generally, a wide range of transitions is
allowed, yielding fluorescence emission over a broad spectrum over time [3], as shown in
Figure 1.1(b). Therefore, the fluorescence emission is temporally incoherent. An emission
filter is typically used in the imaging path to filter out the undesired wavelengths and can
potentially improve the temporal coherence of fluorescence emission.

— .
S1 —— Absorption
——— Emission
Mo 0.8
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Crossing L
[}
c 3 [ € 06f
o c @ kel
= [0} o) 2 o}
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(a) Jablonski diagram (b) Stokes shift

Figure 1.1: (a) Jablonski diagram indicating energy levels occupied by an excited electron
in a fluorescent molecule and transitions between these energy levels. (b) The normalized
absorption and fluorescence emission spectra of ATTO488. The fluorophore has broad ab-
sorption and emission spectra, with peaks at 500 nm and 520 nm, respectively. The red-shift
of the emission spectrum is known as the Stokes shift.
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Fluorescent molecules will generally photobleach after a certain number of repeated
absorption-emission cycles. The photobleaching rate is highly dependent on the molecu-
lar structure, illumination intensity, and the chemical environment of the molecule [4, 5].
One of the most well-known photobleaching mechanisms is the interaction of fluores-
cent molecules and molecular oxygen. An electron excited above the ground state has a
chance to enter the triplet excited state through intersystem crossing. The molecule in the
triplet-state can interact with oxygen in the triplet state, yielding singlet oxygen that can
chemically destroy the fluorescent molecule[6]. The photobleaching rate can be reduced
by lowering the oxygen concentration and/or by decreasing the illumination power [7].

Blinking is a phenomenon that a fluorescent molecule switches between a bright flu-
orescence emission state (on) and a dark state (off). In most applications of fluorescence
light microscopy, blinking is unnoticed and unfavored. However, blinking can be a solu-
tion for high-resolution imaging when it is modulated e.g. with oxidizing and/or reducing
agents [1], which is the key to obtain sub-diffraction imaging resolution in single molecule
localization microscopy.

Fluorescent molecules can be considered as electric dipole emitters, with emission
patterns that depend on the molecule’s orientation. In standard fluorescence microscopy
applications, the dipole emission pattern is ignored since the fluorophore is attached to
the target structure with a flexible linker, allowing the fluorescent molecules to rotate
freely during the signal acquisition time. Then, dipole emission patterns obtained from
different orientations are time-averaged in a single time frame of the photon-detector. In
case fluorescent molecules are immobilized, however, their dipole emission patterns can
be observed [8, 9]. Investigating fluorescent molecules’ orientations can help with reveal-
ing the three-dimensional (3D) spatial structure of the sample, and with visualizing as well
as tracking dynamic conformation [10-14].

1.1.2. Imaging Formation and Point Spread Function (PSF)
A standard optical or light microscope is typically composed of two lenses, as illustrated
in Figure 1.2. An objective lens is placed close to the sample, collecting the emission from
the sample plane, with a focal length f;. The largest semi-angle that can be accepted by
the objective lens is denoted by «, and the numerical aperture (NA) is defined as nsina,
where 7 is the refractive index of the immersion medium between the sample plane and
the objective lens. An imaging or so-called tube lens is used to form the sample’s image at
the image plane, with a focal length f,.

For a 4f system, the distance between the objective lens and the imaginglens is fj + f>.
An aperture stop is located exactly at the common back pupil/focal plane of the objective
lens and the front focal plane of the imaging lens, which is also known as the Fourier plane
(FP) or pupil plane. Therefore, the optical system shown in Figure 1.2 is a bi-telecentric
system as well. The bi-telecentric system guarantees the same magnification M = - f/ f1,
regardless of changes in the conjugate (axial position of object and image) [15].

The field at the image plane originating from the emission of an object U (x,, y,) in the
object plane, can be approximated by using the following Fresnel diffraction integral:

-1 2
Uxi,yi,4f) = m[{fﬂf,n) eXp[—iA_}T‘Z{(xi_Mxo)f‘*'(J’i_MJ/o)n}]dfdn}U(-xo:J’o)dxodJ/a

(1.1)
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fi

fi

f

Imaging lens

f

o Image plane

Figure 1.2: Illustration of a typical 4f-imaging system of light microscopy. The sample occu-
pies part of the object plane with a length of dy. An objective lens, with a focal length f1 and
the largest capture angle «, is used to collect the fluorescent emission from the object. A tube
lens is used to form sharp images on the image plane, with a focal length f». The two lenses
are separated with a distance of f1 + f», resulting in a typical 4f imaging setup. Therefore,
the image of the object is magnified with a factor M = —f,/ fi. A point source in the object
plane with position (x,, y,) is conjugated with the point image located at (x;,y;) in the im-
age plane. Usually, an aperture stop is located at the back focal plane of the objective lens,
with a width of 2w, leading to a bi-telecentric imaging system.

where P(¢,n) describes the aperture stop, with coordinate indicators ¢ and n, and 1 is
the central wavelength of the fluorescent emission. Ideally, the impulse response h(x, y),
i.e. the Point Spread Function (PSF) of a coherent 4f imaging system, is the Fourier trans-
form of the circular aperture with some constant prefactor. For an incoherent imaging
system, however, such as a fluorescence microscope, its corresponding PSF is |h(x, y)|2,
the squared magnitude of the coherent PSF [16]. The ideal PSF of a typical light micro-
scope is displayed in Figure 1.3(b) and (c).

Ideally, for a point emitter, its wavefronts are collected by an objective lens to form pla-
nar (un-aberrated) wavefronts illustrated in Figure 1.3(a) and then converged by the imag-
inglens onto the camera plane, as shown in Figure 1.2. Therefore, the lateral cross-section
of PSF exhibits an Airy disk pattern with a finite-size diameter central spot surrounded by
a series of diffraction rings, which are actually the diffraction/interference pattern of the
converged wavefronts.

1.1.3. Diffraction Limit and Aberrations

An optical system has a PSF of finite size because of the diffraction of waves, as mentioned
in the last section. Therefore, details at a spatial scale smaller than a certain length scale
cannot be resolved by optical microscopy, which is known as the diffraction limit. The
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Figure 1.3: Optical aberrations in fluorescence microscopy and their impact on PSF shape
and image quality. Examples of (un)aberrated pupils, as well as their corresponding PSFs
and images, computed for a wavelength of 520 nm and a NA of 0.7, assuming scalar diffrac-
tion theory. The Prometheus flame, part of TUD logo is used as an object for all cases. Scale
bars = 1 um. (a-d) In the aberration-free (ideal) case, a diffraction-limit PSF is obtained,
leading to a sharp image as shown in (d). However, when aberration is presented with a
zernike coefficient of 100 mA, impacts on PSF shape and image quality are significant. For
instances of astigmatism, as depicted in (e), the PSF exhibits a cross shape in the lateral
view (f) and asymmetric shape in the axial view (g). Consequently, elliptical shape PSF will
be observed when the emitter is out of focus. For the horizontal coma (i) case, it leads to
an asymmetric PSF with a tail in the lateral cross-section view. The corresponding axial
cross-section PSF remains symmetric, but the coma effect would be more observable when
the emitter is not in the focal plane. Trefoil introduces a threefold symmetry deviation in the
wavefront (m), distorting PSF to a three-lobed cloverleaf shape in the lateral cross-section
view (n). (q-t) Spherical aberration leads to aberrated PSF with ring-like structure around
the central peak, and causes asymmetric blurring effect on the emitter image above and be-
low the focal plane as shown in (s). In all aforementioned aberration cases, resulting image’s
resolution and contrast are reduced accordingly, in comparison with ideal image shown in
@.
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smallest spatially periodic structure that can be reliably imaged via a light microscope is
according to Ernst Abbe [17]:

a=—t - L (12)

2nsina  2NA

where A is the emission wavelength, and NA = n sin a is the numerical aperture. The Abbe
diffraction limit describes the lateral imaging resolution, and is typically 200-300 nm for
visible light. The diffraction limit restricts the capability of light microscopy to visualize
sub-cellular structures with smaller sizes than this limit. Over the past decades, many
powerful super-resolution techniques have been developed to circumvent the diffraction
limit barrier [18-20], pushing the imaging resolution down to the nanometer scale [21].

In practice, the imaging resolution of an optical system is not only limited by diffrac-
tion but also by the presence of aberrations. Aberrations, i.e. wavefront errors, are the
deviation from the ideal flat planar wavefront in the pupil plane shown in Figure 1.3. The
phase wavefront deviations are often decomposed into Zernike polynomial terms to de-
scribe the main forms and magnitudes of the deformation of the wavefront [22]. The in-
fluence of astigmatism, coma, trefoil, and spherical aberrations on the shape of the PSF
and the image are shown in Figure 1.3.

Optical aberrations are unavoidable due to the imperfect quality of optical compo-
nents and misalignment in practical experiments. In some setups, wavefront errors are
corrected at the Fourier/pupil plane, in order to obtain the optimal image quality and
resolution in super-resolution microscopy [23, 24]. Interestingly, aberrations, such as de-
focus and astigmatism, can also be introduced deliberately in order to improve the axial
position determination in some forms of super-resolution microscopy [25, 26].

1.2. Single Molecule Localization Microscopy (SMLM)
1.2.1. The Principle of SMLM

Single molecule localization microscopy (SMLM) is one of the powerful super-resolution
techniques that can surpass the diffraction limit, enabling imaging at the nanometer scale.
SMLM is fundamentally based on the temporal separation and the spatial coordinate lo-
calization of individual fluorescent emitters. The most common approach to achieve
temporal separation manipulates the blinking property of fluorescence, where molecules
switch between on (bright) and off (dark) states, leading to a sparse subset of fluorescent
emitters in each frame. In experiments, various SMLM techniques can be used to obtain
the temporally separated fluorescent emission data. There are different ways to enable
photoswitching. For instance, (f)PALM relies on fluorescent proteins that can be activated
by UV light [27, 28], and (d)STORM exploits the stochastic photoswitching of individual
fluorophores in the presence of suitable chemical buffers [29, 30], while (DNA-)PAINT
takes advantage of the transient binding of diffusing probes to obtain blinking [31, 32].
Typically, SMLM data consists of tens of thousands of raw frames, with a small subset
of activated fluorophores captured in each frame. A pipeline of image processing steps is
necessary to reconstruct a meaningful observation of a fluorescent-labeled sample [33].
Raw data is usually segmented into smaller regions of interest (ROIs), and each ROI in-
cludes the emission spot of a single emitter. Consequently, the spatial localizations of
individual spots are estimated with an emitter-fitting algorithm that fits a model PSF to
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the observed spot. Finally, a super-resolution image is reconstructed from the set of all
localizations.

1.2.2. Localization Accuracy and Precision

The localization algorithm plays a crucial role in the SMLM image processing procedure,
and different fitting models and localization estimators have been utilized to get high lo-
calization precision. The performance of the localization algorithm can be quantified by
the localization accuracy and the localization precision. The localization accuracy is de-
termined by the fitting bias, defined as the systematic error. The localization precision is
defined by the variance of localization estimation. A bias in the fitting can be caused by
drift, overlapping PSFs, as well as a mismatch between model PSF and experimental PSE,
etc. Driftis correctable with active adjustment of stage positions in the experiment or with
correction algorithms in the image processing pipeline. High-frequency vibrations, how-
ever, are not possible to correct for in the same way. Bias introduced by overlapping emis-
sion spots can be diminished by optimizing sample labeling, increasing the camera frame
rate, filtering out faulty localizations, and using computational tools like multi-emitter fit-
ting algorithms. Nevertheless, in practice, the image quality will suffer from these overlap-
ping spots. A PSF model mismatch problem, for example, due to aberrations and dipole
orientations, can be eased by employing a correct model that takes all relevant physical
effects into account in the fitting algorithm [34].

For an unbiased estimator, the localization precision (the standard deviation of the
estimated localization) is limited by the so-called Cramér-Rao Lower Bound (CRLB) [35,
36]. For fitting with a Gaussian PSF model in the absence of background the CRLB is given
by

Oloc = @
VN
where o is the width of the PSE and N is the number of fluorescence photons collected
by the camera. Typically, oyt is around 100 nm, and N is about a few thousand, leading
to a predicted oy, value of approximately 1-10 nm. In practice, however, the localization
precision is usually worse than this prediction, due to a non-zero background, readout
noise, a sub-optimal fitting algorithm, etc. Optimizing the experimental settings and the
analysis method can narrow the gap between the practical results and the theoretical ex-
pectations. In order to push the limit towards the sub-nanometer/Angstrém scale, mod-
ulating the effective PSF [37, 38] and/or increasing the photon count [39, 40] are possible
strategies.

(1.3)

1.2.3. Three-dimensional SMLM and Molecular Orientation Imaging

SMLM techniques provide insights into subcellular structures with nanometer resolution,
by precisely localizing the single molecule emitters in the focal plane. However, 2D-SMLM
lacks the capability to reveal the 3D organization and/or orientation information. A 3D
isotropic resolution is desired for a comprehensive and natural visualization of samples.
Breaking the symmetry of the PSF along the optical (z) axis is the most common approach
to achieve axial position imaging. Localizations can be resolved in 3D by changing the
PSF shape with the help of additional optical components. For example, adding an astig-
matism lens to retrieve the z position of emitters has been commonly used in 3D-SMLM
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[25, 32]. The ambiguity of the molecules’ axial locations can also be reduced by simulta-
neous emission collection at multiple focal planes [26, 41]. PSF engineering techniques
that place a phase mask at the pupil plane are a widely used approach to extract z infor-
mation in SMLM nowadays [14, 42]. These aforementioned methods are all based on PSF
shaping. Alternatively, the 3D localization precision can be enhanced by modulating the
excitation [43-45]. Supercritical angle fluorescence (SAF) detection allows sensitive z-axis
localization of emitters, enabling 3D high-resolution imaging in SMLM [46]. However, SAF
is limited to the vicinity of the coverslip, restricting its application in samples thicker than
several hundred nanometers. Particle fusion methods can effectively enhance the imag-
ing resolution and SNR by averaging chemically identical replicas, despite low labelling
densities in SMLM experiments [47, 48]. Nevertheless, the anisotropic localization uncer-
tainties in 3D remain a challenge for obtaining isotropic resolution via particle fusion.

The orientation of the fluorescent molecules is usually neglected in SMLM, as the
molecules are considered as completely freely rotating or freely wobbling dipoles attached
to the target structures. When fluorophores are rigidly labeled to the structure of interest,
however, studying their orientations can reveal the structural organization and track the
dynamic assembling of the sample [49]. Simultaneously resolving the 3D position, 3D ori-
entation, and rotational diffusion of single molecules has been reported, based on phase
manipulation through PSF engineering [14, 50-52] and multiple channel polarization pro-
jection [53-56]. Ignoring the molecular orientation in fitting process when the dipoles are
fixed can lead to localization biases on the order of a few tens of nanometer [57].

1.3. 4Pi Single Molecule Localization Microscopy (4Pi-SMLM)
1.3.1. The Concept of 4Pi Microscopy

Many super-resolution light microscopy techniques have been developed to obtain sub-
100 nm resolvability in the lateral direction [18, 20]. Fluorescence imaging in 3D is com-
monly achieved with confocal microscopy, with an axial resolution restricted to about 500-
700 nm. The axial resolution is poor compared to the lateral resolution (see Figure 1.3),
prohibiting access to 3D views of cellular or sub-cellular structures. The axial resolution
in SMLM can be improved by using an astigmatism lens [25, 32], detecting emission at
multiple focal planes simultaneously [26, 41], or by adding phase masks at the pupil plane
[14, 42]. Despite these advances, the axial resolution is worse than the lateral resolution
in these methods, due to the larger spot size and stronger background dependence [58].
4Pi and I°M microscopes provide 3D isotropic image resolution by collecting emissions
from both sides of the object with two opposing objective lenses [59-61], as shown in Fig-
ure 1.4(a). The axial resolution enhancement is achieved mainly because of interference
of the emission light. The detected emission wavefront is effectively expanded, or equiva-
lently, the aperture angle is increased. The name "4Pi" is derived from the full solid angle
of a complete spherical wavefront, though a true 47 value is not achievable in practice.
Experimentally, the maximum aperture angle is around 68°, restricted by the limited size
and the nonzero working distance of the objective lens. In addition to axial resolution en-
hancement, 4Pi microscopy can effectively double the detected photon counts, yielding a
lateral resolution improvement by a factor of v/2.
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Figure 1.4: 4Pi-interferometry and 4Pi-PSF (after ref. [62])

1.3.2. The Development of 4Pi-SMLM

The 4Pi concept can be combined with other super-resolution fluorescence microscopes,
leading to isotropic 3D nanometer imaging resolution. Combining the axial-resolution
improvement from dual objective detection with the lateral-direction performance of struc-
tured illumination microscopy (SIM), 3D sub-100 nm widefield imaging has been achieved
[63-66]. Iso-STED [67] and 4Pi-RESOLFT [68] apply the 4Pi unit in stimulated emission de-
pletion (STED) microscopy and reversible fluorescence saturable optical transition
(RESOLFT) microscopy, respectively, in order to sharpen the scanning focal spot, yield-
ing isotropical 30 nm resolution.

The 4Pi arrangement has been utilized in SMLM as well, where the sample is widefield
excited and the fluorescence emission is self-interfered after dual objective lenses collec-
tion, followed by separation into 3 or 4 channels for simultaneous acquisition of input
images for phase stepping interferometry, providing high sensitivity in axial position de-
termination. Despite being an incoherent source with a restricted coherence length of a
few microns, fluorescence emission from the same molecule can exhibit self-interference
when it traverses two paths with an optical path difference (OPD) smaller than its co-
herence length. In 4Pi-SMLM, the variation of emitters’ axial positions leads to different
optical path lengths of the two detection paths. Therefore, the axial information can be
disentangled by examining the interference pattern, resulting in an isotropic sub-10 nm
resolution theoretically.

The first realization of 4Pi-SMLM is interferometric PALM (iPALM), where a customized
3-way beam splitter was used to combine the emission collected from two objective lenses,
followed by encoding the z-dependent interference intensity into three simultaneous de-
tection channels with different ratios [69]. The method achieved sub-20 nm 3D resolution,
with localization precision values around 10 nm and 20 nm in the axial and lateral direc-
tions, respectively. iPALM was used for imaging microtubules, dorsal and ventral plasma
membranes, and adhesion complexes in cells. However, its application is limited to ob-
serving ultra-flat samples or structures close to cover slips, because the imaging depth is
limited to approximately A/2 due to the 27 phase ambiguity of the interference pattern
along the z dimension. To address this problem, astigmatism was deliberately introduced
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to distort the overall PSF shape in iPALM [70]. The method provides the possibility to de-
termine the axial position by examining the ellipticity of the 4Pi-PSE leading to an imag-
ing thickness of larger than 750 nm. Alternatively, the imaging thickness was extended to
1.51 by a 4Pi-SMLM microscope with higher-moment-based analysis considering both z-
dependent interference intensity and PSF shapes in 4 separated polarization channels di-
vided by 50/50 beam splitters [71], as shown in Figure 1.4. In 4Pi-SMLM, two-color image
of peroxysomes and microtubules in immunostained PtK2 cells was obtained with a sim-
ilar resolution as iPALM, neglecting the lateral chromatic aberration. Two color channel
images were distinguished from each other by the intensity ratio between the combined
s-polarization and the p-polarization components, as the transmission rates of the two
polarizations through the dichroic mirrors are spectrum-sensitive. However, the isotropic
sub-10 nm resolution of iPALM or 4Pi-SMLM microscopy is limited to sub-cell volumes,
since the technique is vulnerable to sample-induced aberrations. The 4Pi-SMLM setup
was expanded by incorporating deformable mirrors, enabling whole-cell imaging [72].
The deformable mirrors were placed in a position conjugate to the pupil planes in both
detection arms of the interferometric cavity, which not only corrected for the system and
sample-induced aberrations but also introduced astigmatic aberration to unambiguously
assign PSF shapes along the axial direction. The method has been demonstrated over an
imaging depth of up to 10 microns while maintaining the 3D ultra-high resolution. Nev-
ertheless, multicolor imaging over the whole cell volume remains challenging, because
the multiple color channels are difficult to align as the interference pattern is wavelength-
dependent. Combining this aberration corrected setup with ratiometric color detection
provides an observation of mammalian cells and the highly convoluted Golgi apparatus
in three colors with 3D precise localization [73]. Experimentally, the implementation of
a 4Pi-SMLM microscope requires tremendous effort. The optical component alignment,
hardware control, setup calibration, and system stability maintenance, etc. are all chal-
lenging tasks. Fortunately, a protocol has been published, providing instructions on the
construction and performance test of a 4Pi-SMLM microscope [74].

In the aforementioned work, 4Pi-SMLM failed to reach the theoretical precision, i.e.
the Cramér-Rao-Lower-Bound (CRLB), mainly due to sub-optimal analysis methods, which
focus on the interference intensities and ignore the information from the fringe-like shaped
4Pi-PSF [69, 71, 72]. Recently, works have been published for modeling the 4Pi-PSE A
phase retrieval algorithm was used to accurately and precisely analyze the 3D localiza-
tion from an astigmatic 4Pi-PSE which can potentially reach the theoretical precision limit
[75]. However, a simplified multi-channel 3D PSF was used in this method, while consid-
ering the phase to be fixed with respect to the emitter’s 3D position, neglecting the phase
driftin the experiment. An experimental 4Pi-PSF model has been developed by estimating
the phase as a free parameter and decoupling the phase term from the individual emitter’s
3D location. The experimental 4Pi-PSF fitting model enables simultaneous 3D position
determination and phase retrieval, reaching the CRLB value in both simulated and ex-
perimental data [76, 77]. In addition, a dynamic spline fitting method has been applied to
4Pi-PSE demonstrating the possibility of reaching the theoretical localization precision, as
well as measuring and compensating the phase term over a large axial range [62]. Another
exciting development of 4Pi-SMLM is the combination with electron microscopy. Specif-
ically, iPALM has been used together with a Scanning Electron Microscope (SEM) [78], as
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well as a Transmission Electron Microscope (TEM) [79], correlating light and electron mi- 1
croscopy at the nanometer scale and making statistical localization of specific proteins
possible.

1.4. Single Molecule Localization Microscopy at Cryogenic Tem-
peratures

1.4.1. Fluorescence Behavior under Cryogenic Conditions

Photo-bleaching is a widely-known problem in fluorescence light microscopy at room
temperatures, which limits the imaging time and photon yield. As mentioned in sec-
tion 1.1, photobleaching is primarily caused by the interaction between fluorescent
molecules and molecular oxygen. Under cryogenic conditions, the diffusion of reactive
oxygen including molecular oxygen is restricted. Thus, the efficiency of oxygen-mediated
photobleaching pathways is highly reduced at low temperatures. Consequently, the pho-
ton yield of fluorescent molecules can increase by several orders of magnitude, yielding
significant enhancements in the duration of fluorescence imaging [80-82].

Despite the benefits of a slow photobleaching rate and a high photon yield of the flu-
orescent molecule, there are many challenges to the implementation of super-resolution
fluorescence microscopy at cryogenic temperatures (Cryo-FM). First, the low temperature
substantially slows down or even stops many photoswitching and blinking mechanisms,
which are employed to surpass the diffraction limit in super-resolution imaging tech-
niques depending on manipulations of the fluorescent molecule’s excited state, including
SMLM and RESOLFT. Second, the fluorescent molecules are rigidly linked to the targeted
structures, thereby breaking the assumption of freely rotating dipoles, leading to mis-
matched experimental and model PSE Despite these challenges, several super-resolution
fluorescence microscopy techniques have been proposed or shown to be compatible with
cryogenic conditions, including Cryo-SOFI [83], Cryo-STED [84], Cryo-PolarFM [84-86],
Cryo-TIRF[87], Cryo-SIM [88], and Cryo-SMLM [39, 88-93]. Among these reported works,
Cryo-SOFI, Cryo-SIM, and Cryo-SMLM were successfully combined with electron
microscopy, achieving correlative light and electron microscopy imaging of structures in
near-native states [83, 88, 91-93], enabling identification of the positions of fluorescently
labeled proteins in electron-dense structures with nanometer-scale resolution.

1.4.2. SMLM Imaging at Cryogenic Temperatures (Cryo-SMLM)

In every instance of SMLM, the localization precision is ultimately limited by the number
of detected photons. Photobleaching of fluorescent molecules is unfavored in order to
achieve localization precision on the few nanometer or subnanometer scale. Developing
cryogenic-condition compatible SMLM techniques can possibly push the image resolu-
tion to the Angstrém scale. However, SMLM methods with switching agents in solution,
such as dSTORM and DNA-PAINT, would not be compatible with cryogenic temperatures,
since the switching agents would be arrested in the frozen solution, disallowing the pho-
toswitching behavior of fluorophores. Cryo-PALM modalities have achieved sparse emis-
sion localization utilizing specific photoactivatable fluorophore proteins (FPs) [88, 91-93],
although the blinking mechanisms are not well understood yet. However, the localiza-
tion precision does not gain much compared to room-temperature SMLM with organic
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dyes and high-NA objective lenses, due to the low photon yield and several-nanometer-
size of FPs. Stochastic self-blinking dyes, like Atto647N, gave access to localize individual
molecules at Angstrém resolution [90]. Binding the self-blinking dye on a few sites within a
single protein can provide quantitative 3D information at Angstrém scale under cryogenic
temperatures [39]. Nevertheless, the labeling density is insufficient to conduct super-
resolution imaging of larger sub-cellular structures. Recent developments propose that
the photoswitching behavior of organic dyes can be mimicked via modulating the exci-
tation polarization or selecting the emission polarization [84-86]. As fluorescent emitters
can be considered completely fixed at cryogenic temperatures, individual emitters with
different orientations will yield different intensities in separated polarization channels,
providing the possibility of quantitative structural analysis of large protein complexes and
aggregates [86]. However, identifying molecules with small orientation angle differences
and resolving polarization states of multiple molecules simultaneously typically leads to
on-off ratios that are not on par for what is needed for sparse imaging of single molecules,
so that polarization encoding Cryo-SMLM techniques remain challenging. The access
to control the fluorescent labels with an efficient switching mechanism is still needed to
boost Cryo-SMLM imaging modalities. The 3D volume of the currently developed Cryo-
SMLM is limited to a single protein size, which restricts the capability for biological appli-
cations.

Angstrém resolution fluorescence microscopy has been achieved very recently by MIN-
FLUX [37], MINSTEDI38], and RESI (Resolution Enhancement by Sequential Imaging)
[40]. These breakthroughs bridge the gap between fluorescence super-resolution
microscopy in cellular study and cryo-electron microscopy (cryo-EM) structural analy-
ses of individual supramolecular complexes, unlocking new applications for investigating
macromolecular complexes in cells. MINFLUX and MINSTED utilizing a donut-shaped
beam with a central intensity minimum, allow for precise coordinate targeting of sin-
gle emitters. RESI as an advancement of the DAN-PAINT technique, uses different DNA
strands to label adjacent targets and performs sequential acquisition multiple times to
achieve unambiguous localization.

However, isotropic 3D sub-nanometer resolution has not been achieved yet with the
aforementioned techniques. Live imaging remains a challenge, in another words, chemi-
cal fixation is required for achieving Angstrém resolution. Moreover, relocating the donut
minimum iteratively in MINFLUX and MINSTED limits the minimum distance between
two adjacent fluorophore labels and hence leads to a trade-off between localization preci-
sion and labeling efficiency. Cryo-4Pi-SMLM technique can not only achieve isotropic 3D
Angstrom resolution, but also preserve the ultrastructure by fast freezing. It also provides
the possibility to conduct correlative light-electron microscopy imaging.

