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Abstract

Super-resolution microscopy techniques improve the resolution of the optical
microscope beyond the diffraction limit of light. A range of different techniques
demands different optical configurations and clever illuminating strategies
to enhance the resolution. This has led to the development of advanced in-
strumentation, where the super-resolution mechanisms are adding both cost
and bulk to the microscope. Furthermore, super-resolution microscopes are
bound by high numerical aperture optics, which produce convincing images,
but lack throughput. A common feature of most optical microscopes is the sam-
ple glass/coverglass arrangement used to mount samples before and during
imaging. These have traditionally been neutral devices where the properties of
the glass itself have mostly remained unused. In this thesis, a new direction in
super-resolution imaging is introduced, where the sample glass/coverglass is
replaced with a photonic integrated circuit chip. The chip supports the sample
in the same way as the glass/coverglass, and by using optical waveguides at the
chip surface, the chip illuminates the specimen via evanescent fields. By using
high refractive index waveguides together with different geometries, the chip
can produce the necessary illumination for a range of different super-resolution
microscopy techniques. Furthermore, by exploiting the waveguide properties,
several of the imaging methods are improved over their conventional imple-
mentations. This comes as a consequence of separating the excitation and
collection light paths for super-resolution imaging. In this work, chip-based
single-molecule localization microscopy is demonstrated with a 100 times
increase in the field of view over conventional methods, and chip-based struc-
tured illumination microscopy is shown with a resolution beyond that of the
objective-based implementation.
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Background

Fluorescence microscopy is one of the most vital imaging techniques for labo-
ratories working within life sciences. By using fluorescent markers, structures
of interest can be imaged with high specificity, creating stunning images with
selectivity to show even small-scale intra-cellular structures on a completely
dark background. With the growing number of available probes and dyes, this
technique is preferred for studying many biological phenomena, in both fixed
and living samples. The labeling techniques used in fluorescence microscopy
are capable of labeling structures with nano-scale dimensions, however, the
obtainable resolution in a light microscope is hindered below 200-250 nm at the
diffraction limit of light. For sub-cellular organelles, there is thus a vast resolu-
tion gap between what is labeled and the details observed in the microscope,
which represents a problem in life sciences as many biological mechanisms have
dimensions much smaller than the diffraction limit. Over the last two decades,
a new range of techniques has emerged that aim to surpass the diffraction
limit in light microscopy. Super-resolution optical microscopy techniques, com-
monly known as nanoscopy, are a collection of methods that use different tricks,
including clever illumination strategies or photo-manipulation of fluorescent
molecules, to achieve increased spatial resolution. Most methods heavily rely
on shaping the excitation light thus forming a range of intensity profiles such
as structured illumination, evanescent fields, intensity zeroes, or light sheets.
In a conventional super-resolution microscope, beam shaping is traditionally
achieved using free-space optics like lenses, phase/wave-plates, or diffraction
gratings. The results are stunning detailed images, but at the cost of a com-
plicated optical setup necessarily hosted in a stable and mechanically rigid
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platform, which can be bulky, expensive and inherently prone to misalignment
issues thus needing frequent maintenance. Moreover, the cost and complexity
of the instrumentation is hindering the throughput of the techniques, with
commercially available super-resolution microscopes lacking parallelization
and offering small fields-of-view.

Optical nanoscopy is now moving towards extended throughput, increasing
the amount of data acquired. At the same time, reducing the complexity of
the instrumentation is another bottleneck that laboratories are working on.
The main contribution of this thesis is to tackle optical nanoscopy in a slightly
different way. By replacing the conventional glass slide as a sample substrate
with an advanced photonic integrated circuit (PIC) chip, the excitation light
shaping, steering, and delivery can be made on-chip, at the location of the
sample by simply coupling light into the photonic chip integrated waveguides.
The illumination is delivered to the specimen via an exponentially decaying
evanescent field, and the technique is thus a two-dimensional method. Such
a system will allow any standard low-cost microscope to be converted into a
super-resolution fluorescence microscope, with minimal investment and effort.
The chip-based imaging solution inherently has a much larger illuminated
area than what is commercially available, which makes large field-of-view
(FOV) TIRF super-resolution microscopy possible. With the option of choosing
the collection optics, without altering the illumination, the technique allows
for scalable fluorescence imaging. Furthermore, by using high index-contrast
waveguide materials and on-chip shaping of the excitation light we extend the
resolution currently possible for SIM.

1.1 Scope

This thesis covers the experimental realization of fluorescence microscopy and
fluorescence super-resolution microscopy using a photonic chip to both hold
and illuminate the specimen. Chip-based microscopy is a 2D technique, thus
super-resolution in 3D is not covered here. Discussions about resolution within
this thesis refer to lateral resolution unless otherwise stated. The waveguide
chip production process is not within the scope of the thesis.



Introduction

To give the reader some common ground of understanding, in this chapter
I will introduce some of the basic concepts laying the ground for the work
presented in this thesis. First, the diffraction limit of light and its effect on the
resolution of the microscope is introduced, followed by a discussion on the most
fundamental super-resolution imaging techniques. Last, a brief introduction
on integrated optical waveguides is presented.

2.1 The resolution of a microscope is bound by
diffraction

A basic optical microscope is mainly composed of a few elements: a lamp and
condenser lens to evenly illuminate the sample, a microscope objective lens to
catch the light from the sample plane, and an eyepiece to observe the sample
plane via the objective lens. A basic modern fluorescence microscope uses an
infinity-corrected objective lens and an additional tube lens to focus light onto a
camera. The key element in the microscope is the objective lens, which together
with the tube lens (and possibly other magnifying elements) is responsible for
the magnification of the system. Using lenses, a high magnification is possible.
however, the resolution of the system is governed by the numerical aperture



4 CHAPTER 2 / INTRODUCTION

(N.A.) of the objective lens, given by:
N.A. = nsin(0), (2.1)

where n is the refractive index of the immersion media and 6 is the maximum
angle of acceptance for light entering the objective lens. The values of n
commonly range from ng,;, = 1 to ny;; = 1.49 (there is also a special oil
meant for matching sapphire glass available having n = 1.7). The theoretical
maximum value of 8 = 90°.

2.1.1 The diffraction limit

When light passes through an aperture it undergoes diffraction. For determining
the resolution of a microscope, the key diffraction occurs when light passes
through the objective lens. If we consider an infinitesimally small point source
emitting at the sample plane, the circular aperture of the objective lens causes
the detected emission, e.g. what is captured on the camera, to take the form
of an Airy disk.

A simplified geometrical explanation of diffraction through the microscope
objective lens can be found by observing a point source located in the sample
plane as seen in Fig.2.1(a). Two points on the wavefront exiting the objective
lens will constructively interfere in the center of the image, while away from
the center the phase offset creates destructive interference thus giving rise to
the Airy disk.

The size of the diffraction pattern (Fig.2.1(b)) is governed by the N.A. (2.1),
which is bound by the optics and the immersion media. The highest N.A
currently available is N.A=1.7. This implies that objects which are in reality
smaller than the diffraction limit will be observed as having a size determined
by the N.A. When the object is a point source, the intensity distribution image,
which is commonly referred to as the point-spread function (PSF), describes
the imaging capabilities of the system. The image formation in a microscope is
thus described as the convolution with the PSF:

I(r) = (O(r)E(r)) * p(r), (2.2)

where O(r) is the object, E(r) is the excitation light distribution and p(r) is
the PSF. In three dimensions the PSF takes the form of an hourglass.

The limit of diffraction thus dictates the spatial resolution of the microscope,
which can be measured as the closest distance two objects can come together
[1]and still distinguish them as two objects. Different thresholds have been
stated over time, with Lord Rayleigh’s [2] resolution being the most conser-
vative estimate. Rayleigh resolution considers two point sources as separated
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a) b)

Constructive interference Destructive interference

VVVVVVVVVVUYV

Wavefront

Objective lens

Point source

Figure 2.1: (a) When light is diffracted through a lens, most of the light is focused
on the center of the image plane. In the periphery of the image plane, destructive
interference causes a formation of an Airy pattern. (b) The size of the Airy disc is
determined by the N.A. of the lens, where a high N.A. lens can focus the light to a
smaller spot than a low N.A. lens.

when they can be observed as two points in a microscope, which is stated to
happen when one of the intensity distribution’s maximum is located in the
first minimum of the other. The distance between the two points is then given

by:

A
Axy = 0.61——, (2.3)

where A is the emission wavelength.

Ernst Abbe was the first to describe the diffraction limit of light [3]. Abbe’s
resolution limit is given by:

A
Axy =0.5——. (2.4)
N.A.

With the advent of digital imaging and computer algorithms, the resolution
could in theory be measured down below the Rayleigh and Abbe limits, and it
is thus useful to define the distance where two point-sources are observed with
a flat profile across the intensity distribution, given by the Sparrow resolution
limit [4]:

A
Axy =047 —. (2.5)
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Figure 2.2 shows a simulation of two point-sources separated by the different
resolution thresholds.

It can be seen from the above equations that the resolution of the microscope is
limited by the wavelength of light and the numerical aperture of the objective
lens. The diffraction limit is thus a fundamental lower limit, where the only
way of having increased resolution would be to decrease the wavelength, or
increase N.A..

Unresolved Sparrow Abbe Rayleigh

Pox=J

1.5

15 0.5

Intensity (norm.)
o
o

1 15 0.5 1 1.5 05 " 1
Position (pm) Position (pm) Position (pm) Position (pum)

Figure 2.2: Two simulated point-sources are positioned at the different resolution
limits from each other. The plots show a line drawn across the middle of each image.
The Sparrow limit yields a flat line profile across the intensity distribution, and the
two points are thus not observed to be separated. At both the Abbe and Rayleigh limits
the two point-sources are clearly resolved. The imaging was simulated using N.A=1.4,
with oil immersion n=1.5 and an emission wavelength of 610 nm.

Resolution in Fourier space

When discussing resolution, it can in some cases be useful to visualize the
resolution in the Fourier domain. The Fourier transformation of the PSF is
called the optical transfer function (OTF) and describes the spatial frequencies
that are passed through on to the detector. The microscope objective effectively
acts as a low pass filter, so information laying outside the cut-off, i.e the
spread of the OTF, is not admitted through the objective lens. Figure 2.3
shows a simulated PSF and OTF, with the colorful rings indicating the cut-off
frequencies as stated by Rayleigh, Abbe and Sparrow (i.e the Fourier versions

of (2.3),(2.4), (2.5)).
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Sparrow

y'd

Figure 2.3: In the Fourier domain, the PSF is represented by the OTF. A green ring
indicates the sparrow resolution limit, the blue ring indicates Abbe resolution and the
magenta ring indicates the Rayleigh resolution limit.

2.2 Fluorescence microscopy

Fluorescence microscopy uses fluorescent molecules to visualize structures
of interest at high specificity and exceptional contrast. Fluorescent molecules
can be used for immunostaining of samples, i.e. having fluorescent molecules
conjugated to a wide range of antibodies that bind to specific cellular struc-
tures. Alternatively, specimens can be genetically modified to produce their
own fluorescent proteins at specific biological sites of interest, reducing or
eliminating the need for staining. By using an emission filter to selectively
block elastically-scattered light while transmitting the fluorescence signal, flu-
orescence microscopy thus allows the internal structures of cells to become
visible on a dark background.

Explaining the mechanism of fluorescence is simplified with the use of a
Jablonski diagram, which shows the electronic energy transitions of fluores-
cent molecules. Referring to Fig. 2.4, initially the fluorophore is residing in a
dark state, in the lowest energy level Sy. If excitation light is introduced, the
fluorophore can absorb a photon and the resulting increase in energy leads to
an electron transition to a higher singlet state, e.g. 51,52,55. The energy gaps
between the higher-order states are smaller than the transitions between S
and Si, and relaxation from the higher states to S; are more likely to release
energy in the form of heat than the transition from S; to Sp. After internal
relaxation, the fluorophores which are then residing in S; can spontaneously
relax to the ground state by releasing a photon. This photon is red-shifted with
respect to the absorbed photon, meaning that it has a longer wavelength, and
can thus be imaged on a detector if the appropriate emission filters are installed
in the microscope. The difference between the wavelengths of the absorbed
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Figure 2.4: When blue excitation light is absorbed by the molecule, the energy increases
and the electronic singlet state rises from Sg to Sy . Following internal relaxation to Sq,
the energy is released as the molecule relaxes to the ground state. This release may
take the form of a red-shifted photon, which is the observed fluorescence. Alternatively,
the molecule may enter a triplet state in which it can come back to the ground state
without emission of a photon, or through the release of a photon in a different process
called phosphorescence.

and spontaneously emitted photon is referred to as a Stokes shift.

The fluorophore can cycle between the first two states releasing photons or an
inter-system crossing to the triplet state can occur. Here, several dark (off) states
are possible, the most noticeable of which is photo-bleaching, which leaves the
fluorophore in a permanent dark state. Common sources of excitation light for
fluorescence microscopy are rather broadband Mercury lamps or more modern
LED lamps, both in combination with excitation filters. However, due to the
small stokes shift of many popular fluorophores, lasers are becoming more
common due to their narrow frequency band and high intensity.

Although fluorescence microscopy has proven to be a very useful technique,
the limit in resolution due to diffraction is hindering the study of many impor-
tant biological problems. Rooted in fluorescence microscopy, a new branch of
techniques has emerged, known as super-resolution microscopy, or nanoscopy,
which seeks to overcome the limit of diffraction.
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2.3 Super-resolution microscopy

Ever since the invention of the modern optical microscope some hundred years
ago, the spatial resolution was believed to have a fundamental limitation set
by the diffraction of light, limiting the resolution of the microscope to 200-250
nm laterally and 500-600 nm axially. However, in the decade between 1990
and 2000, a branch of methods which claimed to overcome the limitation
of diffraction was described. With the understanding that the diffraction of
light caused the fundamental lower limit for the resolution of the microscope,
the search for super-resolution went away from the optics of the microscope
and towards the chemistry of the fluorescent molecules. If the emission of
photons from fluorophores within a diffraction-limited spot could be controlled
in two states, the fluorescent on-state, and the fluorescent off-state (dark
state), a sub-diffraction-limited image could be generated. By the simultaneous
works of Hell [5], Betzig [6] and Moerner [7] these ideas were described and
experimentally verified from the early 9os up until mid-2000s [8, 9, 10], and
the three of them were jointly awarded the Nobel prize in chemistry in 2014
for this achievement.

Several different schemes have since been described which also achieve sub-
diffraction-limited resolution. The scope of the thesis covers wide-field nanoscopy-
on-chip incorporating a few of the available methods. A brief discussion of the
most fundamental methods is included to provide a global overview, and the
methods used in this thesis are described more thoroughly.

2.3.1 Super-resolution with intensity-zeros

One of the most well-known methods in optical nanoscopy is stimulated emis-
sion depletion (STED) microscopy [5, 8]. In STED, the off-state of the fluo-
rophore is achieved by stimulated emission from the first singlet state using
a modified confocal scanning microscope. Figure 2.5(a) shows the Jablonski
diagram for STED microscopy. After the fluorophore is excited by the absorp-
tion of a photon, it will (after internal relaxation) return to the ground state
and release a photon as discussed above. However, by adding a high inten-
sity red-shifted laser striking the excited fluorophore still residing in S;, the
ground-state (which is an off-state) can be achieved through stimulated emis-
sion, rather than spontaneous emission. The transition to the ground state
releases a photon that is coherent with the depletion laser and can thus be
filtered out. This method is used in a confocal scanning microscope setting by
overlaying the excitation light with a depletion laser having a hollow, doughnut-
shaped intensity distribution as seen in Fig.2.5. In this manner, fluorophores
away from the center undergo stimulated emission depletion, while in the
center of the diffraction-limited spot the STED beam intensity goes towards



10 CHAPTER 2 / INTRODUCTION

zero, and normal fluorescence occurs. Figure 2.5(b,c) depicts the effect without
the depletion laser and with the depletion laser, respectively.

The spatial resolution of STED microscopy is governed by how close to the
center of the diffraction-limited spot the depletion reaches. The resolution
enhancement of STED can be stated by:

dstep = A/2NAV1 + (I/I5)), (2.6)

where [ is the maximum of the depletion laser intensity and I is the saturation
intensity needed to reduce the probability of fluorescence emission by half,
i.e a characteristic of the dye. Effectively the spatial resolution of STED mi-
croscopy is around 10-30 nm under optimized conditions. STED microscopy is
a point scanning technique where, in the early implementations, the temporal
resolution was technically limited by the method used for scanning. However,
by using an electro-optical deflector [11], the scan speed could be increased
to such an extent that the limiting factor for the temporal resolution became
the pixel dwell time, which ultimately affects the image SNR. Thus, a full field
of view was acquired over 1 ms, but to build contrast/SNR, the field of view
was scanned many times (up to seconds for some structures). Another method
showing live cell STED imaging utilized a resonant scanning mirror achieving
0.2 seconds temporal resolution [12]. However also here the field-of-view (FOV)
is small, 8 x 12 um?. One implementation using thousands of parallel doughnuts
has helped in increasing the field of view [13] available for STED.

2.3.2 Super-resolution with single-molecule localization

While the above-mentioned techniques rely on quenching the fluorescence
in the periphery of a diffraction-limited spot in a scanning microscope con-
figuration, a slightly different wide-field approach was first described, and
experimentally verified by Betzig [6, 10] and Moerner [7, 14, 9]. If the number
of active fluorescent molecules can be controlled such that only sparse, non-
overlapping intensity distributions are detected, each of which originates from
a single-molecule, the microscope image of the resulting intensity distribution,
can be used to find the position of those molecules with high precision. To
this end, the fluorescent molecules in the FOV of the objective lens can be
switched on and off, and sub-sets of spatially separated molecules can be ac-
tivated. This allows for their precise localization, and the reconstruction of a
super-resolved image is possible based on the centroid position of individually
located emitters. This is the fundamental idea governing methods collectively
termed single molecule localization microscopy (SMLM), which is depicted in
Fig. 2.6. These methods offer lateral resolution down towards 20-40 nm in cells,
but at the significant cost of temporal resolution as one super-resolved image
may include several thousand raw data frames of blinking molecules.
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Figure 2.5: (a) A fluorophore is excited by the excitation laser to a higher-order
singlet state. The ground state can be achieved by the spontaneous emission a photon,
or by stimulated emission using a high-intensity depletion laser. (b) A diffraction-
limited point scanning spot without the use of a depletion laser activates all molecules
within the spot. (c) Applying the depletion laser with a doughnut shape depletes
the fluorescence in the periphery of the spot, but not in the center, where normal
fluorescence occurs.

Several methods have been developed to achieve the necessary on/off switch-
ing of fluorophores for SMLM. Stochastic optical reconstruction microscopy
(STORM) [15] uses a single-molecule switch, which can be photo-switched
between on and of states by laser light of two different wavelengths. The
single-molecule switch reported in [15] used the two cyanine dyes Cy3 and
Cys, where photo-switching of Cys was reported to be much more efficient if
a Cy3 molecule was nearby. Another technique, photo-activated localization
microscopy (PALM) [10, 16], uses photo-activated fluorescent proteins which
can be activated by the absorption of a 405 nm photon, and which relies on
photobleaching to achieve the necessary off-state. The fluorescent proteins can
be used to genetically modify biological materials to express fluorescence at
pre-determined structures.

2.3.3 direct stochastic optical reconstruction microscopy
(dSTORM)

While these methods have been used to achieve a resolution approaching
molecular levels, the need for dedicated activation lasers and specialized labels
complicates the experiments and thus limits their widespread use. To combat
these issues, many common fluorophores can be used for SMLM by harnessing
the natural states of the fluorescent phenomenon. Fluorescence is achieved
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Figure 2.6: Principle of SMLM imaging. (a) If all molecules within a diffraction-limited
spot are emitting fluorescence simultaneously they can not be individually localized.
(b) With the loss of temporal resolution, some molecules can be brought into a dark
state, while others are allowed to emit fluorescence. (c¢) With the assumption that
the detected fluorescence originates from a single-molecule, the localization of the
molecule can be found with high precision. (d) A new, super-resolved image can then
be built from the list of all of the measured center coordinates.
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by circulating between the ground state Sy and first single state S;, but fluo-
rophores may also undergo an inter-system crossing thereby populating the
first triplet state (T1), with typical transition probabilities around 0.1% [17].
The triplet state represents a fluorescent off-state, with lifetimes on the order
of microseconds to milliseconds [18]. Molecules populating the T1 state may
return to Sp or enter even longer-lived dark states. This was harnessed for
SMLM, and was simultaneously published as ground state depletion followed
by individual molecule return (GDSIM) [17] and as dSTORM [19].