1.5. Motivation and Outline

The goal of this thesis is to develop an instrument for achieving 3D sub-cellular fluores-
cent imaging at isotropic Angstrém resolution. In particular, implementing a 4Pi-SMLM
setup at cryogenic temperatures (Cryo-4Pi-SMLM), making full use of the isotropic 3D
high resolution and gain in photon yield per molecule under low temperatures. To obtain
this goal, the key challenges are:



References 13

* Building an experimental Cryo-4Pi-SMLM platform for interferometric localization
of low-coherent fluorescent emitters. The essential novelty is the integration with a
small cryo-cooler sandwiched between to objectives in a vacuum chamber.

» Evaluating the effect of optical aberrations and fixed molecular dipole orientation
on the localization precision of Cryo-4Pi-SMLM.

* Demonstrating and characterizing single emitter imaging in Cryo-4Pi-SMLM.

* Investigating alternative microscopy concept for Cryo-imaging.

These challenges have been addressed in this thesis as outlined as below: In Chapter 2,
the optical concept and mechanical design of a Cryo-4Pi-SMLM setup are described. The
test of the mechanical parts, such as the vacuum chamber and sample cooler, are per-
formed. In Chapter 3, the theoretical evaluation of how optical aberrations and emission
polarization affect the performance of Cryo-4Pi-SMLM is presented. Optical misalign-
ment and aberrations are unavoidable in experiments, thus, developing a protocol to cal-
ibrate the aberrations in 4Pi-SMLM is necessary to retrieve the expected localization pre-
cision. At cryogenic temperatures, fluorescent emitters are fixed. The dipole orientations
will influence the corresponding detected emission intensities and PSF shapes. Conse-
quently, the localization precision will be affected by the orientation. We theoretically
investigate the impacts of both optical aberrations and emission polarizations on the per-
formance of Cryo-4Pi-SMLM. In Chapter 4, the experimental characterization of the per-
formance of the 4Pi-Cryo-SMLM has been demonstrated. Evaluations of the main optical
components, including objective lenses and phase compensators, are implemented. In
Chapter 5, a chip-based total internal reflective microscopy is described, which provides
the possibility to observe cellular membranes at cryogenic temperatures. System char-
acterization and cellular imaging are demonstrated in this part. The last chapter sum-
marizes the main results and discusses the future development direction as well as the
potential applications of the Cryo-4Pi-SMLM system.
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2.1. Introduction

A 4Piarrangement, featuring two oppositely placed objectives for double-sided image col-
lection, has been employed in single-molecule localization microscopy (SMLM) to achieve
nanometer-scale, isotropic, three-dimensional (3D) imaging resolution [1-5]. In this con-
figuration, the sample is illuminated using widefield excitation, and the fluorescence emis-
sion undergoes self-interference after being collected by the two objectives. Although the
emitted fluorescence is an incoherent beam with a limited coherence length of a few mi-
crons, self-interference can occur when the optical path length difference (OPD) between
the two paths in the interference cavity remains within the coherence length. In 4Pi-
SMLM, the variation in emitters’ axial (z) positions results in different optical path lengths
in the two detection paths in the interference cavity. It enables precise axial-position en-
coding in the interference pattern, achieving isotropic 3D resolution of sub-10 nm. How-
ever, few research groups are pursuing the development of 4Pi-SMLM systems, as building
such a 4Pi-SMLM microscope is a challenging and intricate process that demands pre-
cise optical alignment, careful hardware management, and rigorous calibration to main-
tain system stability over time. The setup’s sensitivity to even minor misalignments fur-
ther adds to the complexity of its assembly and operation. The first implementation of
4Pi-SMLM, known as interferometric PALM (iPALM), used a custom manufactured 3-way
beam splitter to combine the fluorescence collected by two objective lenses. The interfer-
ence pattern, determined by the emitter position along the axial direction (i.e. the z-axis),
was distributed across three simultaneous detection channels, each exhibiting unique in-
tensity ratios [1]. This method achieved sub-20 nm 3D resolution, with localization pre-
cision of approximately 10 nm in the axial direction and 20 nm laterally. However, this
technique is limited to imaging ultra-flat samples or structures close to the coverslip, as
the imaging depth is restricted to around A/2 due to the 27 phase ambiguity in the in-
terference pattern along the z dimension. To overcome this limitation, astigmatism was
introduced to distort the point spread function (PSF) shape in iPALM, extending the imag-
ing depth beyond 750 nm [6]. Another approach improved the 3D localization precision
to sub 10 nm, and extended the imaging depth to 1.5A using a four-channel 4Pi-SMLM
microscope with a higher-moment analysis, which accounted for z-dependent interfer-
ence intensities and PSF shapes across four polarization-separated channels [2]. This
approach allows two-color imaging with splitting and examining the orthogonal p and
s-polarization components. Although the four-channel 4Pi-SMLM can achieve isotropic
sub-10 nm resolution, this level of precision is often confined to small volumes due to the
susceptibility of the technique to sample-induced aberrations. To address these issues,
deformable mirrors were incorporated into the four-channel 4Pi-SMLM setup, enabling
whole-cell imaging [3]. Two deformable mirrors placed conjugate to the pupil planes in
both detection arms of the interferometric cavity were employed to correct for sample-
induced aberrations. In addition, astigmatic aberration was introduced to unambiguously
assign PSF shapes along the axial direction in this study. This modification enabled 3D
ultra-high-resolution imaging with an extended depth of up to 10 um. A detailed protocol
has been published to guide researchers in constructing and testing the performance of
such a 4Pi-SMLM microscope [4]. However, incorporating additional imaging relay sys-
tems and deformable mirrors in both arms of the interference cavity not only complicates
the alignment process but also introduces additional instability.
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In SMLM, the precision of localization is fundamentally limited by the number of
photons detected from fluorescent molecules. There is a potential for advancements in
SMLM techniques that operate under cryogenic conditions, where orders of magnitude
more photons for higher localization precision can be generated and detected compared
with the room temperature cases [7], offering potential resolution enhancements to the
Angstréom scale. However, methods such as ASTORM and DNA-PAINT, which utilize switch-
ing agents in solution, face limitations at cryogenic temperatures because the agents be-
come immobilized in the frozen medium, thus inhibiting the necessary dynamic switch-
ing of fluorophores. Recent developments in cryo-PALM have demonstrated the feasibil-
ity of sparse emission localization using specific photoactivatable fluorophore proteins
(FPs). These FPs have been successfully applied in cryogenic correlative light and elec-
tron microscopy (CLEM), combining the molecular specificity and sensitivity of fluores-
cence imaging with the nanoscale resolution of cryogenic electron tomography [8-13].
Despite these advances, the underlying mechanisms of blinking in these proteins are not
yet fully understood, and the localization precision achieved is comparable to that of
room-temperature SMLM using organic dyes and high numerical aperture (NA) objec-
tives. This limitation arises primarily from the relatively low photon yield and the larger
physical dimensions of FPs. In contrast, the use of stochastic self-blinking dyes, such as
ATTO647N, has facilitated localization of individual molecules with Angstrt')m-level preci-
sion [14]. By strategically attaching self-blinking dyes to select sites on a single protein,
researchers have acquired quantitative 3D information at the Angstrém scale, even in
cryogenic environments [15-17]. However, the density of labeling remains a barrier to
super-resolution imaging of larger sub-cellular structures.

Recent studies indicate that the photoswitching properties of organic dyes can be ef-
fectively simulated by manipulating the excitation and emission polarization [18-20]. At
cryogenic temperatures, fluorescent emitters are largely immobilized, resulting in dis-
tinct intensity variations for emitters with different orientations in separated polarization
channels. This opens possibilities for conducting quantitative structural analyses of com-
plex protein assemblies and aggregates [20]. However, accurately identifying molecules
with minor orientation angle differences and resolving the polarization states of multi-
ple emitters simultaneously can lead to inadequate on-off ratios, making the application
of polarization encoding in Cryo-SMLM quite challenging. Currently, the 3D volumetric
imaging capacity of existing Cryo-SMLM methods is constrained to the size of individual
proteins, limiting their potential for broader biological applications. Thus, the develop-
ment of an efficient mechanism to control fluorescent labels through switching is essen-
tial for advancing Cryo-SMLM imaging techniques. ATTO 488 and Alexa Fluor 488 have
been shown to exhibit stochastic photoswitching under vacuum conditions at cryogenic
temperatures[21], making them promising candidates for biological labeling in wide-field
Cryo-SMLM. Additionally, a recent study has identified that a type of bio-conjugateable
intrinsic blinking nanographenes can photoswitch without requiring buffer solution [22].
Preliminary experimental tests in our lab indicate that the nanographenes do photoswitch
efficiently under vacuum and cryogenic conditions, with a slower photo-bleaching rate
and a higher photon yield compared to conditions at ambient pressure and room tem-
peratures. These findings suggest that bioimaging via Cryo-SMLM could be realized using
these cryogenic condition-compatible dyes. Several research groups are actively working
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to identify photo-activatable and photoswitchable labels, as the challenges and opportu-
nities associated with imaging at cryogenic temperatures are more expansive.

A Cryo-4Pi-SMLM system compatible with electron microscopy under cryogenic con-
ditions can be a powerful imaging tool for biologists to study cellular structures in their
native states. Utilizing cryogenic-compatible fluorescent labels, Cryo-4Pi-SMLM holds
significant potential for 3D ultra-high-resolution structural analysis. It provides isotropic
3D sub-nanometer localization precision, enables high-resolution volumetric imaging of
cellular samples, and facilitates CLEM imaging while preserving cellular structures under
cryogenic conditions. Therefore, the development of a Cryo-4Pi-SMLM system compati-
ble with electron microscopy holds immense promise for the understanding of biological
structures and functions. This chapter details the design and construction of such a Cryo-
4Pi-SMLM system, as well as the key experimental procedures required for optimal per-
formance. Furthermore, mechanical characterization is performed to assess the stability
of the entire system.

2.2, Experimental Setup Design

2.2.1. Setup Considerations for a Cryo-4Pi-SMLM

Several successful implementations of 4Pi-SMLM setups have been demonstrated at room
temperatures [1-5], although constructing a 4Pi-SMLM system is inherently challenging
from an optical perspective. However, to date, no 4Pi-SMLM system compatible with
cryogenic conditions has been reported, despite its significant potential for obtaining 3D
higher localization precision and enabling CLEM imaging. Several technical challenges
may explain this absence, besides the difficulty in achieving efficient temporal sparsity
of fluorescent emission under cryogenic conditions. First, the cooling process often in-
duces substantial mechanical disturbances to the optical system, potentially destabiliz-
ing the 4Pi setup and causing the interference pattern to fluctuate or disappear during
measurements. Second, the dual-side optical access required for a 4Pi system is typically
absent in cryo-fluorescence microscopy (cryo-FM) setups, where samples are commonly
cooled with a cryo-block or immersed in circulating cryogens [12]. To realize a Cryo-4Pi-
SMLM system capable of delivering data to obtain 3D sub-nanometer localization preci-
sion, these two technical challenges need to be addressed through meticulous mechanical
design and optical considerations.

Mechanically, for stabilizing the 4Pi interference pattern, the whole system needs to be
placed in a thermally stable lab with temperature variation within + 1 K to minimize ther-
mal drift. A thick optical table with tunable dampers is desired to provide an ultra-stable
platform for the setup, along with ample size to arrange all optical and mechanical com-
ponents. Besides, quiet camera acquisition is preferred to reduce the system vibration.
Cooling systems with samples embedded in circulating cryogens can prevent ice conden-
sation, but such systems usually introduce significant mechanical instability and ther-
mal stress on the objectives, making them unsuitable for Cryo-SMLM experiments [23].
Vacuum-insulated cryostats using liquid helium or liquid nitrogen offer high thermal and
mechanical stability, which have been implemented successfully in Cryo-SMLM studies
[7,11, 16, 17]. However, the sample is typically mounted on a solid copper block for effec-
tive cooling, which restricts imaging access to only one side of the sample. To ensure dual-
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sided optical access while preserving the sample in a vitrified state and minimizing vibra-
tion and drift, a compact and quiet Joule-Thomson (JT) cryogenic microcooler (DELMIC
and DEMCON kryoz) is an ideal solution, whose cooling ability and mechanical stability
have already been reported [24]. The microcooler requires high vacuum pressure (< 10~°
mbar) for operation. However, achieving high vacuum pressure typically generates vi-
brations during the pumping process, which must be mitigated to enable high-resolution
imaging. For mechanical stability and optical access, it is preferable to place both the ob-
jectives and the sample in the same high-vacuum chamber. Air objectives are preferred
to reduce the heat conduction between the sample and objective lenses, by getting rid of
the immersion medium. Long working distance objectives are desired to ensure sufficient
space for the sample mounting. Precise mutual alignment of the objective lenses and sam-
ple plane is essential to overlap the emission beams and enable wide-field interference. A
nano-positioning system with a travel range of tens of millimeters along the optical axis
is preferred for both the objective lenses and the sample. This allows precise alignment,
optimal interference modulation, and accurate optical characterization.

M9 NIR
5 L4
DM2 Exc. M5
E FM3 LS L FM2

M
NPBS (50:50)
M3

Camera 2

- OBJ position monitor

Figure 2.1: Experimental design overview. Abbreviations: excitation (Exc), Near infra-red
beam (NIR), lens (L), mirror (M), flip mirror (FM), dichroic mirror (DM), objective (OB]),
cooled sample (CS), quarter wave plate (QWP), quartz wedge compensator (QWC), glass
wedge compensator (GWC), non-polarizing beam splitter (NPBS), polarizing beam splitter
(PBS), high vacuum (HV).

Optically, the most critical and challenging aspect is the precise alignment of the setup,
particularly the interference cavity. The optical quality of components, including aberra-
tion and magnification of imaging lenses, as well as the flatness of dichroic mirrors, phase
compensators, and beam splitters, requires careful consideration and examination. In our
optical setup, as illustrated in Figure 2.1, a four-channel imaging system with two cam-




26 2. Design and Construction of Cryo-4Pi-SMLM

eras is used. The four-channel design, validated by several groups [1-5], reaches the the-
oretical precision with advanced analysis methods [5, 25-27]. We opted to maintain the
four-channel 4Pi-SMLM setup configuration but excluded additional imaging relay sys-
tems and deformable mirrors in the interference cavity. This decision simplifies construc-
tion and minimizes potential mechanical instability. The four-channel imaging modality
with polarization splitting also allows orientation determination of cryo-fixed fluorescent
molecules. Another consideration is to direct the four imaging channels to two cameras
instead of one. This approach reduces the likelihood of emission beams passing through
the edges of the imaging lenses, thereby minimizing system aberrations.

The main challenge in building the optical setup is aligning the interferometry cavity
to reduce the OPD to within around 5 um, which is the typical coherence length of fluo-
rescent emission. To address this, precise adjustment of the OPD between the upper and
lower arms in the interferometer while continuously monitoring the interference pattern
should be performed. Another experimental challenge is maintaining and stabilizing the
interference pattern during long-time acquisitions. An active feedback system, utilizing a
low-intensity near-infrared laser source, may be necessary to monitor and actively control
the alignment of the two objective lenses.

2.2.2. Mechanical Design Overview

To achieve nanometer-scale localization precision, ultra-high mechanical stability is es-
sential, posing a significant challenge for 4Pi-SMLM setups at both room and cryogenic
temperatures. For Cryo-4Pi-SMLM, additional factors such as vacuum pump vibrations,
cooling-induced disturbances, and temperature fluctuations require careful management.
In our Cryo-4Pi-SMLM system, we designed and built a cryostat that combines high ther-
mal and mechanical stability for single-molecule imaging, along with the capability to
transfer and exchange samples at cryogenic temperatures for correlative measurements.
For optimal operation, the whole setup is placed in a temperature-controlled laboratory
with measured fluctuations limited to + 0.2 K to reduce the thermal drift. A 610 mm thick
optical table (M-RS4000-510-24, Newport) with tunable dampers provides an ultra-stable
platform, minimizing the impact of vibrations and external disturbances. The tunable
dampers are crucial for mitigating frequency-specific instabilities, ensuring the stability
of the sensitive system. This robust platform is critical for maintaining a stable inter-
ference pattern, achieving theoretical localization precision, and ensuring experimental
reproducibility. Additionally, the two image-capturing cameras are water-cooled using a
thermostat (Huber Minichiller 280), enabling long-time thermal stability with quiet oper-
ation.

Figure 2.2(a) illustrates all components within the interference cavity, which is the
most sensitive part of the whole system. The vacuum chamber is custom-designed to offer
ample mounting space and sufficient translation range for the sample cooler and objec-
tive lenses. It ensures excellent vacuum performance for optimal cooling while maintain-
ing a compact size to enhance mechanical stability within the interference cavity. The
specially shaped O-ring surrounding the vacuum chamber ensures proper sealing once
the vacuum lid is securely in place. Further details about the vacuum system are provided
in the following vacuum system overview section. Objective lenses (CFI S Plan Fluor ELWD
60XC, Nikon) are mounted on customized holders made from Aluminum, indicated in or-
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ange, to provide stable lens support. This setup allows two ways of sample preparations
and mounting configurations: one where the sample is sandwiched between two cover-
slips and another where the sample is prepared on the foil of an EM grid. For imaging EM
grid samples, brackets are attached to the objective lens mounts to secure a 170-micron-
thick glass substrate in front of each objective lens. This adjustment is necessary as these
objective lenses are designed for specimens mounted on coverslips with nonzero thick-
ness. OBJa is mounted on a vacuum-compatible piezo stage (CLS52:52, Smaract) that
provides only axial translation, serving as a reference for aligning the sample and OBJb.
The OBJb has linear translation ability along 3D, with a tip/tilt control system indicated in
green. The sample cooler (SC) is mounted using a similar solution as OBJb, with a tip/tilt
control system indicated in blue. Both the objectives, the sample cooler, and their posi-
tioning system are mounted on a customized breadboard (in green) inside the vacuum
chamber, which is then connected to a stable optical table via three supporting legs, en-
suring both thermal and mechanical stability of the vacuum system. Figure 2.2(b) shows
the half-section view of the chamber. The breadboard is bolted to the optical table using
legs indicated in blue. The vacuum chamber rests on these legs with O-rings for vacuum
sealing but is secured to the ultra-stable optical table with three mounting plates shown
in grey beneath the chamber.

(@) (b)

Figure 2.2: Cryo-4Pi-SMLM interferometric cavity overview.(a) The mechanical assembly
drawing of the arrangement of the essential components in the interferometric cavity. Ab-
breviations: sample cooler (SC), optical window (OW). The vacuum lid is removed here to
illustrate the sample and objectives assembly. (b) Half-section view of the vacuum chamber
illustrates the mounting of the vacuum chamber and the breadboard for mounting optical
components inside.

For the optical components in this setup, all mirrors and dichroic mirrors are mounted
using suprema low-drift mirror mounts on 25.4 mm diameter pedestals for supreme sta-
bility. The phase compensators, QWC and GWC, are both mounted on customized base
plates and are translatable with motorized linear stages (MTS25-Z8, Thorlabs). The NPBS,
as a key component of the cavity, is equipped with two orthogonally positioned linear
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translation stages (XR25C/M, Thorlabs) for lateral positioning. Manual tip/tilt control of
the NPBS is achieved with a goniometric stage (M-GON40-U, Newport) and a rotation
stage (M-RS65, Newport), both actuated via a lockable differential micrometer (DM-13L,
Newport).

Vaccum System Overview

Cooler Flange

Valve

Turbo Pump

Sample Loader

Stage Flange

—Gauge 2

lon getter pump Valve 2

Figure 2.3: Vacuum chamber assembly. The turbo pump and ion getter pump are used to
achieve the desired vacuum pressure. Valves 1 and 2 control the switching between differ-
ent pump systems. Gauges 1 and 2 monitor and display the vacuum pressure. The sample
loader facilitates sample replacement without compromising the vacuum. The stage flange
controls the piezo stages inside the vacuum chamber, while the cooler flange manages the
microcooler to achieve imaging under cryogenic conditions. Two optical windows (OW)
allow the emission beam to pass through, and viewports on the vacuum lids enable visual-
ization of the internal components.

The microcooler operates at vacuum pressures below 10~% mbar. A customized vacuum
chamber is designed to enable the microcooler’s function while minimizing disturbances
to the optical system. Figure 2.3 illustrates the vacuum system with the lid closed and ac-
cessories attached. The optical components inside have been indicated in Figure 2.2(a).
The sample cooler system and the two objectives can be viewed through the two transpar-
ent ports on the vacuum lid. The piezo stages’ control is achieved via the stage flange on
the side of the chamber. Two handles on the lid facilitate easy removal and placement of
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the lid. Once the vacuum chamber is sealed tight, vacuum gauges 1 and 2 (MPT200, Pfeif-
fer) with the controller (OmniControl 200, Pfeiffer) are activated to monitor the pressure.
Before initiating the pumping process, valve 1 is opened, while valve 2 remains closed to
protect the ion getter pump (NEXTorr, SAES Getters). A roughing pump (HiScroll 6, Pfeif-
fer), connected to a turbo pump, is initially activated to achieve a pressure below 1 mbar,
typically within a few minutes. The turbo pump (TMUO071 B, Pfeiffer) is then activated,
working together with the roughing pump to reduce the pressure to below 10~® mbar. For
the initial pump-down process from ambient pressure, it can take several days to reach
107% mbar in our system, which has a volume of approximately 10 liters. Using dry nitro-
gen gas to vent the air before pumping helps reduce the pump time to several hours. Once
the vacuum pressure reaches 10~® mbar level, valve 2 is opened to activate the ion getter
pump. The voltage applied to the getter pump is gradually increased from 0 to 12V, and
the pressure may temporarily rise as the activation releases particles faster than the pump
system can remove them. After activation, the ion getter pump operates at 3.5 V, further
reducing the pressure to 10”7 mbar or even 10~ mbar level. It is common for gauge 2 to
display a slightly lower pressure than gauge 1 due to the unavoidable pressure gradient
caused by the size of the vacuum chamber.

The sample loader is a modified load lock transfer system (PP3004, Quorum), equipped
with another turbo pump (HiCube80, Pfeiffer) for (re)placing samples. It enables easy
sample load and exchange below the glass transition temperature of water (approximate
135 K), effectively preventing ice crystal formation in the sample [28]. During sample
transfer, valve 2 is closed to protect the ion getter pump, while the roughing pump and
turbo pump stay active to maintain pressure and minimize contamination. The pressure
may increase to 10> mbar during transfer, but the turbo pump and rough pump can con-
tinue reducing the pressure to below 107® mbar after the transfer is complete. During
imaging, valve 1, the turbo pump, and the rough pump are closed to eliminate vibrations.
The ion getter pump, being vibration-free, can maintain a high vacuum of 10~ mbar for
over 8 hours. The sample cooling system is controlled through the cooler flange.

To vent the system, valve 2 is closed beforehand to protect the ion getter pump, which
remains running after being isolated from the main chamber. The turbo pump and rough-
ing pump are turned off sequentially to allow for venting. Dry nitrogen gas can again be
used to speed up the venting process. If the vacuum lid remains on, the next pumping
cycle will be shorter than the initial pump-down. However, if the lid is removed and the
chamber is exposed to ambient conditions, the subsequent pumping cycle will take as
long as the initial pump-down. Since the sample holder is centrally positioned within the
chamber, isolated from the main chamber body, and connected to the stable optical ta-
ble, sample drift after pumping or venting is limited to tens to hundreds of microns. This
makes it relatively easy to locate the same field of view (FOV) at both ambient pressure
and high-vacuum pressure conditions.

Microcooler and Stages’ Movement

In cryo-FM, a cryostat capable ofloading and transferring vitrified samples below the glass
transition temperature of water (~ 135 K) to prevent ice crystal formation, is essential.
Maintaining biological samples in a vitrified state with vitreous ice is essential for optical
imaging, as crystalline ice strongly scatters light and is known to cause structural damage
to biological specimens [28]. In CLEM application, preventing the transition of vitreous
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ice into cubic or hexagonal crystalline ice is equally critical, as crystalline ice significantly
scatters incident electrons, thereby obscuring the Cryo-EM image. For effective correla-
tive measurements, samples are commonly vitrified via rapid freezing techniques, such as
plunge freezing or high-pressure freezing. These methods are highly effective in preserv-
ing cellular structures in a near-native state by converting liquid water into amorphous
ice, which prevents the formation of crystalline ice and its associated structural damage.

Sample shuttle

Shuttle holder

Figure 2.4: The microcooler system is mounted on a positioning platform with five degrees
of freedom, featuring motorized XYZ movements and manual tip/tilt adjustments. The cold
finger functions as a shuttle holder equipped with a temperature sensor. The sample shuttle
is compatible with samples prepared both between coverslips and on EM grids. Addition-
ally, the apertures on both the sample shuttle and the shuttle holder provide double-sided
optical access for the 4Pi configuration.

In our Cryo-4Pi-SMLM system, we utilize a compact cryogenic microcooler that oper-
ates based on the Joule-Thomson (JT) cooling of expanding high-pressure nitrogen gas as
it passes through a restriction. The microcooler is capable of maintaining frozen-hydrated
samples at 100 K, facilitating dual-sided imaging for 4Pi interference while minimizing
drift and vibration. The sample cooling system and its positioning stages are illustrated in
Figure 2.4. The microcooler is mounted on a positioning system with five degrees of free-
dom. Its aluminum body, directly mounting on the base plate (in green) contains incom-
ing gas lines, electrical wiring, and a vacuum connection. The cold stage comprises three
layers of patterned borosilicate glass (D263T) encased in a titanium tube and is thermally
connected to a cold finger. This cold finger, or shuttle holder, made by phosphor bronze, is
compatible with the sample shuttle and features two apertures with a diameter of 3 mm on
the housing, enabling 4Pi emission collection as shown in Figure 2.5. As a transfer rod with
an M2 thread is inserted clockwise through a feedthrough on the right side, the phosphor-
bronze shuttle’s size contracts slightly. After sample transfer or replacement, the rod is ro-
tated clockwise to detach it, securing the shuttle in the sample holder. The shuttle holder
is equipped with one thermal sensor (Pt-1000) to monitor its temperature, with another
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identical sensor located in the cold stage. The thermal difference between the shuttle
holder and the micro cold stage is approximately 2.5 K, enabling semi-independent tem-
perature regulation for both components through control loops. The same microcooler
was used in a cryo-CLEM system [24], where vibration analysis showed peak-to-peak am-
plitudes below 1 nm. The microcooler can maintain the sample shuttle’s temperature at
around 100 K for more than 6 hours with minimal temperature fluctuation around 1 mK
while being exposed to a laser intensity of approximately 1 kW/cm?. Samples are pre-
pared either between two coverslips with diameters of 3.5 mm (CS-3.5R, Multi Channel
Systems) or on EM grids and positioned in the center of the sample shuttle. When sam-
ples are prepared and sandwiched between two coverslips, the coverslip brackets shown
in Figure 2.2(a) in front of the objectives are removed, as illustrated in Figure 2.5.

Sample Cooler

Figure 2.5: Sample and objective stages assembly. OBJa has axial translation ability only.
The sample cooler and OBJb are mounted on a 3D piezo stage with manual tip/tilt adjust-
ment. The tip/tilt adjustment is controlled via the adjustment (AD]) screw and can be se-
cured with the fix screw.