In dsTORM, the on-off switching is achieved by using high intensity laser
excitation light and chemical reduction off molecules in the triplet state. The
intensity of the excitation light can be used to control the number of emitters
residing in Ty, and high intensities up to kW/cm? are beneficial for reducing
the number of fluorescing emitters, ideally reaching up to 30-50 kW/cm?
[20]. By removing the oxygen in the sample buffering media, the triplet state
lifetime is prolonged since oxygen is known to be an efficient triplet state
quencher [21]. Furthermore, a reducing agent is added to chemically reduce
the triplet state, which happens when an electron is absorbed from the image
buffer by the fluorophores. The reduced triplet state, also known as the radical
anion state, is a fluorescent off-state and is very long-lived. The return to
So can happen spontaneously [22] with the absorption of oxygen, or with
the optional help by stimulating the sample with light with a wavelength
around 500 nm [23]. A common buffer, working well with the commonly-used
fluorophores Alexa Fluor (AF) 647 and AF 488 , uses an enzymatic oxygen
scavenging system made from glucose with the enzymes glucose oxidase and
catalase in phosphate buffered saline (PBS) at a pH of approximately 7.5. The
buffer is supplemented with millimolar concentrations of a reducing thiol, most
commonly f-mercaptoethylamine (MEA) or f-mercaptoethanol (BME).

Image reconstruction of SMLM data

In dsTORM and other SMLM techniques, the sample is brought into a blinking
state, where the number of active emitters at any given time is sparse enough
to allow for their individual localization, as depicted in Fig. 2.6. In this way,
the molecules can be localized in time to build up a reconstructed image
consisting of the centroid positions of all the detected fluorescent molecules.
One dSTORM reconstruction thus consists of several thousands of individual
images of emitter distributions. A detailed protocol on how to acquire and
reconstruct dSTORM images can be found in the literature [20, 24].

The resolution enhancement of SMLM is governed by the number of photons
collected from the single-molecule event and the noise contribution from the
background, which includes Poisson noise and shot noise. The resolution is
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Figure 2.7: Simplified Jablonski diagram showing the on/off switching concepts of
GDSIM and dSTORM. A fluorophore cycle naturally between the first two singlet states,
but a transition to the triplet state may occur. This is a longer-lived dark-state, with a
further probability of entering other dark states, which may have longer lifetimes.

proportional to the localization precision, given by Thompson et.al [25] as:

a2
s2 13 8ms*b?

ﬁ + N + —a2N2 s (2.7)

Ox =

where s is the standard deviation of the 2D Gaussian fit, N is the number of
detected photons from one molecule, a is the pixel size, and b is the standard
deviation of the background (including background fluorescence emission
combined with detector noise).

A vast number of software packages have been released over the last years
for the reconstruction of SMLM data, and many have been released for use
with the open-source image processing platform ImageJ [26]. In this work, we
used the open-source reconstruction software Thunderstorm [27], which was
available as a Fiji plugin.

Suitable fluorescent molecules for dSTORM should obey two key requirements
[28]. First, it is desirable to have a high photon count, since the resolution
of SMLM scales with an inverse-square-root dependence (2.7) on the number
of photons collected from a single-molecule blinking event. Second, the num-
ber of active emitters at each time is desired to be controlled such that the
chance of overlapping emitters within a diffraction-limited spot is reduced.
Furthermore, the labeling density of the structure must be kept within the
Nyquist sampling limit for the emitter density, discussed in [29]. However, an
oversampling of at least 5 times was suggested [30] to accurately reconstruct
dense structures.
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Recently a new method, DNA Points Accumulation for Imaging in Nanoscale
Topography (DNA-PAINT) [31], has emerged, where the cause of the blinking
events is moved away from energy transitions in the fluorophore, and shifted
towards binding and unbinding events of freely-floating, fluorescently labeled
DNA strands (image strands). The fluorophore can be localized to a high
precision while the image strand is immobilized through temporary binding
to a complementary DNA docking strand, which is attached to the structure of
interest. In this manner, the fluorophore could potentially yield a brighter signal
giving increased resolution over the other SMLM methods. The increased signal
is due to less chance of T1 build-up, and controlled docking times allowing for
the molecule to fluoresce at the given position over a longer time. Furthermore,
the intensity needed for DNA Paint is lower than dSTORM since the blinking
is achieved without the need for triplet state shelving.

Experimental setup for dASTORM

A simple microscope configuration for dSTORM (and other SMLM techniques)
is an inverted microscope equipped with a high N.A. objective lens and a
sensitive camera, either EMCCD or sCMOS (Fig.2.8). Laser excitation light is
sent into the microscope via a dichroic mirror that directs the light onto the
objective lens. Two lenses, L; and Lo, can be used to focus the light on to
the back aperture of the objective lens to generate the different light patterns
discussed below. The excitation light path described here is tightly linked to
the collection light path, and a high N.A objective lens is used for both exciting
the sample and collecting the emitted signal, which gives a high resolution.
However, the FOV is limited due to the same reason.

The laser excitation light can be focused in the center of the back aperture of
the objective lens yielding a collimated output, referred to as EPI-excitation
(Fig.2.8(b)). This will excite fluorescence along the beam path through the
entire sample axially, which could lead to high background signal and thus
reducing the achievable resolution in the dSTORM image reconstruction. This
is particularly a problem within SMLM due to the low light levels that are
detected when looking at single-molecules.

To combat the problem of high background, researchers are using total internal
reflection fluorescence (TIRF) excitation of the fluorescent molecules. Here,
the excitation light is focused on the periphery of the back aperture of a high
N.A. TIRF objective lens, such that the light is total internal reflected at the
coverglass/sample boundary (Fig. 2.8(c)). This creates an evanescent field
exponentially decaying to an effective excitation depth of around 150 nm in
the sample. This method has low out-of-focus blur due to the thin section of
the sample that is illuminated. TIRF excitation is an inherently 2D technique,



16 CHAPTER 2 / INTRODUCTION

a) Sample

b) EPI c) TIRF d) HILO
- ——

v

A A

Objective lens

LiL,

Dichroic mirror

Emission filter
Tube lens

Excitation laser

Camera

Figure 2.8: (a) The experimental setup for conventional SMLM relies on an inverted
setup using the same high N.A objective lens for both excitation and collection. (b)
The light can be collimated through the objective in EPI-fluorescence mode. (c) By
using a TIRF objective, evanescent field excitation can be achieved with very good
optical sectioning, although this results in decreased power density. (d) A compromise
between EPI and TIRF can be achieved using highly inclined laminated optical sheet
(HiLO) illumination, which excites fluorescence to a depth of around 10 ym.

mostly suited for studying mechanisms at the periphery of the cell near the
membrane.

The ability to image deeper without sacrificing the signal to noise ratio (SNR)
would thus be beneficial. For this purpose a HiLO [32] (Fig. 2.8(d)) can be
used to illuminate the sample. HiLO is achieved by using a TIRF objective
lens, and focusing the excitation light in the periphery of the back aperture,
but taking care to not reach the angle of total internal reflection. The HiLO
light is refracted at the coverglass interface, which results in an inclined ray of
light penetrating the sample. The axial reach of the light is around 10 ym. This
method maintains some of the high intensity of EPI-excitation but reduces the
out-of-focus background due to the inclined excitation light profile. The signal
to background ratio achieved using HiLo yields up to eightfold improvement
over EPI-excitation [32].

2.3.4 Intensity fluctuation-based methods

Although the above-mentioned methods give extraordinary spatial resolution,
the temporal resolution is reduced substantially. In STED, the temporal reso-
lution is decreased when imaging large areas due to the scanning nature of
the method, while localization microscopy is inherently slow due to the recon-
struction algorithms and the need for a sparse emitter density. One method
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has attempted to alleviate this problem by algorithmic means [33], but user
adoption of this technique has remained low. The low temporal resolution has
driven the need for another group of methods which do not demand separated
blinking emitters. Fluctuation-based techniques utilize statistical properties to
reconstruct super-resolved images from intensity-fluctuating data. Here, many
fluorophores can be emitting within a diffraction-limited spot such that their
intensity distributions are overlapping, but with the necessary criteria that
the emitted fluorescence is fluctuating in intensity. The fluctuations can be
achieved either using fluctuating fluorophores (e.g from blinking and bleaching
or quantum dots), or by fluctuating the pattern of the excitation light. The
reconstruction of this type of data measures statistical differences on a pixel-to-
pixel basis. Super-resolution optical fluctuation imaging (SOFI) [34] uses the
calculation of cumulants in a time series to increase resolution. entropy based
super-resolution imaging (ESI) [35] calculates entropy and cross-entropy val-
ues in a time series stack. Multiple signal classification algorithm (MUSICAL)
[36] harnesses the eigenimages in the time series. Although initially, these
methods relied on the statistical fluctuation of individual fluorophores, it has
been shown to work with stable fluorophores excited with speckled light [37].
In this sense, the fluorescence response is fluctuating due to the randomly
changing speckled excitation light, which in [37] was achieved using multi-
mode speckles from a fiber. Using this idea, the demand for inducing random
fluctuations in the sample is reduced, and this technique should then work
with most bright fluorophores.

The fluctuation-based methods do offer resolution enhancement, however not
as good as the more brute-force methods like SMLM and STED. However,
the temporal resolution is greatly improved as only tens to hundreds of image
frames are needed for these approaches to work. Furthermore, with the reduced
laser intensity needed to induce fluctuations in the sample, problems with photo-
toxicity are also diminished. On the other hand, these methods lack widespread
impact, possibly due to the large degree of non-linear intensity amplification
in the reconstructed images. For biological questions to be answered, a super-
resolution image should ideally be a linear representation of the ground truth,
and with minimal or no reconstruction artifacts.

2.3.5 Super-resolution with structured illumination

The fluctuation-based methods somewhat improved the temporal resolution
of optical nanoscopy, but still a few hundred frames of data are needed to
generate a super-resolved image. One method that also has had a commercial
impact is structured illumination microscopy (SIM) [38, 39]. This method
offers limited resolution enhancement but at imaging speeds suitable for live-
cell imaging. Here, only 9 or 15 images are needed to reconstruct one super-
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Figure 2.9: SIM imaging is depicted in frequency space. (a) The OTF of the microscope
objective is shown. The frequencies accepted by the objective are laying inside the
circle. The red dots mark the frequency of the structured illumination. (b) After the
reconstruction, the OTF is extended with two new copies, one centered at k, and one
at —k,, with the new image resolution being 2k,. (c) To have an isotropic resolution
the SIM pattern is rotated and the process is repeated three times to fill the frequency
space.

resolved image in 2D or 3D, respectively. Besides, the method needs illumination
intensities comparable to diffraction-limited imaging (w/cm?), which reduces
photo-toxicity and bleaching.

SIM is a technique that harnesses structured light to down-convert unresolved
frequency content and thus extends the reach of the OTF up to an amount
determined by the frequency of the structured light. The approach can be
loosely described by looking at the image function. The microscope image I(r)
can be described as

I(r) = (O(r)E(r)) * p(r),

where the object O(r) positioned at r is multiplied with the illumination E(r)
and the product is observed through the objective lens via convolution of the
point spread function p(r). If E(r) represents planar illumination the image
will be that of a conventional, diffraction-limited fluorescence microscope.
Contrarily, let E(r) be a sinusoidal illumination pattern such that:

E(r) =1+ cos(k,r + ¢), (2.8)

where k, is the spatial frequency of the illumination pattern and ¢ the phase,
which gives

I(r) = (O(r)(1 + cos(k,r + ¢)) * p(r). (2.9)

Here, the image detected at the camera will show the modulation caused by
the product of O(r) and E(r) as a formation of Moire fringes. If we study the
image function in Fourier space we can have a clearer view of the frequency
mixing which happens using structured illumination. Via the Fourier transform,
we can write the image function with structured illumination 2.9 as
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I(k) = O(k) = [8(k) + gei¢5(k — k) + ge_i%(k + k)]p(k),

where we have used Euler’s relation and introduced a modulation factor m
of the structured illumination. Performing the convolution we observe three
copies of the object function:

(k) = [OK) + Ok — kr)ge“fS + Ok + kr)%e‘id’]ﬁ(k), (2.10)

located at k, k — k, and k + k,. In this equation, we see that frequency content
having spatial frequencies up to ks;p = |k + k,| is mixed into the image
acquired using structured illumination. Figure 2.9 depicts SIM imaging in
Fourier space. Figure 2.9(a) shows the diffraction-limited OTF, where higher
spatial frequencies are located away from the center. The ring indicates the
OTF cutoff, and the red dots mark the spatial frequency of the structured
illumination k,. By the solution of 2.10 the mixed frequencies can be shifted
back to their correct positions, which correspond to the OTF being positioned
at k —k, and k + k,, as shown in Fig. 2.9(b). The resolution is then increased by
a maximum factor of 2, due to the structured illumination being generated via
the objective lens and thus being diffraction-limited. To get isotropic resolution
enhancement, the SIM pattern is rotated three times and the process repeated.
The solution to (2.10) can be acquired if we consider that there are three
unknowns, (O(k), O(k — k,) and O(k + k). Thus we need three equations to
solve it, which is done by shifting the phase of the SIM pattern three times. This
implies taking a total of 9 images for one 2D SIM image, 3 images with different
phases for each orientation of the SIM pattern. SIM can also be performed in
3D, which would need 3 interfering beams and a total of 15 images.

The 2D sIM imaging process in real space is depicted in Fig. 2.10, where Fig.
2.10(a) shows the object. For comparison, a diffraction-limited image (Fig.
2.10(c)) is acquired by the multiplication with planar illumination (2.10(b))
convolved with the PSF. For the SIM image, the object is multiplied with the
structured light(Fig. 2.10(d-f)), which yields 9 images of a Moire pattern (Fig.
2.10(g-f)). The SIM reconstruction is shown in Fig. 2.10(j).

2.3.6 Resolution of SIM

By using the Abbe limit (2.4) as the cutoff for the OTF support, the highest
spatial frequencies accepted by the objective lens are given by:
2NA

kaiff.1im = 0 (2.11)

while for SIM the extent of the OTF is increased up to twice the Abbe limit



20 CHAPTER 2 / INTRODUCTION

b
Multiplication with plain iIIuminatio; )
Multiplication with strucutred illumination
d) Pattern rotation 1 e) Pattern rotation 2 f) Pattern rotation 3 ¢

Convolution with psf

7

Ly A
ILLLILLETLELLE LT LA LI LA LTI,

NN

—

) .
Convolution with psf Convolution with psf i) Convolution with psf

SIM reconstructiuon

Figure 2.10: (a-c) In a diffraction-limited fluorescence image, the detected image
can be described as the multiplication of the object with planar illumination, and
the diffraction-limited image is formed via the convolution of the objective lens. (d-
j) SIM imaging can be described similarly. The object is multiplied with structured
illumination with three rotational angles of the SIM pattern, and three phase-steps
for each rotational angle. The nine resulting diffraction-limited images (g-i) express
Moire fringes due to the structured illumination. The SIM reconstruction (j) yields an
image with improved resolution over the diffraction-limited image (c).
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(Fig.2.9(b,c)): ANA
ksim = = 2kaiff.1im- (2.12)

As can be seen from (2.11) and (2.12), the maximum resolution enhancement
of SIM is 2x the diffraction-limited resolution. Several methods have worked
towards increasing the resolution of SIM. Plasmonic SIM [40, 41] utilizes
surface-enhanced plasmons to achieve reduced fringe spacing and thus in-
creased resolution. Another method, non-linear SIM [42], provides 50 nm
resolution by depletion of the fluorophore combined with structured illumina-
tion. These methods come at the cost of photo-toxicity, compatibility with dyes
and ease of use. By the combination of TIRF and SIM (total internal reflection
fluorescence structured illumination microscopy (TIRF-SIM)), the resolution
of SIM can be pushed below 100 nm when using high numerical aperture TIRF

lenses [43, 39, 44].

2.3.7 Summary of nanoscopy techniques

A wide range of nanoscopy techniques have been developed over the last two
decades, and attempting to choose a "best" method is difficult. It is perhaps more
viable to choose the imaging method based on the application. The nanoscopy
methods differ in their illumination schemes, types of dyes available, achievable
resolution and live cell compatibility. Although some very useful instruments
have been released over the last years, the price and the lack of throughput
combined have kept the wide-spread penetration of the methods slow.

Here, we propose a method to acquire TIRF nanoscopy images using photonic
integrated circuits, which comes with the possibility of being retrofitted onto
the most basic microscope configuration, offering a TIRF nanoscopy platform
at an affordable price, without sacrificing the image quality. It further adds the
possibility of multi-modal TIRF nanoscopy using different imaging techniques.
Using waveguide-based illumination, large areas can be illuminated for high-
throughput nanoscopic imaging, e.g by increasing the FOv for dSTORM by 100
times over the conventional approach

2.4 Integrated photonics

Integrated electric circuits (IEC) have played a vital role in the evolution of
today’s technologies. From computers and smartphones to the electric piano
in your living room, information is digitized and processed using IEC devices
consisting of transistors, resistors, amplifiers and more. However, IEC rely
on the flow of electrons through a conductive material like copper. When
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Figure 2.11: (a) Geometric explanation of light guided in an asymmetric slab waveguide
with refractive indices n3 < ny < n;. The light (red arrows) is confined in the x-
direction, and propagating towards z. When the light is reflected at the interface
between the different materials, a lateral displacement (e.g between A and B) of the
reflected light is observed due to the Goos-Héancen shift (which is attributed to the
evanescent field formation), and the reflected light takes the dotted path out from the
interface. (b) The wavevector k points along the wavefront and can be decomposed
to give the transverse and longitudinal propagation constants.

the sub-atomic electrons travel in a conducting wire, interactions with other
particles will occur. This resistance to the flow of electrons causes the amount
of information that can be transmitted on the electric circuit to be limited, and
energy to be lost as heat.

On the other hand, a photonic integrated circuit (PIC) uses photons to transmit
information. Photons are mass-less quanta of light traveling at the speed of
light, and have little interaction with other photons to slow them down. The
bandwidth of a PIC is thus greatly enlarged over the electric counterpart, and
due to low-loss optical guiding, these devices offer better power efficiency. The
fundamental component of a PIC is the dielectric waveguide. The waveguide is
the analog of the copper wire in the IEC, and is responsible for the propagation
of photons from A to B.

2.4.1 Confining light by total internal reflection

Apart from the ability to transmit large amounts of data, the presence of
evanescent fields on the outside of waveguides open for a different exploitation
of PICs.

When light is introduced into a medium of a higher refractive index than
the surrounding medium, it can be guided by total internal reflection. In Fig.
2.11(a), an asymmetric waveguide is depicted which corresponds to light being
guided in medium 1, with refractive index n1, and where n3 < ny < ni. In this
situation, the light is only confined along the x-direction.
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If we consider Snell’s law of reflection on the boundaries of the structure
depicted in Fig. 2.11(a), we find the critical angles to be:

0,5 = sin”! (E) and 0,3 =sin"! (n_g)

n ni

where 6.5 > 6.3 when n3 < n,. If the angle of incidence towards the two ma-
terials is larger than the critical angles, i.e 6 > 6.5 > 6.3, the wave undergoes
total internal reflection and is thus confined to the waveguide core.

The wave vector in material 1, k7 is pointing in the direction of the wave-
front, and can be decomposed as shown in Fig. 2.11(b). The two components
are:

kix =kicosf@ and f =k;sinf

where the wavenumber can be written as k; = kon;. The longitudinal propa-
gation constant can be written as:

,B = kon1 sin 0,

where ko = 27” is the free-space wavenumber. It is useful to define the effective
refractive index of the waveguide:

ng = nysin6, (2.13)

where ng= k%

For the trapped light to propagate in the waveguide, the reflected wave must
constructively interfere with itself to be self-consistent (i.e to not die out).
This implies that the total phase shift that the wave experiences over a round-
trip (bouncing at 2 boundaries) must be an integer multiple of 2x. If the
waveguide core thickness is d, the phase change for one complete round-trip

is 2dky, = 2dk; cos (0).

Moreover, when a beam of finite size is total internal reflected at the boundaries
it will experience an additional phase shift ®(0). This phase shift is related to
the wave interaction time with the boundary, and the consequence is that the
light striking the boundary at point A in Fig.2.11(a) takes the dotted path B
after the reflection. This is known as the Goos-Héancen effect, which can be
visualized as the reflection point being shifted out of the waveguide core, as
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seen in the figure. Thus, for the guided wave to be self-consistent we have that
the total phase change must obey:

2k1d cos (0) + @5(0) + ©3(0) = 2mur, (2.14)

where m = 0, 1, 2... is an integer. ®,(0) and ®3(0) are the phase shifts related
to the Goos-Héncen effect, which are dependent on the polarization state of
the light. There thus exists a discrete set of solutions of (2.14) for each of
the two polarization states, transverse electric (TE) and transverse magnetic
(T™M). These solutions are referred to as waveguide modes with mode number
m.

The outcome of (2.14) is that for every m, there is an associated f,,, and
thus ng,,, where ngg > ngp > nggz... When m = 0, the mode is called the
fundamental mode. Waveguides only supporting the fundamental mode are
termed singlemode waveguides. For m > 0 there is more than one solution to
(2.14), and the waveguide is multimode.

Evanescent field

Owing to the Goos-Héncen effect, the wave appears to have its point of reflec-
tion a distance away from the waveguide core, inside the materials of lower
refractive index. There is thus a corresponding wave vector k; with propagation
constant f3,, outside the waveguide core. By the same trigonometry as shown
in Fig. 2.11(b) we can write it as

ki =a} +p?

where «; is the transverse propagation constant in materials 2 and 3 (i.e
i = 2,3) surrounding the waveguide core. By dividing the equation with kg
and rearranging it we have that:

a; = ko[n} —n3, (2.15)

which is often referred to as the attenuation coefficient. The light that is present
in materials 2 and 3 experience an exponential decay where the penetration
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depth d is given by:

1 1
di=—=— (2.16)

9
X ko /n}% - n?

where i = 1,2 for material 1 and 2, respectively. The exponentially decaying
field outside the waveguide core is called the evanescent field.

In a waveguide, light is guided by total internal reflection. When light is totally
reflected at a refractive index boundary it gives an evanescent wave. Many on-
chip integrated optics technologies rely on harnessing these evanescent fields,
which is also the case for the technology presented in this thesis. The evanescent
field formation in dielectric waveguides is briefly described here, while a full
theoretical explanation can be found in literature [45, 46, 47].






Chip-based microscopy

3.1 Introduction

TIRF microscopy [48] is a technique that illuminates the sample with an
exponentially decaying evanescent wave originating from a total internal re-
flection between a high and low refractive index material (Fig.2.11). In TIRF
microscopy the penetration depth is typically around 100-200 nm (2.16), which
is substantially smaller than what can be achieved using an objective lens;
i.e the focal depth of a high N.A.(N.A.=1.4) objective lens is around 500 nm.
TIRF microscopy thus provides an exceptional signal-to-noise ratio owing to
the thin optical sectioning that is achieved using evanescent fields to excite
fluorescence. This dramatically reduces the out-of-focus blur, as can be seen in
Fig.3.1 where a cell (liver sinusoidal endothelial cell (LSEC)) is imaged under
both EPI-illumination and TIRF. TIRF microscopy has found broad application
within life science for studying different biological mechanisms, e.g. receptors
at the cell membrane [49, 50], exocytosis [51, 52] or cell-substrate interactions
[53]. Traditional implementations of TIRF microscopy includes prism-based
TIRF and objective-based TIRF. In prism TIRF (Fig.3.2(a)), a prism is used to
direct light towards the coverglass/sample boundary, thus reaching the angle
of incidence needed for total internal reflection. Prism-based systems are fairly
easy to set up and can be used in both upright and inverted microscope setups.
However, the commercial impact of TIRF microscopy came with objective-
based TIRF (Fig.3.2(b)). Here, a high N.A objective lens ensures the angle of
incidence needed for TIRF at the coverglass/sample boundary. Objective-based
TIRF benefits from easily changing between TIRF, HiLO and EPI-illumination

27
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Figure 3.1: (a) EPI-fluorescence microscopy sends the excitation light straight through
the sample, causing out-of-focus blur. (b) TIRF microscopy provides excellent optical
sectioning with high SNR, here shown using chip-based TIRF illumination (tantalum
pentoxide (Tap0s) strip waveguide, width=60 pm). The sample is a LSEC stained
with Cellmask Orange plasma membrane stain.

by shifting the laser beam position on the back aperture of the objective lens
(Fig. 2.8). Another way of performing TIRF microscopy is using planar on-chip
waveguides (Fig.3.2(c)). First reported in [54] and later in [55, 56, 57], chip-
based TIRF illumination offers evanescent field excitation over pre-determined
paths. Light is coupled into a chip and guided in planar optical waveguides
by total internal reflection (Fig. 2.11, Fig. 3.2(c)). The result is an evanescent
field present on the surface of the entire waveguide layout. An easy way to
achieve this kind of illumination is to use the coverglass itself as a waveguide,
coupling light into the coverglass side facet [58]. However, to achieve a high
evanescent field intensity, shallow waveguides of a high refractive index mate-
rial are required, which especially becomes important when moving towards
super-resolution imaging techniques, where some techniques require intensi-
ties in the range of kW/cm?. The approach outlined in [55, 56, 57] utilized
polymethylmethacrylate (PMMA) waveguides with a refractive index n ~1.49,
which was shown to produce decent diffraction-limited TIRF images. Grandin
et. al. [54] used the high index material Tas0s5 in their work, which is also
one of the two materials used in this thesis.

3.2 Waveguides for chip-based TIRF imaging

A successful waveguide platform can be developed with materials having low
propagation loss, low absorption and low auto-fluorescence for optical mi-
croscopy/nanoscopy at visible wavelengths (400-700 nm). These wavelengths
are of interest as the most commonly used fluorophores operate within this
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Figure 3.2: TIRF microscopy can be achieved using either (a) a prism or (b) an
objective lens, with the latter being the most used due to availability commercially.
(c) In this work, an integrated photonic chip was used, creating an evanescent field
over arbitrarily large fields-of-view, only limited by waveguide geometry. This method
allows for a simple optical setup.

span. In this work, two materials were investigated, silicon nitride (SigN4), n
= 2.03 @ 633 nm) and tantalum pentoxide (Taz0s5, n=2.12) due to their high
refractive index and their availability within our group. Moreover, the CMOS
compatibility of the Si3N4 platform makes it highly relevant for large scale and
low-cost fabrication.

Experiments using both the materials showed that Tap0s5 waveguides were
more suited towards shorter wavelengths than SigNy4, due to autofluorescence
of SsigN4. However, this autofluorescence could potentially be reduced by devel-
oping suitable fabrication parameters for Si3Ny4 for the low visible wavelengths,
although this is not a topic for this thesis.

Both materials are used throughout this thesis. In the future, materials with
even higher refractive indices (e.g titanium oxide) will be explored, as these
would benefit the super-resolution methods needing either high evanescent
field intensity or high spatial frequency illumination patterns.

3.2.1 Waveguide designs for chip-based microscopy

When optimizing designs for chip-based microscopy one consideration is the
evanescent field strength. Adequate field strength is a compromise between
coupling loss and propagation loss. The coupling loss could be minimized
when the modal overlap between the input laser and the waveguide mode is
good, which for the waveguide structures used here led us to use coupling
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Figure 3.3: Three different waveguide cross-sections. The waveguides are made with
a silicon wafer as a base, with an oxidized layer just above. The waveguide layers are
made from either TasOs5 or SigN4. (a) The slab waveguide: A guiding layer all over
the chip without confinement in the lateral direction. (b) The rib waveguide: Partially
etched slab allowing singlemode operation for dimensions of around 1 ym width and
4 nm rib height. Rib waveguides have a low propagating loss due to the reduced
sidewalls, but have higher bending losses than strip waveguides. (c) Strip waveguides
have fully etched channels that allow for highly multimode waveguides. Strips have
higher propagation loss due to the fully etched sidewalls, but lower bending loss. Thus
light can propagate through sharper bends in strip compared to rib waveguides.

optics with N.A. = 0.5. Once the light is coupled in the waveguide, the main
loss contribution in a straight waveguide stems from sidewall roughness. The
number of guided modes (2.14) must be considered, since larger waveguide
cross-sections will allow higher-order modes to propagate.

Three different waveguide structures were investigated. A slab waveguide (Fig
.3.3(a)) confines light along the axial direction only, and light thus freely di-
verges along the lateral dimensions. This structure can be used for fluorescence
excitation but lacks some of the control over the mode-profiles that you can
have by using etched waveguides. Furthermore, the power density will be lower
due to the light diverging over the chip. For the work within this thesis, strip
and rib waveguides were used.

A rib waveguide (Fig .3.3(b)) is a slab with a partially etched channel. In a rib,
light is confined laterally, but owing to the reduced sidewalls, the propagation
losses are small (less sidewall interaction). Rib waveguides, however, are more
prone to bending losses due to weaker lateral confinement of the light. Due to
the shallow rib, singlemode condition can be more easily achieved for visible
wavelengths down to waveguide widths of around 1 um (for slab thickness of
150 nm), which is also at the lower limit of the chip fabrication methods used
by our collaborators.

Strip waveguides (Fig .3.3(c) have fully etched sidewalls. This will allow light
to be more efficiently guided in sharp bends, but the sidewall roughness adds
to the propagation loss. Strip waveguides show multimode behavior in the
visible wavelengths for all the structures used here.

In this work, the waveguide core height for Si3N4 waveguides was chosen to
be 150 nm and the rib height was 4 nm, which in simulations have been shown
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Figure 3.4: (a) Simulation of rib heights as a function of slab height for singlemode
condition. (b) Bend loss per 9o° waveguide bend is simulated as a function of the bend
radius for three different wavelengths. (c) The adiabaticity of singlemode waveguides
as a function of the tapering length, for three different wavelengths. (d) To decide
the final width of the waveguide after the taper, the adiabaticity was simulated as a
function of taper length for three different waveguide widths (i.e width after the taper)
for 660 nm wavelength. TE-polarization was used for the simulation. Simulations by
J.C. Tinguely.

to give singlemode conditions for the desired wavelengths 488 nm, 561 nm and
660 nm (Fig. 3.4(a)). These wavelengths were chosen due to their match with
popular fluorophores. The waveguide core height for the Ta>05 waveguides
used in paper 1 and paper 3 were 200-220 nm, albeit singlemode conditions was
not a topic for these papers and fully etched strip waveguides were used.

When incorporating waveguide bends (used in paper 2 and paper 5), the
sharpness of the turn will add to radiation loss for the guided mode. By using
rib waveguides, the radiation loss increases (compared with strip waveguides)
due to the low transverse confinement. In Fig. 3.4(b), the bend loss is simulated
for different bend radii for visible wavelengths. It is observed that the bend
radius needs to be relatively large to minimize bend loss. In this work, we
chose to use a 2 mm bend radius. Furthermore, higher-order modes will be less
confined in bends than the fundamental modes. Thus a waveguide bend can
be used as a mode reduction filter, which is further discussed in paper 2.

Adiabatic tapering was used in papers 2 and 5, which allows singlemode waveg-
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uides to be expanded in the transverse direction while maintaining the single-
mode condition. The tapering length and final width were chosen based on
Fig. 3.4(c,d) as 2 mm and 25 um, respectively.

Biological samples, such as cells or tissue sections, are typically stretching
from 10 um and upwards laterally. This means that the desired waveguides
for fluorescence microscopy should have widths of at least 10 um to cover
any structure of interest, and ideally larger than this. In this work, biological
samples were imaged using waveguide widths up to 600 um successfully.

3.2.2 Chip fabrication

The fabrication of chips is beyond the scope of this thesis, and for this work the
chip fabrication was outsourced. All additional components on top of the chip,
such as PDMS sample wells and thermo-optics (chapter 5) were fabricated
in-house.

SigNy4 chips were made at Centro Nacional de Microelectrénica IMB-CNM,
Barcelona. The Tay0s5 waveguides were produced at Optoelectronics Research
Centre, University of Southampton. A brief description of the fabrication process
follows, but more detail can be found in the literature [59, 60].

Ta05 waveguides were made by first sputtering a (200 nm-220 nm) layer
of Tay 05 onto an oxidized silicon substrate using magnetron sputtering. The
parameters were iteratively optimized to 200°C (substrate temperature), 300
W (magnetron power) and 5/20 s.c.c.m. O,/Ar. The waveguides were realized
using photolithography and ion beam milling. Plasma ashing was used to
remove any remaining photoresist before the wafers were annealed for 5h at
600°C.

For Si3N4 waveguides, the silica layer was thermally grown and the Si3N4 was
deposited using low-pressure chemical vapor deposition (LPCVD) at 800°C.
The waveguide geometries were laid out using photo-lithography and realized
using reactive ion etching (RIE). An additional protective top cladding was
deposited using plasma-enhanced chemical vapor deposition at 300°C to a
thickness of 1.5 ym.

3.3 Chip-based microscopy - the concept

In this section, the chip-based microscopy concept is outlined and some of the
benefits over existing methods are discussed. In a conventional fluorescence
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microscope, the sample is mounted on a coverglass and typically sealed onto
a thicker glass slide before being mounted on the microscope. Alternatively,
specialized coverglasses with sample wells are used. The excitation light is
introduced onto the sample using a lens, typically the same objective lens
used for acquiring the image. Contrarily, chip-based microscopy uses PIC chips
to both hold and illuminate the sample, and the image is acquired via an
independent objective lens (Fig. 3.5). A silicon chip with a high refractive
index waveguide layer on an oxidized substrate is used to guide light from
the input facet of the chip and towards the center. The light in the high index
material is guided by total internal reflection, and thus acts as the source of
an exponentially decaying evanescent wave, which penetrates the surrounding
materials with a depth given by (2.16). At the top surface of the waveguide,
fluorescently labeled samples are placed in direct contact with the evanescent
field, and embedded in an aqueous imaging buffer. The fluorescent molecules
are excited by the evanescent field, and the emitted fluorescence is captured
using a microscope with an objective lens and a camera (Fig. 3.5(c,d)). By
illuminating the sample with evanescent fields (TIRF), a high degree of optical
sectioning is achieved which gives excellent SNR due to the low evanescent
field penetration depth.

The experimental setup (Fig. 3.5(a)) consists of a basic upright microscope
equipped with fluorescent filters and a high-end sCMOS camera connected to
a computer. The PIC is placed on a xyz translation stage with a vacuum chuck
to prevent lateral movement. Excitation light from a laser is coupled onto the
input side facets using either an objective lens or a fiber. Many waveguides can
be placed side by side on one chip to allow several imaging cycles per sample
preparation (Fig. 3.5(b)). A sample chamber was made from PDMS, which is
transparent at visible wavelengths, and thus can be stuck directly on top of
the waveguides. The PDMS is open in the center allowing for the sample to
be embedded in aqueous buffers. A coverglass is used to seal the sample (Fig.

3.5(d)).

Decoupling of illumination and collection light paths

[lluminating the sample using waveguides completely separates the excitation
and collection light paths. This allows the user to freely choose the imaging
objective lens, to not be limited by the high N.A. objective of conventional TIRF.
This offers scalable TIRF imaging, where the size of the FOV and the image
resolution can be determined based on the needs of the investigator, and not
permanently fixed by the imaging system. Imaging using different magnifica-
tion/N.A. objectives are demonstrated in Fig. 3.6. Here, the waveguide-based
illumination remains unchanged while images using different objective lenses
are acquired. The figure shows a 50 ym wide waveguide with cells (LSECs)
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Figure 3.5: (a) Chip-based microscopy uses an upright microscope configuration. The
chip is resting on a vacuum stage, and laser light can be coupled on to the side facet
of the chip using an objective lens or a fiber. (b) high index contrast (HIC) waveguides
are arranged side-by-side on the chip, allowing for multiple image cycles per sample
preparation. A layer of polysilicon is added to block unwanted coupling between
adjacent waveguides. (c) When laser light propagates in the waveguide layer, the
resulting evanescent field excites fluorescence in the sample. (d) The chip can have
protective silica cladding around the periphery, with an opening in the center of the
chip to access the evanescent field. A Polydimethylsiloxane (PDMS) sample well is
used to hold the aqueous image buffers, and a coverglass seals the sample. The chip
size is around 3 x 3 cm?.

~~ Laser light
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Figure 3.6: Chip-based microscopy separates the excitation and collection light paths.
This allows imaging with different imaging objectives, without interfering with the
TIRF illumination. This can be useful for observing a large population in a low
magnification objective, e.g looking for rare events. Higher resolution images can
be acquired by changing to objectives with higher N.A.. The decreasing FOV size is
observed when higher magnification (and higher N.A.) objectives are used, but with
increased resolution.

attached to the surface. The cells have been labeled with a fluorescent dye
(CellMask Orange plasma membrane stain) and the waveguide is guiding light
from a 561 nm laser (from left to right in the image). The 4x image shows that
the length of the waveguide is illuminated and the cells are excited over the
whole geometry. By rotating the microscope objective revolver, a compromise
between FOV and resolution can be made, here shown with 4%, 20x and 60x
objective lenses, with the 6ox having N.A. = 1.2 and thus giving the best reso-
lution but smallest FOV. In objective-based TIRF, low N.A. TIRF objectives are
not available, and thus this remains a largely unexplored direction.

Furthermore, it is observed from Fig. 3.6 the transverse confinement that the
waveguide is providing: The FOV is completely covered with cells, but nothing
other than the waveguide is illuminated. This can be harnessed e.g if the user
wants several imaging cycles on the same sample chip. The waveguides can
be arranged side-by-side and the adjacent waveguide can be made active by
moving the position of the objective used for coupling the light (Fig. 3.5(b)). For
high throughput imaging the width of the waveguide can be chosen to match
the Fov available for the objective lens, e.g using a 600 ym wide waveguide
with a 25x/0.8 N.A objective, which allows a FOV of 500 x 500 ,umz as seen in
Fig. 3.7, where a sample of LSECs labeled for tubulin is shown. Simultaneous
imaging of a large sample population could increase the chance of spotting rare
events or increasing the statistical relevance of a finding. To image such a large
FOV using objective-based TIRF would involve image stitching of sequentially
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acquired images with smaller FOV (FOV size indicated with a white box in Fig.
3.7).

Uniform TIRF illumination over a large field-of-view

While all the methods reported in [54, 55, 56, 57] showed working chip-
based TIRF imaging, some of their results suffer from non-homogeneity in
the illumination intensity distribution [54]. The authors explain the cause of
the inhomogeneity to be stemming from rough facets used for coupling the
light onto the waveguides (in this case using grating coupling). Agnarsson
et. al. [55] show a more uniform excitation intensity distribution, without
arguing on the reason. An understated difference between the two groups’
approaches is the choice of illumination light source. Grandin et. al. [54] used
a laser and experienced inhomogeneous illumination, while Agnarsson et. al
[55] used a white light source and had more planar illumination, with less
intensity modulation. We believe that the differences here stem from multi-
mode interference (MMI), an effect more obvious when using a highly coherent
light source (such as a laser). By using a thin waveguide layer, singlemode
conditions can be fulfilled in the vertical direction; however, wide waveguide
geometries allow transverse modes to propagate causing MMI patterns. The
MMI patterns can be avoided using low-coherence light or coherent light with
singlemode waveguides. Alternatively the MMI patterns can be scrambled
as will be shown here. To illustrate this, an example image of the intensity
distribution used in this thesis is shown in Fig. 3.8. Figure 3.8(a) shows the
MMI pattern, which would excite the specimen unevenly, while Fig. 3.8(b)
shows the same experiment but using scrambling of the MMI pattern (method
shown later in the chapter). Thus, the fluorescence excitation light should
ideally have a planar/flat intensity profile, as shown in Fig. 3.8(b), to give
a correct representation of the sample. This is demonstrated in Fig. 3.8(c,d)
where the effect of imaging cells with the MMI pattern, and with the MM1
pattern scrambled are shown, respectively.