To achieve an interference pattern across the FOV, it is crucial to align the emission
beams captured from both OBJa and OBJb, both laterally and axially. Therefore, the move-
ment strategy of the positioning systems requires careful planning. In the stage assembly,
OBJa, which only allows for z-translation, serves as a reference point for aligning both the
sample and OBJb. The sample is brought into focus with OBJa by adjusting its axial po-
sition. Adjustments of the sample’s tilt and tip are made using a custom stage (custom
part,QI002-S-207), controlled by turning the hex adjustment (ADJ) screw. Once the tip/tilt
adjustments are complete, the fix screw adjacent to the ADJ screw is locked to secure the
settings. After the sample is properly aligned with OBJa, the sample plane is then used
as a reference for positioning OBJb. Finer lateral alignment of the two objectives can be
achieved by simultaneously capturing and analyzing the same FOV. To obtain the interfer-
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ence pattern, the axial movements of the two objective lenses and the sample are synchro-
nized, ensuring that the OPD is matched by moving the stage assembly along the optical
axis. All piezo stages used for sample and objective movement offer a translation range of
31 mm with a step resolution of less than 1 nm. The sub-nanometer resolution ensures
precise alignment of the objectives and enables accurate optical performance characteri-
zation by step-wise movement of the sample. The 31 mm travel range allows safe sample
transfer without risk of contact with the objective lenses and provides sufficient interfer-
ence locating range when synchronously moving the entire assembly along the axial di-
rection.

2.2.3. Optical Design Overview

Figure 2.1 shows the layout of the optical system and the part number of all optical com-
ponents will be provided in the optical alignment section. The excitation laser beam (in
blue) transmits through a short-pass dichroic mirror (DM1), and wide-field illumination
is generated on the sample plane via the objective (OBJb) in the upper arm. The sample
is sandwiched between two identical air objectives, each with a working distance of ap-
proximately 2 mm and a numerical aperture (NA) of 0.7. The emission is collected by both
objectives and simultaneously travels along the upper and lower paths in the interfero-
metric cavity. Quarter wave plates (QWP) convert the polarization state of the emission
from linear to circular. A quartz wedge compensator (QWC) introduces a phase shift be-
tween the p and s-polarized components by sliding the quartz wedge a specific distance,
while a glass wedge compensator (GWC) compensates for the optical path length differ-
ence caused by the QWC. Phase compensators are used to obtain a n/2 phase shift be-
tween the four imaging channels, equally dividing 2. The emission collected from both
the upper and lower arms is recombined by a 50:50 non-polarizing beam splitter (NPBS),
allowing the emitted photons to interfere with themselves. The self-interfered emission
beam is then separated into four imaging channels using two polarizing beam splitters
(PBS) and captured by two identical cameras. The 4Pi interference pattern in the four
channels exhibits an axial-position-dependent intensity difference because of the phase
shift. Therefore, precise determination of emitters’ axial positions is enabled by examin-
ing the intensity ratio between the four imaging channels. An active objective position
feedback system is implemented using a near-infrared (NIR) laser with the help of a cylin-
drical lens. The NIR beam’s shape and position captured by the monitor correspond to
the axial and lateral shift of the objectives, respectively. Active control is triggered to move
OBJb when a shift greater than 50 nm is detected.

2.3. Optical Alignment Procedure

The mechanical assembly of the sample cooler, vacuum chamber, and optomechanical
components is quite straightforward with the attached CAD files. However, the 4Pi-SMLM
optical system is complex and requires substantial effort and expertise for successful im-
plementation. A protocol by Wang et al. summarizes the collective experiences in the
field related to 4Pi instrument setup, alignment, calibration, and operational procedures
[4]. We use this protocol as a starting point for the optical design and construction of our
Cryo-4Pi-SMLM setup. However, our system design has notable differences, such as sys-
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tem layout, sample mounting, lens selection, excitation coupling, stage movement, and
imaging channel splitting. Most importantly, we have developed a straightforward and
universal method for systematically locating the 4Pi interference pattern. Thus, we pro-
vide an alignment guide for our Cryo-4Pi-SMLM setup, with insights that can be applied
to other types of 4Pi setups.

General Alignment

The optical beam height is set to 125 mm above the optical table and verified during align-
ment using a magnetic ruler (BHM3, Thorlabs), which also assists in positioning all opti-
cal components. Dovetail rails of varying lengths (RLA600/M, RLA300/M, Thorlabs) and
a translatable iris are employed to monitor the beam’s propagation at different distances.
For precise alignment of the interference cavity or near-infrared path, the translatable iris
is replaced with a USB camera (DCC1545M, Thorlabs). The same iris and USB camera
are used consistently across the setup, with the choice of dovetail rail depending on avail-
able space. Additionally, a sketch drawn directly on the optical table aids in positioning
components during the assembly of such a complex system.

Interference Cavity Alignment

M1

Interference check D

Interference check

(@ (b) (@]

Figure 2.6: Alignment of the NPBS (a), DM1 and M1 in the upper arm (b), and DM1 and M1
in the lower arm (c) of the interference cavity. The alignment beam reflected by the NPBS
into the lower arm is indicated in pink, while the beam transmitted through the NPBS into
the upper arm is indicated in green.

Since the interference cavity is the most demanding part of the construction in terms of
alignment, it is crucial to align it properly. The arrangement of optical components within
the interference cavity is determined by the shape of the vacuum chamber and the choice
of imaging lens L1, as indicated in Figure 2.2(a). As shown in Figure 2.6, the alignment of
the interference cavity starts without any lens present. To align the cavity, we use a low-
power laser (CPS532-C2, Thorlabs) with a wavelength similar to the emission of typical
green dyes, such as ATTO 488 and Alexa 488. The arrow shown in Figure 2.6(a) and (b)
indicates the propagation direction of the 532 nm alignment laser. After completing the
beam steering, two irises I1 and I2 are placed directly after the laser source to monitor the
alignment laser’s direction. Next, the 50:50 NPBS (NT47-009, Edmund Optics) with lateral
translation and tip/tilt control as indicated in the mechanical design overview session is
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mounted on the optical table. The alignment of the NPBS is achieved by iteratively exam-
ining the reflected beam indicated in pink and adjusting the NPBS position accordingly.
After the NPBS is well-aligned, its actuators are locked. Two irises, I3 and I4, are placed
directly next to the NPBS in the interference cavity’s lower arm and upper arm. A vertical
mirror (VM) is used to determine the location of I5 as shown in Figure 2.6(b), which is later
used for beam alignment during the interference check.

The alignment of the dichroic mirror DM1 (T500 spxxr, Semrock) and the adjacent
mirror M1 (PF10-03-P01, Thorlabs) is performed together after positioning them approxi-
mately at their designated locations. In our system, we typically start by aligning DM1 and
M1 in the upper arm with their 3-axis kinematic optical mounts (SC100-F3H, Newport). As
shown in Figure 2.6(b), an SM1-threaded iris (SM1D12, Thorlabs) is attached to the holder
of OBJa using an adapter (SM1A11, Thorlabs), serving as an indicator of the designed op-
tical axis (I0). The DM1 and M1 are well aligned when the reflected beam propagates nor-
mally through IO. Initially, the IO is fixed with an open diameter of approximately 5 mm,
allowing the alignment beam, which has a diameter of 3.5 mm, to easily propagate after
roughly adjusting M1 and DM1. By adjusting the kinematic optical mounts of DM1 and
M1, the 532 nm alignment beam reflected from DM1 can be aligned to propagate through
the center of the 10. This is confirmed by observing the uniform reduction in beam size as
the iris is gradually closed. Precise alignment is achieved by iteratively adjusting DM1 and
M1 and IO’s open area while examining the beam at different distances through a trans-
latable camera. Once DM1 and M1 are properly aligned, the beam’s center remains fixed
on the USB camera observer as the camera translates along the optical rail or when the 10
moves along the optical axis. The same procedure applies to aligning DM1 and M1 in the
lower arm of the interference cavity. Alternatively, after roughly positioning DM1 and M1
in the lower arm, alignment can be refined by ensuring the beams reflected by both DM1s
overlap throughout the cavity, transmitting through 12 and 15, as indicated in Figure 2.6(c).
The final alignment of DM1 and M1 in the lower arm is achieved by examining the inter-
ference check plane using a USB camera or power meter, where destructive interference
with minimal intensity should indicate proper alignment. At this point, all mirror mount
actuators are locked.
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Figure 2.7: Alignment of the objective lenses (a), imaging lens in the lower arm (b), and
imaging lens in the upper arm (c).

Once DM1 and M1 are properly aligned, the IO is removed, and the objective lenses
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are inserted into the cavity, as shown in Figure 2.7(a). OBJa is only translatable along the
optical axis, while OBJb allows for XYZ and tip/tilt adjustments. Thus, OBJb is adjusted to
align with OBJa. Although DM1 reflects the majority of the 532 nm alignment laser, a small
portion transmits through DM1, enabling us to assess the beam passing through both ob-
jective lenses with a USB camera. When the axial positions of the objectives are aligned, a
relatively collimated beam is observed on the USB camera. The tip/tilt adjustment of OBJb
is completed when a uniform-intensity beam is observed. Lateral alignment is confirmed
when the captured beam’s center remains stationary while translating the USB camera to
different distances. At this stage, only one arm is used, so a beam block (BB) is placed in
the other arm to prevent interference with the alignment process. In this example shown
in Figure 2.7(a), the BB is placed in the lower arm. The same approach applies if the BB
is placed in the upper arm while checking the beam after it passes first through OBJa and
then OBJb.

Due to the size constraints of the vacuum chamber, a standard 200 mm focal length
tube lens cannot be used for L1. Therefore, an achromatic doublet with a focal length of
500 mm is used (ACT508-500-A-ML, Thorlabs) for L1. Each objective lens and L1 pair to
form a 4f imaging system. Both L1 lenses are mounted on an XY translation stage (LM2XY,
Thorlabs) and connected to a customized axial sliding stage (custom, QI1002-S-303). Align-
ment begins with L1 in the lower arm, as indicated in Figure 2.7(b). The collimated align-
ment beam is focused by L1 onto the back pupil of OBJa. Since the objective lens is multi-
element, the beam will not be perfectly collimated upon exiting OBJa’s front aperture. To
observe the exiting beam, OBJb is removed, and the beam is observed at a far distance.
The axial position of L1 is adjusted until the observed beam size at this distance is mini-
mized. Lateral alignment of L1 is achieved when the focused beam passes through both
centers of I3 and I4. To align L1 in the upper arm near 15, OBJb is repositioned on its stage.
After translating the upper L1 to its correct axial position, the collimated beam exiting
from the front aperture of OBJa will be refocused by OBJb and re-collimated by the upper
L1. When the lateral position of the upper L1 is properly aligned, the beam interfered with
at the NPBS will pass through the centers of I5 and 12, and can be observed at the interfer-
ence check plane. In this setup, the interference check plane is placed after I5, since the
alignment beam enters the interference cavity via 12, as shown in Figure 2.6(a) and (b).

Optical Path Matching of the Interference Cavity

The 532 nm alignment laser has a narrow wavelength bandwidth of around 0.5 nm, yield-
ing a coherence length exceeding 0.5 mm. However, typical fluorophores have an emis-
sion bandwidth of around 50 nm, resulting in a coherence length of approximately 5 pm.
Achieving the sub-5 um OPD matching between the upper and lower arms of the interfer-
ence cavity is the most challenging aspect of constructing a 4Pi microscope. Currently, the
typical solution is examining whether interference images are present in different chan-
nels while simultaneously moving the two objective lenses and a fluorescent sample to
match the OPD [4]. Here, we propose a novel structural approach to accurately match
OPD within tens of microns, as indicated in Figure 2.8. A double-side coated mirror (DCM)
is placed in the sample shuttle, and mounted in the sample holder. The DCM is created
by coating both sides of a 3.5 mm coverslip with an approximately 100 nm layer of silver.
After adjusting the tip and tilt of the sample stage, the DCM is positioned perpendicular
to the optical axis. Consequently, the beams from both the upper and lower arms strike
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Figure 2.8: Precisely matching the OPD of the upper and lower arms in the interference
cavity is accomplished by using a double-side coated mirror (DCM) to reflect beams from
a low-temporal-coherence superluminescent light-emitting diode (SLD) in both arms. The
appearance of an interference pattern is monitored while synchronously moving the sam-
ple and objective lens stages along the optical axis. The synchronized stage movement is
stopped when the interference pattern with the best contrast is observed.

the DCM perpendicularly and reflect back along the same paths. Initially, the sample is
placed at the center of the vacuum system, with its z-stage positioned at the physical cen-
ter (also known as the zero point). Two objective lenses are moved along their axial di-
mensions to align their focal planes with the sample plane. Both the objective lenses and
the sample are synchronized to move as an assembly along the optical axis to adjust the
OPD between the two arms. When the OPD between the upper and lower arms is within
the coherence length of the alignment light source, the reflected beams will interfere at
the non-polarizing beam splitter (NPBS) and produce an interference pattern that can be
observed at the interference check plane. During the initial OPD matching with the afore-
mentioned 532 nm light source, the stage assembly is firstly moved towards the upper
arm up at a speed of 1 um/s for a few millimeter. If no interference pattern is observed
during the movement, the stage assembly should be moved towards the opposite direc-
tion. After this step, the OPD will be constrained to sub-milimeter range. For more pre-
cise OPD matching of the two arms, a green superluminescent light emitting diode (SLD,
EXS210118-01, Exalos), with a coherence length of approximately 20-30 um is directed
into the interference cavity via a flip mirror (FMS) as shown in Figure 2.8. Using this low-
coherent light source, the OPD matching procedure is repeated by synchronously moving
the two objective lenses and the sample along the axial dimension. The same translation
speed of 1 um/s is maintained, but the movement is limited to + 1 mm. After this step,
the OPD should be matched well within tens of micrometers. Once the optical path is
aligned, a fluorescent sample can be used to observe the 4Pi interference pattern. The
L1 lenses can be slightly adjusted along the optical axis to ensure the correct 4f system
configuration.
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Imaging Path

To align the four-channel imaging detection paths indicated in Figure 2.9, an additional
red alignment laser (CPS635R, Thorlabs) is directed to the interference cavity by FM4. The
red alignment beam shares the same propagation path as the 532 nm alignment laser,
which is ensured by directing the red alignment beam through the centers of I1, 12, 14, and
I5. The NPBS nearly equally divides the p and s-polarized components into the reflection
and transmission branches. For aligning the p1 and s1 imaging channels, FM1 is inserted
in the detection path with a motorized flip mount (MFF101/M, Thorlabs). Mirrors M3
and M4 direct the beam to the polarizing beam splitter, PBS (CCM1-PBS251/M, Thorlabs),
where the p and s-polarized components are separated. The p or s- component is then
directed to the cameral via M5 or M6 and RM (MRAK25-P01, Thorlabs). Channels p2
and s2 are symmetrically configured relative to p1 and s1, and they are aligned using the
same procedure and directed to camera2. An iris (IF) is positioned at the intermediate
imaging plane as a field stop for FOV adjustment in each branch. Lenses L2 and L3 relay
the image to the cameras. The p and s-polarized components are superimposed at the
Fourier plane of L2 and L3, after RM. A band-pass emission filter is placed in front of L3
to ensure high SNR in the camera capture. For easier initial alignment, lenses, including
L1, L2, and L3 can be temporarily removed to align the mirrors in the detection paths, as
shown in Figure 2.10. An iris can be placed at the Fourier plane of the 4f relay system, to
assist in steering mirrors M5 and M6.
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Figure 2.9: Alignment of imaging paths. A red alignment laser indicated in yellow is directed
to the interference cavity through FM4, sharing the same path as the 532 nm laser. The
NPBS splits p and s-polarized components, directing them through I1, 12, 14, and 15 for
precise alignment. Mirrors M3 and M4 direct the beam to a PBS, separating the p and s-
polarized components, which are then directed to Camera 1 or Camera 2 via mirrors and
lenses. Lenses L2 and L3 relay the image, and a band-pass filter ensures high SNR. An iris
(IF) adjusts the field of view in each branch.
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Figure 2.10: Initial alignment of the imaging channels is performed by removing lenses LI,
L2, and L3, with an iris at the Fourier plane assisting in aligning mirrors M5 and M6.

Excitation Path

The alignment of the excitation path begins after completing the alignment of the inter-
ference cavity, where the positions of DM1 and OBJb have been set. The excitation path,
as shown in Figure 2.11, utilizes a collimated 488 nm laser (Sapphire SF NX 488, Coherent)
directed by flip mirrors (FM2 and FM3) to a beam expander, L4 (A397TM-A, Thorlabs) and
L5 (AC254-200-A-ML, Thorlabs), to illuminate a large sample area.
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Figure 2.11: Excitation path featuring two optional beam expanders

Alternatively, the excitation beam can be routed through a smaller magnification tele-
scope with L4’ (LA1951-A-ML, Thorlabs) and L5’ (AC254-150-A-ML, Thorlabs) to achieve
a higher power density for effective excitation. An iris (IE) after the beam expander al-
lows the reduction of the illuminated area without altering power density. The long-pass
beam splitter DM2 (FF520-Di02-25x36, Semrock) reflects the excitation beam to the sam-
ple, with adjustment provided by a rotation stage (RP01, Thorlabs) and a translation stage
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(XR25C/M, Thorlabs). The excitation beam is focused at the back pupil plane of OBJb by
L6 (AC254-200-AB-ML, Thorlabs), which is mounted on an XY translation stage (LM1XY,
Thorlabs) and can slide along a dovetail rail (XRN25DR2, Thorlabs) for lateral and axial
adjustment, respectively. After aligning L6, DM2 is translated at the sample’s conjugate
plane, enabling adjustment of the incidence angle at the sample plane by rotating DM2
for optimal signal-to-background ratio.

Active Feedback System for the Objectives

The active feedback system maintains the relative positions of the objective lenses, as il-
lustrated in Figure 2.12(a). Alignment occurs after fixing DM1’s position, using an 850 nm
near-infrared (NIR) laser diode (CPS850V, Thorlabs) as the light source. The collimated
NIR beam expands through L7 (AC254-075-B-ML, Thorlabs) and L6, with over 90 percent
of the NIR intensity preserved after passing through DM2 and DM1 in the upper arm. The
NIR beam is then focused by OBJb and re-collimated by OBJa. Exiting DM1 in the lower
arm, the NIR beam is focused by a cylindrical lens, L8 (LJ1267RM, Thorlabs), on a rotation
mount (CRM1T/M, Thorlabs), and then by a doublet lens, L9 (AC254-300-B-ML, Thor-
labs), on a lateral translator (CXY1A, Thorlabs). Both L8 and L9 are positioned within a
30 mm cage system, allowing coarse axial translation for alignment.
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Figure 2.12: Optical concept and working principle of the OBJ] position monitor. (a) Optical
concept and alignment of the objective lenses position monitor. (b) The quadrant detection
principle divides the detection plane into four quadrants, where horizontal and vertical
displacements are determined by comparing specific quadrant pairs. Diagonal quadrant
comparisons reveal axial shifts between the objective lenses. (c) Examples of lateral shift
and axial shift cases.
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AUSB camera (DCC1545M, Thorlabs) captures the NIR beam, displaying a near-circular
shape when alignment is optimal. The captured signal is divided into four quadrants to
detect lateral and axial displacements, as shown in Figure 2.12(b). This setup acts as a
position monitor equivalent to a quadrant photodiode detector. The detection plane is
divided into four quadrants (A, B, C, D) for precise position sensing. Horizontal displace-
ment is calculated by the difference in signals between the left (A + C) and right (B + D)
quadrants, while vertical displacement is derived from the difference between the bottom
(C + D) and top (A + B) quadrants. Axial displacement between the lenses is detected by
comparing signal differences across the negative (—45°) diagonal quadrants (A + D) and
positive (45°) diagonal quadrants (B + C). If there is lateral misalignment between the ob-
jective lenses, the camera captures this as a lateral displacement; if there is an axial mis-
alignment, an elliptical beam shape appears, as demonstrated in Figure 2.12(c). Based
on detected lateral displacement or the calculated ellipse aspect ratio, a custom LabVIEW
program triggers OBJb to correct misalignment when the shift exceeds 50 nm.

2.4. Setup Characterization

2.4.1. Cooler Thermal Performance

The microcooler requires approximately 1.5 hours to cool from room temperature (293 K)
to around 100 K and can maintain the sample at cryogenic temperatures for over 6 hours,
as shown in Figure 2.13.
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Figure 2.13: Thermal performance of the microcooler. The recorded temperature (Tsh) and
set point (Ssh) of the shuttle holder are shown as the blue solid and dashed curves, respec-
tively. Similarly, the recorded temperature (Tcs) and set point (Scs) of the cold stage are
represented by the pink solid and dashed curves, respectively. Heater power is depicted by
the orange curve. The dashed black box provides a zoomed-in view of the data between
t = 2.25 hours and t = 2.75 hours. Within this interval, Tsh was stabilized to Ssh within
5 minutes, with a temperature fluctuation of approximately 1 mK.



2.4. Setup Characterization 41

In practice, its working time can exceed this duration, as observed in a previous study
using the same cooler type [24]. As shown in Figure 2.4, the microcooler consists of a
main cold stage and a shuttle holder located at its tip. The shuttle holder secures the
sample shuttle and efficiently cools the sample through conduction. The recorded tem-
perature of the shuttle holder (Tsh) is approximately 2.5 K higher than that of the cold
stage (Tcs). Both components can be maintained at a set temperature using integrated
heaters. During testing, the shuttle holder’s set point (Ssh) was 104 K, and the cold stage’s
set point (Scs) was 101.5 K. Temperature regulation began around 2.4 hours after when
the shuttle holder’s heater was activated, as highlighted in the zoomed-in view (dashed
black box) in Figure 2.13. The temperature control system effectively stabilized Tsh at its
set point. Between 2.5 and 6 hours, Tsh exhibited a fluctuation with a standard devia-
tion of 1.1 mK, compared to 77.6 mK for Tcs. The stability of Tsh is critical, as it directly
conducts heat to the sample. When temperature regulation ceased at around 6.5 hours,
the cooling and regulation systems stopped. Tcs was automatically reset to 293 K and
heater power was reduced to zero, allowing the sample to warm to room temperature,
even though Ssh remained at 104 K. It took approximately 2.5 hours for Tcs to reach 293 K.
The thermal performance test was conducted under a vacuum chamber pressure of ap-
proximately 10~® mbar.

2.4.2. Drift

The drift of the system was characterized using a 100 nm yellow-green microsphere sam-
ple (F8803, Thermofisher). To prepare the sample, a 1:100 dilution was first made by mix-
ing 10 uL of the original microsphere stock with 990 uL of MQ water. Subsequently, a
1:10,000 dilution was prepared by mixing 10 uL of the 1:100 dilution with 990 uL of MQ
water. A 2 uL droplet of the 1:10,000 dilution was deposited onto a clean 3.5 mm cov-
erslip and air-dried for 2-3 hours. The dried sample was then sandwiched with another
clean 3.5 mm coverslip using glycerol (G5516, Sigma-Aldrich) as a refractive-index match-
ing medium. The coverslip assembly was placed in an offset spacer (green in Figure 2.4),
then sealed with a spacer ring (purple), and secured with a screw (yellow-red), as illus-
trated in Figure 2.4. The 4Pi interference images of the bead sample were captured for
more than 30 minutes at a frame rate of 1 fps, with an exposure time of 0.5 s and an ex-
citation power of 10 mW. Figure 2.14 illustrates the drift in the s1 imaging channel under
three conditions: room temperature and ambient pressure (Room T), room temperature
with high-vacuum pressure of around 2-10~% mbar (Vacuum), and cryogenic temperature
of 104 K with high-vacuum pressure of around 2-10~® mbar (Cryo T). For the latter two
conditions, only the ion getter pump was used, eliminating potential disturbances from
the rough and turbo pumps. The sub-pixel drift data of the bead images were obtained by
Picasso [29], and plotted in Matlab. At room temperature and ambient pressure, the drift
in the horizontal (X) and vertical (Y) directions was negligible, with rates of approximately
1.5 nm/min and 0.2 nm/min, respectively. The results indicate that the 4Pi setup exhibits
excellent stability at ambient pressure, probably attributed to the thick vacuum chamber,
which effectively minimizes ambient disturbances.

In contrast, in high-vacuum, the drift in both directions increased significantly. The
drift rate along the X direction (12.5 nm/min) was notably higher than in the Y direction
(5.5 nm/min). The observed increase in drift is likely a result of the pressure gradient
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within the chamber, as the getter pump was operating alone in a 10-liter volume. The sig-
nificantly higher displacement speed along the X-axis may also be attributed to the greater
pressure differential in the horizontal direction, given the vacuum chamber’s relatively flat
and wide geometry. At cryogenic temperatures, an interesting result was observed: the
drift along the X direction decreased to 4.4 nm/min, a reduction compared to the vacuum
case. However, the drift along the Y direction increased dramatically to 22.5 nm/min. At
cryogenic temperatures, the shuttle holder, functioning similarly to a cold finger, aids in
lowering the vacuum pressure by trapping condensable gases, thereby reducing the num-
ber of gas molecules in the chamber and minimizing the pressure differential, which helps
stabilize the vacuum.
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Figure 2.14: Drift of the horizontal (X) and vertical (Y) direction under different conditions:
room temperature and ambient pressure (Room T), room temperature at high-vacuum
(Vacuum), and cryogenic temperature of 104 K at high-vacuum pressure (Cryo T). (a) Dis-
placement in the X direction over time. (b) Displacement in the Y direction over time.

This may explain the relatively low drift measured in the horizontal direction observed
at the low temperature case compared to the vacuum case. However, the significantly
higher displacement observed in the vertical direction at Cryo T is likely due to the micro-
cooler’s weaker support along the vertical axis during cooling, caused by the expansion of
high-pressure nitrogen gas. Similar results have been reported in the literature[24]. Addi-
tionally, the current interference location of the sample is obtained when its axial position
shifted more than 2 mm towards OBJb compared to the nominal position. Since the sam-
ple’s z-stage was not at the nominal position during the drift measurement, the sample as-
sembly was probably not well-balanced, with its center of mass inadequately supported.
As aresult, the vertical direction was more susceptible to displacement.

The drift results shown in Figure 2.14 were obtained under 4Pi condition, using two
objective lenses simultaneously with the OPD carefully matched to achieve interference.
Figure 2.15 presents the drift of the two individual objective lenses at Cryo T conditions,
with a temperature of 104 K and a pressure of approximately 2-107% mbar. The sample,
acquisition setting, and data processing were identical to those used to obtain the drift
results shown in Figure 2.14.
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Figure 2.15: Individual drift measured from the two individual objective lenses at cryogenic
temperatures. The drift results for OBJa and OBJb are represented by pink and green curves,
respectively. Solid lines denote horizontal drift while dashed lines represent vertical dis-
placement. Arrows point to the respective y-axis for each curve.

As depicted in Figure 2.15, the drift results for OBJa are represented by the pink curves,
while the drift results for OBJb are represented by the green curves. The solid lines indicate
the drift along the horizontal direction, while the dashed lines represent the displacement
in the vertical direction. Arrows indicate the corresponding y-axis for each curve. The drift
along the horizontal dimension is smaller than that of the vertical dimension for both
OBJa and OB]Jb, consistent with the drift results shown in Figure 2.14. Specifically, the
displacement speeds of OBJa and OBJb in the horizontal direction were 2.4 nm/min and
3.2 nm/min, respectively. In the vertical direction, the displacement speeds of OBJa and
OBJb were 12.3 nm/min and 12.8 nm/min, respectively.