In the case of SMLM techniques such as dSTORM (which will be shown in
chapter 4), the temporary dark state lifetimes are directly affected by the
excitation light intensity, where regions flooded with excitation light give
longer-lived dark states, allowing for efficient localization of the emitters. In
less-illuminated regions there could potentially be overlapping emitters due to
the low intensity (low dark-state accumulation). Thus, MMI patterns in SMLM
are affecting the image negatively.

In either case, MMI excitation patterns should be avoided. To alleviate prob-
lems of non-homogeneous illumination, two approaches were followed. We
investigated adiabatic tapering to expand singlemode waveguides from widths
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Figure 3.7: Chip-based TIRF imaging over a 500 x 500 ym? large field of view, showing
a sample of LSECs with the tubulin network labeled. The FOV that could be expected
in conventional objective-based TIRF is marked with a white square (150 X 150 ,umZ).
Here, a 600 ym strip SigN4 waveguide was used, with excitation wavelength of 660
nm.
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Figure 3.8: (a) A MMI is formed using a strip waveguide. The pattern is observed in
the microscope by staining the surface of the waveguide with a fluorescent marker
(Alexa-647 in poly-l-lysine). (b) The MMI pattern is greatly damped by averaging it
out over time using sub-sets of different mode patterns like the one shown in a). The
method is explained in Fig. 3.9. (c) The fluorescence image quality of a cell is reduced
by the MMI strip patterns. (d) By scrambling the modes the image quality is restored.
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Figure 3.9: MMI scrambling is achieved by shifting the MMI pattern in time by moving
the input coupling objective. The mode patterns can then be averaged out.

of 1-1.5 ym up to a width of 25 ym. Using adiabatic tapering the singlemode
condition is kept, and the illumination profile is free from multimode interfer-
ence patterns. Adiabatic tapering is utilized for on-chip nanoscopy techniques
relying on singlemode operation, preferably SIM (ch. 5, paper 5), but is here
also investigated for diffraction-limited chip-based TIRF microscopy (paper
2). A recent publication explored adiabatic tapering up to 100 ym for SMLM
imaging [61].

Another method of achieving uniform excitation light using wide waveguides
was developed without the need for adiabatic tapering. Here, very wide (up to 1
mm) multimode waveguides having constant widths throughout the chip were
used. To even out the MMI patterns, the coupling objective lens was translated
across the input facet while maintaining coupling as seen in Fig. 3.9. This
makes the MMI pattern shift its spatial distribution in time according to the
position of the coupling objective. In this manner, the multimode interference
patterns could be averaged out, leaving a nearly flat excitation profile. Using
a piezo actuator on the xyz stage holding the coupling objective lens (Fig.
3.5(a)), small incremental movements in the input coupling were used, and
around 200 images needed to be acquired to achieve even illumination. This
method was used when acquiring the images in Fig. 3.8.
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Figure 3.10: Using a waveguide, the illumination is more confined axially than when
using an objective lens. Here a high N.A. objective lens is simulated giving a 500 nm
depth of field, while the waveguides used in this thesis have a penetration depth of
around 100 nm (for 660 nm excitation light).

High index waveguides shape the excitation light

By focusing light using lenses, the smallest spot possible is given by the N.A.
of the lens used for focusing, which can be stated by the Abbe diffraction limit
(2.4). The light is thus confined by A/N.A., while for the waveguide, light is
confined by A/ny. This implies tighter confinement for waveguides since ny
is in the range of 1.7 — 1.8 for Si3N4 and Ta0s, while common high N.A.
objectives have N.A.=1.4 (Fig. 3.10). This property for waveguides was used
in chapter 4 and 5 for ESI and Chip-based structured illumination microscopy
(csim), where high spatial frequency (due to ny) interference fringes are used
for super-resolution imaging.

Furthermore, by altering waveguide geometries, different light patterns can
be generated. Different light patterns can be used to aid multi-modal imaging
on the chip, since the nanoscopy methods require everything from planar
illumination for SMLM (ch. 4, paper 3 and paper 4), to strictly controlled
illumination patterns for SIM (ch. 5, paper 5) and to highly chaotic illumination
for fluctuation-based methods (ch.4, paper 3). All of these can be generated
using fundamental waveguide designs such as straight waveguides, waveguide
bends, waveguide y-branches and waveguide loops (Fig. 3.11). Furthermore,
using different wavelengths is effortless using waveguides (paper 2, figure 5
in paper 3). This is not the case for objective-based TIRF, where the critical
angle must be adjusted for when changing excitation wavelengths.
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Figure 3.11: The different excitation light pattern used in this work can be generated
using different basic waveguide elements such as (a) straight waveguides of different
widths, (b) bends, (c) y-branches and (d,e) loops.
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3.4 Results and discussion

The outcome of the experiments leading to paper 1 gave a first impression on
the viability of using Ta»0s5 waveguides for TIRF imaging. Bio-compatibility
of biological material on-chip was investigated, and the setup was tested for
imaging at different wavelengths and using different fluorescent stains. The
results show that Taj05 is a useful material for chip-based microscopy, com-
patible with wavelength multiplexing, and can be used in a bio-lab much the
same way as the traditional sample glass/coverglass slide is used for sample
preparation of fixed cells. The benefits of having a PDMS sample chamber is
both to hold the sample and imaging buffers, but also helps to lift the cover-
glass from the waveguide, thus hindering light from uncladded waveguides
or non-guided light from coupling onto the coverglass, which could lead to
increased background.

In paper 2, SigN4 was investigated for use as a waveguide layer. The benefit of
this material over Ta0s5 is mainly its availability in common CMOS foundries,
as the refractive index is nearly as high as Tay0s5. Also, SigN4 has been seen
to exhibit autofluorescence at lower wavelengths, a property not wanted in
TIRF microscopy. The Si3N4 platform was investigated for bio-compatibility of
both live and fixed cells, with results showing again that the chip can be used
under the same conditions as conventional microscopy when preparing the
sample. To perform a thorough investigation of live-cell compatibility is beyond
the scope of the thesis. Emphasis on live-cell imaging was mostly regarding
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the compatibility in chip handling. For living cells, the chips were left in an
incubator allowing cells to attach, demonstrating the non-toxic environment
provided by the chip. In this work, adiabatic tapering was used to expand
the fundamental mode up to dimensions useful for bio-imaging: 1.5 ym wide
waveguides expanded up to 25 ym, to have a more uniform illumination than
what can be seen in previous work [54]. The results show that singlemode was
maintained for 660 nm wavelength. For 488 nm and 561 nm the waveguides
are not singlemode from the start, leading to higher-order modes visible after
the taper. This is seen as dark areas in scattered light or using fluorescence. It
was found that by filtering the light in a bend, the fundamental mode could be
achieved. This is possible due to the low confinement of higher-order modes
in bends on a rib waveguide. The effective refractive index of the higher-
order modes are less than the fundamental mode, leading to higher bend
loss, effectively filtering the modes. The experiments were compared with
simulations.

Although singlemode waveguides yield a more uniform excitation pattern
than multimode waveguides, the adiabatic tapering makes for rather large
waveguides structures, especially if high throughput is needed using wide
waveguides. Singlemode waveguides are used for the work on chip-based SIM
in chapter 5. In the following chapter, mode-scrambling will be emphasized for
the implementation of dSTORM on-chip, allowing for very large areas to be
illuminated.
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ABSTRACT

The evanescent field on top of optical waveguides is used to image membrane network and sieve-plates of liver
endothelial cells. In waveguide excitation, the evanescent field is dominant only near the surface (~100-150 nm)
providing a default optical sectioning by illuminating fluorophores in close proximity to the surface and thus benefiting
higher signal-to-noise ratio. The sieve plates of liver sinusoidal endothelial cells are present on the cell membrane, thus
near-field waveguide chip-based microscopy configuration is preferred over epi-fluorescence. The waveguide chip is
compatible with optical fiber components allowing easy multiplexing to different wavelengths. In this paper, we will
discuss the challenges and opportunities provided by integrated optical microscopy for imaging cell membranes.

1. INTRODUCTION TO WAVEGUIDE CHIP-BASED MICROSCOPY

Fluorescence microscopy has emerged as a vital tool in modern bio-medical imaging and diagnosis. Different fluorescent
stains (dyes) that bind specifically to sub-cellular organelles, membrane, proteins, allow optical microscopy to provide
specific intra-cellular level information. In total internal reflection fluorescence microscopy (TIRF), the surface
evanescent field is used to illuminate the sample [1-5]. The evanescent field decays exponentially above the surface and
is used to illuminate thin section of the sample (typically 150-200 nm). Unlike epi-fluorescence where the entire sample
is illuminated, TIRF microscopy illuminates only a thin section of the cell providing a high signal-to-noise ratio by
reducing the background signal and low photo-toxicity. TIRF microscopy is a preferred methodology for imaging targets
or biological phenomena in close proximity to the cell membrane, such as cell membrane trafficking, cell adhesion
points or structures present on cell membrane.
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Figure 1: Different techniques to generate an evanescent field. a) Prism with angle of incidence greater than the critical angle, 6 >0c.
b) TIRF objective. ¢) Evanescent field on top of a waveguide.

Different techniques can be used to generate the evanescent field as shown in Fig. 1. The most commonly used
method is a total internal reflection (TIR) objective lens. The TIR lens is used to generate the evanescent field at the
surface of the cover slip, and illuminates the samples residing directly on top of cover slips. As shown in Fig. lc, the
light can be confined inside an optical waveguide and guided along a pre-fabricated pattern. On the surface of a
waveguide, an evanescent field is present along the entire length of the waveguide (Fig 3c). The surface evanescent field
of a waveguide can also be used for TIRF microscopy, in the same way as a TIR objective lens (Fig 1) [3-5]. In
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conventional TIR objective lens based microscopy both the illumination and the collection light path are guided thorough
the TIR objective lens. Here, a waveguide-chip provides the illumination to the sample and any standard objective lens
can be used to collect the signal, thus decoupling the illumination and the collection light path.

2. LIVER SINUSOIDAL ENDOTHELIAL CELLS

The liver cells such as Kupffer cells (KCs) and liver sinusoidal endothelial cells (LSECs) are engaged in blood clearance
activity [6-9]. The LSECs, which line the very small blood vessels (sinusoids) of the liver, possess unique morphological
characteristics called "fenestrations" (small holes grouped in sieve plates) with a mean diameter of approximately 100
nm. Together these cell types make up the body’s most powerful scavenger system. In mammals, the KCs directly engulf
and remove larger targets (>200 nm) whereas LSECs eliminate smaller targets (<200 nm) via clathrin mediated
endocytosis. LSECs are uniquely characterized structurally with fenestrations (nano-holes of ~50-200 nm diameter)
grouped in sieve plates (Figure 2), which allow small soluble material, but not larger particles to pass across the
sinusoidal wall to the underlying parenchymal cells. As fenestrations and sieve plates are present only on the cell
membrane, TIRF (total internal reflection microscopy) configuration is preferred over epi-fluorescence.

Figure 2. Scanning electron micgrap f rat LSEC plasma membrane sowing fenestrations clustered in sieve plates (dotted line).
Scale bar =1 um.

3. METHODOLOGY

Waveguide material: Low loss, low auto-fluorescence optical waveguides for visible light (532nm) are required for
waveguide-chip based microscopy. Waveguides made of a material with a high refractive index, e.g. tantalum pentoxide
(Ta,0s) or silicon nitride (Si3N,), give high intensity in the evanescent field and a smaller penetration depth. In this work
we used optical waveguides made of tantalum pentoxide (Ta,Os), n =2.1 and high refractive index contract (An) of 0.75
when compared with SiO, (n= 1.45). We have previously optimized the fabrication process for Ta,Os waveguides [10-
11] and have used them for waveguide trapping application [12-15]. Strip waveguides with a strip height of 110 nm on
silcon dioxide substrates were used for imaging. A 5 um thick SiO, was present below the waveguide layer as a cladding
layer. Due to the large size of the imaged cells, the width of the waveguides used are either 50um or 100 um. This
ensures that the imaging region will be suited for the rathter large stretch of the LSECs.

Cell isolation staining: Rat LSECs were prepared by collagenase perfusion of the liver, low speed differential
centrifugation and Percoll gradient sedimentation [16], followed by KCs depletion by seeding the nonparenchymal
fraction onto plastic culture dishes. This resulted in a cell suspension enriched in LSECs. Human LSECs were also
isolated from patients undergoing liver resections based on immunomagnetic selection. The cells were seeded on
waveguides pre-coated with fibronectin and allowed attachment for 1h. Non attached cells and debris were removed, and
after another 1h of incubation, the cell were fixed with 4 % PFA for 10 minutes at RT. Following a 30 min incubation
with 1% BSA to minimize unspecific binding of the dyes, the cells were stained for actin filaments by incubating the
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cells for 20 min at 37°C with Alexa Fluor 647 Phalloidin (1:40 dilution in PBS). After extensive washes with PBS, the
plasma membrane was stained by incubating the cells for 10 min at RT with Cell Mask Orange (working concentration
of 1.25 ng/ml in PBS).

Experimental set-up: The experimental set-up employed is shown in Figure 3. The two lasers beams 532 nm and 638
nm were used for TIRF excitation and were combined and coupled into the waveguides using an 50X 0.5 NA objective
lens. The input coupling objective lens was kept on a translation stage to optimize the coupling efficiency on to the
waveguide chip. An upright microscope (Olympus) with adequate emission filter sets was used, also this mounted on a
translation stage allowing freedom to move the field of view around on the waveguide chip. The images were captured
using a sensitive SCMOS camera (Hamamatsu Orca Flash 4). For epi-fluorescence imaging, another 532 nm laser was
introduced from the top of the microscope as shown in Fig. 3. The sample chamber was made using thin PDMS layer
(110 nm thickness), with an opening at the center to introduce the cells and image buffer. The thickness of the PDMS
chamber was matched to the shortest working distance of the objective lenses used for imaging, to ensure the best
possible image quality. The PDMS opening was sealed by a cover slip and different N.A. objective lens were used to
acquire images. The cells were placed on top of the waveguide and were illuminated by the evanescent field of the
waveguide for 2D imaging and by the propagating laser beam for epi-fluorescence mode.

Camera—> Q g‘_ PC

i ﬁ Laser
Bandpass filter ][ (epi-fluorescence)
———
LP filter —>

]
Dichroic mirﬂ; } }
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(TIRF illumination) 50X 0.5 NA "
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4
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Figure 3 Experimental set-up of waveguide-chip based microscopy. Lasers (532 nm/638 nm) were used for 2D chip-based imaging
and another 532 nm laser was used for epi-fluorescence from the top of an upright microscope.

4. WAVEGUIDE CHIP-BASED IMAGING OF LIVER CELLS

The primary LSECs were immobilized directly on top of waveguides, fixed within 3 hours after the isolation and stained.
The waveguide is coated with a thin layer of fibronectin to help immobilization of LSECs on the waveguide surface.
Figure 4a shows a bright field image of LSECs and Figure 3¢ shows the cells imaged using the evanescent field of the
waveguide. The cell membrane network and sieve-plates (dark areas in the membrane) are imaged, while Fig. 3b shows
an epi-fluorescence image of the same cell. In epi-fluorescence excitation the cell nucleus become emphasized as a
consequence of the top-illumination, and as illumination power increases the signals from the nucleus saturates the
image before the membrane sieve plates can be imaged. The images were acquired using a 50X 0.8NA objective lens.
The 532 nm excitation laser was operated in the range of 200-300 mW for waveguide imaging, with exposure time of
300 ms. The fairly high power is needed due to high losses associated with the coupling loss and the propagation loss.
The estimated guided power inside the waveguide is less than SmW. For epi-illumination considerably less power is
needed to achieve the appropriate illumination of the fluoreophores (in the range of 10-20 mW). In separate experiments,
human LSECs were stained with Alexa 647 Phalloidin and imaged using waveguide excitation (laser 638 nm). The
images of actin in human LSEC are shown in Figure 5. The images were acquired by a water immersion objective lens
(60X 1.2NA). The actin filaments are used to measure the resolution of the method, and found to be 295nm at full width
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half maximum (FWHM) after a deconvolution algorithm is employed on the acquired image. Due to rapid decay of the
evanescent field from the waveguide surface, low background noise is obtained in chip-based microscopy.

Chip based
microscopy

Figure 4: a) Bright field image of rat LSECs located on top of the waveguide surface. b) Waveguide TIRF image of cell region. The
sieve plates present on cell membrane are imaged (dark areas present on cell membrane),c) Epi-fluorescence image of same cells.

Figure 5: a) Bright field image of human LSEC on top of waveguide. b-c) Waveguide TRIF image of the same cell. The cell is
stained with Alexa 647-phalloidin exposing cell actin. The FWHM is 295 nm.

5. CONCLUSION

We have used waveguide-chips made of high-refractive index contrast material (Ta,Os) for imaging membrane
sieve plates and actins present in rat and human LSECs, respectively. In waveguide excitation, the evanescent field is
dominant only near the surface (~100-150 nm) providing default optical sectioning and illuminating fluorophores that
are in close proximity to the surface and thus benefiting higher signal-to-noise ratio. Optical waveguides provide a
uniform excitation over large sample area and the method represents an integrated, on-chip approach for fluorescent
imaging, with a possible extension towards super-resolution imaging methods. Waveguide-chip generates evanescent
field along the entire length of the waveguide, when combined with low magnification, a large field-of-view can be
imaged under TIR illumination. While, in conventional TIRF microscopy both imaging and excitation are coupled thus
the field-of-view is limited by TIR lens (usually high magnification). For fluorescence microscopy, it is an advantage to
stain different parts of a cell with different dyes and excite each dye with a different wavelength. The integrated chip-
platform is compatible with optical fiber components which would allow easy multiplexing of different wavelengths for
multi-color imaging. Combining waveguide imaging with planar waveguide trapping opens for the possibility of
trapping particles (cells, bacteria etc.) on the waveguide, while aquiring TIRF images of the particles [12].
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Abstract: Waveguide chip-based microscopy reduces the complexity of total internal
reflection fluorescence (TIRF) microscopy, and adds features like large field of view
illumination, decoupling of illumination and collection path and easy multimodal imaging.
However, for the technique to become widespread there is a need of low-loss and affordable
waveguides made of high-refractive index material. Here, we develop and report a low-loss
silicon nitride (Si;N4) waveguide platform for multi-color TIRF microscopy. Single mode
conditions at visible wavelengths (488-660 nm) were achieved using shallow rib geometry.
To generate uniform excitation over appropriate dimensions waveguide bends were used to
filter-out higher modes followed by adiabatic tapering. Si;N, material is finally shown to be
biocompatible for growing and imaging living cells.

© 2017 Optical Society of America

OCIS codes: (180.4243) Near-field microscopy; (130.0130) Integrated optics; (180.2520) Fluorescence microscopy;
(170.3880) Medical and biological imaging.
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1. Introduction

Photonics integrated circuits (PICs) based on high refractive index contrast (HIC) between the
core and the cladding has attracted significant research attention during the last decade [1—
10]. The HIC enables tight confinement of the light inside the waveguide, enabling ultra-
compact waveguide structures with small bend radii. These properties of HIC are used to
fabricate high-density PICs and integrated optical functions such as optical modulators,
switches, and arrayed waveguides with a small footprint. Spiral waveguide geometries in HIC
waveguides are used to significantly increase the interaction length between the sample and
the evanescent field of the waveguide [1] opening opportunities to develop, e.g., on-chip
Raman spectroscopy [1] and on-chip optical coherence tomography (OCT) [2]. In addition,
by fabricating HIC waveguides with a core thickness of 100-200 nm, the intensity of the
evanescent field can be greatly increased. Consequently, HIC waveguide platforms provide
high sensitivity when used for optical sensors (chemical, gas and biological) [3, 4]

Different materials have been explored to fabricate HIC waveguide platforms. For
infrared wavelengths, silicon waveguides (n = 3.5) using silicon-on-insulator technology are
commonly used. For the visible regime, materials such as tantalum pentoxide (Ta,Os),
titanium pentoxide (TiO,) and silicon nitride (Si3;N,) have been utilized. Among the explored
HIC materials within visible wavelengths, Si;N4 has attracted the maximum attention due to
its suitable material properties and the compatibility of SizN, fabrication process with
standard CMOS fabrication line. The suitable material property includes transparency in
visible wavelength, low absorption and high refractive index contrast. Exhibiting a refractive
index of around 2 at the visible regime, the HIC with the substrate/cladding (typically SiO,, n
= 1.46) enables integrated functions with a small footprint, which is not possible with
materials exhibiting lower refractive index contrasts. Various applications have been
developed both in linear [4, 6] and non-linear optics [7] using Si;Ny4 platform. The SizNy4
waveguide has been employed to develop different integrated optical functions such as ring
resonators [8], modulators [9], switches [9], sensors [3], spectroscopy [10] and waveguide
trapping [11]. Being transparent with low auto-fluorescence and low absorption in the visible
range further makes Si;N; compatible with fluorescence techniques for bio-imaging. In
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addition, the compatibility of Si;N4 with standard CMOS fabrication lines is able to deliver
high volume production of photonic chips, decreasing production costs. Low-loss SizNy
waveguide platforms have been reported using CMOS fabrication compatible process [4-6]
and the foundry services for Si;N, platforms became commercially available in recent years.
In this work, we report the usage of SisN; waveguide platform for integrated optical
microscopy for live cell imaging applications. The previous reports [12—18] on integrated
optical microscopy employed different core materials including both high and low refractive
index contrast materials. Si;Ny4 platform has not been explored for fluorescence microscopy of
living cells. As Si;N, is turning out to be a preferred HIC material at visible wavelengths, a
systematic investigation of the suitability of Si;N, waveguide platforms for bio-imaging
applications is beneficial. In this paper we designed, fabricated and characterized SizNy rib
waveguides to possess single mode behaviour at visible wavelengths that are used in
fluorescence imaging (488-660 nm). We also simulated the bend loss and adiabatic tapering
length of shallow Si;N4 rib waveguides (2-8 nm rib height) for visible wavelengths. The
simulation parameters are compared to experimental measurements. Finally, the low-loss
Si;N, waveguide platform is shown to be biocompatible with the imaging of living cells.

2. SizN, waveguide platform for TIRF microscopy

High-specificity, high-resolution and live-cell compatibility made fluorescence microscopy a
vital tool in modern bio-medical imaging and diagnosis. The fluorophores specifically bind to
the biological target providing high-contrast imaging of the intra-cellular structures with low
background. To further reduce the background signal, total internal reflection fluorescence
(TIRF) microscopy can be used. Contrary to epi-fluorescence where the entire cell is
illuminated, TIRF microscopy exposes only a thin section of the cells through the evanescent
field. As the evanescent field decays exponentially at the interface, only a thin, typically 100-
200nm section away from the surface is illuminated. Consequently, TIRF microscopy
provides a high signal-to-noise ratio by reducing the background signal. TIRF microscopy has
found applications for imaging targets in close proximity to the cell membrane, such as cell
membrane trafficking and focal adhesion points.

The evanescent field is commonly generated using a specialized high numerical aperture
(N.A.) and high magnification TIRF objective lens. By this method, the dimension of the
illuminated region is given by the magnification of the objective lens, which also collects the
emitted fluorescence. This limits the field-of-view down to around 100 x 100 pum’*. Another
way of setting up an evanescent field for TIRF microscopy is by using optical waveguides
[12, 14, 15, 17,18]. In waveguide chip-based microscopy, the illumination and collection light
paths are efficiently decoupled, opening several opportunities for bio-imaging. As the
evanescent field is generated along the entire length of the waveguide, a low magnification
objective lens can be employed to acquire TIRF images over a large field-of-view of even
millimetre range [18]. Waveguide-based TIRF exhibits thus many advantages compared to
conventional TIRF systems, such as a compact and user-friendly set-up (e.g. in-coupling can
be provided by optical fiber), low cost as mass produced chips circumvent the expensive
TIRF lens, the aforementioned flexibility at the collection path for large field of view
imaging, and easy multi-color TIRF imaging at multiple wavelengths without additional
optical alignment and mechanical adjustments.

Recently it was shown that the light intensities generated by the waveguide chip made of
HIC material enable blinking of single molecules for super-resolution microscopy techniques
[18]. The high intensity in the evanescent field was generated by fabricating thin waveguides
(150 nm in thickness) made of high refractive index contrast (HIC) material such as Si;N,. A
Si;N4 waveguide chip was used to demonstrate two different optical nanoscopy techniques,
one based on dSTORM (direct stochastic optical reconstruction microscopy) and another
based on ESI (entropy-based super-resolution imaging). Waveguide chip-based nanoscopy
displayed an optical resolution of 47 nm using a 60x/1.2NA objective, and by simply
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changing the collection objective lens to 20x, super-resolution imaging (with a resolution of
139 nm) was obtained over an extra-ordinary large f-o-v of 0.5 x 0.5 mm?” [18]. Multi-color
waveguide chip-based JSTORM visualized the connection of the actin cytoskeleton and
plasma membrane fenestrations on liver sinusoidal endothelial cells. As compared to chip-
based dSTORM, chip-based ESI provides higher temporal resolution but lower spatial
resolution. Waveguide based ESI was performed by modulating multi-mode interference
(MMI) patterns of the guided light within the waveguide.MMI are typically known as an
issue at waveguide-based illumination, especially when using waveguides with dimensions to
accommodate cells (10-50 um wide). The interference pattern provides then an uneven
illumination of the surface with dark regions within the imaging field. A reduction in the
effect of the MMI patterns was demonstrated by subsequently exciting sub-sets of modes by
scanning the input coupling objective along the input facet of wide waveguides, and then
averaging the mode patterns out [18]. A drawback of this approach, in addition to the need for
delicate equipment for mode averaging, is the obvious reduction in temporal resolution
associated with the mode averaging procedure, limiting the technique to fixed cells. Here, we
show a different approach to achieve single mode (and thus uniform) illumination, by using
both waveguide bends to filter out higher order modes and then adiabatically tapering of
single mode waveguides up to dimensions suitable for fluorescence imaging. This strategy
further strengthens advantages of waveguide-TIRF previously mentioned in this section.

2.1 Simulations

Simulations were performed to optimize the waveguide parameters such that uniformity and
high intensity in the evanescent field is obtained. In fluorescence microscopy, laser lines
spanning the whole visible spectrum are commonly used. We based the waveguide
simulations on the most typical excitation wavelengths 488 nm, 561 nm and 660 nm. In order
to achieve uniform illumination, the waveguide geometry was optimized to guide only the
fundamental mode at the wavelengths of interest. The HIC of Si;N, together with the
requirement of visible wavelengths puts stringent conditions on the waveguide geometry to
achieve the single mode condition. Compared to slab waveguides, challenged waveguide
geometries (strip and rib) provide higher intensity in the evanescent field. Figure 1(a) shows
the schematic diagram of a strip and rib waveguide. For the strip geometry, the single mode
condition for SizNy is achieved with a sub-micron wide waveguide [6], which would require
the need of projection exposure systems as steppers, electron-beam lithography or deep-UV
lithography. However, the rib geometry should maintain single mode behaviour for wider
waveguide geometry, e.g., 1-1.5 pm, making the fabrication process feasible with
conventional photolithography and thus less demanding. Moreover, as cells are 10-25 pum in
size, it is preferred to fabricate wide waveguides (>25 um) with single mode condition. A
single mode rib waveguide is therefore adiabatically tapered to provide uniform excitation
over large areas. Two different designs are proposed (design A and B, as depicted in Fig.
1(b), one being a straight geometry (A) and the other including a bend section (B). As higher
order modes have much higher bend losses, bend section was used to filter out higher order
modes and thus ensuring single mode condition.

Simulations to determine the single mode geometry were performed using the film mode-
matching (FMM) solver of the commercial software Fimmwave (Photon Design, UK). The
FMM solver, a numerical technique, divides a waveguide geometry into vertical slices which
are uniform laterally but multi-layered vertically. A 2D model is then composed of the
Maxwell solutions found for the 1D TE (transverse electric) and TM (transverse magnetic)
polarization modes of each vertical slice, with the mode amplitude obtained through the
continuity of the tangential fields at the slice interface and boundary conditions. By using the
FMM solver, single mode conditions were determined by calculating the largest rib height for
a given width and slab height where no solution for the first-order mode could be found. As
the single mode condition geometry is polarization dependent, the results differ depending on
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the electric field’s orientation. TM modes of shallow rib waveguides exhibit a hybrid
polarization character with the strength of the resulting minority fields varying with geometry.
Approximations to this character mostly result in erroneous results. This work will only
discuss results for transverse electric (TE) modes, which do not present such behaviour.
Leakage losses of TM modes and their influence on, e.g., bending losses have been discussed
previously [19].

b .
)Stri structure )'”p“t w Design A

Ngyp— Ny
nSUB

Rib structure
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tRIBf :tSLAB
f Input

Fig. 1. a) Cross-section scheme of strip vs. rib waveguide geometry. nsyp, Nwg, Nsus: refractive
indexes of superstrate, guiding material and substrate, respectively. trip, tsiap: thicknesses of
rib and slab regions. b) Top view scheme of waveguide designs demonstrating tapering of the
waveguide width (design A and B) and bend structure (design B). ws: start width, wr: tapered
width, L: taper length, R: bend radius.

Design B

As start parameters, a waveguide width of 1.5 um was taken as a lower reproducible limit
of the contact photolithography process, avoiding the more demanding scanning/stepping or
e-beam processing techniques. Simulations suggested that a Si;Ny thickness of 150 nm (rib
and slab thickness, trip + tspap) leads to an evanescent field of around 150 nm penetration
depth. The curves in Fig. 2(a) display the results for single mode condition calculations for
waveguides with a SiO, cladding at 488 nm, 561 nm and 660 nm. Refractive indexes taken
for Si;Ny were 2.037, 2.021 and 2.007 [20], and for SiO, 1.482, 1.479 and 1.475 at 488 nm,
561 nm and 660 nm, respectively [21]. Single mode condition simulations in Fig. 2(a) display
that as the total thickness of the waveguide decreases, a smaller rib height tg;p is required to
keep the single mode condition. Intuitively, the rib height to maintain the single mode
condition will also decrease with decreasing wavelengths. A core thickness (trig + tspap) of
150 nm was chosen for the fabrication. The simulation results indicate that for this total
thickness of 150 nm, a rib height of 4 nm (tz;g) and slab height of 146 nm (tspag) would
provide single mode condition for a 1.5pm wide, SiO, cladded waveguide at the three
considered wavelengths. These dimensions will be taken into consideration for the rest of this
work.

Adiabatic taper length

After simulating the parameters for single mode condition for a 1.5 uym wide waveguide,
further simulations were carried to determine the adiabatic tapering length. An increase in the
width of the waveguide will typically enable higher order modes to be guided. By tapering the
waveguide slowly and adiabatically, the guidance of only the fundamental mode is preserved.
The adiabaticity is a function of the initial and the final waveguide widths (ws and wr), the
taper length (L), and the taper shape, as schematically represented in Fig. 1(b). The
commercial software Fimmprop'™, a 3D modelling expansion to the Fimmwave software,
was used for the taper simulations. Fimmprop™ is based on the EigenMode Expansion
Method, a fully vectorial, bi-directional algorithm where the main approximation is the
chosen number of propagating and radiation modes for a given geometry [22]. The
adiabaticity parameter shown in Figs. 2(b) and 2(c) is defined as the percentage of the guided
light present at the zero-order mode. A tapered single mode waveguide requires adiabaticity
values close to 100%. The adiabaticity was determined by computing a number of modes
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accepted at the end width of the waveguide and analysing the power distribution among them
according to a taper length L. The taper profile can assume different shapes, e.g., linear,
exponential or Gaussian. A linear shape was chosen based on published literature [23]
pointing towards a better efficiency compared to the Gaussian and exponential shapes and
better stability compared to the parabolic shapes. Convergence tests were performed for the
considered number of modes. Figure 2(b) displays the results for the three different end
widths at 660 nm. Results suggest 99% adiabacity from a start width wg = 1.5 um to an end
width wr = 12.5 pm with a taper length around L = 500 um. The same efficiency for the end
width wp =25 pm was achieved with the taper length L = 2000 pm and a taper length of over
4000 um was required for the end width wt = 50 pm. In order to undergo a compromise with
the propagation losses and the structure size, the taper parameters for the experiments were
set as wr = 25 um and L = 2000 pum. Figure 2(c) displays the minor difference in the taper
efficiency for the three utilized wavelengths (over 98% for all wavelengths at L = 2000 pm)
at the set parameters.

Bend losses

A Fimmprop model was used to estimate bend losses for a rib waveguide as a function of the
bend radius (R). The model first considers a lossless straight section, which is then bent 90°.
The power loss is estimated at the structure’s output. Figure 2(d) displays the simulation
results, where a significant difference in the bend losses between the three wavelengths is
evident. For a bend radius of R = 2000 um, the bend losses are below 1 dB at 561 nm and 488
nm while being around 3.5 dB at 660 nm. Transition losses are also strongest at longer
wavelengths, with a model at 660 nm estimating them to be less than 0.1dB at R = 3000 pm
and below 0.25dB at R = 500 um.
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Fig. 2. a) Single mode condition simulations for TE polarized modes, 1.5um rib width, 1.5um
Si0, cladding. Single mode behaviour expected below the fitted line for the given wavelength
and geometry. b) Taper adiabaticity simulation, ws = 1.5 um to different end widths, A =
660nm. c) Taper adiabaticity simulations, ws = 1.5 pm to wr =25 pm. d) Simulation of power
loss after a 90° bend as a function of bend radius.
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2.2 Fabrication and characterization of the waveguides

Fabrication

Waveguide chips were produced at the Institute of Microelectronics Barcelona (IMB-CNM,
Spain). Silica layer with a thickness of 2 um was first grown thermally on a silicon chip,
followed by the deposition of Si;N, layer using low-pressure chemical vapor deposition
(LPCVD) at 800°C. Standard photolithography was employed to define the waveguide
geometry using photoresist, and reactive ion etching (RIE) used to fabricate a waveguide rib
of given height. The remaining photoresist was removed, and finally a 1.5-2 pm thick top
cladding layer deposited by plasma-enhanced chemical vapor deposition (PECVD) at 300°C.
To seed the cells at specific imaging areas, the top cladding was removed using RIE and wet
etching. The details of the fabrication optimization and process can be found elsewhere [24].
-All waveguides were fabricated with a total SizN, thickness of 150 nm and 4 nm rib height.
The initial width of the waveguide was 1.5 pum, later adiabatically tapered out to 25 pm. The
bend radius was set to 2 mm.

Characterization

The manufactured parameters were characterized using scanning electron microscopy and a
surface profiler. The surface profiler measurements verified an average rib height of 4.0 nm
within the noise level of the system (0.6 nm). Scanning electron microscopy measurements
indicated a possible variation of = 0.1 um over the specified 1.5 pm wide width.

Single mode conditions

Optical waveguides of 1.5um width were characterized for single mode behaviour at the three
wavelengths considered for the simulations. When the fundamental mode is excited in a
waveguide, the resulting scattered light will appear homogenous and stationary for all
possible coupling positions. If higher order modes are present, multi-mode interference
(MMI) can be observed, and the scattered light along the waveguide will be modulated. To
investigate this, the input coupling objective lens was scanned along the width of the
waveguide using a piezo translation stage and image sequences of the scattered light were
captured using an upright microscope. The experimental set-up is shown in Fig. 3. For
waveguides only supporting the fundamental mode, only a straight pattern can be observed
(Visualization 1). For waveguides that support higher order modes, MMI as an undulated
pattern is visible (Visualization 2). Figures 4(a) to 4(c) shows scattered light from a
waveguide designed for 1.5 um width at three different wavelengths. These geometries
indicate single mode behaviour at A = 660 nm, while A = 561nm and A = 488 nm appear to be
supporting higher order modes. This is particularly visible at A = 488 nm, Fig. 4(c), where the
undulation pattern in the guided light can be observed. Despite being in disagreement with the
simulation results, the multimode behaviour at shorter wavelengths might be explained due to
slight variation in the parameters of the fabricated waveguides (width and effective refractive
index).

Waveguides were adiabatically tapered using both designs A and B as represented in Fig.
1(b) (ws = 1.5 pm, wr = 25 pm, L = 2 mm, R = 2 mm). The tapered waveguides following
design A, Figs. 4(d)-4(f), and design B, Figs. 4(g)-4(i), were inspected for single mode
condition at the three wavelengths. Figure 4(d) shows that 25 pm wide waveguide is still
single moded at A = 660 nm as the scattered light appears uniform. However, at A = 561nm,
Fig. 4(e), a dark band caused by multi-mode interference is visible in the scattered image. As
expected, Fig. 4(f) shows that decrease of the wavelength to 488 nm results in even stronger
MMI patterns.
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Fig. 3. Schematic diagram of the experimental setup. Imaging area at cladding is opening
allowing for specimen contact to waveguide surface. Inset: approximate penetration depth of
evanescent field. A, A 5, A 5: guiding/excitation wavelengths, MO: microscope objective.

Higher order modes have several orders of magnitude higher bend losses as compared to
the fundamental mode. This can be taken advantage of to filter out guided higher order modes
by adding bend sections as schematized in Fig. 1(b), design B. Structures were designed
where a straight 1.5 pum wide waveguide was first bend (R = 2 mm) and then tapered to 25
pm. While Visualization 3 exhibits the scattered light from a 488 nm laser in the straight 1.5
pm wide waveguide where multimode interference is clearly visible, Visualization 4 shows
scattered light from the same waveguide after a bend with 2 mm radius suggesting single
mode behaviour. Figures 4(g)-4(i) depict the scattered light from a 25 pm wide waveguide
having the taper after a bend with a radius of 2 mm for the three different wavelengths.
Comparing Figs. 4(e)-4(f) to Figs. 4(h)-4(i), it is evident that the previously observed
interference patterns are removed by the bend structures (i.e by design B).

Before taper (ws=1.5um) After taper (W=25um) After bend + taper

c g Ny

Fig. 4. Optical image of the scattered light from a waveguide at three wavelengths, (a, d, g):
660nm; (b, e, h): 561 nm and (c, f, i): 488 nm. a) to c) straight 1.5 um wide waveguide.
Multimode behaviour is observed for b) and c). d) to f): Adiabatic tapering to 25 um width
observed at d) while multimode behaviour was carried on at e) and f). g) to i): Bend section
with 2mm radius preceding the taper structure removing multimode interference. Scalebar: 5
pm. Associated Visualization 1, Visualization 2, Visualization 3, and Visualization 4.

Loss measurement

The propagation losses of the waveguide for three wavelengths were measured using
scattering analysis. Images of scattering from guided light were captured with subsequent
translation of an upright microscope and post-processed to remove saturated pixels. Saturated
pixels originate from strongly scattered light representing fabrication imperfections. An
average value for each scattered image was used to track the decaying intensity of the
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propagating light as a function of the waveguide length. The result was plotted on a log-scale
with the linear fit decay as the estimate for the propagation loss. Four different measurements
for each wavelength and polarization state were performed for waveguides with lengths
between 1 and 2 cm, the weighted averages being shown in Table 1. The propagation loss of
the SisN,; was less than 1 dB/cm at 660 nm wavelength (both polarizations) and still
reasonably low at 561 nm (2-2.5 dB/cm). However, the propagation loss at 488 nm was very
high for both polarizations (10 dB/cm). It is very likely that the high loss at shorter
wavelengths (i.e. 488 nm) is related to material absorption, visible as autofluorescence. The
autofluorescence has a similar exponential increase of its intensity if moving from 660 nm to
488 nm.

Table 1. Propagation loss for 1.5 pm wide Si;N; waveguides. Single values averaged from
four different waveguides. The measurement uncertainty is estimated to one digit.

™ TE
488 nm 10.5 10.2
561 nm 1.9 2.6
660 nm 0.7 0.5

Bend losses were measured by comparing the intensity at the output facet of different
waveguides. To minimize systematic errors, only waveguides on the same chip were
compared. The structures contain both straight waveguides (no bends) and bend designs of
different radii as shown in Fig. 5(a). The bend designs were shaped as a composite of two +
60° and two —60° curvatures. The straight waveguide acts as a reference for comparing the
bend losses associated with the different bend radii, assuming the excess loss measured from
the bending itself and the extra propagation loss associated with the extra arc-length of the
bend sections. The output light was coupled out of the waveguides and captured by a 20x
NAO.4 objective lens. An iris was placed at the objective focal point to filter out any unguided
light, and finally the light was directed to an optical power meter. Figure 5(a) plots the
simulated and the measured bend losses for the bend geometries in Fig. 5(b). For a bend
radius of 2 mm at 561 nm and 660 nm wavelengths, the bend losses measured experimentally
were similar to the values predicted by the simulation. Discrepancies on the measured and the
simulated bend losses were obtained for the short bend radius, i.e. (500 um) at all
wavelengths. For a rib waveguide, the Si;N, slab beneath can still guide light leaking out
from the waveguide. For shallow rib waveguides as used in this work, part of the light leaking
out at the sharp bends (e.g. 500 um) is being guided by the slab beneath and eventually re-
coupled onto the straight section after the bend. This effect was prominent for sharp bends
and also at 488 nm wavelength, thus accounting for the higher discrepancies at 488 nm.
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Fig. 5. a) Waveguide design for measurement of bend losses. Microscope image shows the
different waveguide test structures with no bend and increasing bend radii. b) Measurements
vs. simulations for a bend loss structure as represented in a).