For OBJa and OB]Jb, the drift over time along the horizontal is relatively similar. How-
ever, the vertical displacement difference between OBJa and OB]Jb is significantly more
pronounced than the horizontal displacement difference, particularly between t = 15 to
t = 30 minutes, with a maximum displacement difference exceeding 300 nm. This drift
disparity indicates that the relative positions of OBJa and OBJb can shift substantially over
time, which may explain the smaller lateral displacement observed for individual objec-
tive lenses shown in Figure 2.15, compared to the drift measured under the 4Pi configu-
ration, as shown in the blue curves in Figure 2.14. It is possible that the fields of view of
the two objectives in the 4Pi setup did not remain perfectly aligned over time. Such mis-
alignment could lead to variations in the shape of the bead image, thereby affecting the
accuracy of position localization. As a result, the lateral displacements recorded under the
4Pi configuration are larger than those observed for single-objective-lens measurements
under similar imaging conditions. These findings highlight the importance of the active
feedback system illustrated in Figure 2.12(a) for maintaining proper alignment of the two
objective lenses during long-time measurements. Overall, the drift of the Cryo-4Pi-SMLM
system is small. Post-processing algorithm for drift correction [30, 31] can be applied to
SMLM images to achieve the theoretical localization precision, while an active drift con-
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trol system can be a good add-on to the current setup.

2.4.3. Vibration

For characterizing the system’s vibration, a 1 micron diameter microsphere sample (F8823,
Thermofisher) was imaged to ensure adequate SNR. The sample dilution followed a sim-
ilar procedure to that of the 100 nm bead sample described previously. A 2 uL droplet of
the 1:10,000 dilution was placed on a clean 3.5 mm coverslip and left to air-dry for sev-
eral hours. The vibration measurements were conducted in three different conditions,
room temperature and ambient pressure (Room T), room temperature with high-vacuum
pressure of around 2-10~® mbar (Vacuum), and cryogenic temperature of 104 K with high-
vacuum pressure of around 2-10° mbar (Cryo T), as the drift measurements. The primary
purpose of the vibration test is to evaluate the performance of the microcooler. To elimi-
nate potential misalignment between the two objectives during the measurement, images
were collected only from OBJa. Additionally, the maximum vibration frequency captured
is limited to 50 Hz, as the camera’s maximum frame rate is 100 Hz. Vibration amplitude
from high frequencies above 50 Hz could not be retrieved due to insufficient sampling, in
accordance with the Nyquist-Shannon sampling theorem.

During imaging acquisition, an exposure time of 10 ms was set, capturing 15,000 frames
per condition (Room temperature, Vacuum and Cryo). Bead images were sub-pixel local-
ized and tracked using Picasso to extract high-frequency displacement signals over time,
analyzed similarly to the drift measurements. The Power Spectral Density (PSD) was cal-
culated from the displacement signals following the method in [32]. Logarithmic-scaled
PSD results for the lateral directions are shown in Figure 2.16 (a) and (b). Noise levels in
each case can be calculated from the corresponding PSD result. For both X and Y direc-
tions in the three different conditions, we select the quiet area between 40 to 50 Hz to
calculate the mean value p and the standard deviation o of the noise power. Noise thresh-
old is set to i + 2- 0. The noise amplitude is then calculated by taking the square root of
the integrated noise power across all frequencies. In the horizontal direction, noise ampli-
tudes across all conditions are similar: 0.21 nm for both Room T and Vacuum, and 0.14 nm
for Cryo T, with consistent vibration peaks around 4 Hz, 25 Hz, and 30 Hz. In the Vacuum
case, a small peak is observed around 15 Hz. Under cryogenic conditions, vibration am-
plitude near 4 Hz is slightly elevated, and additional vibration is observed around 11 Hz,
as detailed in Figure 2.16 (c). In the vertical direction, the noise amplitude is 0.21 nm for
both Room T and Vacuum cases, however, the noise amplitude increased to 0.41 nm un-
der Cryo T condition. While a common peak around 4 Hz is observed across conditions,
11 Hz and 30 Hz peaks are absent in the Room T and Vacuum cases, but an 11 Hz vibra-
tion peak emerges in the Cryo T condition, as highlighted in Figure 2.16 (d). Additionally,
a small vibration contribution at 6 Hz in the horizontal direction appears under cryogenic
conditions. The 11 Hz vibrations in both directions, as well as the 6 Hz vibration in the
horizontal direction, are likely attributed to the cooling process. The 4 Hz vibration peaks
in both directions are probably due to building resonance. Overall, the noise amplitude
remains sub-nanometer level across all conditions, ensuring that the system is reliable
for achieving sub-nanometer localization precision, which is essential for high-resolution
imaging in Cryo-4Pi-SMLM applications. The vibration results of the vacuum case are
comparable to that of the room T case, which indicates that the vacuum system is not in-
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troducing additional vibration. In contrast, under cryogenic conditions, the noise levels
in both the X and Y directions show a slight difference compared to the room temperature
conditions. Additional vibration peaks under cryogenic temperatures are observed, but
their contribution is insignificant.
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——Room T| ——Room T|

~ 0 —----Vacuum ~ --—-Vacuum

E -——CryoT ]r\:l -——CryoT

&~ ~

= E

£ E

Ioe) o

Z Z

NI o

2 2

w0 0

: : : : ; -100 : ‘ ‘ : ‘
10 20 30 40 50 0 10 20 30 40 50
Frequency (Hz) Frequency (Hz)
(c) Log-Scaled PSD in X Direction (d) Log-Scaled PSD in Y Direction
E ' r '

S|w[? (dB(nm7Hz))

Frequency (Hz) Frequency (Hz)

Figure 2.16: Power Spectral Density (PSD) analysis of the vibration signal in the horizon-
tal (X) and vertical (Y) directions under three conditions: room temperature and ambient
pressure (Room T), room temperature with high-vacuum pressure (Vacuum), and cryogenic
temperature of 104 K with high-vacuum pressure (Cryo T). (a) PSD in X direction. (b) PSD
in Y direction. (c) Zoom-in of horizontal vibrations (2—12 Hz) highlighted with dashed or-
ange box in (a). (d) Zoom-in of vertical vibrations (2-12 Hz) highlighted dashed orange box
in (b).

2.5. Summary

In this chapter, the design and construction of a Cryo-4Pi-SMLM system are discussed.
We expect that with these shared experiences and detailed drawings, the system is repro-
ducible. The mechanical characterization results of the setup are presented. The cooler
successfully enables 4Pi imaging at 104 K for several hours with a temperature fluctuation
of approximately 1 mK. The system exhibits excellent stability at room temperature, with
negligible drift. For extended imaging under cryogenic conditions, an active drift control
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system or post-drift correction algorithm is needed, as drift at cryogenic temperatures can
be significant. The system’s vibration is minimal during imaging, with the ion-getter pump
not contributing additional vibrations. Overall, we established that the system provides
a stable imaging platform, ensuring a solid foundation for achieving 3D high-resolution
SMLM results as intended.

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

[9]

G. Shtengel, J. A. Galbraith, C. G. Galbraith, J. Lippincott-Schwartz, J. M. Gillette,
S. Manley, R. Sougrat, C. M. Waterman, P. Kanchanawong, M. W. Davidson, et al., In-
terferometric fluorescent super-resolution microscopy resolves 3D cellular ultrastruc-
ture, Proceedings of the National Academy of Sciences 106 (2009), pp. 3125-3130.

D. Aquino, A. Schonle, C. Geisler, C. V. Middendorff, C. A. Wurm, Y. Okamura, T. Lang,
S. W. Hell, and A. Egner, Two-color nanoscopy of three-dimensional volumes by 4Pi
detection of stochastically switched fluorophores, Nature Methods 8 (2011), pp. 353—
359.

E Huang, G. Sirinakis, E. S. Allgeyer, L. K. Schroeder, W. C. Duim, E. B. Kromann,
T. Phan, E E. Rivera-Molina, J. R. Myers, 1. Irnov, et al., Ultra-high resolution 3D imag-
ing of whole cells, Cell 166 (2016), pp. 1028-1040.

J. Wang, E. S. Allgeyer, G. Sirinakis, Y. Zhang, K. Hu, M. D. Lessard, Y. Li, R. Diekmann,
M. A. Phillips, I. M. Dobbie, et al., Implementation of a 4Pi-SMS super-resolution mi-
croscope, Nature Protocols 16 (2021), pp. 677-727.

M. Bates, J. Keller-Findeisen, A. Przybylski, A. Hiiper, T. Stephan, P. Ilgen, A. R. Cere-
ceda Delgado, E. D’Este, A. Egner, S. Jakobs, et al., Optimal precision and accuracy
in 4Pi-STORM using dynamic spline PSF models, Nature Methods 19 (2022), pp. 603—
612.

T. A. Brown, A. N. Tkachuk, G. Shtengel, B. G. Kopek, D. E Bogenhagen, H. E Hess,
and D. A. Clayton, Superresolution fluorescence imaging of mitochondrial nucleoids
reveals their spatial range, limits, and membrane interaction, Molecular and Cellular
Biology 31 (2011), pp. 4994-5010.

W. Lij, S. C. Stein, 1. Gregor, and J. Enderlein, Ultra-stable and versatile widefield
cryo-fluorescence microscope for single-molecule localization with sub-nanometer ac-
curacy, Optics Express 23 (2015), pp. 3770-3783.

Y.-W. Chang, S. Chen, E. I. Tocheva, A. Treuner-Lange, S. Lobach, L. Segaard-
Andersen, and G. J. Jensen, Correlated cryogenic photoactivated localization mi-
croscopy and cryo-electron tomography, Nature Methods 11 (2014), pp. 737-739.

X. Xu, Y. Xue, B. Tian, E Feng, L. Gu, W. Li, W. Ji, and T. Xu, Ultra-stable
super-resolution fluorescence cryo-microscopy for correlative light and electron cryo-
microscopy, Science China Life Sciences 61 (2018), pp. 1312-1319.


http://dx.doi.org/https://doi.org/10.1073/pnas.0813131106
http://dx.doi.org/https://doi.org/10.1038/nmeth.1583
http://dx.doi.org/https://doi.org/10.1016/j.cell.2016.06.016
http://dx.doi.org/https://doi.org/10.1038/s41596-020-00428-7
http://dx.doi.org/https://doi.org/10.1038/s41592-022-01465-8
http://dx.doi.org/10.1128/MCB.05694-11
http://dx.doi.org/10.1128/MCB.05694-11
http://dx.doi.org/https://doi.org/10.1364/OE.23.003770
http://dx.doi.org/https://doi.org/10.1038/nmeth.2961
http://dx.doi.org/10.1007/s11427-018-9380-3

References 47

(10]

(11]

(12]

[13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

P. D. Dahlberg, S. Saurabh, A. M. Sartor, J. Wang, P. G. Mitchell, W. Chiu, L. Shapiro,
and W. Moerner, Cryogenic single-molecule fluorescence annotations for electron to-
mography reveal in situ organization of key proteins in caulobacter, Proceedings of
the National Academy of Sciences 117 (2020), pp. 13937-13944.

D. P Hoffman, G. Shtengel, C. S. Xu, K. R. Campbell, M. Freeman, L. Wang, D. E.
Milkie, H. A. Pasolli, N. Iyer, ]. A. Bogovic, et al., Correlative three-dimensional super-
resolution and block-face electron microscopy of whole vitreously frozen cells, Science
367 (2020), p. eaaz5357.

D. J. DeRosier, Where in the cell is my protein? Quarterly Reviews of Biophysics 54
(2021), p. €9.

D. Perez, D. P. Dowlatshahi, C. A. Azaldegui, T. B. Ansell, P. D. Dahlberg, and W. Mo-
erner, Exploring transient states of PAmKate to enable improved cryogenic single-
molecule imaging, Journal of the American Chemical Society 146 (2024), pp. 28707-
28716.

T. Furubayashi, K. Motohashi, K. Wakao, T. Matsuda, 1. Kii, T. Hosoya, N. Hayashi,
M. Sadaie, E Ishikawa, M. Matsushita, et al., Three-dimensional localization of an
individual fluorescent molecule with angstrom precision, Journal of the American
Chemical Society 139 (2017), pp. 8990-8994.

S. Weisenburger, B. Jing, A. Renn, and V. Sandoghdar, Cryogenic localization of single
molecules with angstrom precision, in Nanoimaging and Nanospectroscopy, Vol. 8815
(SPIE, 2013) pp. 18-26.

S. Weisenburger, B. Jing, D. Hianni, L. Reymond, B. Schuler, A. Renn, and V. San-
doghdar, Cryogenic colocalization microscopy for nanometer-distance measurements,
ChemPhysChem 15 (2014), pp. 763-770.

S. Weisenburger, D. Boening, B. Schomburg, K. Giller, S. Becker, C. Griesinger, and
V. Sandoghdar, Cryogenic optical localization provides 3D protein structure data with
angstrom resolution, Nature Methods 14 (2017), pp. 141-144.

C. N. Hulleman, R. J. Moerland, S. Stallinga, and B. Rieger, Polarized stimulated-
emission depletion and dark-state lifetime at vacuum and cryogenic temperature con-
ditions, Physical Review A 104 (2021), p. 063516.

D. Boning, E-E Wieser, and V. Sandoghdar, Polarization-encoded colocalization mi-
croscopy at cryogenic temperatures, ACS Photonics 8 (2020), pp. 194-201.

H. Mazal, E-E Wieser, and V. Sandoghdar, Deciphering a hexameric protein complex
with angstrom optical resolution, Elife 11 (2022), p. €76308.

W. Li, Single molecule cryo-fluorescence microscopy, Ph.D. thesis, Niedersidchsische
Staats-und Universitdtsbibliothek Gottingen (2016).


http://dx.doi.org/https://doi.org/10.1073/pnas.2001849117
http://dx.doi.org/https://doi.org/10.1073/pnas.2001849117
http://dx.doi.org/10.1126/science.aaz5357
http://dx.doi.org/10.1126/science.aaz5357
http://dx.doi.org/https://doi.org/10.1017/S003358352100007X
http://dx.doi.org/10.1021/jacs.4c05632
http://dx.doi.org/https://doi.org/10.1021/jacs.7b03899
http://dx.doi.org/https://doi.org/10.1021/jacs.7b03899
http://dx.doi.org/https://doi.org/10.1117/12.2025373
http://dx.doi.org/https://doi.org/10.1002/cphc.201301080
http://dx.doi.org/https://doi.org/10.1038/nmeth.4141
http://dx.doi.org/https://doi.org/10.1103/PhysRevA.104.063516
http://dx.doi.org/https://doi.org/10.1021/acsphotonics.0c01201
http://dx.doi.org/https://doi.org/10.7554/eLife.76308
http://dx.doi.org/http://dx.doi.org/10.53846/goediss-5968

48

References

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

X. Zhu, Q. Chen, H. Zhao, Q. Yang, Goudappagouda, M. Gelleri, S. Ritz, D. Ng,
K. Koynov, S. H. Parekh, et al., Intrinsic burst-blinking nanographenes for super-
resolution bioimaging, Journal of the American Chemical Society 146 (2024), pp.
5195-5203.

R. Kaufmann, C. Hagen, and K. Griinewald, Fluorescence cryo-microscopy: current
challenges and prospects, Current Opinion in Chemical Biology 20 (2014), pp. 86-91.

D. B. Boltje, J. P Hoogenboom, A. J. Jakobi, G. J. Jensen, C. T. Jonker, M. J. Kaag, A. J.
Koster, M. G. Last, C. de Agrela Pinto, J. M. Plitzko, et al., A cryogenic, coincident fluo-
rescence, electron, and ion beam microscope, Elife 11 (2022), p. e82891.

S. Liu and E Huang, Enhanced 4Pi single-molecule localization microscopy with co-
herent pupil based localization, Communications Biology 3 (2020), p. 220.

Y. Li, E. Buglakova, Y. Zhang, J. V. Thevathasan, J. Bewersdorf, and J. Ries, Accurate
4Pi single-molecule localization using an experimental PSF model, Optics Letters 45
(2020), pp. 3765-3768.

Y. Li, W. Shi, S. Liu, I. Cavka, Y.-L. Wu, U. Matti, D. Wu, S. Koehler, and J. Ries, Global
fitting for high-accuracy multi-channel single-molecule localization, Nature Commu-
nications 13 (2022), p. 3133.

J. Dubochet, M. Adrian, J.-J. Chang, J.-C. Homo, J. Lepault, A. W. McDowall, and
P. Schultz, Cryo-electron microscopy of vitrified specimens, Quarterly Reviews of Bio-
physics 21 (1988), pp. 129-228.

J. Schnitzbauer, M. T. Strauss, T. Schlichthaerle, E Schueder, and R. Jungmann, Super-
resolution microscopy with DNA-PAINT, Nature Protocols 12 (2017), pp. 1198-1228.

Y. Wang, J. Schnitzbauer, Z. Hu, X. Li, Y. Cheng, Z.-L. Huang, and B. Huang, Localiza-
tion events-based sample drift correction for localization microscopy with redundant
cross-correlation algorithm, Optics Express 22 (2014), pp. 15982-15991.

J. Cnossen, T. J. Cui, C. Joo, and C. Smith, Drift correction in localization microscopy
using entropy minimization, Optics Express 29 (2021), pp. 27961-27974.

M. P. Norton and D. G. Karczub, Fundamentals of Noise and Vibration Analysis for
Engineers (Cambridge university press, 2003).


http://dx.doi.org/10.1021/jacs.3c11152
http://dx.doi.org/https://doi.org/10.1016/j.cbpa.2014.05.007
http://dx.doi.org/10.7554/eLife.82891
http://dx.doi.org/https://doi.org/10.1038/s42003-020-0908-2
http://dx.doi.org/https://doi.org/10.1364/OL.397754
http://dx.doi.org/https://doi.org/10.1038/s41467-022-30719-4
http://dx.doi.org/https://doi.org/10.1038/s41467-022-30719-4
http://dx.doi.org/10.1017/s0033583500004297
http://dx.doi.org/10.1017/s0033583500004297
http://dx.doi.org/https://doi.org/10.1038/nprot.2017.024
http://dx.doi.org/10.1364/OE.22.015982
http://dx.doi.org/https://doi.org/10.1364/OE.426620
http://dx.doi.org/https://doi.org/10.1017/CBO9781139163927
http://dx.doi.org/https://doi.org/10.1017/CBO9781139163927

Theoretical Evaluation of
Cryo-4Pi-SMLM

4Pi single-molecule localization microscopy (4Pi-SMLM) enables isotropic three-dimensional
(3D) super-resolution fluorescence imaging with sub-10 nm localization precision. Extend-
ing 4Pi-SMLM to cryogenic temperatures (Cryo-4Pi-SMLM) offers several advantages, such
as improved photon yields for enhanced localization precision and preservation of sub-
cellular structures in their native state. Additionally, the immobilization of emitters at
cryogenic temperatures facilitates the simultaneous determination of molecular orienta-
tion and spatial localization. Furthermore, it enables correlative light and electron mi-
croscopy (CLEM) imaging, linking 3D (sub)cellular specific fluorescence via labeling to in-
tracellular ultrastructure imaging and high resolution structural biology via electron imag-
ing. Reported 4Pi-SMLM setups utilize high numerical aperture (NA) oil-immersion objec-
tives, but Cryo-4Pi-SMLM necessitates air objectives to minimize heat conduction between
the sample and the objective. In this study, we present a fully vectorial 4Pi point spread
function (PSF) model to assess the impact of optical aberrations and molecular orientation
on imaging performance. Through simulations of fixed emitters, we explore the feasibil-
ity of simultaneous orientation and localization estimation. Furthermore, we propose a
method to overcome the challenges of orientation determination associated with low-NA
air objectives, advancing Cryo-4Pi-SMLM as a versatile tool for high-precision cryogenic
imaging.

Qingru Li, Menglin Wu, Sjoerd Stallinga, and Bernd Rieger, in preparation
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3.1. Introduction

Conventional fluorescent light microscopy is diffraction-limited, restricting resolution to
approximately 200-300 nm laterally and 500-700 nm axially. Over the past few decades,
advancements in super-resolution techniques, such as single-molecule localization mi-
croscopy (SMLM) methods, including PALM, STORM and DNA-PAINT, have significantly
improved optical resolution, enabling nanoscale visualization and providing
unprecedented insights into biological structures [1]. 4Pi-SMLM employs dual-objective
coherent detection, enabling near-isotropic three-dimensional (3D) localization precision
of a few nanometers [2]. The axial localization precision improvement is made possible
by the intensity modulation of the interference pattern along the optical axis. Further-
more, the lateral localization precision benefits from a theoretical improvement of ap-
proximately v'2, as the 4Pi detection effectively doubles the photon collection. The imple-
mentation of 4Pi-SMLM has been successfully demonstrated by several research groups,
utilizing either three-channel interference images, as in iPALM[3], or four-channel inter-
ference images, such as 4Pi-SMS [4], W-4PiSMSN [5], and 4Pi-STORM [6]. These tech-
niques provide highly sensitive fluorophore axial position detection by simultaneously
recording interference images. In iPALM (3], lateral localization is achieved by fitting the
point spread function (PSF) modeled with the scalar diffraction based Airy distribution,
while axial localization is determined by extracting the interference phase through pho-
tometric comparisons among the distinct interference channels. A significant limitation
arises from the periodic nature of the interference pattern: molecules located at axial posi-
tions separated by multiples of half the wavelength of light produce identical interference
patterns. This leads to ambiguity in determining their precise axial positions, resulting
in localization error and ghost images, in samples thicker than approximately 250 nm [3].
This localization ambiguity can be resolved by incorporating both the modulated intensity
in each channel and the axial position-dependent shape of the 4Pi-PSF to accurately de-
termine a molecule’s axial position. For example, an astigmatic imaging [7] has been used
to avoid localization artifacts, by analyzing the PSF eccentricity in a hyperbolic mirrors-
modified system. This method extends the volume thickness to 700-1000 nm. Another
solution to overcome the axial position ambiguity is achieved with higher-moment-based
analysis of the intensity captured in four channels[4], where a PSF model based on two
coherent pupil functions [2, 4] is used. The aforementioned approaches ignore optical
aberrations introduced by the optical system or the sample, which limits the quality of 3D
image reconstruction and makes the observation of thick samples challenging. Combin-
ing the advantages of both astigmatic imaging and the higher-moment-based analysis, W-
4PiSMSN [5] employs electronically deformable mirrors in the interference cavity to both
introduce astigmatism and correct for aberrations introduced by the optical system and
the sample. This approach resolves the ambiguity in interference phase determination,
enabling imaging 3D structures at 10 to 20 nm resolution throughout a whole mammalian
cell with a thickness of approximately 10 um. However, introducing astigmatism to the
4Pi-PSF typically results in reduced lateral resolution and increased instrument complex-
ity. The aforementioned methods rely on intensity contrast between different interference
channels to determine the interference phase while neglecting the information provided
by the fringe pattern.

A more accurate spline-interpolated phase retrieved 4Pi-PSF model [8] was introduced
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to fit the 4Pi-SMLM data, allowing an analytic model of the astigmatic 4Pi-PSE which
could potentially achieve the theoretically optimum resolution. However, this model as-
sumes a fixed phase with respect to the 3D position, whereas in real experiments, the
phase can easily drift, as the optical path length difference (OPD) in the interference cav-
ity can be easily altered during measurement due to factors such as mechanical drift and
temperature fluctuations. A dynamic spline-fit experimental PSF model has successfully
been applied in 4Pi-SMLM [6]. By experimentally calibrating through-focus bead scan-
ning image stacks and dynamically measuring and correcting interference phases, this ap-
proach can achieve the theoretically optimum localization precision given by the Cramér-
Rao Lower Bound (CRLB). Another experimental 4Pi-PSF model, called IAB-based 4Pi-
PSF model [9], considers the phase as a free parameter decoupled from the emitter’s axial
position. IAB-based 4Pi-PSF demonstrated the ability to simultaneously estimate both
the PSF phase and the axial position of individual fluorescent emitters, with cubic splines
interpolation and a global fitting algorithm [9, 10]. In 4Pi-SMLM, through focus z-stack
bead-calibration data are commonly used to calibrate the phase shift due to OPD change
[3-5], to create an accurate 3D experimental PSF [6, 9, 10], and to calibrate optical aber-
rations [8]. Recently, uiPSF [10] enables the direct estimation of the aberrated in-situ 4Pi-
PSF from single-molecule blinking data by fitting the Zernike coefficients with a scalar or
vectorial PSF model.

The effects of optical aberrations on the 4Pi-PSF shape have been simulated in a high
numerical aperture (NA) 4Pi system [11]. Understanding the effects of aberrations on the
4Pi-PSF and accurately incorporating these aberrations in the 4Pi-PSF model cannot only
avoid localization bias but also open up possibilities for employing adaptive optics within
the 4Pi cavity to actively correct or introduce aberrations. The influence of excitation po-
larization on the focal intensity has also been demonstrated [11]. Emitter dipole orienta-
tion, however, has been ignored in analyses so far. Fluorescent molecules are often ap-
proximated as freely rotating dipoles, as fluorescent labels are typically flexibly linked to
the biomolecule of interest. However, this assumption fails when the fluorophore motion
is restricted, i.e. by freezing the sample. In such cases, ignoring the emitter orientation
can lead to substantial localization bias [12-15]. The simultaneous estimation of localiza-
tion and orientation from the PSF image offers the potential to image the organization of
molecular environments at the nanometric scale[16].

Incorporating a fully vectorial 4Pi-PSF model could mitigate 3D localization bias and
enable the determination of fixed emitter orientations. In a Cryo-4Pi-SMLM system, emit-
ters are completely immobilized under cryogenic conditions, making it essential to inves-
tigate the impact of dipole orientation on the shape of the 4Pi-PSF and its influence on
theoretical localization precision. Additionally, since Cryo-SMLM often employs air ob-
jectives with numerical apertures (NA) smaller than 1, the effects of aberration and dipole
orientation should also be well understood in the context of a low-NA 4Pi-SMLM system.
In this chapter, we present a vectorial 4Pi-PSF model that accounts for the effects of aber-
ration and dipole orientation. We evaluate the impact of aberrations and of dipole orien-
tation on the 4Pi-PSF shape and the CRLB of 3D position and molecular orientation for
both high-NA and low-NA systems. Simulation studies are conducted to demonstrate the
fitting of detected PSF images of single molecules in a 4Pi-SMLM system with the pro-
posed 4Pi-PSF model. Additionally, we propose a method for the simultaneous determi-
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nation of the emitter’s 3D position and dipole orientation, enhancing 3D localization and
orientation accuracy and precision.