3. Chip based fluorescence imaging of fixed and live cells
3.1 Experimental set-up

The setup was built around a modular upright microscope from Olympus (BXFM), see Fig. 3.
The microscope body was mounted on two linear motorized translation stages, providing
freedom to move the microscope. The waveguide chip was held by a vacuum chuck mounted
on a multi-axis flexure stage (Thorlabs, RBL 13D). Light from three lasers sources (660 nm
Cobolt Flamenco, 561 nm Cobolt Jive and 488 nm Oxxious LBX 488) was combined and
coupled into the waveguide chip. The laser beams were individually expanded and collimated
to fit the back aperture of the coupling objective lens (Olympus NPlan 50x NAO.5), which
focussed the light onto the input facet of the waveguide. The coupling objective lens was
mounted on a piezo stage (Melles Griot, NanoMax-HS) to allow for fine-tuning of the input
coupling. The light coupled into the waveguide is guided to the imaging region. The cladding
on the imaging area was removed to allow the specimen to come in direct contact with the
waveguide surface and thus the evanescent field. The fluorescence is excited by the
evanescent field and the emitted signal is captured by a high N.A. objective lens (Olympus
60x NA1.2) and filtered through lowpass (AHF660, AHF561, Edmund 488) and bandpass
filters before the signal is imaged onto a SCMOS camera (Hamamatsu Orca flash v3). Post
processing of the image data was done using the open source software Image].

3.2 Sample preparation

Waveguide chips were fitted with a custom made micro-chamber to host cells and aqueous
image buffer. The micro-chambers were fabricated using polydimethylsiloxane (PDMS)
which was spin coated on the bottom of a petri dish to achieve an approximately 130 pm
thick homogeneous layer. After curing, the micro-chambers were cut to size with a scalpel
and placed on the chip using a tweezer. PDMS will adhere to both the waveguide and cover
glass coming on top of it, creating a hermetic chamber.

Human Merkel carcinoma cells (MCC13) were seeded directly on the waveguide surface
and left to grow for 48 hours inside an incubator. The cells were fixed using 4%
paraformaldehyde (PFA) for 10 minutes at room temperature (RT). Cell membrane
permeabilization was performed using 0.1% Trition X-100 at RT. To reduce unspecific
binding of fluorophores on the waveguide surface, the chip was incubated with 5% bovine
serum albumin (BSA) for 20 minutes at RT. The microtubules network was stained for 45
minutes with Alexa488 a-tubulin (Termofisher, #MA138000A488) at a concentration of
1/400 in 5% BSA at RT. The plasma membrane was stained for 20 minutes at RT using
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CellMask deep red (Termofisher, #C10046) (CMDR), the stock solution diluted to 1/1000 in
phosphate buffered saline (PBS). Each step in this protocol was followed by three gentle
rinsing steps using PBS buffer. The PBS-based imaging media contained an enzymatic
oxygen scavenging system [25] to reduce photobleaching of the fluorophores.For live cell
imaging, human trophoblast cells (HTR-8) were grown on the waveguide inside an incubator
for 48 hours. The plasma membrane was stained using CellMask green (Termofisher,
#H32714) at a concentration of 1/1000 in PBS for 20 minutes. The chip was gently washed
with live cell buffer media (Termofisher, #21875091). The chambers were filled with live cell
imaging buffer (Termofisher, #A14291DJ) and imaged within 30 minutes after staining.

3.3 Imaging of fixed and live cells

The tapered waveguide (25 pum) using design B, Fig. 1(b), was used for bio-imaging
experiments. Fixed MCC13 cells were imaged sequentially for the red (660 nm) and green
(561 nm) wavelengths. To image the plasma membrane stain, 0.3 mW laser power at 660 nm
was measured on the back aperture of the objective lens used for coupling light into the
waveguide chip. After consideration of the different loss contributions from coupling,
bending and propagation, the guided power at the imaging region was roughly estimated to be
in the order of 4-10 pW. Similarly, the microtubules were imaged using 5 mW of the 488 nm
laser at the back aperture, leaving roughly around 0.5-1 uW of this wavelength at the imaging
region. Given the high refractive index material, we estimate that around 10% of the guided
power is available in the evanescent field. For each channel, 100 images were acquired with
an integration time of 10 ms. An average of these images was used to further improve the
image contrast, which can be seen in Figs. 6(a)-6(d). The position of the waveguide edges is
indicated with white dashes in Figs. 6(a)-6(b), and zoomed regions indicated by white squares
are shown in Figs. 6(c)-6(d). The evanescent field excitation of the waveguide gives high
optical sectioning, generating images with high contrast and low background. The effects of
shadows stemming from waveguide imperfections are minimal, but can be barely seen
towards the right side of Fig. 6(a).

For live cell imaging, the HTR-8 cells were seeded and grown on the Si;N, chip. The chip
seeded with cells was placed inside the incubator for 48 hours. Live HTR-8 cells were imaged
within 30 minutes after staining was completed. Input power of 60 mW of 488 nm laser was
used at the back aperture of the coupling objective lens, which leaves around 15-30 uW
guided power at the imaging region. A stack of images was acquired under continuous
illumination for 3.6 minutes with 100 ms exposure time. The resulting movie, shown at Fig. 7
and Visualization 5, indicates a healthy environment for cell movement on the waveguide
surface. Slight photobleaching was observed corresponding to around 25% decrease of the
fluorescence intensity after 3.6 minutes of continuous illumination.
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Fig. 6. a), b) MCCI13 cells stained for plasma membrane (CellMask deep red) and tubulin
(Alexa 488 anti-Tubulin), fluorescence excited through a 25 pm wide waveguide. The cells are
distributed homogeneously on the chip, the center of the waveguide being indicated with
dotted lines. c¢), d) are the regions indicated with a white box in a) and b). The cells are evenly
illuminated at this position on the waveguide.

Fig. 7. HTR-8 cells stained for plasma membrane and kept alive in live-cell imaging media
during the measurement. a) A frame from the movie (Visualization 5) shows several cells
clustered together on the 25 pm wide waveguide. b) to d) Movement in the cell membrane can
be seen over 3.6 minutes.

4. Conclusion and discussion

In this work we have systematically studied, developed and characterized a Si;N, waveguide
platform for bio-imaging applications. The fabrication of the Si;N, platform is compatible
with standard CMOS fabrication pilot lines. The high refractive index of the Si;N, waveguide
platform was exploited to generate a high intensity in the evanescent field by fabricating thin
waveguides (150 nm). It was shown that SisN, waveguides provide biocompatible substrates
where live cells can be grown and continuously imaged with low photo-toxicity, similar to the
conventional glass cover slip approach.

Simulations backed up by experimental results studied the waveguide geometry to provide
uniform illumination over wider widths (25 pm). A narrow (1.5 pm) and shallow rib
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waveguide (4 nm) was adiabatically tapered to a wider width (25 um) at the imaging region.
To ensure single mode behavior at the imaging area, bend geometry was used. As higher
order modes have much higher bend losses than the fundamental mode, it was demonstrated
by bending the waveguide that higher order modes can be filtered out ensuring uniform
illumination over wide waveguides (25 um) at all studied wavelengths (488, 561 and 660
nm). In order to provide a uniform excitation, single mode waveguides are not always
sufficient. Waveguide imperfections, dust particles, or other highly scattering or absorbing
elements interfering with the guided mode may appear in the images as dark band shadows.
The fabrication steps can be further optimized to reduce such artifacts. This effect is less
prominent if the objects interfering the guided mode offer a less refractive index contrast, e.g.,
cells as shown in this work.

Propagation losses were measured for straight and bend sections, being low at longer
wavelengths but showing a strong increase towards shorter wavelengths (488 nm). The
propagation loss of less than 1 db/cm at 660 nm while it is around 10 db/cm at 488 nm. The
high propagation losses at 488 nm seem to correlate with stronger auto-fluorescence at 488
nm wavelengths. Future optimization of the fabrication steps to reduce the auto-fluorescence
at 488 nm will be carried out.

To fully exploit the capabilities of chip-based microscopy to provide large field of view
TIRF illumination, future work will focus on extending the waveguide geometry laterally
even further to accommodate uniform TIRF illumination suitable for imaging with low NA
objectives. This will open up the possibility to study enormous populations of cells in TIRF
mode in real-time enabling high-throughput TIRF imaging. Development of on-chip TIRF
microscopy is also flexible towards implementations with other integrated systems, such as
microfluidics and on-chip sensing, particle tracking and trapping and super-resolution
microscopy.
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On-chip localization
microscopy

In chapter 2, TIRF diffraction-limited imaging was explored using chip-based
illumination. The waveguide platform was tested for bio-applications for both
fixed and living samples. Furthermore, different strategies to achieve uniform
illumination was discussed.

In this chapter, the application of waveguide-based imaging is extended to-
wards super-resolution TIRF microscopy, using the SMLM technique dSTORM
[19, 20]. Also, the intrinsic MMI patterns are used together with a statistical
reconstruction algorithm to perform on-chip fluctuation nanoscopy using ESI

[35].

4.1 Introduction

The working concepts of dSTORM were discussed in section 2.3.3. For brevity,
the dSTORM principle utilizes the natural occurring dark-states of the fluo-
rophore. During normal fluorescence, the electronic energy states are circu-
lating between the ground state and the excited singlet states. However a
transition to the triplet state is also likely to occur, and from here the chance of
entering long-lived dark states can be increased. dSTORM utilize a chemical

63
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reduction of the triplet state, i.e. an electron is absorbed by the fluorescent
molecule from the image buffer. The result is a temporary dark state having
a lifetime of seconds to minutes. The return to the ground state can hap-
pen spontaneously with the absorption of oxygen, or with UV radiation. If
enough fluorophores recite in the dark state, the sample can be observed to
be blinking with separable emitters, allowing for the precise localization of the
single-molecule.

Signal to noise ratio is a key consideration in localization microscopy such as
dsToRM. Since the signal that is detected on the camera is coming from a
single-molecule it is dim, and any background signal will reduce the localization
precision and thus the resolution of the reconstructed image, as can be seen
in (2.7). In a conventional dSTORM microscope, the SNR is maintained by
either using TIRF illumination or HiLo illumination [32]. HiLo illumination is
achieved when the total internal reflection (TIR) angle is nearly met so that
an inclined sheet of light is illuminating the sample with a depth of around
10 pym (as discussed in 2.3.3). Chip-based TIRF illumination benefits form the
high index contrast materials giving very good optical sectioning (2.16), thus
ideal for maintaining adequate SNR.

dSTORM is an intensity consuming technique, requiring up towards 1-10
kW/cm? for blinking of the most popular fluorophores such as Alexa Fluor
647, with some implementations reporting up to 50 kW/cm? being used [20].
In a conventional setup, the benefit of HiLO over TIRF is the increased inten-
sity it provides (not relying on evanescent field excitation). To achieve high
excitation intensities using waveguides, HIC materials are beneficial.

Furthermore, the excitation light distribution for SMLM should ideally have
a flat intensity profile. The dark-state formation in dSTORM is an intensity
requiring process, which means that fluorophores under high-intensity illumi-
nation have a greater chance of entering a long-lived dark state. If the excitation
light profile used for dSTORM is uneven, the on/off rate is also affected, where
regions receiving high intensity may have more molecules in the dark state
and vice-versa. For TIRF methods, the evanescent field intensity can be low,
and artifacts due to uneven intensity profiles might occur. In a conventional
objective-based TIRF microscope the excitation profile is Gaussian and the
FoV used for SMLM imaging is typically limited to only the center region of
the Gaussian profile, due to the reasons above. Furthermore, some commercial
super-resolution microscopes such as the OMX blaze from GE healthcare (avail-
able at our lab) have a beam concentrator, directing more intensity towards the
central region of the FOV further reducing the usable FOV size. A method by the
Manley group made efforts into expanding the excitation light profile provided
by the high N.A. objective lens, using a system of micros-lenses and diffusers
[62]. Additionally, methods using multimode fiber with a diffuser to scramble
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Objective-based Chip-based
dSTORM dSTORM

Figure 4.1: Objective-based dSTORM and chip-based dSTORM achieves similar results
for the blinking of Alexa-Fluor 647 dye molecules.

the modes [63] have been implemented. Both of these methods successfully
increased the illuminated area for dSTORM, but still have a limited FOv due
to the collection optics high N.A.

On the other hand, by using waveguides to steer the light towards the sample,
the excitation pattern is not Gaussian but rather determined by the waveguide
material and geometry. By using wide waveguides of HIC materials the illumi-
nation can be available over large regions but at the cost of highly disruptive
MMI patterns. As discussed and the last chapter, the presence of higher-order
MMI pattern can be reduced using tapering or multimode scrambling. For
large width, the latter is the most efficient to implement due to the very long
tapering lengths needed to expand singlemode waveguides adiabatically to
several hundred micrometers, as was shown in [61].

4.2 Results and discussion

To achieve the required evanescent field intensity, high refractive index materi-
als Ta;Os and Si3 N, were used. Strip waveguides with a core height between
150-220 nm were used. Strip waveguides were used having widths up to 600
pum. The strip waveguides offer higher-order modes than rib waveguides, which
is more effective for removing stripe artifacts caused by MMI.

The evanescent field intensity was measured indirectly by using a layer of
fluorescent beads. The fluorescence response of the beads was detected on
the camera, and compared with objective-based illumination with a known
intensity. These measurements gave a field intensity adequately strong for
dsTORM, reaching up to 12 kW /cm? in some cases. See supplementary table
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Figure 4.2: a,b) Chip based diffraction-limited image of LSEC stained for the plasma
membrane. ¢) Using dSTORM, membrane fenestration becomes visible, as better seen
in the zoomed image (d).

from paper 3.

The coupling mechanism for coupling on to the waveguides was explored
using both objective and fiber-based coupling. Using fibers is possible for
both diffraction-limited imaging and dSTORM, however, we only experienced
efficient blinking for dSTORM at fairly low waveguide widths (25 um, figure
2(a) in paper 3) using a lensed fiber. Additionally, the fiber-based coupling
would suffer from burning fibers due to high power (300 mW-500 mW) laser
being coupled in free space on to the fibers. For most of the imaging, we thus
used an objective lens with N.A.=o0.5 to couple the light from free-space on to
the waveguides.

To confirm that single-molecule switching and imaging is possible using the
chip-based setup, a comparison between chip-based and objective-based TIRF
illumination for dSTORM was carried out. A fluorescent dye-surface was pre-
pared using Alexa-647 molecules in Poly-L-Lysine (PLL). The surface was
brought into a blinking state using the common MEA buffer reported in [20].
Figure 4.1 shows two frames from the acquired image stacks, where both meth-
ods show separated emitters. This measurement was also performed using a
lower N.A. objective lens, which can be seen in the supplementary information
of paper 3.

A similar experiment was performed to show that single-molecule switching
could be achieved over large waveguide widths. Each waveguide was imaged



4.2 / RESULTS AND DISCUSSION 67

using different power settings to settle the minimum power needed for the
blinking of fluorophores on a fluorescent dye layer. This result is presented
in paper 4, figure 2. Blinking of fluorophores was confirmed for all the tested
waveguides having widths up to 1 mm.

Chip-based dsSTORM imaging was demonstrated by imaging samples of LSECs
directly mounted on the waveguide surface. Figures 4.2(a,b) show the diffraction-
limited image of a cell labeled with Cellmask deep red plasma membrane stain.
The dye was excited using a 660 nm laser. Figures 4.2(c,d) show the same
cell in dSTORM mode with so nm resolution. The comparison with (a,b)
clearly shows the resolution enhancement, wherein the dSTORM image, liver
fenestration become visible as a network of holes. The liver fenestrations have
dimensions around 100-150 nm [64]. A resolution of 50 nm was quantified
using both Fourier ring correlation and data statistics in addition to direct
measure in the images, as seen in figure 2 in paper 3.

The illumination profiles of the waveguide were compared with the illumination
profile of a commercial system. The surface of the waveguide was stained
with a fluorescent dye and imaged with diffraction-limited resolution, with
MMI scrambling engaged. The same sample was prepared and imaged in
the OMX blaze system using ring TIRF [65] and with the beam concentrator
activated. The result is shown in Fig. 4.3, where Figs. 4.3(a-c) show the
illumination profile of the waveguide with line-profiles at the indicated region.
The residual mode-pattern has 16 % modulation over the width of the waveguide
(ignoring the edge artifacts) (Fig. 4.3(b)). The GE healthcare OMX blaze system
illumination profile is shown in Fig. 4.3(d-f), where the Gaussian nature of
objective-based illumination is obvious with some added strength to the center
of the distribution due to the beam concentrator.

For a maximum of 16 % intensity modulation (as for the waveguide), the OMX
blaze system would be limited to a field of view of 18 x 18 ym?2, due to the
Gaussian envelope as seen in Fig. 4.3(d-f). As discussed in [62], illumination
variations are not a big problem for dSTORM as long as the required illumi-
nation intensities are met. However, when illumination intensities drop below
1-10 kW/cm? the number of multiple emitters, i.e overlapping blinking events,
may increase and the reconstruction will show clustering artifacts [66]. The
residual ripples in the waveguide-based illumination were measured for waveg-
uides having widths up to 1imm (figure 3 in paper 4), and found to increase up
towards 25 % for wide waveguides.

The use of MMI scrambling for real biology samples was investigated using
a sample of LSECs stained with Cellmask deep red, targeting the plasma
membrane. Two time-points of the diffraction-limited stack (Fig. 4.4(a,b)
shows the presence of dark areas shifting in time, due to the mode scanning
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Figure 4.3: (a) The illumination profile of the waveguide is visualized using a fluo-
rescent dye layer. (b,c) The residual intensity modulation due to MMI is around 16%
over the width of the waveguide as shown from the line profile indicated with a blue

line in (a). (d) In a commercial microscope like the

OMX blaze V4, the illumination

is Gaussian where if we restrict the field of view allowing 16 % modulation yields a
field of view of 18 x 18 pmz, which is shown in the line profile (e) and the zoomed line

profile (f).
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Figure 4.4: Effect of MMI scrambling. (a,b) show two frames from a stack of diffraction-
limited images while the coupling objective lens is scanning the input facet of the
waveguide. Dark areas are seen shifting over the images. (c) Averaging 200 frames
yields a near-uniform excitation pattern. d) A dSTORM image reconstruction of the
same area is free from MMI patters, and super-resolved details are visible, here liver
fenestrations are observed as tiny holes in the membrane of the cell.

(Fig. 3.9). The average of 200 frames can be seen in Fig. 4.4(c) almost with
no MMI pattern. The effect of scrambling the modes under the dSTORM
acquisition, consisting of several thousands of frames is seen if Fig. 4.4(d),
where the reconstructed dSTORM image is free from MMI artifacts.

4.2.1 Large field-of-view chip-based dSTORM

The possibility of having TIRF illumination over extraordinary large fields
of view is one of the main arguments in favor of chip-based microscopy. We
investigated the possibility of generating large FOV super-resolved images
using wide waveguides to acquire FOV dimensions on the millimeter scale. To
utilize the large area illumination it was necessary to use objectives with a low
magnification (and lower N.A.) than the high N.A objectives commonly used for
collection. The change in N.A yields less efficient detection of single-molecules,
and thus a decrease in resolution for SMLM.