3.2. Forward 4Pi-PSF Model

We utilize a multi-channel vectorial 4Pi-PSF model to evaluate the impact of aberration
and emitter orientation, extending the original vectorial PSF framework for single-objective
detection [13, 17-19] to a four-channel coherent detection with two objective lenses. Sim-
ilar to single-objective fluorescent microscopy, the expected photon count on the detector
in the 4Pi-SMLM system depends on: the signal photon count N, the background photons
per pixel b, the molecule’s position 7 = [xg, Jo, 20] and the dipole orientation. The emit-
ter’s axial position, zg, represents the absolute value of the relative axial distance between
the emitter and the common focal plane of the two objective lenses. The expected photon
count u, of the ¢-th pixel can be expressed as the integration of the PSF model over the
pixel area A, plus a constant background photon count:

e = Nf PSF(7 - fy) dxdy + b, 3.1)
A

where PSF(7) represents the normalized PSE or equivalently, the probability distribution
function (PDF) of the signal photons in the detection plane. Fluorescent molecules can
be well-approximated as dipole emitters. The orientation Q; = (¢4,04) of a dipole emit-
ter can be represented by a unit vector d= [sinf4cos¢,,sinb,sing,,cosb,], where 04
denotes the polar angle with respect to the propagation direction and ¢, represents the
azimuthal angle, as indicated in Figure 3.1. The degree of orientational constraint is given
by a single parameter g», ranging from g» = 0 for fully freely rotating dipoles to g, = 1 for
fully fixed dipoles [17, 19]. The dependence of the PSF on the orientational parameters Qg
and g» is kept implicit in the following.

Figure 3.1: Dipole Emitter. Image adapted from [19]

For a four-channel detection 4Pi system with polarization splitting[4—6], the PSF(7)
is divided into four components PSF;, (7). Here, [ = x, y denotes the in and out-of-plane
polarization component (corresponding to the p and s polarization at the non-polarizing
beam splitter), and n = 1,2 indicates the output arms of the non-polarizing beam splitter.
In each channel, PSF;,(7) is a weighted sum of the free dipole PSE PSFlfffe(?), and the
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orientation-dependent fixed dipole PSE PSF?r’fed(?), with the relative weight determined
by the degree of orientation constraint g [17]:

PSF1,(F) = (1 - g2) PSFI™®(7) + g, PSFIXd (7). 3.2)
This shows that g» = 1 represents a fixed dipole emitter, while g» = 0 corresponds to a
completely free-rotating dipole. The PSF of a fixed dipole emitter in the /n channel is
given by:
2

- -2
PSER® = B d| =| ¥ Ena®di| | (3.3)

h=x,y,z

where E;, (F) represents the electric field components in the /n channel. The average PSF
of a freely rotating dipole emitter can be expressed as:

PSFI™*(F) =~ Y |Epu(P)P. (3.4)

h=x,y,z

W =

The electric field components Ej,;, (7) can be expressed as integrals over the coherent sum
of the two objectives’ pupil planes, each multiplied by their corresponding propagation
phase factors:

1 - -
Eppp(F) = ;f[Hl“h(ﬁ) exp (—ik+(ﬁ)-?)+Hf’h(ﬁ) exp (—ik_(p) - F)exp (ickn)ld*p 3.5

= Fop{HE exp(—ik;z) + HD, expl(ik,2) exp (ici)},

where $»p, represents the 2D Fourier Transform (FT). The wavevectors in the medium for
the emission into the two arms are given by:

- . 2n
Fop) =7 [NApx,NApy,J_r\/nrzned —NAzpz] , 3.6)

where A is the emission wavelength, NA is the Numerical Aperture, 7n,,¢q is the refractive
index of the medium, and the normalized pupil coordinates are:

p=(px py) = (pcos¢, psing) (3.7

where p € [0,1],¢ € [0,27]. In the integration over the pupil plane, we used the shorthand

k; =1/ nrzne q= NA?p2. The ray paths that follow the wavevectors ks through the two ob-
jective lenses in the 4Pi cavity overlap after the non-polarizing beam splitter towards the
cameras, and are hence the proper wavevectors to describe the interference of the signals

on the cameras. The interference phase of the /n channel is given by:

Cxn = @o+(n-1m, (3.8)
Cyn = @o+@sp+(n—1m, 3.9)

where ¢ is a constant phase term indicating the phase difference between the two in-
terference arms, and ¢, = /2 is the phase difference between the s and p-polarized
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component of the output arms of the beam splitter. The vectorial pupil functions Hj and
H lbh in the two arms a and b of the interference cavity are expressed as:

HE (5) = A(p) exp (i W, () mY, (P), 3.10)

for u = a, b, where the W, represents the aberration function for the two objectives OBJa
and OBJb. An aplanatic amplitude correction factor is included:

v/ €c08(@imm)

_— (3.11)
Mimed COS(Omed)

Alp) =
where 6,4 and Oimm are the angles of incidence of the wavevectors in the medium of the
dipole emitter and in the space between the objective lens and the cover slip, respectively.
The polarization vectors m{, and mf’h are the polarization vectors in the two pupil planes
of the two objective lenses. When polarization modulation components are included in

the interference cavity they are

u
xh
u
yh

m
m

q g h
Ayn
for u = a, b, where the ql”h are the polarization vectors without polarization modulation,
and J, is the Jones-matrix of the polarization modulation.

For example, in some reported 4Pi-SMLM system [4-6], two quarter-wave plates (QWP)
are inserted in both arms of the interference cavity, with an angle @ between the fast axis
of the QWP and the x-polarization component. When the QWPs are oriented at an angle
a = 45°, the Jones matrix J,, for the polarization transformation in both arms is given by:

=Ju ) (3.12)

1
V2
This matrix describes the transformation of linear polarization into right and left-handed
circularly polarized light. In this way, these QWPs ensure an equal distribution of the s and
p-components across the four detection channels. In the following simulation and fitting
studies, the effects of these QWPs are considered. This 4Pi-PSF model is also applicable
to different polarization modulations achieved through phase plates or adaptive optics.
In these cases, the matrix J,, needs to be modified to account for the specific polarization
modulation.

The polarization vectors without polarization modulation are given by:

1 i

Ju= i1

(3.13)
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where ¢ is the azimuthal angle of the wavevector, and pﬁ and si are the components of
the p and s the emission polarization vectors, which are defined as:

P* = [c080meq COSP, COS0 g Sing, Fsinb peq|

3.15
§* = [-sin¢, cos¢,0] (8.15)

where the plus sign refers to the upper objective u = a and the minus sign to the lower
objective u = b. The sign flip of the z-component of the p polarization vectors results
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from a combination of two effects. First, it is needed to keep p. x 3. directed parallel to
the wavevectors ky. Second, there is an additional overall minus sign because the light
path through the lower objective has one more (or one less) reflecting surface compared
to the light path through the upper objective. This makes p x §; parallel to k. and Poxs_
anti-parallel to k_. The coefficients Ty and T; are the Fresnel coefficients for the two con-
tributing interfaces of medium-to-coverslip and coverslip-to-immersion medium, which
are given by:

4N med Neov €080 04 COS 0oy

b (Meov €080 med + Nimed €0SOcop) (Meoy COSOimm + Nimm €08Ocop)
(3.16)

4R medNeoy COSO e COSO oy

Ts =
(Mmed €080 med + Moy €OSOcop) (Meoy COSO oy Mimm €OSOimm)

To quantify the effect of aberrations and dipole orientation on the localization and
orientation precision, we compute the best achievable precision from the Cramér-Rao
lower bound (CRLB) [20, 21]. The CRLB for a parameter 0; is given by:

0(0;) = CRLBg, = /F;}. (3.17)
Here F;; is the Fisher information matrix, which is computed as :

F.:= Z 1 Opinp Ottinp
Y I=x,yn=12 p ulnp 681‘ 6®j ’

(3.18)

where the sum over p is the sum over all pixels in the acquired image. Here, only shot
noise, which follows Poisson statistics, is taken into account. The partial derivatives of
the imaging model y;,,, with respect to parameters are similar to [18, 19], but now slightly
more elaborate:

Otdinp OPSFfree QP SFiixed
——=N|a1- gy n_ 3.19
%0, (1-g)—55 "~ +& 50, (8.19)
dpsFiree 2 OF
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where the derivatives are evaluated at 7 = 7, — 7, with 7, the position of pixel p and 7, the
position of the emitter. The imaging model ;) is linear in the photon count N, back-
ground photons per pixel b, and the degree of orientational constraint g». Their corre-
sponding partial derivatives are given by:

a .
LU= (- g)PSEIT + gy PSEI e, (5.2
aulnp
- 1, 3.23
't (3.23)
alJlnp _ —PSFfree+PSFfixed. (3.24)
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The partial derivatives of the electric field components Ej,; with respect to the spatial
coordinates are given by:

OE

_a)’c"h = Fonl—ikc[Hf: exp(~ik.2) + HY, exp(ik.z) exp(ickn)l}, (3.25)
0

O0Enn _ ) a . b . .

ST Fapl-iky[Hfj exp(—ik;z) + H}), exp(ik,z) exp(ick,)]}, (3.26)
0

aElnh _ . a : : b 1 |
= Fopi-ik Hfj exp(—ik;2) + ik H;), exp(ik;z) exp(ick,)]}. 3.27)
0

The derivative with respect to the orientation Q is determined by the dipole vector d:

fixed
OPSF; ¢ ady,

ZCin 5}%{(}3 —) E d } (3.28)
30, hyh,:nyy'z mhge (Efuwdn)

where the derivatives of the dipole vector with respect to the azimuthal and polar angles
are:

ad o :

— = (-sinf4singg,sinf;cosgpy,0), (3.29)
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3.3. Impact of Aberrations

Aberrations introduced by the optical system or sample can degrade the image quality,
causing localization bias and increased uncertainty in SMLM [13]. In 4Pi-SMLM systems,
the impact of aberrations on the PSF is more complex than in conventional microscopy,
as emission is collected by two opposing objectives, each potentially introducing differ-
ent aberrations that are mixed in the imaging plane. While previous studies have explored
the effect of aberrations on the shape of the 4Pi-PSF with high-NA (NA = 1.35) objectives
[11], their influence on the theoretically optimum localization precision remains under-
explored. Additionally, the influence of aberrations for low-NA air objectives is not well
investigated. This section examines the effects of various aberrations on the PSF shape
and localization precision for both high-NA and low-NA objective collection cases, using
the aforementioned vectorial 4Pi-PSF model. The aberration functions at the pupil planes
of the two objective lenses W, (p) and W}, (g) are expressed as a linear sum of the root mean
square (RMS) normalized Zernike polynomials:

Wy (@) =) (AN ZMP), 3.31)

n,m

for u = a, b, where (A,)} are the corresponding Zernike coefficients of the two objective
lenses. The magnitude of the coefficients determines the wavefront error, while their sign
indicates the deformation direction.

In this section, we investigate the impact of aberrations, without considering the im-
pact of emitter dipole orientation. Therefore, we assume freely rotating emitters when
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investigating the aberrations’ impact. That is, only PSF/"° is considered, taking the de-
gree of orientational constraint g» = 0 in Eq. 3.2. In this study, we evaluate the effects of
primary spherical aberration, astigmatism, and coma, taking coefficients of 100 mA for
each objective lens. In this simulation, 4000 photons/localization for each objective lens,
and 48 background photons/pixel across all channels were used. This aberration level is
somewhat larger than the Marechal’s diffraction limit (72 mA).

3.3.1. Impact of Aberrations for High-NA Objectives

Oil-immersion objective lenses are commonly employed in the reported 4Pi-SMLM sys-
tems. In this study, we evaluate the impact of aberrations for high-NA objective detection,
specifically using objective lenses with an NA of 1.45. We consider two extreme scenarios:
one where the Zernike coefficients for both objectives are identical, and another where
they have equal magnitude but opposite signs.

(b)

Spherical Aberration

Aberration-free

Figure 3.2: Simulated four-channel 4Pi-PSF images collected by objective lenses with NA =
1.45 with (a) no aberration, (b) spherical aberration, (c) oblique astigmatism, (d) vertical
astigmatism, vertical coma, and horizontal coma with Zernike coefficient (Ap)})' = (Ag)7 =
100 mA. The intensity of the PSF images is normalized across all four channels. The green-
dashed line indicates the in-focus plane. Scale bar: 500 nm.

Figure 3.2 presents the simulation results of the four-channel 4Pi-PSF in the first sce-
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nario. Figure 3.2(a) shows the aberration-free PSF images for all four polarization chan-
nels. The first row displays the in-focus (xy) lateral views, where intensity variations arise
from the different interference phases (0, /2, m, 37/2). The second row provides axial (xz)
cross-sections of the PSF distributions for each channel. The green dashed line marks the
in-focus plane, corresponding to an axial position of z = 0. Figure 3.2(b-f) exhibits the
individual aberrations’ impact on the 4Pi-PSF shape. Their effects on the lateral view of
4Pi-PSF are similar to that of a single-objective PSE While spherical aberration and ver-
tical astigmatism typically introduce asymmetric shape change along the axial direction
in single-objective systems, the aberrated 4Pi-PSF exhibits a remarkable degree of axial
symmetry. This symmetry arises because the distortions from the upper and lower beam
paths are superimposed but occur in opposite directions.

(b)

Spherical Aberration

Aberration-free

Figure 3.3: Simulated four-channel 4Pi-PSF images collected by objective lenses with NA =
1.45 under various aberrations with Zernike coefficient (Ap) = —(Ag)7' = =100 mA. Scale
bar: 500 nm.

Figure 3.3 presents the simulation results for the scenario where the two arms of the
4Pi interference cavity exhibit opposite-sign aberrations, with Zernike coefficients set to
(Ap) = —(Ag)y = —100 mA for each aberration mode. For comparison, the aberration-
free 4Pi-PSF is included in Figure 3.3(a). Unlike the previous case, the lateral views of
the aberrated 4Pi-PSFs in Figure 3.3(b-f) deviate significantly from their single-objective
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counterparts, particularly for astigmatism- and coma-aberrated PSFs. For instance, the
coma-aberrated 4Pi-PSFs exhibit pronounced symmetry due to the counteracting effects
of shape changes in the lateral direction. In contrast, the axial cross-section views of
spherical aberration- and vertical astigmatism-aberrated 4Pi-PSFs resemble those of single-
objective systems, as the spot deformations from both objective lenses effectively align in
the same direction.

To evaluate the impact of various aberrations on the performance of a 4Pi-SMLM sys-
tem with high-NA objectives, the CRLB for 3D position localization precision was cal-
culated as a function of axial position and aberration mode. The calculations were per-
formed for a region of interest (ROI) with a size of 19x19 pixels and a pixel size of 65 nm,
for NA=1.45and A =520 nm.
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Figure 3.4: CRLB of the emitter 3D-position as a function of the z-position of the emitter and
different aberration modes with Zernike coefficient (Ap) = (Ag)7' = 100 mA, with NA =
1.45. 4000 signal photons were collected by each objective lens with b = 48 background pho-
tons/pixel across all four channels. Abbreviation: Aberration-free (free), OA (oblique astig-
matism), VA (vertical astigmatism), VC (vertical coma), HC (horizontal coma), SP (spheri-
cal aberration).
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Figure 3.5: CRLB of the emitter 3D-position as a function of the z-position of the emitter
and different aberration modes with Zernike coefficient (Ap)) = —(Ag)) = 100 mA, with
NA = 1.45.

Figure 3.4 indicates the CRLB results for cases where both objective lenses share iden-
tical Zernike coefficients of 100 mA with various aberration modes present, evaluated over
an axial range of £500 nm. The axial (z) precision is approximately twice as good as the
lateral (xy) precision. All CRLB curves are symmetric about the focal plane (z = 0), con-
sistent with the results in Figure 3.2. The localization precision gets worse away from the
common focal plane. While the impact of oblique and vertical astigmatism on lateral pre-
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cision is similar to the impact of spherical aberration, their effects on axial precision are
less pronounced. Horizontal coma degrades x-precision more than y-precision near the
focal plane, whereas vertical coma primarily affects y-precision, in agreement with ex-
pectations based on the anisotropic spot shapes. Interestingly, the theoretical lateral pre-
cision in the coma-aberrated case surpasses that of the aberration-free scenario when the
emitter is approximately 500 nm away from the focal plane. This improvement may stem
from the side lobes observed in Figure 3.2(f). The axial precision is minimally affected by
the presence of coma aberrations. Figure 3.5 shows the CRLB results for the case where
the two objective lenses both have wavefront errors of 100 mA, but opposite sign. As in
Figure 3.4, the axial precision consistently surpasses the lateral precision. However, unlike
the previous case, coma aberrations have the most substantial impact on 3D localization
precision. Spherical aberration and the two astigmatism modes introduce asymmetry in
the lateral precision above and below the focal plane, when compared to the aberration-
free case (black curves). The axial precision with spherical aberration remains largely un-
affected across axial positions, while astigmatism minimally impacts axial precision but
smooths the oscillations caused by interference fringes along the optical axis.

3.3.2. Impact of Aberrations for Low-NA Objectives

In our Cryo-4Pi-SMLM system, we utilize air objectives with NA = 0.7 for emission collec-
tion. To assess the impact of aberrations on the shape of the 4Pi-PSF and 3D localization
precision, we performed simulations using the same photon counts, background photons
per pixel, emission wavelength, and Zernike modes and coefficients as in the previous
section for comparison with the high-NA case. Figure 3.6 and Figure 3.7 show the numer-
ically calculated 4Pi-PSFs in the four polarization channels for various aberration modes,
with the two objective lenses having aberrations of the same magnitude but the same or
different sign, respectively. The lateral cross-sections of the aberrated 4Pi-PSFs are simi-
lar to those in the high-NA case but are approximately twice as large, as indicated by the
shorter scale bar. Overall, the spot deformations in the lateral plane are similar to those
in the high-NA case, but the fringe structure in the axial direction is more robust against
aberrations. This is to be expected in view of the much lower NA.
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(a) Aberration-free (b)

Spherical Aberration

Figure 3.6: Simulated four-channel 4Pi-PSF images collected by objective lenses with NA
= 0.7 under various aberrations with Zernike coefficient (Ap) = (Ag)' = 100 mA. The

intensity of the PSF images is normalized across all four channels. The green-dashed line
indicates the in-focus plane. Scale bar: 500 nm.
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(a) Aberration-free (b) Spherical Aberration

Figure 3.7: Simulated four-channel 4Pi-PSF images collected by objective lenses with NA =
0.7 under various aberrations with Zernike coefficient (Ap)) = —(Ag) = =100 mA. The
intensity of the PSF images is normalized across all four channels. The green-dashed line
indicates the in-focus plane. Scale bar: 500 nm.

To assess the impact of various aberrations on the performance of a low-NA (0.7) col-
lection 4Pi-SMLM system, we calculated the CRLB for 3D position localization precision
over an axial range of +500 nm with different aberration modes as well. The ROI has the
same size as the high-NA case (19x19 pixels) but with a pixel size of 108 nm. Considering
the potential photon counts increase under cryogenic temperatures [22], we modeled the
collection of 4000 signal photons per objective lens, along with 48 background photons
per pixel across all channels. Similar to the high-NA case, the axial localization precision,
as shown in Figure 3.8 and Figure 3.9, consistently outperforms the lateral precision. Now
the 3D precision remains nearly constant across different axial positions, and the axial
precision is largely unaffected by the presence of aberrations, regardless of whether the
two objective lenses experience the same or opposite-sign aberration. This is due to the
much lower NA, giving rise to a larger depth of focus, and hence less variation in localiza-
tion performance with z. In contrast, the lateral localization precision varies depending
on whether the objective lenses have the same or opposite deformation directions.

When both arms of the detection system experience aberrations in the same defor-
mation direction, the two astigmatism modes exert the greatest influence on lateral lo-
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calization precision, with an almost identical increase in uncertainty along the x and y
directions, as shown in Figure 3.8(a,b). Spherical aberration affects the x and y localiza-
tion similarly as well. In contrast, the two coma modes impact the x and y directions

oppositely, as seen in Figure 3.4.

Figure 3.8: CRLB of the emitter 3D-position as a function of the z-position of the emitter
and different aberration modes with Zernike coefficient (Ap)" = (Ag))' = 100 mA, with NA

=0.7.

When the two-arm detection system experiences aberrations of opposite sign, the
impact of different aberration modes on lateral localization precision, as shown in Fig-
ure 3.9(a,b), closely resembles the trends observed in the high-NA case (Figure 3.5). Hor-
izontal coma has the most significant effect on the x-direction precision, while vertical
coma primarily affects the y-direction precision. The two astigmatism modes and spheri-
cal aberration produce asymmetric localization precision curves about the in-focus plane.
However, this asymmetry is notably less pronounced compared to the high-NA case, con-
sistent with the observed effects on the aberrated 4Pi-PSFs.
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Figure 3.9: CRLB of the emitter 3D-position as a function of the z-position of the emitter
and different aberration modes with Zernike coefficient (Ap)' = —(Ag) W = =100 mA, with

NA=0.7.

3.4. Impact of Dipole Orientations

Exploring the influence of dipole orientations on the 4Pi-PSF shapes enhances the po-
tential of 4Pi-SMLM for investigating molecular-level structural and organizational prop-
erties of samples. In this simulation study, we assume completely fixed emitters, i.e.,
only PSF/ixed is considered, taking the degree of orientational constraint set to g, =1
in Eq. 3.2. The optical system is assumed to be aberration-free to eliminate any influence
of aberrations. The phase differences between the four polarization channels are (0, 7/2,
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7, 3m/2). Therefore, the electric fields captured by the four channels (in the absence of
polarization altering waveplates) can be described as:

Ean(P) = FonlAp) Im?, () exp(—ik.2) + m?, exp(ik.2)}
Eylh(?) = 92D{A(p)[m;}h(ﬁ) exp(—ik;z)+ imi’h exp(ik;z)}

R v _ A ‘ . (3.32)
Exon(F) = FoplA(p)my, (D) exp(—ik;2z) — my, exp(ik;2)}
Eyop(F) = 92D{A(p)[m;h(,5) exp(—ik;z) — imﬁih exp(ik;z)}
From Eq. 3.14 and Eq. 3.15, we know that:
b .
, fh= h=y,
miy, = m”’b 1 rorn=y (3.33)
-my, ith=z

which indicates that the in-plane components of the polarization vectors are identical
for both objectives, while the out-of-plane components along the optical axis are anti-
symmetric. In this simulation study, we assume circularly polarized excitation and set
N =4000, and b = 48, consistent with the previous study on the impact of aberrations. The
photon count collected by each objective lens, however, depends significantly on its NA
and the orientation of the molecule. Thus, we examine the dipole orientation’s influence
on the 4Pi-PSF and localization and orientation determination precision with high-NA
objective lenses and low-NA objective lenses separately.

3.4.1. Impact of Dipole Orientations for High-NA Objectives

High-NA objective lenses are often used in polarization microscopy to capture the radia-
tion emitted by the dipole, with high photon collection efficiency [16]. Figure 3.10 presents
the 4Pi-PSF of fixed dipole emitters collected by two identical objective lenses (NA = 1.45),
with different polar angles to the optical axis. The in-plane azimuthal angle ¢ relative to
the x axis was set to 45° for all simulated emitters. The in-focus lateral views displayed in
the first row correspond to an axial position of z = 0, indicated by the green dashed line in
the xz view.

The orientations of the dipoles determine the radiation field that can be captured,
resulting in distinct energy distributions across the four-channel paths. This leads to
markedly different PSF shapes from those of a freely rotating emitter. At z = 0, the x1
channel only captures the in-plane components of the electric field, while the x2 channel
captures the out-of-plane component, according to Eq. 3.32. The electrical fields cap-
tured by y1 and y2 are conjugate, producing two centrally symmetric PSF shapes in the
lateral view. When the emitter’s orientation is along the optical axis (6, = 0), the in-plane
dipole components vanish, i.e. dy, = 0. Consequently, only the polarization compo-
nent my, is captured, leading to zero intensity in the x1 channel in the focal plane. In
the other three polarization channels, a ring-shaped PSF with a central zero-intensity re-
gion appears in the lateral cross-section, as shown in Figure 3.10(a), resembling the PSF
of a single-objective system. As the polar angle increases, more of the in-plane electric
field is captured by the x1 channel, resulting in an increased intensity, which reaches its
maximum when the dipole is oriented in-plane at 8; = 90°. The lateral PSF views are
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tilted according to the azimuthal angle ¢;. The axial views of 4Pi-PSFs resemble those of
a single-objective lens, while the PSFs are modulated by the 4Pi geometry.

¢q = 45°, 0, =0° (b) ¢q = 45°, 03 = 10°

Figure 3.10: Simulated four-channel 4Pi-PSF images collected by objective lenses with NA =
1.45 of fixed emitters (g2 = 1) with polar angles of (a) 0 degree, (b) 10 degrees, (c) 45 degrees,
and (d) 90 degrees and an azimuthal angle of 45 degrees. Each set of images is normalized
based on the colorbar displayed alongside. Scale bar, 500 nm.

To evaluate the impact of various dipole orientations on the performance of a 4Pi-
SMLM system with high-NA objectives, the CRLB for 3D position localization precision
was calculated as a function of the axial position and the molecular orientation. The cal-
culations were performed for a ROI with a size of 19x19 pixels and pixel size of 65 nm,
for NA = 1.45 and A = 520 nm. Figure 3.11(a,b) illustrates the average estimation precision
over different molecular orientations within an axial range of | z| < 500 nm. The estimation
precision for all molecular parameters is optimal when the emitter is located at the focal
plane and decreases with increasing defocus, exhibiting symmetry about the focal plane.
The observed variations in axial and orientational precision with respect to the axial posi-
tion are attributed to the intensity difference across the four polarization channels arsing
from the 4Pi interference fringes.

For in-focus molecules, the localization precision increases when the dipole emitter’s
polar angle approaches 90°, as shown in Figure 3.11(c). This is attributed to the smaller
PSF width and higher photon collection efficiency. The localization precision shows a
minimal decrease as the polar angle decreases to 70°, which corresponds to the maximum
collection angle of the high-NA oil-immersion objective. The precision of polar angle es-
timation is always better than 2.5°, exhibiting minimal fluctuation with changes in the
emitter’s polar angle, as shown in Figure 3.11(d). However, the azimuthal angle becomes
nearly indeterminable when the polar angle approaches 0 degrees. In contrast, the posi-
tion localization and orientation determination precision remain unaffected by variations
of the azimuthal angle, as depicted in Figure 3.11(e,f).
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Figure 3.11: Simulation study of the impact of molecule orientation, and axial position on
the precision, with high-NA objective lens collection. (a) Average lateral and axial local-
ization precision, (b) orientation as a function of the axial position, averaged over all the
orientation on the unit sphere, (c,d) Precision as a function of the polar angle, averaged
over azimuthal angles, (e,f) Precision as a function of the azimuthal angle, averaged over
polar angles.

3.4.2. Impact of Dipole Orientations for Low-NA Objectives

In our Cryo-4Pi microscopy, air objectives with NA = 0.7 are used to collect photons from
the emitters. At cryogenic temperature, the emitters are completely fixed, therefore un-
derstanding the influence of molecular orientations can help avoid potential localization
bias.

We used the same simulation parameters as for the high-NA case, and the numerical
results of the four-polarization channel 4Pi-PSFs are illustrated in Figure 3.12. The lateral
views of the 4Pi-PSFs shapes are very similar to those shown in Figure 3.10, when the polar
angle is small. However, as the polar angle increases and the dipole is oriented closer to
the coverslip plane, the lateral views of the PSFs captured by the low-NA objective lenses
do not show an obvious tilt aligned with the azimuthal angle ¢ . In the axial views of the
4Pi-PSE more and brighter side lobes are presented, as expected, with similar symmetry
to the high-NA objective collection case. However, the rotation of the axial view with the
change of polar angle is less pronounced, due to the larger ratio between focal depth and
focal width for low-NA objective lenses.
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Figure 3.12: Simulated four-channel 4Pi-PSF images collected by objective lenses with NA
= 0.7 of fixed emitters (g2 = 1) with various polar angles. Scale bar, 500 nm.
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Figure 3.13: Simulation study of the impact of molecule orientation, and axial position on
the precision, with low-NA objective lens collection.