In a conventional objective-based system, SMLM imaging is done with high
N.A objectives. This is due to the locking of excitation and collection light
paths as seen in Fig. 2.8. Using low N.A. EPI-illumination is possible but would
render images of high background noise. While a high N.A. objective lens has
good optical sectioning capabilities, a low N.A. objective will not show this
characteristic. The axial resolution of the objective lens scales with n/N.A.2,
which for a typical 20x (having N.A.=0.4) objective means that the focal
volume (the depth of field) of the objective lens spans around 4 ym axially.
This further means that everything within those 4 ym will be interpreted as
coming from the same plane. For dASTORM, if one uses an N.A.=0.4 objective
lens for illumination, then it will lead to background fluorescence from the
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NA=1.4

Df=0.5 um

Figure 4.5: The depth of field of a low N.A. objective, and a high N.A. objective
visualized by the axial point spread function. The N.A. =0.4 lens show an axial
resolution of 4 ym, while the N.A. =1.4 oil immersion lens has an axial resolution
of around 500 nm. The evanescent field penetration depth generated by waveguide
remains unchanged when changing imaging objective lens.

entire focal volume. Contrary to this, chip-based TIRF illumination is a perfect
match for utilizing a low N.A. objective lens for dSTORM since it comes with
intrinsic optical sectioning, not limited by the N.A. of the objective lens. Figure
4.5 visualize how the depth of field changes with the imaging objective lens,
while the penetration depth of the evanescent field generated by the waveguide
remains constant as it is independent of the objective lens.

The results of using different objectives in a dSTORM measurement are shown
in Fig. 4.6 for a sample of LSECs stained for the tubulin network with Alexa 647.
Figure 4.6(a) shows the high N.A. case, achieving a resolution around 47 nm.
The diffraction-limited image is included in the corner. Figures 4.6(b,c) show
that it is possible to acquire SMLM images using low N.A objective lenses, e.g
N.A.=0.8 and N.A.=0.45. The FOv dimension and the achievable resolution
are affected by switching to these lenses. The best compromise we found was
using a lens with 25x/0.8NA. This gave a large FOV with a resolution of 75 nm
(Fig. 4.6(b)), while the N.A.=0.45 objective gave around 140 nm resolution on
a comparable FOV (Fig. 4.6(c)).

Large FOV dSTORM imaging was demonstrated over a field of view of 500
x 500 uym?. A sample of LSECs was mounted directly on the chip surface
following standard protocols. The cells were stained with Alexa 647 for tubulin.
A microscope objective lens from Zeiss having N.A.=0.8 and 25x magnification
was used. Using this configuration the measured resolution from the dSTORM
reconstruction was around 75 nm, which was confirmed by the localization
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Figure 4.6: Comparison between different objectives for chip-based SMLM imaging.
(a) Using N.A =1.2 yields a resolution in the dSTORM reconstruction of around 47
nm, (b) N.A=0.8 gives around 75 nm resolution, while N.A 0.45 gives around 140 nm
resolution (c). The sample is LSECs labeled with Alexa 647 for the microtubules.

precision data and Fourier ring correlation (FRC) [67]. The reconstruction is
shown in Fig. 4.7(a). Here, some hundred cells are imaged simultaneously at
sub-100 nm resolution, not possible in other nanoscopy imaging techniques.
Fig. 4.7(b) show the zoom indicated with a magenta box in Fig. 4.7(a), with
a comparison with the diffraction-limited image showcasing the resolution
enhancement. Figure 4.7(c) shows a closer zoom (marked with a green box in
Fig. 4.7(a)), with a blue line indicating the position for the line-profile plotted
in Fig. 4.7(d). The line-profile (Fig. 4.7(d)) measures 78 nm separation distance
between two tubulin filaments. Fig. 4.7(e) shows the localization precision
data indicating a lower bound for the resolution of around 70 nm, while FRC
(Fig. 4.7(f)) yields around 72 nm.

4.2.2 Fluctuation nanoscopy using multimode interference
fluctuations

MMI patterns were initially thought to be a drawback of the chip-based illu-
mination that needed to be fixed. Since strip waveguides were used, the MMI
patterns were highly chaotic with randomly looking speckles, most varying in
the transverse direction of wave propagation, as seen in Fig. 3.8(a). The fluo-
rescence response was equally speckled. Speckle illumination has been shown
for SOFI imaging [37] where the speckles were generated with a multimode
fiber, and the pattern was projected on the sample via an objective.
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Figure 4.7: (a) Chip-based dSTORM is demonstrated over an extraordinary large field
of view. Here, several hundred cells are imaged simultaneously at a resolution of 75 nm.
(b) The diffraction-limited image is compared against the dSTORM reconstruction
from the magenta box indicated in (a). (c) The zoom is marked with a green box in (a),
with the position of the line plot in (d) marked with a blue line. (d) The line-plot shows
two filaments separating with a distance of 78 nm, which can still be resolved in the
dsTorM image. (e) The dSTORM reconstruction software provides the localization
precision for all included localizations shown in (a), having a peak at around 21 nm.
(f) Fourier ring correlation suggests a lower bound for the resolution in the image to
be 72 nm.
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Figure 4.8: The MMI pattern was imaged using dSTORM to visualize the sub-
diffraction-limit constituents of the intensity distribution. full width at half maximum
(FWHM) reaching down to 142 nm was measured in the resulting reconstruction as
seen from the different line-plots marked with numbers in the image.

Using speckle illumination, the expected resolution enhancement is dictated
by the MMI pattern spatial frequencies. Using HIC materials, here Tas 05, the
expected fringe spacing is determined by ny and the angle of the interfering
light. Here, we used straight waveguides, so the fringe spacing would be larger
than for counter-propagating light (which is exploited in chapter 5), however,
due to a high ny, the speckle pattern has diffraction-limited components. To
confirm the presence of sub-diffraction-limited speckle patterns, the MMI pat-
tern was imaged using dSTORM. The surface of the waveguide was stained
and the dSTORM measurement was performed while keeping the pattern sta-
tionary. The result is seen in Fig. 4.8. Measuring FWHM in the MMI pattern
show excitation light with a sub-diffraction-limited size down towards 140
nm.

The data for chip-based fluctuation nanoscopy consists of a series of images
using temporal MMI fluctuations as the excitation light. For each image, the
object (e.g. a cell) is constant, but the excitation light pattern changes as shown
in Fig. 4.9. For fluctuating intensity data, several reconstruction algorithms
could potentially be used (e.g SOFI, ESI or MUSICAL). Our choice on ESI was
merely based on the availability of a Fiji plugin, without the need to acquire a
mathematical understanding of the method. This method was originally not a
part of the project but was performed when we understood the possibility.

To compare the different methods, EST analysis was used on the same stack of
images used to acquire a diffraction-limited image. Furthermore, by increasing
the excitation light intensity and using dSTORM imaging buffer, in the same
experiment, the dSTORM image was acquired. This allowed for a one-to-one
comparison of chip-based diffraction-limited imaging with EsT and dSTORM.
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Figure 4.9: In chip-based ESI, a series of images are acquired where for each image
the excitation light is a MMI pattern. The MMI pattern is shifted between each image,
while the sample remains the same. The fluctuation analysis is performed in Fiji, which
yields the super-resolved ESI image.

This can be seen in Fig. 4.10 where the three different images are presented
together. A line-profile compares the achieved resolution, with structures down
towards 100 nm are resolved using ESI, and confirmed with dSTORM. For a
more thorough justification of the achieved resolution using chip-based EsI,
see supplementary figure 10 and supplementary note 1 in paper 3.

4.2.3 Summary of papers
The outcome of the work covering chip-based dSTORM was two papers.

Paper 3 covers the first realization of dSTORM on-chip, where the main work
went into showing the proof of principle. The main results demonstrate
dsTORM imaging over an extraordinary large field of view, with the possi-
bility of having multiple colors. Here, a FOV of around 0.5 x 0.5 mm? was
acquired with a resolution of around 140 nm. This is around 100 times larger
FOV than that of conventional objective-based systems. Furthermore, multi-
color dSTORM imaging was shown, showcasing the easiness of wavelength
multiplexing using waveguides. In an objective-based system, the TIRF angle
(critical angle) must be changed when switching wavelengths, not necessary
using our system. Also, multi-modality imaging, combining diffraction-limited,
ESI and dSTORM was shown. ESI imaging is a compromise between tem-
poral resolution and spatial resolution in optical nanoscopy. One ESI image
was acquired over around 5 seconds, using 500 frames of data, with a spatial
resolution approaching 100 nm.

Paper 4 further improves the resolution enhancement possible for a large
FoV chip-based dSTORM. To overcome techniques such as SIM, which can
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Figure 4.10: Multi-modality chip-based nanoscopy is shown. The diffraction-limited
image is shown from the left. Using a few hundreds of frames with MMI fluctuation
data, the ESI reconstruction was possible as seen in the middle image. During the
same experiment the sample was brought into a blinking state by increasing the laser
power and a dSTORM image could be achieved (right panel). This gives a one-to-
one comparison of the resolution enhancement possible using ESI, where 106 nm
resolution was measured in the images, confirmed with the dSTORM image (which
has 50 nm resolution).

image large FOV by stitching at a high temporal resolution, the resolution
should be pushed below 100 nm for our method. In this paper we show 75
nm resolution over 0.5 x 0.5 mm? area, using an objective lens having 25x
magnification with N.A of 0.8. We further measured some key parameters for
successful dSTORM imaging in wide waveguides, such as switching efficiency
for wide waveguides and modulation depth of residual mode-patterns for
different waveguide widths.

4.2.4 Outlook

With these publications, we have established the first proof-of-concept for super-
resolution imaging on a chip. A natural next step would be to improve the
technique to work more stably. Overall, the evanescent field intensity that was
achieved during this work, is on the low side of what could be expected to work
for dsSTORM. Referencing to the supplementary table in paper 3, dSTORM
imaging of Alexa-647 was achieved for intensities as low as 0.1 kW/cm?. To
further optimize the technique it would be beneficial to have at least around
10 times the power available.
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Nanoscopy on-a-chip: super-resolution imaging
on the millimeter scale
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Abstract: Optical nanoscopy techniques can image intracellular structures with high specificity
at sub-diffraction limited resolution, bridging the resolution gap between optical microscopy and
electron microscopy. So far conventional nanoscopy lacks the ability to generate high throughput
data, as the imaged region is small. Photonic chip-based nanoscopy has demonstrated the
potential for imaging large areas, but at a lateral resolution of 130 nm. However, all the existing
super-resolution methods provide a resolution of 100 nm or better. In this work, chip-based
nanoscopy is demonstrated with a resolution of 75 nm over an extraordinarily large area of
0.5 mm x 0.5 mm, using a low magnification and high N.A. objective 1 ens. Furthermore, the
performance of chip-based nanoscopy is benchmarked by studying the localization precision
and illumination homogeneity for different waveguide widths. The advent of large field-of-view
chip-based nanoscopy opens up new routes in diagnostics where high throughput is needed for
the detection of non-diffuse disease, or rare events such as the early detection of cancer.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

For a long time, the spatial resolution in optical microscopy was believed to be bound by the
diffraction limit. The famous resolution equation [1], shows that the resolving power of the
microscope is a simple function of numerical aperture (N.A.) and the wavelength of light,
effectively limiting the lateral resolution to around 200-300 nm for visible wavelengths. However,
from the early 90s up until now a range of techniques developed that aim to produce images
with spatial resolution way beyond that of the diffraction limit. This field is commonly known
as super-resolution optical microscopy or optical nanoscopy, and has given biologists tools to
observe living intracellular structures with unprecedented high resolution. Lately, improvements
in the nanoscopy methods have pushed the spatial resolution towards the ultimate limit i.e. the
physical size of the fluorescent labels [ 2]. For conventional immunolabeling at room temperature
using antibody-binding of fluorophores, this typically means a few tens of nanometers.

While nanoscopy has pushed the optical resolution, the improvement does not come for free.
One of the major payoffs is the reduced size of the field of view (FOV) with images typically
being on the size of 10 ym x 10 um to 50 um x 50 um. This severely limits the throughput of
the current super-resolution techniques since only parts of a cell, or up to 1-2 cells can be imaged
simultaneously. Most of the nanoscopy methods aim to separate the fluorescence molecules in
time by manipulating the photo-physics of the fluorescent dye molecules, achieving a spatial
resolution down to around 10-30 nm. These techniques include scanning methods such as
stimulated emission depletion (STED) [3], and single-molecule localization microscopy (SMLM)
methods such as (direct) stochastic optical reconstruction microscopy (d)STORM) [4, 5] and
(fluorescence) photoactivated localization microscopy ((f)PALM) [ 6,7]. Methods like stochastical
optical fluctuation intensity microscopy (SOFI) [ 8], entropy-based super resolution imaging
(ESI) [9] and multiple signal classification algorithm (MUSICAL) [10] lessen the demand on
the control of the photophysics of single-molecules by working with signals from multiple
fluorophores and using clever reconstruction algorithms to achieve an improved resolution. One

#345909 https://doi.org/10.1364/0OE.27.006700
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of the most used methods for live cell imaging is structured illumination microscopy (SIM) [11],
which use light pattern illumination to encode high frequency content (unresolved) in low
frequency signals, yielding around 100 nm lateral resolution. SIM has gained popularity by its
live cell compatibility, minimal photo-toxicity, ease of use, and compatibility with most bright
fluorophores.

The next breakthrough in optical nanoscopy would represent high throughput imaging. This
refers to techniques that can extend the amount of data acquired, by imaging at super-resolution
over large areas/volumes fast. The limited throughput of present day nanoscopy methods
hinders the collection of sufficient information for drawing statistically relevant conclusions from
biological systems. When looking at extending the field of view of optical nanoscopy the easiest
would be to employ SIM and create a stitched image consisting of many SIM images side by side.
SIM is inherently fast, since it only use 9 /15 images to create one super resolved SIM image
in 2D/3D, and a stitched image can be created in a reasonable amount of time, but with spatial
resolution limited to around 100 nm. To get the resolution below 100 nm it is thus necessary to
increase the FOV of one of the other nanoscopy techniques. The intrinsic scanning nature of
STED makes these techniques slow for large areas (such as 500 ym x 500 um). On the other
hand, SMLM being a wide field method, the entire FOV can be acquired simultaneously which is
desirable when moving to large area imaging. SMLM methods are typically not very fast (tens of
minutes), since thousands of images needs to be acquired to generate a super-resolved image.
However, using advanced reconstruction algorithms including compressive sensing [12], SMLM
with high-temporal resolution (i.e. in seconds), has been demonstrated.

To increase the FOV for SMLM images it is desirable to use a low magnification objective
lens to cover large areas without scanning. For a given optical set-up, the imaged area acquired
for a 20X objective lens will be approximately 10X larger than that of a 60X objective lens.
In a conventional SMLM setup, excitation light is sent through a high numerical aperture
(N.A.) objective lens, and the emitted fluorescence is detected with the same objective. Using
a low magnification and low N.A. objective lens in SMLM will create two problems. Firstly,
a low magnification/N.A. objective will have a large depth of field, which scales inversely to
N.A. squared. This results in the collection of light signals from rather large volumes, giving
increased background signal. This will eventually reduce the localization precision and the optical
resolution for SMLM, which relies on 2D Gaussian fits over individual blinking events. Presently
this problem is solved by using a high magnification/N.A. total internal reflection fluorescence
(TIRF) objective lens. A TIRF lens creates an evanescent field illuminating only a thin section
of the sample, typically up to 100-150 nm from the surface and thus generating illumination
capable of achieving an excellent signal to noise ratio. However, a low magnification/N.A. TIRF
objective lens is not commonly available.

Secondly, the illumination for SMLM needs to be uniform. SMLM relies on sparse blinking of
the fluorophores, which for the case of dSTORM is achieved by photo-switching in the presence
of areducing buffer. An uneven illumination will thus provide un-even switching rates generating
poor images. The objective lens generates excitation light with a Gaussian profile, where only the
most central part of the FOV is useful for SMLM imaging. A few approaches have improved upon
this problem [13, 14], but both methods are still collecting with the same high N.A. objective
lens, effectively limiting the FOV.

To alleviate the above mentioned problems, it is evident that the separation of the illumination
and collection light paths for SMLM will be beneficial. Recently [15], it was shown that by using
a photonic chip to illuminate the specimen one could use low magnification objectives to acquire
dSTORM images over an area of 500 um x 500 um, 100X larger area than the conventional
approach, with lateral resolution of 130 nm.

However, in the previous work the resolution demonstrated by chip-based dSTORM was
limited to around 130 nm and thus could not surpass the diffraction barrier of 100 nm. With a
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resolution of 130 nm chip-based dSTORM lacked the impact over SIM which can acquire slightly
better resolution (100-120 nm) over the same area by scanning and stitching in less time than
chip based dSTORM. In this paper we show that chip-based dSTORM can be used to acquire
images with an optical resolution of 70-75 nm over an extra-ordinary large FOV (500 um x 500
pm), and thus breaking the diffraction barrier of 100 nm for high throughput optical nanoscopy.
Here, we have also investigated crucial parameters to benchmark the performance of chip-based
nanoscopy such as localization precision as a function of waveguide width and input power; and
the uniformity of the illumination generated by the chip as a function of waveguide width.

2. Principle of chip-based fluorescence imaging

In conventional microscopy/nanoscopy the sample is prepared on a glass-slide/coverslip. Chip-
based microscopy replace this arrangement with a photonic integrated circuit (PIC) and the
sample is prepared directly on the PICs top surface, as depicted in Fig. 1(a). The PIC chip is
made on a Silicon substrate with a buffer layer of Silicon Dioxide (SiO;) followed by a thin
top layer of Silicon Nitride (SizNy4). By shaping the geometry, i.e creating side-walls, the layer
functions as as an efficient waveguide for propagating excitation light to the specimen. Laser-light
is coupled into the waveguide by focusing a beam of light on to the end-facet using an objective
lens. The light propagates inside the waveguide by total internal reflection, however a small part
the field leaks out in the form of an evanescent wave. The specimen is fluorescently labeled and
the fluorophores are excited via the evanescent field stretching around 150 nm in to the sample as
shown i Fig. 1(b). This means that only the part of the specimen located within these 150 nm
will be illuminated. The evanescent field penetration depth is fully determined by the wavelength,
and the local refractive index at the waveguide-sample boundary. The sample can be mounted
following the same protocols as for the glass-slide/coverslip arrangement, and the PIC has also
shown to be bio-compatible supporting live cells experiments [16].

For efficient photo-switching of the fluorophores, the evanescent field intensity directly at
the surface must be strong (ideally 1-10 kW/cm?), which is achieved by the use of a high
refractive index material, in this work SizN4 having nx 2.0, for 660 nm excitation laser light.
The high-refractive index material together with a shallow cross-section (waveguide thickness
of 150 nm) confines the light tightly inside the waveguide, but with up to 5-10% of the guided
power available in the evanescent field. The high refractive index contrast also ensure that the
penetration depth of the evanescent field is shallow, yielding good optical sectioning.

Using a high-refractive index waveguide such as Si3Ny at visible wavelengths, higher order
modes are supported by the strip waveguide geometry starting from waveguide widths of 1.5
pm. These modes travel in discrete paths generating non-uniform illumination patterns. As the
dimensions increase above a few micrometers, more modes starts to interfere with each other,
creating a highly chaotic illumination pattern, referred to as multi-mode interference (MMI)
patterns. The resulting evanescent field illumination is thus also contaminated with non-uniform
MMI patterns, resulting in images of poor quality, disturbed by stripe patterns. The MMI patterns
can be scrambled, and thus create a uniform image by shifting the mode patterns in time, and
then take the average of several sub-sets of MMI patterns. There are two possibilities to achieve
this, either rapid scanning the input beam using a galvo mirror, or slow scanning the input beam
by moving the coupling objective lens using a motorized/piezo stage. The galvo mirror can scan
quicker than the camera exposure time so every frame captured will show uniformity. The other
approach scans slowly, using the average of a few hundred frames to create a uniform image. In
the case of dSTORM several thousand frames are captured by default so any of the two methods
can be used. In this paper we chose to slow-scan the input beam by moving the coupling objective
with a piezo stage as discussed in [15].