Figure 3.13 shows the CRLB results. The localization and orientation precision are not
significantly affected by the emitter’s axial position. However, the oscillations in precision
are larger due to the more pronounced axial fringe structure. The precision of lateral local-
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ization and orientation estimation decreases with the reduction of NA, as expected, due
to the increase in PSF width. The axial localization precision, however, remains similar
to the high-NA objective collection case, as the emission wavelength is the same. The 3D
localization exhibits little change when the polar angle decreases from 90° to 45°, but it
drops significantly when the polar angle further decreases to 1°.

The biggest difference to the high-NA case is that the precision of the azimuthal angle
estimation is extremely poor both when the emitter is oriented close to the image plane
(04 = 90°) and along the optical axis(8; = 0°). This implies that the orientation estima-
tion for in-plane oriented molecules poses a major challenge for the low-NA case. The
localization precision remains unchanged regardless of variation in the azimuthal angle,
similar to the high-NA case.

3.5. Fitting 4Pi-SMLM with Vectorial PSF Model

We employ Maximum Likelihood Estimation (MLE) using the exact vectorial 4Pi-PSF to
fit the 3D position and the orientation of the simulated emitters, as described in [19], but
now extended to the four-channel detection of the 4Pi system. In this simulation test, we
neglect the impact of aberrations, as they can be obtained from a bead calibration ex-
periment prior to the actual imaging and then can be taken into account in the fitting.
Additionally, their effect on localization precision is small, especially for low-NA objec-
tive lenses. Poisson noise is added to the expected photon counts across the ROI, while
Gaussian readout noise is ignored, mimicking experimental PSF images captured by sC-
MOS cameras. The ROI and pixel size, photon counts and background per pixel used in
this fitting simulation are consistent with those presented in the previous section when
calculating the CRLB results. We present the fitting results for both high-NA and low-NA
objective lenses when collecting emission from a fixed molecule via a four-channel 4Pi
setup.

Figure 3.14 presents three sets of images in the four polarization channels: ground
truth PSF images, noisy images, and the fitting results for three emitters with different po-
lar angles (a) 90°, (b) 45°, (c) 10°. Please note that the total number of emitted photons
is kept constant, not the total number of defected photons, implying that the effects of
photon collection efficiency due to NA and molecular orientation are incorporated into
the simulation. These emitters share the same azimuthal angle and a 3D position of
r1 = (0,0,200) nm. With the decrease of the polar angle, the PSF images appear noisier,
because the photon collection efficiency decreases with decreasing polar angle. Never-
theless, the PSF images can still be accurately retrieved even when the emitter is oriented
close to the optical axis (polar angle of 10 degrees). In contrast, Figure 3.15 demonstrates
that the decrease in the polar angle leads to a large fitting bias for low-NA (0.7) objective
lenses. This issue arises due to the smaller collection angle of low-NA objective lenses,
which results in substantially fewer photons being collected compared to high-NA objec-
tives, most specifically for (nearly) axially oriented molecules. Consequently, the fitting
will fail for emitters oriented too close to the optical axis for low-NA objectives, as shown
in Figure 3.15(c).
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Figure 3.14: MLE fitting results of 4-channel noisy PSF images with high-NA (1.45) objective
lenses. The first two columns of images under each set of parameters represent the PSF im-

ages without and with Poisson noise, while the third column the fitting results. Scale bar:
500 nm.
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Figure 3.15: MLE fitting results of 4-channel noisy PSF images with low-NA (0.7) objective
lenses. Scale bar: 500 nm.

This observation implies that the low-NA 4Pi system is generally unsuitable for accu-
rately and precisely estimating both the localization and the orientation parameters of
molecules oriented close to the z axis, as only a small fraction of the emitted field is col-
lected. While the electric field emitted from laterally oriented emitters is more effectively
captured, as indicated by the PSF shapes and the CRLB results in the previous section,
the estimation of the azimuthal angle becomes particularly challenging for low-NA objec-
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tive lenses when the emitter is oriented close to the image plane 8, = 90°. This challenge
arises due to the limited sensitivity of the PSF to azimuthal variations with relatively small
collection angles of low-NA objective lenses.

To further investigate the problematic orientation estimation for in-plane oriented
emitters, we conducted 1,000 fitting simulations for an emitter positioned at
r1 = (0,0,200) nm. The emitter’s polar angle was fixed at 8; = 90°, and the azimuthal
angle was set to ¢p; = 45°. All other parameters used in the simulation were the same as
those used in the CRLB calculations. We examined the fitting algorithm’s performance for
both high-NA and low-NA objective lenses. Figure 3.16 illustrates the fitting results for the
high-NA case. Figure 3.16 (a) depicts the 3D spread of localizations. Figure 3.16 (b) dis-
plays histograms of the probability distribution for the fitting deviation in x, y, and z. The
red lines indicate the mean values of the deviation of the fit from the ground truth, and
the o values, derived from the standard deviation of the probability distribution, quantify
the fitting precision. The calculated o values closely align with the CRLB predictions in all
three spatial dimensions, indicating excellent agreement between theoretical and simu-
lated results. The localization bias, as shown by the proximity of the mean values to zero,
is negligible.

To assess the angular estimation accuracy, we calculated the angular difference 6 be-
tween the true orientation vector d and estimated orientation d,. This angular difference
is defined as:

d = arccos IJ- Jel, (3.34)

and compounds the effects of the polar and azimuthal angle estimation. As it is quadratic
in the angular deviations between the fit and the ground truth (to lowest order), it is not a
separate measure for accuracy or precision, but rather an overall measure for the uncer-
tainty of the estimation.

The error distribution of the angular deviation § can be modeled following Chandler
et al. [23]. The polar and azimuthal angle errors follow a Gaussian distribution:

1
P(A®) = —EAGTF_IAQ) (3.35)

1
2ndet (F1) P (

with A® = [AGd,A(pd] T and where F~! is the 2x2 sub-matrix of the inverse Fisher matrix
pertaining to the orientational part of parameter space. Bringing this matrix to diagonal
form (with eigenvalues a and b as defined in ref. [23]), and integrating over rings of con-
stant angular deviation 6, it turns out to result in an error distribution:

(a2+b2)62)10((a2—b2)62)'

(3.36)

4a2b? 4a?b?

G©)= %exp(

where Iy(x) is the zeroth order modified Bessel function of the first kind. This distribution
is zero for 6 = 0, then rises to a maximum and subsequently decays slowly for larger 6.
This distribution gives rise to a mean angular deviation:

- 2 b?
6= naE(l— Z) (3.37)



3.5. Fitting 4Pi-SMLM with Vectorial PSF Model 71

where E(x) is the complete elliptic integral of the second kind. In simulation, the mean
angular deviation 5 was computed by averaging the angular differences over the 1,000
simulation cases. For the high-NA objective lens, the results demonstrate that the ori-
entation estimation uncertainty is approximately 3.6 degrees, as illustrated in Figure 3.16
(c). This level of precision confirms the capability of high-NA objective lenses to accu-
rately determine molecular orientations. The fitting results for the low-NA objective lenses
are shown in Figure 3.17. While the 3D localization precision remains consistent with the
CRLB predictions, the angular estimation exhibits a large uncertainty of 21.6 degrees. This
substantial angular deviation highlights the challenges faced by low-NA objective lenses
in accurately estimating molecular orientations of completely fixed dipole emitters.
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Figure 3.16: Parameter estimation precision in fitting simulation with NA=1.45. (a) Dis-
tribution of 3D localization deviations from the real parameters. (b) Gaussian fits to the
histogram of x, y, and z localization deviations. The red lines in the histograms indicate
the mean value of the deviations. o values represent the standard deviation of the fitting
distribution. (c) Histogram of the angles between the estimated orientation vector and the
real orientation vector.
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Figure 3.17: Parameter estimation precision in fitting simulation with NA=0.7, with emitter
oriented in-plane with an azimuthal angle of 45 degrees. (a) Distribution of 3D localiza-
tion deviations from the real parameters. Histogram of (b) localization deviations and (c)
orientation deviations.

3.6. Excitation Polarization Modulation for Cryo-4Pi-SMLM

In our Cryo-4Pi-SMLM, long-working distance air objective lenses with NA of 0.7 are used
for emission collection. For determination of molecular orientation, addressing the chal-
lenge of accurately and precisely estimating the azimuthal angle is crucial. A possible so-
lution is to employ modulation of the excitation polarization. Employing different linearly
polarized excitation beams leverages the fact that the absorption efficiency of fluorescent
molecules depends on the alignment between the dipole orientation and the excitation
polarization orientation [23, 24]. By analyzing the intensity variations of emission spots
for different excitation polarizations, the in-plane (azimuthal) orientation of the molecule
can be estimated. To ensure a unique and robust solution for the azimuthal angle, it is
necessary to use at least three distinct polarization orientations of the linear-polarized ex-
citation, as suggested by Thorsen et al.[25]. This strategy mitigates the challenges posed
by low-NA objectives and enhances the reliability of azimuthal angle determination.
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The purpose of this polarization modulation is to induce variations in the total signal
photon counts in the four polarization channels with respect to the azimuthal angle of the
dipole emitter. This relationship is expressed as:

N . 2N
Ny = E(l + o8Py —25m)) = 3 cos (Pa—<Em), (3.38)
where ¢, = (m—1)n/M denotes the polarization angle of the m-th linearly polarized nor-

mally incident excitation with respect to the x axis (m =1,..., M), M = 3. The total signal
photon count number in all excitation modulation channels is then:

M
Y Nm=N. (3.39)
m=1

The partial derivative of expected photon counts with respect to the azimuthal angle in
each imaging channel can be rewritten as:

Fﬁxed

Ouin 2N 2 S In . fixed

_— = - _ 2¢4—2 PSF . 3.40
30, - M cos” (g —Em) T sin(2¢pg —2¢& ) n (3.40)

The contrast in signal photon counts across different excitation polarization states pro-
vides additional information about the azimuthal angle. In this simulation study, we set
the polarization angles of the excitation to 0°, 60°, and 120° (M = 3).

Figure 3.18 presents the numerical results comparing the true PSE a noisy PSE and
the fitted PSF when the emitter is positioned and oriented within the focal plane, with an
azimuthal angle of 45°, excited by the three different linearly polarized excitation beams.
The total intensity captured across the four detection channels varies depending on the
excitation state. As expected, a larger intensity is observed when the difference between
the emitter’s azimuthal angle and the excitation polarization angle ¢, is smaller.
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Figure 3.18: 4Pi-PSF of an in-plane oriented dipole emitter excited by three normally inci-
dent excitation beams with varying polarization angle of (a) 0°, (b) 60°, and (c) 120°.
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Figure 3.19: Simulation study of the impact of axial position, and molecule orientation on
the precision, for objective lenses with NA = 0.7, using three different excitation polarization
states.

The CRLB calculation shown in Figure 3.19 was performed with the same parame-
ters as described in the last section for the low-NA objective lenses. Compared with Fig-
ure 3.13, the precision oflocalization and polar angle estimation exhibit almost no change.
The azimuthal angle precision, however, is significantly improved, decreasing from 10 de-
grees to 1 degree over an axial range of +500 nm. When the dipole is oriented with a polar
angle of less than 45 degrees, the azimuthal angle precision reaches less than 1 degree. Av-
eraging over all different polar angles, Figure 3.19(f) shows that the precision of azimuthal
angle estimation consistently remains around 1 degree. This suggests that accurate and
precise orientation estimation can be achieved with low-NA objective lenses when fixed
emitters are excited by excitation beams with modulated linear polarization. While the
oscillations in the precision for localization and orientation estimation with azimuthal
angle could be smoothed further by introducing additional excitation states (M > 3), this
improvement does not seem to be essential.

Figure 3.20 further demonstrates that the position localization results are not affected
by the excitation polarization modulation scheme. The mean angular deviation favorably
decreases to 2.5 degrees, which is comparable to the high-NA objective collection case,
providing confidence in using our Cyro-4Pi-SMLM setup for full 3D position and orienta-
tion estimation.
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Figure 3.20: Parameter estimation results for fitting simulation with NA=0.7, using three
linear-polarized excitation states. Simulated emitters are oriented in-plane with azimuthal
angle of 45 degrees. (a) Distribution of 3D localization deviations from the real parameters.
Histogram of (b) localization deviations and (c) orientation deviations.

3.7. Conclusion

In conclusion, we have derived a vectorial PSF model for 4Pi-PSF that is universal for emit-
ters with different degrees of orientational constraint, ranging from fully free to fully fixed,
for different types and levels of aberrations of the two objective lenses, and for modu-
lated excitation polarization. We used this model to evaluate the impact of aberrations
and dipole orientation on both 3D position and orientation estimation, considering both
high-NA and low-NA objective lenses. For low-NA objective lenses, aberrations and have
arelatively minor impact on the 4Pi PSF shape and localization precision. With circularly
polarized excitation, high-NA objectives can achieve simultaneous and accurate position
and orientation estimation for fixed emitters. For low-NA objective lenses, however, exci-
tation modulation, such as using three different linearly polarized beams for excitation, is
recommended to efficiently and accurately determine both 3D position and orientation.
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Figure 3.21: The distribution of polar angle and azimuthal angle estimation errors for 1000
fixed emitters under varying conditions. The mean of the errors represents the fitting bias,
while the standard deviation indicates the fitting precision. Results are shown for (a) high
NA (1.45) objective lenses with circularly-polarized excitation, (b) low NA (0.7) objective
lenses with circularly-polarized excitation, and (c) low NA (0.7) objective lenses with three
different linearly-polarized excitations.
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4.1. Introduction

Interferometric single molecule localization microscopy with dual objectives, known as
4Pi-SMLM,, including techniques such as iPALM[1], 4Pi-SMS [2], W-4PiSMSN [3], and 4Pi-
STORM [4], has revolutionized nanoscale imaging by achieving isotropic three-dimensional
(3D) localization precision at the sub 10 nm level. The 3D isotropic nanometer resolution
capability of 4Pi-SMLM offers quantitative biological insights into many different biolog-
ical systems. For instance, iPALM has been employed to uncover the nanoscale organi-
zation of proteins in focal adhesions [5, 6], to visualize mitochondrial nucleoids while
revealing their spatial extent, boundaries, and membrane interactions [7], and to inves-
tigate the organization of endosomal sorting complexes required for transport (ESCRT)
components at human immunodeficiency virus (HIV) assembly sites [8]. Similarly, W-
4PiSMSN has been used to resolve the nanoscale architecture of nucleoporins [9], to vi-
sualize and characterize the Salmonella type III secretion machine in live bacteria [10],
and to explore material science applications, such as revealing the kinetics of microgel
formation [11]. These examples illustrate the versatility and impact of 4Pi-SMLM across
diverse fields, highlighting its role as a powerful tool for advancing our understanding of
nanoscale structures and dynamics in complex systems. The technique of 4Pi-SMLM,
specifically iPALM has been successfully integrated with a Scanning Electron Microscope
(SEM) [12], and a Transmission Electron Microscope (TEM) [13], enabling correlative light
and electron microscopy at the nanometer scale. These advances have facilitated the pre-
cise statistical localization of specific proteins, bridging the gap between high-resolution
fluorescence imaging and the ultrastructural context provided by electron microscopy.

We propose implementing 4Pi-SMLM at cryogenic temperatures (Cryo-4Pi-SMLM),
which offers the potential for higher photon yield and prolonged fluorescence signal ac-
quisition [14] as well as potentially sample preparation directly compatible with succes-
sive correlative cryo EM imaging. Cryo-4Pi-SMLM has the potential to enable 3D super-
resolution imaging of sub-cellular structures in their native states. We have successfully
implemented 4Pi imaging at cryogenic temperatures and characterized the optical per-
formance of our Cryo-4Pi-SMLM system. In this chapter, we present a detailed account of
the sample preparation, imaging protocols, data analysis procedures, and optical charac-
terization results.

4.2, Sample Preparation

All samples presented here were prepared on coverslips with a diameter of 3.5 mm (CS-
3.5R, Warner instruments), which were cleaned by sonication in isopropyl alcohol. We
also have the possibility to prepare the samples on EM-grids for correlative imaging. A
100 nm yellow-green microsphere sample (F8803, Thermofisher) was used to calibrate
the optical performance. The bead sample was diluted from stock using Milli-Q (MQ) wa-
ter. A relatively dense concentration (1:10,000 vol/vol) was applied to search for the single
emitter interference and to optimize the modulation depth of the interference, while a
relatively sparse sample (1:100,000 vol/vol) was used for the aberration calibration and
for testing the localization performance. For all cases, a 2 uL droplet of the diluted beads
was deposited onto a cleaned 3.5 mm coverslip and air-dried for 2-3 hours. The dried
sample was then sandwiched with another clean 3.5 mm coverslip using glycerol (G5516,
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Sigma-Aldrich) with a refractive index of 1.47 to better match the refractive index of 1.52
of the coverslip. Excess liquid was carefully removed by blotting the edges of the cover-
slip with lens tissue (MC-50E, Thorlabs). Then, the coverslips were sealed in the sample
holder using a two-component silicone-based adhesive (Twinsil 22, Picodent). After that,
the sample was transferred to the sample holder and cooled to cryogenic temperatures as
shown in Figure 4.1.

glycerol 2C glue
\ - = - - - -

(XX X ) - \q.... - XXX = LXK X ) =» eceoce

1. Air-dried sample 2. Sandwiched 3. Sealed sample 4. Sealed sample 5. Sealed sample
on coverslip sample with atroom T and at room T and high atCryo T
glycerol room P vacuum P

Figure 4.1: Bead test sample preparation workflow: The air-dried sample on a coverslip is
placed in the coverslip holder and sandwiched with another coverslip using glycerol as the
index-matching medium. Two-component silicone glue (2D glue) seals the sample, which
is then transferred to the sample holder, described in Chapter 2, at room temperature. For
cryo-imaging, the sample is cooled to liquid nitrogen cryogenic temperatures (Cryo T).

4.3. Experimental Implementation and Evaluation

The optical setup of the experiment is described in Chapter 2. A 488 nm laser is used for
excitation, while two air objective lenses with a numerical aperture (NA) of 0.7 are em-
ployed for collecting the emission around 520 nm. Four-channel images are captured by
two synchronized cameras with a physical pixel size of 6.5 um. The effective magnification
of the imaging system is 37.5x.

Notably, the phase shift between the channels is not introduced by the phase com-
pensators discussed in Chapter 2, but rather by the two quarter-wave plates (QWPs) with
their fast axes oriented at approximately 8, = 23° and 6}, = 67°, respectively. Several mod-
ifications were applied to the 4Pi-PSF model presented in Chapter 3. Firstly, due to the
absence of the phase compensators, ¢, = 0. Secondly, the polarization modulation is
updated. The Jones matrix of a QWP at an angle 8, is given by:

cos@,) sin@,)

] _[cosB,) -sin@,)][1 O
u=ab =\ sin@,) cos@,) | |0 il||-sin®) cos®y,) wn
[ cos?(@,) +isin®*@,) sin(@,)cos@,)(1— i) '
~ |sin(@,) cos@,)(1—i) sin®(@,) +icos?(0,,)
By substituting 6, = 23° and 6}, = 67°, we obtain:
J, = 0.85+0.15i 0.36-0.36i
%7 10.36-0.36i 0.15+0.85i
4.2)

_[0.15+0.85i 0.36-0.36i
b=10.36-0.36i 0.85+0.15i
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In arm a or b, the QWP introduces a phase difference of 53.3° or —53.3° between the y and
x components, resulting in a total phase shift of 106.6° between the y and x channels. We
have fitted the four-channel PSFs obtained from the updated 4Pi-PSF model using cosine-
modulated Gaussian functions. The computed phase differences for channels y1, x2, and
y2 relative to channel x1 were found to be 107°, 180°, and 287°, respectively.
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Figure 4.2: CRLB of the 3D emitter position as a function of the z-position of the emitter,
neglecting the dipole orientation and optical aberrations.
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Figure 4.3: Simulation study of the impact of axial position, and molecule orientation on
the precision, using three different excitation polarization states, as described in Chapter 3.

The CRLB values for 3D localization precision with the current experimental setup,
considering the emitter as a free dipole, are shown in Figure 4.2. Figure 4.3 shows simula-
tion results of the impact of axial position and molecule orientation on the 3D localization
and orientation determination precision. In both simulation studies, the number of sig-
nal photons collected by each objective lens was 4000 with 48 background photons/pixel
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across all four channels. These simulation results suggest that the phase shift among the
detection channels in 4Pi-SMLM can be easily achieved with two QWPs, eliminating the
need for bulky, customized Soleil-Babinet compensators.

4.3.1. Aberration Estimation

Optical aberrations were measured using a low-concentration bead sample in order to
test for diffraction-limited imaging performance. Isolated fluorescent beads were brought
into focus and scanned through the focal plane of the objective lens, while a sequence of
four-channel images was recorded using the two synchronized cameras with an exposure
time of 500 ms. The scan covered a depth of + 3 um with a step size of 100 nm. Two mea-
surements were made, with the emission light path through objective lens a or b blocked,
so that the optical quality of imaging through the two objective lenses can be made inde-
pendently.
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Figure 4.4: Measured Zernike aberration coefficients of two individual objective lenses in the
four imaging channels. Coefficients A up to second order have been measured (n+|m| <
2(j+1) with j = 2). The error bars indicate the spread over the values measured for 38 beads
across the field Of view (FOV) of (80 ,um)z.

The Zernike coefficients were extracted using a previously established method [15],
the results are shown in Figure 4.4. Although the two objective lenses exhibit different
aberrations, and variations are observed across the four imaging channels, the overall
level of aberrations remains relatively small for both objectives. This indicates excellent
optical imaging performance. Based on the theoretical evaluation presented in the previ-
ous chapter, the aberrations in our 4Pi imaging system can be safely neglected in further
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analysis.

4.3.2, Axial Location of Self-Interference

The optical path lengths through the two objectives must be matched within the coher-
ence length in order to observe the desired self-interference. In view of the emission spec-
tral bandwidth of approximately 50 nm this coherence length is expected to be approxi-
mately 5 um, making this quite an experimental challenge. In our procedure to tackle this
challenge, a high-concentration bead sample was imaged while the assembly of the sam-
ple and both objective lenses was scanned in the axial direction as a whole, i.e. the axial
movement of the sample and both objective lenses were synchronized, while monitoring
the four-channel dual-objective images.
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Figure 4.5: Normalized intensity in the four imaging channels when translating the stage
assembly through the central interference position. (a) Observed self-interference from sin-
gle bead axial scan data. The detected signals oscillate between constructive and destruc-
tive interference around the central position in all four channels, with a near 7/2 relative
phase shift between the four channels. (b) Zoom-in view of the signals as the assembly was
scanned between 7.5 um and 7.75 um, corresponding to a single interference fringe. (c)

Corresponding bead images in the four channels within the selected scan range. Scalar bar:
1pum.

Figure 4.5(a) displays the normalized maximum intensity of the measured spot for a
single isolated bead in all four imaging channels, as the stage assembly scans through the
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central interference region over 15 um at a speed of 1 um/s, with a camera exposure time
of 50 ms. The initial and final intensity fluctuations likely result from excitation variations
caused by objective lens movements during illumination coupling. The sharp intensity
changes between 5 and 10 um indicate proximity to the optimal interference position.
The axial extent of the interference signal matches the expected coherence length of 5 um
well. The observed intensity ratios among the four channels are unequal, likely due to
the non-circularly polarized excitation, the influence of the QWPs, and imperfections in
the 50:50 beam splitters. Figure 4.5(b)presents a zoomed-in view of the signal oscillation
during synchronized stage movement from 7.5 um to 7.75 um, a range corresponding to
about half the emission wavelength of 520 nm, which is the expected fringe period for ax-
ial scanning of the sample and two objectives assembly. The corresponding four-channel
bead images are shown in Figure 4.5(c). When repeating the experiment, we have ob-
served that the axial position of optimum self-interference can shift with several tens of
micrometers between samples and across different days, indicating mechanical stability
of the setup of that order.

4.3.3. Experimental Cryo-4Pi-PSF

After locating the optimal self-interference position, the synchronized movement of the
sample and objective lenses was stopped at the optimal assembly position. A
low-concentration 100-nm bead sample was subsequently used for optical testing of the
4Pi-PSE Isolated fluorescent beads were positioned at the common focal plane, then the
sample stage was scanned + 1 pum along the z-axis with a step size of 10 nm while keeping
the objective lenses fixed. Four-channel images were acquired using the two synchronized
cameras with a 100 ms exposure time and a 40 ms delay between each two consecutive
frames.
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Figure 4.6: Experimental Cryo-4Pi-PSE (a) X Z cross-section of the Cryo-4Pi-PSF obtained
from a through-focus bead scan sequence across the four imaging channels. scale bar:
500 nm (b) Peak intensity profile of the experimental PSF measured along the z-axis, show-
ing signal oscillations between constructive and destructive interference.
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Figure 4.6(a) shows an example of the X Z cross-sectional view of the bead-scan mea-
sured Cryo-4Pi-PSE while the peak intensity profiles for all four channels are displayed in
Figure 4.6(b). By averaging over tens of bead-scan datasets and fitting each channel with
a cosine-modulated Gaussian function, the estimated phase shifts of y1, x2, and y2 rel-
ative to x1 were approximately 106°, 181°, and 291°, respectively, which closely matches
the theoretical values of the current setup setting (107°, 180°, and 287°, respectively). We
found that the mean period of the interference fringes is approximately 210 nm, smaller
than the fringe period observed in the assembly scan, which matched well with half the
emission wavelength ( 260 nm), corresponding to changes in path length in the parallel
beam spaces after the objective lenses. The expected interference fringe period should
be larger than 260 nm, considering the change of path length in the air within the focus
regions of the objective lenses with NA = 0.7. The obtained smaller interference fringe
spacing in experiments suggests the presence of axial drift or inaccurate axial positioning
while scanning the sample stage under cryogenic conditions. The modulation depth of
the self-interference fringes is near optimal at the interference peak, even though beads
with a diameter of 100 nm, about half the fringe period were used. The intensity ratios
among the channels were also obtained, with values of 0.9 +0.1, 1.2 +0.1, 0.8 +0.09, and
1.0+£0.08 for the x1, y1, x2, and y2 channels, respectively, averaged over 30 scanned beads.

4.4. 3D Localization Assessment Using Vectorial 4Pi-PSF Model

We have tested the 3D localization performance of the system by repeated localization of
stationary beads in consecutive frames and by 3D localization of beads for an axial scan
extending over multiple self-interference fringes.

4.4.1. Data Analysis Procedures
The acquired image data is analyzed using the steps of the following workflow:

1. Preprocessing: The acquired images were offset and gain corrected to convert analog-
to-digital units (ADUs) into photon counts (offset equal to 100, gain equal to 0.45 e/ADU).
The corrected images were then cropped to obtain multi-frame, four-channel datasets.

2. Coarse Channel Registration: To achieve initial alignment, all frames in each chan-
nel were summed, and the phase correlation of the channel images was calculated to ob-
tain the peak spatial shift relative to the reference channel (x1). This integer-pixel shift was
applied to all frames, ensuring coarse alignment across channels.

3. Segmentation of 4Pi-SMLM Data: Emitters were identified by detecting intensity
peaks through morphological processing [16] of the summed four-channel images, which
is an image stack analogous to conventional SMLM data without interference-induced
modulation. Extraction masks of size 19 x 19 pixels, centered at the emitter centroid, were
then applied to each channel to extract the corresponding four-channel ROIs.

4. Segmentation Outlier Removal: ROIs were excluded if they are too close to image
boundaries, contain multiple emitters within a single ROI, or exhibit low signal intensity.

5. Sub-Pixel Channel Registration: To correct for sub-pixel channel misalignments,
a refined registration was performed before 3D localization. For each ROI and frame,
the first Fourier coefficients in the x- and y-directions are computed, generating com-
plex phasors, whose angles represent the emitter’s displacement relative to the ROI center
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[17]. The relative phasor localizations of the four channels for each ROI were then aver-
aged over the set of recorded frames. As the relative positions of the beads in the four
channels should be independent of temporal drift, this averaging will boost the signal.
A 3x3 affine transformation matrix in homogeneous coordinates, [a, b, tx;c,d, ty;0,0,1],
was computed for each channel, enabling the determination of sub-pixel channel shifts
for each ROL. The affine transformation can compensate for relative translation (fx and
ty), rotation, scaling and shear (a, b, ¢, and d) of the four channels, but not for more
complex deformations.

6. Initial Parameter Estimation and Calibration of Intensity Ratios: The initial guess
for the x and y coordinates of the emitter within each ROI was determined using cen-
troid detection on the channel-summed images. The initial background level was esti-
mated as the median pixel intensity within each ROI. The initial emitter’s photon count
was then calculated by summing the pixel intensities within the ROI and subtracting the
background contribution. The intensity ratios across the four channels were calibrated by
averaging multiple through-focus bead-scan datasets, ensuring accurate representation
of channel-dependent intensity variations. The resulting numbers were reported in the
previous section.

7. 3D Localization: Each ROI is fitted with the vectorial 4Pi-PSF model described in
the previous chapter using Maximum Likelihood Estimation (MLE), yielding the lateral
and axial positions, signal photon count, and background level. The calibrated sub-pixel
channel shifts were incorporated by additional phase shifts in the respective pupil planes.
The periodic nature of the 4Pi-PSF along the axial direction results in multiple local max-
ima in the log-likelihood landscape during the axial position fitting. To prevent conver-
gence to local maxima and ensure thorough exploration of the parameter space, the fit-
ting algorithm was initialized with multiple z-offsets, uniformly distributed over the axial
fitting range. Iterations in the MLE process were stopped when the relative change in the
log-likelihood fell below 10~? or after 30 iterations.

8. Post-Processing: ROIs were rejected if convergence was not achieved, if the lateral
position deviates by more than three pixels from the ROI center, or if the axial precision
exceeded a tolerance threshold of 30 nm. Drift correction is applied to the final local-
izations using either redundant cross-correlation (RCC) [18] or the adaptive intersection
maximization (AIM) method [19].

4.4.2, Fit of Experimental 3D PSF with the Vectorial Model

Interestingly, we found that the current vectorial model matches the experimental PSF
model well when taking the refractive index of the sample to be 1.3 rather than 1.47, and
applying a 1.3 x scaling factor to the axial movement of the sample.
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Figure 4.7: The peak intensity profile comparison of the experimental 4Pi-PSF and the fitted
vectorial 4Pi-PSF for the four imaging channels.

The lower refractive index indicates that the sample may be embedded in a water-like
medium instead of glycerol, perhaps due to the sample preparation routine. Meanwhile,
the axial scaling factor suggests that the presence of significant axial shifts or positioning
errors during step-scanning of the sample stage. Figure 4.7 compares the X Z profiles of
the four channels when fitting the experimental 4Pi-PSE obtained from the bead scan data
shown in Figure 4.6, with the vectorial 4Pi-PSF model. The fitting algorithm was initial-
ized with zero z-offset and incorporated the experimentally calibrated channel intensity
ratio. The interference fringe period ( 210 nm) matches well across all four channels for
both the experimental PSF and the vectorial model after adjusting the medium’s refrac-
tive index and applying the axial calling factor. The discrepancy in intensity ratios among
the four channels is likely due to the model’s assumption of ideal coherence, i.e., the in-
tensity is found by squaring the summation of electric fields collected by both objective
lenses. This neglects the decay in coherence when moving away from the interference
peak, which would necessitate taking into account the incoherent sum of the intensities
of the components collected through the two objectives into the Cryo-4Pi-PSF model.

4.4.3. Cryo-4Pi 3D Localization Precision

We recorded in-focus four-channel 4Pi images of the same FOV from a sparse bead sample
in order to assess the localization precision when fitting experimental data from the Cryo-
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4Pi setup using our vectorial 4Pi-PSF model. The acquisition spanned 100 frames with
a 100 ms exposure time per frame and a 40 ms delay between consecutive frames. Due
to the short acquisition period, drift control and objective position feedback control were
not implemented in the experiment. The total FOV spans approximately 80 um?. The
data were analyzed using the aforementioned procedures. The localization algorithm was
initialized with three z-offset values, uniformly distributed across + 100 nm.
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Figure 4.8: 3D localization results averaged over 14 ROIs and 100 repeated acquisitions. The
3D localization distribution histograms were fitted with a 3D Gaussian distribution, with
the sigma values representing the localization precision.

Figure 4.8 shows the 3D localization histograms, averaged over 14 regions of interest
(ROIs), as well as the Gaussian fits of the histograms. The achieved localization preci-
sion values were 4.43 nm, 5.83 nm, and 1.87 nm in the x, y, and z directions, respectively.
On average, 8,707 photons were detected per fluorophore per frame, with 27 background
photons per pixel summed over all channels. Notably, the y-direction (22.5 nm/min) ex-
hibited much higher temporal drift than the x-direction (4.4 nm/min), as characterized
in Chapter 2. Although drift correction was applied, the localization precision along the
y-direction remained slightly worse than for the x-direction. We did not observe a worse
spot width in the y direction compared to the x direction, indicative, which rules out e.g.
astigmatism as a root cause for the difference in x and y localization performance. The
CRLB values, calculated from the model for parameter values found from the fit, repre-
sent the theoretically optimal localization precision and are approximately three times
smaller than the experimental results across all three dimensions. Several factors may
explain this discrepancy. One potential reason is a slight misalignment of the emission
beams collected from the two objective lenses at the beam splitter. This misalignment
could broaden the lateral size of the experimental PSF and reduce the interference mod-
ulation depth along the axial dimension. Additionally, suboptimal sub-pixel channel reg-
istration may contribute to the mismatch. Currently, the mean registration error is ap-
proximately 25 nm (0.15 pixels) in both the x and y directions, which hinders achieving
the CRLB localization precision as well. This residual channel registration error was esti-
mated from the individual phasor localizations. The rms difference between the phasor
localizations of the four channels, averaged over all beads and all 100 repeated acquisi-
tions was about 91 nm and 66 nm before affine channel registration and about 20 nm and
27 nm after channel registration, in x and y directions, respectively. The uncertainty in the
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phasor localizations over the 100 repeated acquisitions and all beads was around 10 nm,
which indicates that the residual registration error is not due to the statistical fluctuations
of repeated localization. The affine matrices found for the four channels are displayed in
Table 4.1 indicating insignificant scaling, shear, and rotation in both the x and y direc-
tions. The magnitude of the residual registration error suggests that affine registration is
insufficient due to more complex distortions across the FOV, and a less-rigid registration
method is needed to account for local deformations and sample variability.

x1 vl
0.9985 | -0.0009 | 0.5904 0.9984 | 0.0029 | -0.3212
0.0009 | 1.0018 | -0.6708 -0.0049 | 1.0017 | 0.8227
0.0000 | 0.0000 | 1.0000 0.0000 | 0.0000 | 1.0000
X2 y2
1.0002 | -0.0042 | 1.0125 1.0029 | 0.0022 | -1.2817
0.0060 | 1.0008 | -1.7207 -0.0020 | 0.9957 | 1.5689
0.0000 | 0.0000 | 1.0000 0.0000 | 0.0000 | 1.0000

Table 4.1: Affine transformation matrices found for the four imaging channels in homoge-
nous coordinates

4.4.4. Axial Localization Accuracy
We localized a series of through-focus bead scan data, as shown in Figure 4.6, to test the
axial localization accuracy. During data acquisition, the sample stage was moved along
the axial direction in 10 nm steps. Figure 4.9 (a) presents the fitting results for one repre-
sentative bead-scan dataset, with the stage scanning over an axial range of + 500 nm with
respect to the common focal plane, corresponding to about 5 interference fringes. The
fitting algorithm was initialized with 13 z-offsets, uniformly distributed across + 600 nm.
We observe that the fitted z-values fall on different linear curves, where the curves
have the expected slope equal to one and are separated in axis offset by the fringe peri-
odicity. Comparing the fitted z values with the stage scan positions (zss), we observe that
the fitter can track the axial position variations during the scan. However, quite a few lo-
calizations were incorrectly assigned to neighboring interference fringes. To better assess
localization accuracy within each fringe, we re-fitted the data using two linear scan func-
tions corresponding to the observed localization bands with z¢; and zg;,, which have axial
offsets of approximately -132 nm and -340 nm, respectively, relative to the common focal
plane. We found that approximately 80% and 20% corresponded to zg; and zgp, respec-
tively. The mean root mean square error (RMSE) of the fitted z-values with respect to the
two fitted linear functions is around 8 nm. Figure 4.9 (b) shows 13 different datasets. For
some datasets, the localizations were assigned to positions further than one fringe away
from the expected fringe. The fraction of data points assigned to different linear functions
within the z offset range from 630 nm to -630 nm for each ROI is shown in Figure 4.9 (c).
The overall mean RMSE was computed to be approximately 10 nm. These results demon-
strate that the fitting algorithm can effectively detect z-variations in the sample. However,
it struggles to accurately determine the emitter’s position when the range of z-positions
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exceeds half the period of an interference fringe. In such cases, the algorithm tends to
assign the bead position to the wrong interference fringe of the PSE This inaccurate axial
localization is likely caused by the bright side lobes of the low-NA 4Pi-PSF along the axial
dimension.
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Figure 4.9: Bead step scan and axial position fitting results. An isolated fluorescent bead
was scanned through the focal plane of the microscope ranging from -500 nm to +500 nm,

with a step size of 10 nm, to assess the localization accuracy. (a) Axial position fitting results
for a representative bead scan dataset, where zss denotes the sample stage position at each z
step. Some axial position fitting outliers are observed, where the emitter’s z-positions were
assigned to a neighboring fringe. To evaluate the axial localization accuracy, irrespective of
this axial ghosting artefact, we re-fitted the z-values using two linear scan functions, zg)

and zg5», accounting for the emitter’s apparent z-offset relative to the common focal plane.

The mean RMSE is calculated as the average of the differences between the fitted z-values
and the corresponding fitted scan functions, providing an overall measure of model accu-
racy. (b) Averaged mean RMSE over 13 datasets. For some data, such as those shown in black
and deep red, the emitter’s position was assigned further more than one fringe away from
the expected fringe, indicating a larger discrepancy in axial localization. (c) The percentage
of data points assigned to different linear functions within the z offset range of +630 nm to
-630 nm for each dataset. The colors of ROI index correspond to those used in (b).
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4.5. Conclusion and Outlook

In this work, we successfully demonstrated 4Pi imaging at cryogenic temperatures and
evaluated the optical performance of the system. We measured the optical aberrations
present in the system, and showed how to experimentally find the axial location of self-
interference. For the optimum interference setting we acquired full 3D four-channel Cryo-
4Pi PSFs. Furthermore, we successfully fitted the experimental data using our vectorial
4Pi-PSF model, showing around 5 nm localization precision in the lateral directions and a
precision approaching the single nanometer level in the axial direction. The localization
procedure was found to be accurate at the level of around 10 nm in the axial direction over
an axial range of about 1 um. There are three main issues with the current results. The first
issue is that the localization results did not align well with the CRLB values, with a mis-
match of about a factor of three. Improved experimental alignment of the two objective
lenses during acquisition and more advanced channel registration could help reach the
theoretically optimal localization precision. In addition, the vectorial PSF model could be
expanded so that the full coherence envelope is incorporated, with a transition from fully
coherent to fully incoherent when the axial coordinate is scanned. The impact of non-zero
bead size could possibly have an impact as well. The second issue is that the axial localiza-
tion is often in the wrong interference fringe. The above-mentioned improvements in the
vectorial PSF model and in correcting for misalignment errors may help improve on this
issue as well. A second resource for improvement could be the incorporation of cylindri-
cal lenses in the setup for mixed astigmatic/interference axial localization. Alternatively,
defocusing one or two imaging channels to implement bi-plane detection [20] could be
a more practical and less complicated approach to obtain additional axial information.
These methods are not expected to have a large impact on the axial localization precision,
but could prove helpful to eliminate the axial ghosting artefact. The third issue is that the
axial drift characterization of the sample has not yet been performed, which is crucial for
understanding and compensating for axial drift during long-term image acquisition.

Further experimental evaluation of the system could focus on imaging and localizing
single molecules on the surface of a cover slip or embedded in a 3D medium. This would
bring the system closer to the intended application and would also enable the study of 4Pi
localization of emitters with a fixed dipole orientation.
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Waveguide-based Total Internal
Reflection Fluorescence
Microscope Enabling Cellular
Imaging under Cryogenic
Conditions

Total internal reflection fluorescence (TIRF) microscopy is an important imaging tool for the
investigation of biological structures, especially the study on cellular events near the plasma
membrane. Imaging at cryogenic temperatures not only enables observing structures in a
near-native and fixed state but also suppresses irreversible photo-bleaching rates, result-
ing in increased photo-stability of fluorophores. Traditional TIRF microscopes produce an
evanescent field based on high numerical aperture immersion objective lenses with high
magnification, which results in a limited field of view and is incompatible with cryogenic
conditions. Here, we present a waveguide-based TIRF microscope, which is able to generate
a uniform evanescent field using high refractive index waveguides on photonic chips and to
obtain cellular observation at cryogenic temperatures. Our method provides an inexpensive
way to achieve total-internal-reflection fluorescence imaging under cryogenic conditions.

This chapter has been published as: Qingru Li, Christiaan N. Hulleman, Robert J. Moerland, Elil Mailvaganam,
Srividya Ganapathy, Daan Brinks, Sjoerd Stallinga, and Bernd Rieger, Waveguide-based total internal reflection
fluorescence microscope enabling cellular imaging under cryogenic conditions, Optics Express 29, 34097-34108
(2021).
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5.1. Introduction

5.1.1. TIRF Microscopy

Conventional fluorescence microscopes typically excite fluorophores with freely propa-
gating light. Total internal reflection fluorescence (TIRF) microscopy provides a way to
observe and study membrane-associated processes near the plasma membrane of cells or
structures’ interfaces that adhere to slides, with non-propagating waves, i.e. the evanes-
cent field [1]. When a light beam travels from a high-refractive-index material into a low-
refractive-index medium, and if the incidence angle is greater than the critical angle, then
total internal reflection (TIR) occurs and no light propagates into the low-refractive-index
medium. An evanescent field is generated during the TIR process between these two me-
dia. Instead of freely propagating, the evanescent field is exponentially decaying, there-
fore, only fluorophores in a layer up to 100-200 nm from the interface are effectively ex-
cited [2]. Evanescent fields for imaging are commonly produced by high numerical aper-
ture (NA) objective lenses in order to obtain supercritical angles and large-angle emission
collection [2]. As the excitation and emission light beams are transmitted by the same
objective lens, imaging results of objective-based TIRF microscopes can be influenced
by the performance of the objective lens as well as by the scattered light and by auto-
fluorescence. Another restriction of objective-based TIRF microscopes is the limited field
of view. Though approaches have been proposed, improving the field of view up to 200
x 200 pum [3, 4], the field of view is still limited by high NA objectives for emission collec-
tion [5]. Prism-based TIRF microscopy setups can be used to generate an evanescent field
and obtain imaging results with a higher signal-to-noise ratio, but the sample mounting
protocols and sample movements are limited by the bulky prism components [6-8].

An alternative way to create an evanescent field can be achieved by employing planar
waveguides. The concept of evanescent field generation with high-refractive-index con-
trast (HIC) planar waveguides was initially proposed by Lukosz and Tiefenthaler in 1983
[9] and developed as biosensors for biochemical and biological applications without [10-
12] and with [13-15] labeling techniques. Since the publication by Grandin et al. more
than 15 years ago [16], waveguide-based TIRF microscopy has received more attention
during recent years in the field of fluorescence microscopy. Waveguides with the fabri-
cation of ion-exchanged film [17], polymer materials [18, 19], glass [20], and photonic-
integrated-circuit chips [21-25] were reported for TIRF microscopy. Among them, waveg-
uide chips can achieve imaging with large field-of-view up to millimeter scale [5, 21] and
can support super resolution, including single molecule localization microscopy (SMLM)
[21-23], fluctuation-based super-resolution imaging [21, 25], and structured illumination
microscopy [24]. Although these techniques were reported to have capabilities of achiev-
ing fluorescence imaging with evanescent-field excitation, none of them have been demon-
strated to be compatible with cryogenic conditions.

5.1.2. TIRF on a Chip

Our work is based on a waveguide-based TIRF microscope which can work at both room
and cryogenic temperatures. Samples are mounted on around 1 cm? chips made of HIC
materials instead of glass-slides/coverslips. The chips used for the evanescent field gen-
eration are based on a Silicon (Si) substrate, with a buffer layer of Silicon Dioxide (SiO»),
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followed by a thin top layer made from Silicon Nitride (SisN,4), as shown in Figure 5.1.
The Si substrate and the SiO, layer have thicknesses of 1 mm and 2 um, respectively. The
SizNy layer, with a thickness of about 150 nm and a width of around 40-50 pym, functions
as a waveguide for the propagation of light. These three different materials have different
refractive indices (n). After the laser beam is coupled into one end-facet of the waveguide,
TIR at the low refractive-index boundaries made of SiO; results in an exponentially decay-
ing evanescent wave with around 100-150 nm penetration depth just above the waveguide
[22]. The evanescent field is used to illuminate specimens and in this way, only stained
structures very close to the waveguide are excited and emit light. However, the waveg-
uide allows multimode propagation, accordingly, laser beams traveling through it result
in branched patterns due to scattering arising from weak inhomogeneities in e.g. waveg-
uide thickness [26, 27]. The resulting branched light patterns in the waveguide are highly
dependent on the input laser beam position and polarization, as these determine the set
of transmission channels that are excited [26]. The evanescent fields used for fluorescence
excitation are therefore inhomogeneous. We employed a galvo mirror to quickly scan the
inputlaser beam over the facet of the waveguide, with a scanning rate much faster than the
exposure time, in order to average over the different transmission channels and achieve
uniform illumination.

n_Si,N,=2
n_Si0,= 1.45

Figure 5.1: The principle of evanescent field generation with a photonic-chip. The chip is
made out of HIC materials with different refractive index values n. The high-n Si3Ny layer
functions as the waveguide for light propagation. The evanescent field is created at the
surface of the waveguide and used for excitation in fluorescence imaging. The white dots
indicate the stained sample, and the red dots show parts of the sample that are illuminated
by an idealized single ray indicated with the red line.

5.1.3. Imaging at Cryogenic Temperatures

Our setup can image samples at ambient temperatures, but also at cryogenic tempera-
tures. Photo-bleaching is a common issue in fluorescence microscopy at room tempera-
tures, resulting in a limited imaging time and photon yield. At cryogenic temperatures, the
photo-bleaching reaction rate is reduced because of the increased photochemical stability
of fluorophores [28-30]. The number of photons emitted by a single molecule determines
for a large part the localization precision in SMLM [31]. The photon yield of fluorophores
can be one to two orders of magnitude higher at low temperatures [30, 31], and several
SMLM methods have been reported to achieve sub-nanometer localization precision un-
der cryogenic conditions [32-34]. TIRF microscopy is used in many SMLM imaging set-
tings to reduce background influence but also for dynamic imaging, playing an important
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role in the study of events near cell plasma membranes. So far, TIRF microscopy is not
well matched to cryogenic conditions due to the lack of high-NA cryogenic objectives.
New design with high-NA super-hemispherical solid immersion lenses (superSILs) have
been used to overcome the NA limit [35] and open up possibilities for TIRF imaging at
cryogenic conditions, but this requires delicate and difficult sample preparation with the
reported 1 mm diameter superSILs as sample holders. The waveguide-based cryogenic
TIRF microscope reported in this paper may open ways to advance cellular membrane
imaging.

5.2. Material and Method

5.2.1. Sample Preparation

Fluorophores (ATTO 647N, ATTO-TEC) were used to investigate the homogeneity of illu-
mination generated on the waveguide as well as the fluorophore behavior at both room
and cryogenic temperatures. In these two cases, the organic dye was diluted with Milli-Q
water to a concentration of 107% and 10™7 mol/L, respectively, then spin-coated at 3000
rpm for 4 min after pipetting the solution onto cleaned chips. To assess the drift perfor-
mance of the microscope, deep red fluorescent beads (PS-Speck Microscope Point Source
Kit, ThermoFisher) with a diameter of 175 nm were employed. The bead solution was
obtained by diluting the stock concentrations with Milli-Q water in a ratio of 1:10. In
order to observe individual beads, a thin layer of sparsely distributed beads on the chip
was generated after spin-coating at 3000 rpm for 4 min. For realizing cellular imaging,
fixed and stained HEK293T cells were plated on waveguides. The chips were coated with
fibronectin (FC010, Merck) prior to plating to facilitate cell attachment. HEK293T cells
were grown on the chips to 70-80% confluence in Dulbecco’s modified Eagle’s medium 10
(DMEMI10, Fisherscientific) at 37 °C, 5% CO;. The cells were stained with CellMask Deep
Red Plasma membrane Stain (C10046, Invitrogen) for 10 minutes at 37 °C, then fixed in
4% paraformaldehyde for another 10 minutes at 37 °C. The chips were finally rinsed thrice
with PBS prior to imaging.

5.2.2. Experimental Setup

The concept of our waveguide-based cryogenic TIRF (cryo-TIRF) microscope setup is il-
lustrated in Figure 5.2. This custom-made setup employs a 658-nm red laser (LDM658.130.
CWA.L, Omicron) as the source, noting that all power values mentioned in this report refer
to the nominal values. The excitation beam is passed through filter 1 (ZET405/488/561/640m-
TRE Chroma), as shown in Figure 5.2(a). A galvo mirror (GVS001, Thorlabs) driven by a si-
nusoidal signal is used to scan the input laser beam, enabling translation of the incidence
position on the interface of the waveguide. The laser beam is focused onto the end-facet
of the waveguide and coupled into it via a 10x/0.3 NA objective lens 1 (Plan Fluor, Nikon).
As the galvo mirror requires 0.8 Volt to achieve a tilt angle of 1 degree and the width of the
waveguide is around 40-50 um, voltages of 50-100 mV are required to scan the incident
light over the width of the waveguide at a scanning frequency of 100 Hz. The light propa-
gating in the waveguide can produce an evanescent field to excite the samples on the chip.
The emission from fluorophores is collected by a 50x/0.8 NA objective lens 2 (TU Plan
Fluor EPI, Nikon). Filter 2 (ET705/72 m, Chroma) suppresses the excitation laser reflection
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and non-fluorescent background, blocking the signal other than the desired emission sig-
nal. After being focused by a tube lens (ITL200, Thorlabs), the light signal is captured by an
sCMOS camera (Zyla 4.2, Andor) with a pixel size of 6.5 um, resulting in a back-projected
pixel size of 130 nm. Two objective lenses and the chip are placed in a vacuum tank as
shown in Figure 5.2(b), which is pumped to a pressure of less than 5-10~% mbar during
imaging. The chip is stuck to a copper holder with a thin layer of Apiezon N, then fits to
a copper finger (with iron inlaid in the center) using a small magnet through the vacuum
window, as shown in Supplement 1, Fig. S1. The copper finger is connected to the cooling
tank and the sample xyz stage, enabling cooling down and three-dimension adjustment
of specimens. The chip is cooled down to 97 K (-176 °C) with around 3 liters of liquid ni-
trogen and can provide about 2.5 hours for measurement under cryogenic conditions. All
recorded camera pixel values A in Analog-Digital Units (ADUs) were converted to inten-
sities in photon count units I by calibration of the gain G and offset O, [36, 37]. The
intensity measured in photon counts was subsequently calculated by using the equation
I=G(A- Ozero)-

Mirror 2

Mirror 1

Vacuum Valve

mmmm Filter 1

Figure 5.2: Schematic diagram of our waveguide-based cryo-TIRF setup. (a) Diagram of
the light path. A 658-nm laser diode provides excitation, and a galvo mirror enables input
laser shift over the width of waveguides. Objective lens 1 focuses laser beams onto the end-
facet of the waveguide. The emission is captured via the combination of objective lens 2
and the tube lens, and recorded by the camera. (b) Three-dimensional sketch shows optical
components from Lens 1 to the camera, following the light path. Two objective lenses and
the sample are placed into a vacuum tank such that the sample can be imaged at cryogenic
temperatures, while the corresponding adjusters are not included in the vacuum area. The
sample is cooled down using liquid nitrogen when performing imaging under cryogenic
temperatures. The cryogenic area is indicated by the blue dashed box.
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5.3. Results and Discussion
5.3.1. Uniform Illumination Achieved by Mode Averaging

In order to create the evanescent field for uniform illumination, a galvo mirror was used
in the cryo-TIRF setup to scan the laser beam at rapid speed. For better illustration of
this process, ATTO 647N dye with a dense concentration of 1 uM was used to visualize the
illumination patterns on waveguides at room temperatures.

(b) 12 Autocorrelation function

—Autocorrelation

1.15 —Exponential fit

X' (um)
Scanning rate: 100 Hz (d)1
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Figure 5.3: Camera images of (averaged) illumination patterns for excitation with different
scanning rates. (a) Illumination pattern with a low scanning frequency of 100 mHz. (b)
Normalized autocorrelation plot and the corresponding exponential fit of the multimode
patterns shown in (a) and Visualization 1. (c) Mode-averaged uniform illumination pattern
resulting from 100 Hz scanning speed. The values (0.24, 0.26, and 0.28) beside the vertical
lines indicate modulation depths along the corresponding profile lines. (d) The normalized
intensities of captured values along three profile lines, with corresponding colors indicated
in (¢). Measured values outside the waveguide and near boundaries were ignored when
calculating the modulation depth.

Figure 5.3 shows camera images of spin-coated ATTO 647N dye for different scanning
rates of the input laser beam. The nominal power of the input laser was set to be 10 mW,
to avoid severe photo-bleaching. The camera exposure time was 0.1 s with a framerate
of 10 frames-per-second (fps) during imaging acquisition, and 100 frames were captured.
When the incident laser was scanned at a low frequency of 100 mHz (Figure 5.3(a) and
Visualization 1), we observed random branched patterns of light, changing with the exci-
tation during the scanning procedure. This wave phenomenon is known as branched flow,
and results from weak scattering by e.g. non-uniformities in the waveguide thickness or
slightly diffuse or non-sharp edges of the waveguide [26, 27]. Based on the 100 frames
with branched multimode patterns, we calculated the normalized autocorrelation func-
tion (C(x") = I(x)I(x— x"))/ (I)2 along the direction parallel to the waveguide, and subse-
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quently averaged the normalized autocorrelation over each horizontal position and frame.
The averaged autocorrelation function C(x') shown in Figure 5.3(b) is fitted well with an
exponentially decaying function, in agreement with expectations. The fit points to a corre-
lation length (=19 um, which thus characterizes the length scale of non-uniformity of the
waveguide. The spatially correlated non-uniform illumination patterns may have an im-
pact on the reconstruction results of fluctuation-based super-resolution imaging methods
[25].

Homogeneity of illumination for SMLM is significant, as un-uniform illumination
causes un-even switching rates, resulting low imaging quality. For our experiments, uni-
form illumination is desirable and was obtained with high-frequency scanning input laser.
When the scanning frequency was increased to 100 Hz, 10 full-waveguide scans were
achieved in one camera exposure. The resulting averaged light field in the waveguide be-
comes more uniform as shown in Figure 5.3(c) and Visualization 2 as a result of mode
averaging. The boundaries of the waveguide are visible in both Figure 5.3(a) and (c) where
the dark part is outside the waveguide. Regions with high brightness come from a more
dense fluorophore distribution, which may be a result of imperfect procedures during
chip cleaning and/or sample spin-coating. In order to evaluate the homogeneity of the
more uniform excitation obtained with a higher scanning rate of 100 Hz, we evaluated
the modulation depth, also known as modulation index. We computed the modulation
depth from (Amax — Amin) !/ (Amax + Amin) , Where Ay qx and Ay, are the maximum and
minimum amplitudes of the signal. Modulation depth with a smaller value means less
intensity variation, indicating a more uniform light field distribution. Several values of
modulation depths were calculated along different profile lines, indicated with different
colors in Figure 5.3(c). The corresponding line profiles are shown in Figure 5.3(d). The
edge artifacts were neglected and only data enclosed in black boxes were used when cal-
culating the values of modulation depth. We find values 0.24 + 0.05, 0.26 + 0.05, and 0.28
+ 0.03 for the three line profiles. These values are comparable to the reported modulation
depth value of 0.25 from Ref. [22].

Further improvements on generating uniform illumination could be achieved by us-
ing an incoherent light source. LEDs with low temporal and spatial coherence could be
used to enhance the homogeneity of evanescent field, but the coupling of light into a nar-
row waveguide with a width of ~50 ym and a thickness of ~150 nm may be ineffective.
Superluminescent diodes with wide spectrum could replace the laser diode in our setup,
expecting to achieve more uniform illumination field by mode averaging. Combining the
existed laser diode with a rotating diffuser can also be helpful in reducing laser coherence,
but fiber optics are required for avoiding scattering problem. Moving parts and additional
optics can decrease the stability and sensitivity of the system.

Investigation of Fluorophore Behavior under Cryogenic Conditions

The images shown in Figure 5.3 were acquired under room temperature conditions in a
vacuum, such that we could exclude potential thermal drift of the setup under cryogenic
conditions. For our cryo-TIRF microscope, the main focus is the improvement of fluo-
rophore behavior at cryogenic temperatures. We used spin-coated ATTO 647N with a
concentration of 0.1 uM to study the fluorophore behavior at both room and cryogenic
temperatures. In both cases, the input laser power was 130 mW and the scanning rate was
100 Hz. At room temperatures, 1535 in-focus frames were captured with 0.2 s exposure
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time at 1 fps. The first 60 frames were discarded to get rid of the disturbance from the
operator and/or setup instability when starting the measurement. The time-course of the
normalized fluorescence intensity is shown in Figure 5.4 (a). After measurement with high
excitation power at room temperatures, the same sample was cooled to 97 K. The cool-
ing procedure for our cryostat takes about 1.5 hours, offering about 2.5 hours for imaging
at cryogenic conditions. At cryogenic temperatures, the sample went out-of-focus after
several minutes due to drift, therefore we monitored the signal and manually refocused
during the data acquisition. The camera exposure time was increased to 0.8 s for an in-
crease of measured values A in ADU, since a significant part of the fluorescent molecules
were bleached after imaging at room temperatures. In total 1490 frames at 1 fps were used
to estimate photon counts. The normalized fluorescence intensity shown in Figure 5.4 (b)
displays the result of photon counting under cryogenic temperatures.
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Figure 5.4: Photo-bleaching curves of ATTO 647N at room (a) and cryogenic temperatures
(b). Photon counts decay bi-exponentially. The fitted curves are indicated by F(t). The high-
lighted t1 values represent the bleaching times obtained from the fits. (c) The waveguide in
grey centrally located on the square chip was coupled with input laser (presented by red big
arrow) in both cases.

The corresponding fitted photo-bleaching curves of the different temperatures are
also shown in Figure 5.4. The photon count of ATTO 647N decays bi-exponentially indi-
cating that there are two different pathways of photo-bleaching [38]. A single exponential
fit did not represent the acquired data well. According to the bi-exponential fit, at room
temperatures, the main bleaching time is 2.5 - 10° s, with a precision of fit obtained from
computing the estimated variance-covariance matrix of the fitted coefficients of 0.3%. At
cryogenic temperatures, the bleaching time is 1.4- 10% s, with a precision of fit of 2%, about
5.5 times longer than that at room temperatures. The recorded data at cryogenic tem-
peratures show more fluctuation around the mean decay curve compared to the room
temperatures curve. The root mean square error (RMSE) between the data and the fit is
calculated to be 0.014. There are several possible reasons for this, one may be the man-
ual focus adjustments during experiments, another could come from drift of the setup.
The temperature difference between the inside and outside of the cryostat is large (~200
K), the heat leaks from the outside towards the cold cryostat are significant when imaging
at cryogenic conditions. The interaction between the cryostat towards the sample holder
and ambient air could cause these disturbances. As both objective lenses are placed inside
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the vacuum tank but outside the cryogenic area, they are also subject to thermal gradients
and thus influence the stability of the acquisition. The movement of objective lens 1 has
an impact on the in-coupling efficiency of the laser beam, leading to varying excitation
intensity during the measurement. The drift of objective lens 2 can cause focus problems
during imaging and introduce defocus.

(3)1 Room Temperature (b) Cryogenic Temperature (C)
'E F(t)=0.96-exp(-t/t,)+0.04-exp(-t/t,) E
5095 % S 0.95
% t=1.7-10*s  £,=3.5-102s =
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§ 0.9 é 0.9 F(t)=0.97-exp(-t/t,)+0.03-exp(-t/t,)
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Figure 5.5: Photo-bleaching curves of ATTO 647N excited by non-evanescent fields at room
(a) and cryogenic temperatures (b). Photon counts decrease bi-exponentially as shown in
Figure 5.4. The fitted curves are indicated by F(t). The highlighted t1 values indicate the
bleaching times obtained from the fits. (c) The red big arrow indicates that the laser beam
used for excitation went across the chip surface, instead of being in-coupled into the waveg-
uide.

We have studied the effect of in-coupling on the image at cryogenic temperatures, by
pointing the laser over the surface of the waveguide instead of coupling the laser into the
waveguide. The sample imaged in this way had the same concentration and preparation
procedures as before. This kind of excitation could reduce the impact of laser-coupling
on the observed drift as the light is not focused. In this way, it could help us figure out
the cause of the random signal oscillation shown in Figure 5.4(b). The excitation power
density was much smaller compared to the last experiment because of the unfocused
incident beam, although the average power was set to be the same (130 mW). In Fig-
ure 5.5 we show photo-bleaching curves for ~3000 frames, which were captured during
50 minutes under both room and cryogenic imaging conditions. At room temperatures,
the bleaching time is about 1.7-10*s with fit precision of 0.3%, according to the fitted curve
shown in Figure 5.5(a), where the longer bleaching time may be caused by the unfocused
excitation. The room-temperature data show a larger fluctuation level compared to Fig-
ure 5.4(a), which may come from the non-uniform distribution of ATTO 647N dye and/or
the shift of the excitation laser beam during the measurement. At cryogenic tempera-
tures, the bleaching time is around 1.1-10° s, with fit precision of 0.9%, which is about
6 times longer for the same ATTO 647N sample imaging at room temperatures. The sig-
nal variations around the mean decay curve here are modest compared to Figure 5.4(b),
which is also reflected in a better precision of fit. The RMSE value between the data and
the fit is about 0.004, indicating a smoother intensity decay. The small jumps shown in
Figure 5.5(b) may result from the manual focus adjustments during data acquisition. For
all data (measured with evanescent field or non-evanescent field), the in-coupling prob-
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lem to the waveguides is demonstrated to be significant, especially when imaging under
cryogenic temperatures. We suspect that the drift of the system is the main reason for the
in-coupling issue.

The drift of the setup influences the image quality and maximum imaging time. In or-
der to study the drift of our setup, 175-nm fluorescent beads were spin-coated on the chip
and imaged at both room and cryogenic temperatures. During the measurement, the in-
put laser had a nominal power of 10 mW and the acquisition rate was 1 fps. The incident
laser was not focused and coupled into waveguides, but aimed over the chip to illuminate
the beads spin-coated on the imaging plane to decrease the influence of in-coupling. The
localization and tracking of individual beads were done using ThunderSTORM [39] based
on Fiji software [40]. Figure 5.6 shows the displacements of the image plane, in directions
parallel (x) and perpendicular (y) to the waveguide. The displacement along the axial di-
rection can be inferred from the in-focus time during acquisition, but it is hard to quantify
this precisely from the current experiments. We observe that the drift along the y direction
is larger than along the x direction (compare Figure 5.6(a) and (b)). In-focus frames used
for localization and tracking can be captured after being exposed for about 50 minutes.
Compared with ATTO 647N dye, the acquisition time of in-focus frames is much longer,
which may result from the stronger brightness and sparser distribution of the bead sam-
ple as shown in Figure 5.6(c). At cryogenic temperatures, the acquisition time was much
shorter as shown in Figure 5.6(d) and (e), which indicates that the displacement along the
axial direction of the sample (shown by Figure 5.6(f)) was larger. The same holds for the
displacements along the x and y directions. When imaging at cryogenic conditions, the
drift of the setup increased significantly and results in shortened measurement time. For
fixed cellular imaging, the performance of this setup seems sufficient.
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Figure 5.6: Drift measurements with fluorescent bead samples. Displacements along hori-
zontal (x) and vertical (y) direction with increasing time, at room temperatures (in red) and
cryogenic conditions (in blue). (c, f) Images of the fluorescent beads. Scale bars, 1 pum.
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In our setup, thermal drift appears a major issue when imaging at cryogenic condi-
tions, because of the common issue of heat conduction between the low-temperature in-
side and room-temperature outside the cryostat. Metal parts of the cryostat and the parts
of objective lenses outside the cryostat are considered as the main channels for heat con-
duction between the cryostat and the ambient air. We employed polyether ether ketone
spacers between the sample holder finger and metal parts for heat isolation. The ther-
mal drift problem could be further diminished by including the two objective lenses in
the cryogenic zone and installing electrically controlled feedback stages. The out-of-focus
problem can also be solved by introducing auto-focus via a feedback system.

5.3.2. Imaging the Plasma Membrane of HEK293 T Cells

We achieved successful observation of biological structures with this waveguide-based
cryo-TIRF microscope. Figure 5.7 shows HEK293T cells stained with plasma membrane
dye. The HEK293T cells were plated on the chip, and the two red lines in each subfig-
ure indicate the boundaries of the waveguide. We used two kinds of illumination, using
the evanescent field generated on the waveguide and using the non-evanescent field pro-
duced by an unfocused laser beam propagating on the chip surface. The imaging results
under TIRF and non-TIRF conditions were recorded at both room and cryogenic temper-
atures.

Evanescent field Non-evanescent field

Room temperature

10 pm ' . 10 pm

Cryo temperature

10 pm

Figure 5.7: Imaging results of fixed HEK293 T cells, which were stained with red plasma
membrane dye. Panels (a) and (b) show the membranes near the interface of waveguide
excited by evanescent fields at room and cryogenic temperatures, respectively. Panels (c)
and (d) show HEK cell membrane images under non-TIRF imaging conditions.

Specifically, the evanescent field was produced with a focused input laser with 110 mW
of power at room temperatures and 60 mW at cryogenic temperatures, and the scanning
frequencies of the input laser are 100 Hz in both cases for uniform illumination. Different
laser powers were used to avoid saturated fluorescence intensity during data acquisition.
When HEK293T cells were illuminated by the evanescent field, cell membranes that at-
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tached to the waveguide can be visualized as shown in Figure 5.7(a) and (b), while struc-
tures beyond the boundaries can be hardly observed. When the same region of HEK293T
cells was excited by non-evanescent fields with a laser power of 1 mW, the membrane out-
side the waveguide shown in Figure 5.7(c) and (d) can be visualized as well.

At room and cryogenic temperatures, the imaging results of the same sample did not
show much difference in terms of structural information, although the image contrasts
were observed to be different. This may result from the larger drift at cryogenic condi-
tions, as discussed in the last section. Another drawback of our design is the low collec-
tion efficiency of the emission from high-n waveguides, compared with traditional TIRF
microscope where the emission is collected from evanescent field side with a high-NA
objective. We estimated the collection efficiency of our waveguide-based TIRF imaging
with a theoretical model [41, 42], and found the percentages of emission of fluorescence
contacted to waveguide surface collected by the objective lens to be ~3.92% and ~0.64%
for dipoles parallel and normal to the surface, respectively. Compared with the objective-
based TIRF imaging method, which has a collection efficiency of around 10%-20% [43],
waveguide-based TIRF microscopy performs worse in emission detection because most
part of emission intensity is coupled back to the high-n waveguide instead of being re-
leased in a vacuum and collected by a respectively low NA objective lens.

5.4. Conclusion

In this paper, we report a waveguide-based TIRF microscope capable of cellular imaging at
cryogenic conditions, showing an increased photo-stability of fluorophores. Evanescent
fields produced over waveguides were used for excitation, and uniform illumination was
achieved using mode averaging by high-frequency scanning of the excitation laser beam
coupled into the waveguide. Photo-bleaching under cryogenic conditions was studied
using ATTO 647N, indicating a five to six-fold increase in bleaching time. Drift was inves-
tigated in our setup with fluorescent beads samples, showing a two to three-fold increase
compared to room temperature conditions. We showed that our cryo-TIRF microscope
is capable of imaging fixed cellular samples, enabling observations of the plasma mem-
brane.
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This chapter concludes the thesis by summarizing the key results and conclusions of each
chapter, discussing their implications for future research, and outlining potential research
directions derived from this work.

6.1. Conclusion

6.1.1. Design and Construction of a Cryo-4Pi-SMLM System

In Chapter 2, we detailed the design and construction of a Cryo-4Pi microscope and pre-
sented its mechanical characterization results. A precise optical alignment protocol was
developed to match the optical path lengths of the two arms within the interference cav-
ity. The mechanical design is optimized to ensure stable 4Pi interference imaging of flu-
orescence at cryogenic temperatures. We characterized the mechanical performance of
our Cryo-4Pi system and found that the cooler reduced the sample temperature from
room temperature (around 293 K) to cryogenic temperature (around 100 K) within 1.5
hours. The cooler can maintain cryogenic temperatures for over six hours and allows for
temperature regulation between 100 K and room temperature. When regulated around
104 K, the temperature fluctuation remains as low as approximately 1 mK. The system ex-
hibits minimal drift along the horizontal (X) direction, with a displacement rate of approx-
imately 4.4 nm/min. However, drift along the vertical (Y) direction is higher, at around
22.5 nm/min. This drift can be mitigated through active drift control during acquisition or
post-processing drift correction algorithms. Furthermore, the system demonstrates min-
imal vibration, with noise levels of 0.14 nm and 0.41 nm along the X and Y directions,
respectively, at cryogenic temperatures. Overall, our Cryo-4Pi system provides a highly
stable platform with minimal temperature fluctuation, drift, and vibration, making it well-
suited for a successful implementation of 4Pi-SMLM at cryogenic temperatures.

6.1.2. Theoretical Evaluation of Cryo-4Pi-SMLM

In Chapter 3, we developed a fully vectorial 4Pi-PSF model for 4Pi-SMLM, incorporating
polarization modulation commonly used but ignored in the forward model in established
room-temperature 4Pi systems. This model is universal for emitters with varying degrees
of orientational constraint, ranging from fully free to fully fixed, and accounts for differ-
ent types and levels of aberrations in the two objective lenses, as well as polarization-
modulated excitation. Using this forward model, we evaluated the impact of aberrations
and molecular orientation on simultaneous 3D localization and orientation estimation
for both high-NA (1.45) and low-NA (0.7) objective systems. Our analysis revealed that for
low-NA objective lenses, aberrations have a relatively minor effect on the 4Pi-PSF shape
and localization precision. However, orientation determination in low-NA systems is sig-
nificantly worse due to the smaller emission collection angle. In contrast, high-NA ob-
jectives, particularly with circularly polarized excitation, enable accurate simultaneous
position and orientation estimation for fixed emitters, achieving around 2 nm isotropic
3D localization precision and sub 5 degree orientation determination precision. To im-
prove the estimation of orientation in low-NA systems, we proposed using three different
linearly polarized excitation beams to introduce variations in intensity across the four po-
larization channels, enhancing sensitivity to the azimuthal angle. This approach allows
low-NA objectives to achieve theoretically comparable angular precision to high-NA sys-
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tems without adding too much system complexity. Additionally, we simulated emitters at
different orientations and fitted them using the developed vectorial model to simultane-
ously determine both localization and orientation. These results demonstrate the poten-
tial capability of the 4Pi vector PSF fitter for experimental data analysis.

6.1.3. Experimental Evaluation of Cryo-4Pi-SMLM

In Chapter 4, we successfully demonstrated 4Pi imaging at cryogenic temperatures and
assessed the system’s optical performance, including the assessment of the experimental
PSF and the evaluation of aberrations. We outlined a procedure for finding the axial loca-
tion of optimum 4Pi self-interference in the lab and provided a practical example of how
to identify successful 4Pi interference. Furthermore, we developed a fitting routine for
the experimental data based on our vectorial 4Pi-PSF model and tested it with bead data
as a proof of concept. A lateral localization precision of approximately 5 nm and an ax-
ial localization precision of 2 nm were achieved for bright beads with an average photon
count of approximately 8,000. However, the localization results did not reach the CRLB
values, the theoretically optimal localization precision, and the achieved 3D localization
precision was three times worse than the CRLB results. These may be caused by model
imperfections such as not taking into account the coherence envelope, and to imperfect
channel registration. While the current fitting algorithm captures z variations of the emit-
ter position well in the experimental data, an issue with assigning the z value to the proper
interference fringe was not solved. This issue is caused by the length of the coherence en-
velope, which contains 5-10 interference fringes, giving small differences in local maxima
of the likelihood function for adjacent fringes.

6.1.4. Waveguide-based TIRF Microscope Enabling Cellular Imaging Un-

der Cryogenic Conditions

In Chapter 5, we presented another imaging modality compatible with cryogenic con-
ditions. We developed a waveguide-based TIRF microscope capable of imaging cellular
samples at cryogenic temperatures with an air objective lens in vacuum, by generating a
uniform evanescent field for excitation using waveguides on a photonic chip with galvo
mirror scanning. Photo-bleaching studies with ATTO 647N showed a five to six-fold in-
crease in imaging time under cryogenic conditions, while drift was increased dramatically
compared to room temperature. This microscope enables imaging of the plasma mem-
brane in fixed cellular samples at cryogenic temperatures.

6.2. Outlook
6.2.1. Cryo-4Pi-SMLM 3D Localization

Sample for Experimental Evaluation

Improvement in sample preparation is needed for more accurate experimental testing of
the Cryo-4Pi imaging system. Specifically, using smaller fluorescent beads, such as 20 or
40 nm diameter beads, or bright single-molecule emitters could provide better insights
into the experimental PSE including intensity and coherence ratios across the four imag-
ing channels. Furthermore, the current sample preparation, involving dilution in water,
drop-coating, and air-drying on one coverslip, leads to asymmetric refractive index mis-
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matches for the two objective collection light paths when glycerol is used as the cover-
slip matching medium, complicating emitter localization. Direct preparation of fluores-
cent samples in a uniform medium will help mitigate these effects. For more reliable lo-
calization accuracy evaluation, the use of a customized 3D nanoruler instead of relying
on the sample stage movement for z-position testing is recommended, as the latter ap-
proach introduces mechanical instability and focus shift due to the refractive-index mis-
match. To evaluate the single-molecule localization capability, ultra sparsely prepared
single-molecule samples, including ATTO, Alexa dyes, or a normal concentration of in-
trinsic blinking dyes such as nanographene [1] which are compatible with cryogenic con-
ditions, can be used. These samples can provide valuable insights into the system’s 3D
localization performance. Future Cryo-4Pi-SMLM imaging of biological samples could
be demonstrated using intrinsically blinking nanographene, or cryo-compatible photo-
switchable fluorescent proteins [2—4] for specific labeling, allowing high-resolution struc-
tural investigations while preserving the ultrastructure with cryo-fixation.

Data Analysis

Refining the data analysis pipeline is essential for reaching the theoretically optimal lo-
calization precision and improving the localization accuracy. This requires advancing the
fitting model to better reflect experimental conditions and a more robust data processing
algorithm. Incorporating the coherence envelope by using a z dependent weighted sum
of fully coherent and fully incoherent addition of the PSF components originating from
the emission light paths through the two objective lenses can enhance model-experiment
alignment [5], leading to an improved assessment of system performance. While aberra-
tions were experimentally quantified, they were not considered when analyzing the bead
data. However, accounting for aberrations may be needed for precise 3D localization of
fixed-orientation single-molecule emitters [6]. A theoretical evaluation using the model
developed in Chapter 3 can provide initial insights. Currently, the four-channel registra-
tion relies on affine transformations, but it may turn out that this is too simplistic and a
more advanced approach may be needed to further improve the fit between model and
experiment. Additionally, axial drift remains poorly characterized. Tracking long-term
bead image sequences can provide insight into drift behavior, informing compensation
strategies such as active drift control during acquisition or fiducial marker-based post-
drift correction.

High Localization Accuracy over Large Axial Range

Our Cryo-4Pi-SMLM system employs low-NA (0.7) air objective lenses to accommodate
the required long working distance (>2 mm). However, the limited collection angle in-
creases focal depth and introduces multiple bright sidelobes in the axial 4Pi-PSF cross-
section. These sidelobes lead to mislocalization by incorrectly assigning emitter positions
to interference fringes when axial displacements exceed the fringe period of up to half the
emission wavelength, as discussed in Chapter 4. To address this, higher-NA objectives
with comparable working distances and high-power laser tolerance could reduce this ax-
ial ghosting artefact. Alternatively, PSF engineering strategies, such as astigmatic [5, 7, 8],
vortex [9], or double-helix PSFs [10] introduced in both arms of the interference cavity
could improve axial localization over a larger axial range, though at the cost of increased
system complexity. A more practical approach within the current system is to introduce
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axial diversity by defocusing one or two imaging channels, effectively achieving bi-plane
detection [11]. The feasibility and the theoretical performance of this approach can be
readily assessed using the developed 4Pi-PSF model.

6.2.2. Simultaneous 3D Position and Orientation Estimation in 4Pi-SMLM
Setup

Theoretically, 4Pi-SMLM enables simultaneous estimation of position and orientation in
3D, as demonstrated in Chapter 3. At room temperature, using two high-NA oil- or water-
immersion objectives, a circularly polarized excitation beam can achieve sub 5° orien-
tation precision with 4,000 detected photons and 48 background photons/pixel across
all channels. Experimental evaluation can be performed through a molecular sample
embedded in a mountant, such as a resin [12]. For the Cryo-4Pi system with low-NA
air objectives, achieving precise 3D position and orientation determination requires at
least three different in-plane polarization states for excitation. The stability of fluores-
cent molecules at cryogenic temperatures enables longer acquisition times as discussed
in Chapter 5, which probably enables more on-off switching cycles. To accurately cap-
ture the polarization-dependent PSF intensity for each emitter, a fast polarization mod-
ulation mechanism, such as a Pockels cell [13], could be implemented. This will enable
rapid switching between excitation polarization states, ensuring that contributions from
different polarization states are effectively recorded for each emitter. Very recently, 4Pi
detection has been combined with low-power two-beam structured illumination (SIM)
to determine the orientation of fluorescent dipoles in fixed cells, utilizing a customized
pizza-shaped half-wave plate and galvo scanning mirror for rapid polarization modula-
tion with three in-plane excitation states [14]. A similar concept can be applied to our
system to ensure accurate in-plane orientation estimation and to enhance the lateral lo-
calization precision by a factor of two.

Currently, the phase variation among the x and y channel is achieved via two quar-
ter wave plates (QWPs) oriented at an angle of 67° and 23°, based on experimental trials.
Alternatively, introducing the phase difference of 90° can be introduced by orienting one
QWP at either 0° or 90°, while keeping the other QWP at +45°. This configuration would
introduce significant intensity variations between the y and x channels when the emitters
are excited with a linearly polarized beam at 0° or 90°.These intensity differences must be
carefully considered to reduce precision oscillations in 3D localization and angle determi-
nation.

6.2.3. Correlative Cryogenic Light and Electron Microscopy with Enhanced

Axial Resolution
Cryogenic Correlative Light and Electron Microscopy (Cryo-CLEM) leverages the speci-
ficity of fluorescent labeling with the high spatial resolution of electron microscopy to
study macromolecular complexes in their native states. Cryogenic light microscopy (Cryo-
LM) is routinely used to guide focused ion beam (FIB) milling at regions of interest, en-
abling the preparation of thin lamellae for insitu 3D imaging of biological structures
via scanning electron microscopy (SEM) [15-17]. However, conventional Cryo-LM suf-
fers from poor axial resolution, limiting resolvability beyond the lamella plane. Incorpo-
rating our Cryo-4Pi-SMLM with Cryo-EM can enhance this axial resolution down to the



116 References

sub 10 nm range, providing a powerful platform to map 3D subcellular dynamics and
protein distributions with nanoscale precision while preserving the global intracellular
ultrastructure. The imaging pipeline for this Cryo-CLEM modality is relatively straightfor-
ward, facilitated by the Cryo-4Pi system’s load-lock transfer equipment. First, the sam-
ple can be cryo-fixed using either plunge freezing or high-pressure freezing, depending
on its size. It can then be transferred to the Cryo-4Pi setup for super-resolution imag-
ing, enabling isotropic 3D localization with nanometer-scale precision. Following SMLM
imaging, the sample can be transferred to a FIB-SEM system for precise lamella prepa-
ration. Correlation between the two modalities can be facilitated using fiducial markers,
ensuring accurate alignment and enabling high-resolution cryo-electron tomography of
the structures of interest. One key concern, however, is that the high-power ( kW/ sz)
excitation required for fluorescence on-off state switching of standard fluorophores may
induce devitrification, leading to structural damage or unwanted scattering from crys-
talline ice formation during EM imaging. To mitigate these effects and preserve sample
integrity, strategies such as optimizing sample support grids [18] to reduce absorption or
incorporating cryo-protectants [2] should be explored.

6.2.4. Modulation Enhanced SMLM with Single Excitation Beam
Mirror-enhanced 3D structured illumination microscopy (SIM) is capable of achieving
near isotropic resolution by back-reflecting the central beam in 3D-SIM to generate il-
lumination patterns along the axial direction with higher axial frequency [19]. A similar
concept could be applicable to create axial interference using a single excitation beam,
obtaining similar illumination patterns as used in ModLoc [20] or ZIMFLUX [21] for single
molecule localization. By varying the angle of the incident excitation beam, the axial po-
sition of an emitter can be determined based on changes in the illumination pattern. This
modality offers the potential for integration with Cryo-FIB-SEM systems, enabling high-
precision axial correlation of fluorescent imaging for targeted milling of cellular sample
in situ, with reduced devitrification risk compared to cryo-SMLM due to the lower laser
power intensity of approximately a few hundred W/cm?.
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