Unlike the TIRF objective lens, the generation of the evanescent field by an optical waveguide
is decoupled from the imaging objective lens. As a consequence, the evanescent field is available
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Fig. 1. a) Laser light is coupled into a PIC via an objective lens, and light is guided towards
the specimen in optical waveguides. On top of the chip there is a PDMS microchamber to
contain the image buffer. b) In the center of the chip there is an opening in the protective
cladding where the specimen is mounted to come in contact with the evanescent field. The
fluorescent signal is captured by an upright microscope. c¢) The PIC has lateral dimension
of around 3 cm x 3 cm. A layer of SiO, give a strong refractive index contrast against the
Si3 N4 waveguide. In between the guiding material are layers of Poly-Silicon that blocks
light from passing in to neighboring waveguides.

over large areas, only limited by the waveguide dimension. Furthermore, it allows a free choice of
the objective lens used to collect the emitted fluorescence. In this way, a low N.A. objective lens
can be used to acquire a large FOV without sacrificing the excellent optical sectioning provided
by the chip-based illumination.

3. Materials and methods

3.1.  Waveguide fabrication

The waveguides were made by first sputtering a 2 um thick layer of SiO, onto a silicon wafer. The
150 nm thick guiding layer of Si3N4 was then added by low-pressure chemical vapor deposition
at 800°C, before the waveguide structure was outlined by photo-lithography. The strip waveguide
structures were then realized by ion etching all the way down to the silica cladding. Another
layer of poly-silicon was realized to function as a light absorbing layer in between neighboring
waveguides to stop unguided light from leaking to other waveguides. This can be seen as the
black layer in Fig. 1(c). A 1.5 um thick layer of SiO, was used to create a protective top
cladding, and reactive ion etching was used to open up the cladding at the imaging area, where
cells can be seeded directly on top of the waveguide core accessing the evanescent field. For
fluorescence imaging of biological samples, the dimensions typically must be larger than the cells
under investigation. Here, waveguide widths between 50 ym and 1 mm were used. A PDMS
micro-chamber was used to contain the aqueous image buffer during the measurements. The
thickness of the chamber was approximately 130 um, well below the working distance of the
objective lens used for the collection.
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3.2. Experimental setup

The setup was based around an Olympus modular upright microscope fitted with a water cooled
sCMOS camera (Hamamatsu ORCA flash). Images were acquired using two different objective
lens (Olympus UplanSApo x60/1.2 w and Zeiss LD LCI Plan-Apochromat x25/0.8). The Zeiss
multi-immersion objective lens was used to gather the large FOV images. The Zeiss objective
lens was used with the olympus tube lens, such that the effective magnification of the setup
changed, leaving around 27 x effective magnification. The chip was secured by a vacuum air-lock
to further minimize sample drift. Laser was coupled into the chip using a x50/0.8 objective lens.
The laser used for SSTORM is a Cobolt Flamenco 660 nm with up to 500 mW output power.
The microscope was mounted on motorized stages enabling lateral movement for observation
of different regions on the chip. The data was acquired using a computer and the localization
data was analyzed using Fiji open source image processing software and the localization data
analysis plugin ThunderStorm [17]. The camera exposure time was set to 25 ms for all AISTORM
experiments.

3.3. Sample preparation

A fluorescently labeled surface was created by incubating a solution of 50nM Alexa647 molecules
in 0.05% Poly-L-Lysine for 10 minutes at room temperature (RT). The solution was aspirated and
the surface rinsed gently three times with dH20. dSTORM buffer was prepared following [18].
The buffer contains an enzymatic scavenger system containing Catalase (Sigma #C100) and
Glucose Oxidase(Sigma #G2133) together with 100 mM Mercaptoethylamine (MEA, Sigma
#M6500). The addition of 2mM Cyclotetraene (COT, Sigma #138924) has shown to help with
blinking performance of Alexa647 on waveguides. Cells were harvested from male Sprawgly rat,
with body weights between 150-300 g. Liver sinusoidal endothelial scavenger cells were isolated
using the method from [19], and kept alive in RPMI 1640. To help with attaching the cells to the
waveguides chips, the surface was coated with fibronectin (50 pg/ml) for 10 minutes at RT. The
cell suspension was incubated on the surface of the chips for 1 hour at 37°C and 5% O;. The
surface was rinsed with fresh RPMI 1640, to remove debris and the chips were incubated for 2
more hours to allow spreading of the cytoplasm. Fixation of the cells were performed using 4%
Paraformaldehyde for 30 min. The tubulin was stained using primary antibody S-tubulin(Sigma
Aldrich) at 1:400 in PBS for 1h at RT. The secondary antibody was goat anti-mouse Alexa Fluor
647 at 1:400 in PBS, incubated for 1H at RT. The cells were washed three times with PBS before
the image buffer was applied and the chambers sealed with a coverglass.

4. Results

For high throughput chip-based nanoscopy, wide waveguides are essential to illuminate large
areas. The dimensions of the waveguides must be made such that the evanescent field intensity is
sufficiently strong, enabling photo-switching of fluorophores on top of the waveguide surface. In
order to establish the appropriate waveguide dimensions for large FOV imaging we investigate
the impact of waveguide width and input power for a dSTORM on-chip measurement. This
was achieved by measuring localizations coming from a single-molecule layer deposited on top
of the waveguide surface, as a function of waveguide widths and at different input powers. A
dSTORM experiment was carried out on the surface over a fixed area, and repeated for different
waveguide widths. Waveguides of different widths were located next to each other on the same
chip as indicated in Fig. 1(a). In Fig. 2 the number of localizations acquired using 1000 frames
of data is plotted against the input power for 4 different waveguide widths. The number of
localizations detected for each waveguide width follow the same trend for waveguide widths
up to 400 um, while for the 600 um wide waveguide the curve takes on another shape. This
shows that waveguides of widths 200-400 um generate an evanescent field suitable to efficiently
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photo-switch the fluorophores with an input power of 25 mW. While, for the 600 um waveguide,
100 mW input power is needed to get the maximum number of localized emitters for a similar
imaging area.
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Fig. 2. Localizations as a function of power and width — The average number of localizations
over a fixed area for different waveguide widths and input p owers. We see that for waveguides
200 - 400 um wide around 25 mW at the input of the waveguide is enough to get optimum
blinking, while for 600 ym waveguide we must increase the power to 100mW.

To systematically investigate the achievable uniformity of chip-based illumination, we measured
the intensity profiles acquired by staining the waveguide surface with a dense thin layer of
fluorophores (Alexa 647 in Poly-L-Lysine) and diffraction limited imaging by using mode
averaging. In Fig. 3(a) the MMI pattern is shown without using mode averaging, while in Fig.
3(b) the same area is imaged after mode averaging. The line-profile in Fig. 3(b) indicate the
position from where the modulation depths for different waveguide widths are calculated. The
measured modulation depth for waveguide widths stretching between 120 ym up to 1000 um are
shown in Fig. 3(c) using 500 frames of data, with Fig. 3(d) showing the line-profile from Fig.
3(b) as an example. When calculating the modulation depth, the edge artifacts observed in Fig.
3(d) are neglected. Interestingly, it was observed that the modulation depth for these dimensions
are rather stable in terms of being viable for SSTORM imaging, with around 17 % for the 120
pm and up to 27 % for 1000 um wide waveguides.

We demonstrate the method by imaging liver sinusoidal endothelial cells (LSECs) stained
for the micro-tubules network. The dSTORM localization list was filtered to only keep the
localizations with the best statistics, like brightness and shape, ensuring that few overlapping
emitters introduce errors for the fitting algorithm. The number of images used to compile the
reconstructed image was around 25000 selected from a stack of 65000 images acquired. The
image shown in Fig. 4(a) show that by using the 25x 0.8 N.A. objective lens an extremely large
area of almost 500 um x 500 um with a resolution down to 70-75 nm can be imaged. The large
area illuminated by the waveguide allow 200-300 cells to be imaged simultaneously. The zoom
in Fig. 4(b) show the comparison to the diffraction limited image visualizing a 6-fold resolution
enhancement of the 25x 0.8 N.A objective lens. In Fig. 4(c) the zoom also indicates the position
of the lineplot in Fig. 4(d) which show a clear separation of tubulin filaments located 78 nm apart.
In Fig. 4(e), this resolution is confirmed using Fourier ring correlation [20], which suggest a
lower threshold for the resolution over the entire image to be around 72 nm. Furthermore, we see
that the average localization precision in the image, as measured by the reconstruction software
is peaking around 23 nm (Fig. 4(f)), indicating a lower limit for the resolution of around 65 nm.

It can be noticed from Fig. 4(a) that a slight decay in the number of localized molecules towards
the edges of the image, which is caused by the limited field flatness of the imaging objective lens.
To study the influence of field flatness of the imaging objective lens, we investigated the achieved
localization precision as a function of position in the field of view. As it can be seen from Fig.
3(c), the waveguides can set up an evanescent field where the intensity modulation depth is around
25 % for large fields of view. However, when producing really large high-resolution images we
are still limited by the collection optics. Microscope objectives with high numerical aperture
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Fig. 3. Modulation depth as function of waveguide width — a) Illumination MMI pattern
without mode averaging. b) After mode averaging the resulting illumination is close to
uniform. ¢) The modulation depth is plotted for different waveguide widths, and only small
changes is observed when the width increases. d) The line-profile indicated in b). When
calculating the modulation depth the edge artifacts are ignored.

and low magnification are not very common, and the ones that do exists typically have to pay
the price for these unusual characteristics in terms of field flatness. Most microscope objectives
expressing these characteristics give a nice focus only in the middle of the FOV. Fig. 5 shows the
localizations from the image in Fig. 4(a) grouped in bins of 10 um along x (horizontally) but
with the full field-of-view along y (vertically). The number of localization detected for each bin
is displayed, visualizing how the number of localizations decrease when moving away from the
center. The likelihood of acquiring a good localization is decreasing when the emitter is laying
in the periphery of the FOV, which means that either we need to accept a decrease in resolution
(keeping less good localizations), or we need to increase the acquisition time to allow enough
localizations to be captured to fully resolve the structures at acceptable resolution.

5. Discussion and conclusion

Super-resolution microscopy has so far come at the cost of throughput. Currently, commercial
setups provide unprecedented resolution but the size of the field of view is small, with images
typically covering only parts of a cell. This is a consequence of conventional setups being bound
to a high N.A. and high magnification objective lens for both the illumination and the collection.
To make use of optical nanoscopy to study statistical biological nanometer sized phenomenon
on large length scales, the need to increase the throughput of the methods is apparent. In this
study we used planar optical waveguides as a mean to illuminate fluorescently labeled specimen
located on top of the waveguide surface via intrinsic evanescent fields. This method of exciting
fluorescence via planar waveguides allows for TIRF optical nanoscopy with the additional feature
of a free choice of the imaging objective lens, allowing scalable super-resolution microscopy
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Fig. 4. a) Large field of view dSTORM image of Alexa 647 stained tubulin in rat LSECs. The

image has a resolution of around 70-75 nm with 200-300 cells being imaged simultaneously.

b) Zoomed image from a) with comparison to the diffraction limited image. ¢) Zoomed

image marked in green from a) with the position of the lineplot shown in d) marked. d)

The lineplot show tubulin filaments clearly separated by a distance of 78 nm. e) Fourier
ring correlation indicated a resolution of around 72 nm. f) The localization precision
measured by the reconstruction software further backs a resolution between 70-75 nm.
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Fig. 5. Localizations from Fig. 4 as function of width across the field of view. Each data
point includes all localizations within a bin width of 10um horizontally separated . We see
that the number of properly localized molecules decrease moving away from the center of
the objective lens.
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with a compromise between FOV size and resolution.

Compared to the standard coverglass/glass slide arrangement, the PIC chips are more expensive
to make. However, when mass produced using CMOS fabrication processes and in a foundry
the price per chip can be reduced significantly. The price range of a few dollars per millimeter
square can easily be achieved during industrialized production. As the price for silicon wafers
scales with the chip area, hosting a small chip (e.g. 2 x 2 mm?) inside a plastic holder could be
an alternative for easy handling of the chip.

The previously published results [15] using the chip-based approach greatly enhanced the
size of the field of view available for nanoscopy imaging, but with the resolution not exceeding
more than 130 nm. In this work, we show that the method is capable of generating images with
70-75 nm resolution, by carefully selecting the objective lens used in the image acquisition.
The increased resolution surpasses the possible 100 nm resolution achievable using SIM. Other
previously reported techniques [13, 14] on increased FOV SMLM have achieved a more uniform
excitation light spanning over a larger area, but they are still limited by the high N.A. objective
lens for acquiring the emitted fluorescence, effectively limiting the FOV to around 200 ym x 200
um at best.

Furthermore, we investigated how the blinking of fluorophores on waveguides react to different
parameters such as waveguide width and laser intensity. As seen from Fig. 2, the switching rates
was at its best at 25 mW input power using a single molecule surface with widths of 200-400
pm but a 4 times increase in power was needed to get equally good blinking from a 600 yum
waveguide. The surface intensity scales with the width of the waveguide, justifying the need for
more input power at 600 um width, but other factors like coupling efficiency could also impact
the curves of Fig. 2. It has been shown that Alexa 647 exhibits faster switching kinetics at high
powers [21]. The drop in the number of localizations found above 25 mW (for 200-400 um) and
100 mW (for 600 um) could indicate that the fluorophores are blinking much faster than the
exposure time of the camera giving increased background. It might also be that the increased
intensity is pushing more fluorophores in to more long lived dark-states or to a permanent off-state
by photo-bleaching. In either case, laser powers above 25 mW is too strong for efficient SMLM
on waveguides using the JSTORM method, and that the surface intensity is higher than earlier
estimates [15], where it was shown that an input laser power of 500 mW yielded up to 10kW/cm?
evanescent field i ntensity. From experimental data using cells we have experienced that the
intensity needed to efficiently photo-switch Alexa 647 must be scaled up a few times to achieve
adequate blinking in cells. This is probably due to fluorophores sitting tens of nanometers or
more away from surface in case of cells, while the illumination is exponentially decaying away
from the surface.

The modulation depth of the resulting illumination pattern after mode averaging was studied.
In dSTORM imaging the modulation depth plays a role in terms of the pattern being viable for
use with the dSTORM technique. As long as there is sufficient intensity to effectively photo-
switch the fluorophores, the modulation has little impact. However if intensity reduces in some
regions to such an extent that the photo-switching is affected, this can create a problem. For
waveguides of 120 um a modulation depth of 17% which corresponds well with earlier
investigations, and for wider waveguides we see that the number increase to 25-30%. When
looking at the JISTORM image of Fig. 4(a) we see that this plays little role in the end result.
However, the temporal resolution might be reduced if the modulation is decreased, in that more
fluorophores in general will be in the desired on/off state at each instance. To reduce the
modulation index for wide waveguides the scan range could be increased to scan over the
entire input width, contrary to 20um as achieved here. The waveguide could also start at a
lower width, and taper out to wide dimension to reduce the need for larger scan range.

The chip-based platform also supports different on-chip optical modalities such as Raman
spectroscopy on chip [22], on-chip micro-particle manipulation [23], interferometric microparticle
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sensing [24] and gas sensing [25], where several of these techniques can be combined creating
advanced lab-on-a-chip multimodality platforms. In this work, we have investigated the
relationship between waveguide widths and some parameters related to extending the FOV in
super-resolution microscopy imaging. By using the waveguide-chip we have by-passed the need
of a conventional objective lens to generate the excitation light, however we still reply on using
an objective lens to collect the fluorescence s ignal. The impact of chip-based nanoscopy will
be further enhanced if we can replace the objective lens with a micro-lens array to collect the
fluorescence s ignal. Such a system will not only be highly compact [26] but will also benefit
from the extra-ordinary large illumination area as the waveguide can excite fluorescence along its
entire length. Furthermore, the resolution of chip-based SMLM is determined by the SNR of
the detected single-molecule emissions. By using brighter emitters the resolution can be further
improved, e.g using DNA-paint probes [27], where a fluorophore in the ideal case emits all of its
photons in one localization event, thus improving the localization precision.

Large field of view nanoscopy will be useful in diagnostic pathology [ 28]. For non-diffusive
diseases, large areas need to be scanned looking for rare events like cancer cells. Pathology
mainly focus on thin tissue sections either 4 um paraffin embedded samples or 100-200 nm
cryo-preserved tissue samples. Thin tissue sections are perfectly matched for the large area TIRF
illumination produced by the chip-based imaging technology and will be explored in future
work.
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Structured illumination
microscopy on-a-chip

In chapter 3, the chip-based platform was demonstrated for fluorescence
diffraction-limited imaging and in chapter 4 this was extended towards super-
resolution imaging on-chip following the SMLM approach. While SMLM such
as dsTORM give high spatial resolution enhancement, these techniques are
intrinsically slow due to the separation of fluorescent molecules in time. Owing
to this, the SMLM techniques are most successfully implemented in fixed sam-
ples. On the other hand, SIM can be used in both fixed and living samples due
to the high temporal resolution, however, it is a more complicated technique
to implement due to the need for the generation and control of the structured
illumination. This chapter describes the development of csiM and shows the
first proof-of-principle.

5.1 Introduction

The SIM technique was described in 2.3.5, but a summary will follow for brevity.
SIM needs 9/15 images to generate a 2D/3D image with increased resolution.
The trick here is to use a sinusoidal excitation pattern, which results in the
formation of Moire fringes observed in the fluorescence response of the sample.
The Moire fringes is a result of frequency mixing, due to the multiplication
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Figure 5.1: (a) Light is guided in a straight waveguide on-chip. The straight waveguide
splits in a y-branch forming a loop creating interference suitable to be used as the
sinusoidal SIM pattern (image courtesy J.C. Tinguely). (b) Using three identical
structures at different orientations represents 3 angles of the SIM pattern, thus isotropic
SIM resolution can be achieved.

of the object function with the excitation light function as shown in (2.9),
where the frequencies held in the observed Moiré pattern have a theoretical
within two times the N.A of the imaging objective lens (2.12). To extract the
earlier un-resolved content, three phase-shifts of the sinusoidal excitation light
is needed for each orientation of the pattern. The SIM pattern must be rotated
three times to achieve isotropic resolution enhancement for 2D SIM. Using
three phase-shifts for each of the three orientations yields 9 images in 2D
SiM, making the method very fast and suitable for live-cell imaging. However,
the resolution enhancement is limited to around 100-130 nm, a consequence
of projecting the SIM pattern via the objective lens. Contrary to this, if the
excitation light is not projected through the objective lens, the dependency of
N.A will be greatly reduced and the SIM technique can be pushed below the
earlier stated resolution limit (2.12).

In the conventional implementation of SIM, the patterned excitation light is
created and controlled using free-space optomechanical components such as
spatial light modulators, phase retarders, and polarization optics. All of which
adds to the complexity and bulkiness of the setup, and makes it prone to miss-
alignment. The chip-based implementation of SIM offers integration of the
optical necessities using Y-junctions, on-chip phase modulation and interference
(Fig. 5.1). Also, multiplexing of the channels (wavelengths), and the possibility
to provide rapid phase stepping holds the potential for multi-color live-cell cSIM
imaging. Furthermore, the fiber-compatibility of the PIC makes it possible to
connect the chip with off-the-shelf high-speed telecom devices.
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Figure 5.2: (a) In a conventional SIM setup, the SIM pattern is generated via the
objective lens, and the signal is captured with the same objective lens. (b) In ¢SIM
the pattern is generated using standing waves in the waveguide, available via the
evanescent field. The signal is collected via an objective lens, independent of the
SIM pattern. The resolution enhancement available for cSIM is determined by the
fringe spacing, which can be controlled using interference at a low angle (c) for
medium resolution enhancement, and counter-propagating interference (d) for the
best possible resolution enhancement.
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5.2 Chip-based SIM

While conventional SIM implementations rely on one objective lens to both
excite the specimen and collect the fluorescence (Fig. 5.2(a)), CSIM creates
interference in the waveguide and the interference pattern is used as excitation
light for sim (Fig. 5.2(b)). Here, light is guided in separate waveguides on
the chip, where after the two waveguides are brought together and a standing
wave pattern is formed in the evanescent field due to interference. The idea
of using interference has earlier been harnessed for sensing purposes as in
[68]. By using waveguides to create a standing wave interference pattern for
S1M, the frequency of the pattern will no longer depend on N.A, but rather on
the effective refractive index ng (2.13) (i.e a material property), the angle of
interference 6 and the wavelength A (as conventional SIM also do).

5.2.1 The resolution of CSIM can overcome conventional
methods

In the waveguide implementation of SIM, light is split in two arms with
intensity I; and I, (Fig. 5.2(c,d)) to create interference, the resulting intensity
distribution can be described (in 1D) by:

1
I(X‘) = 11 + IZ + 2\/11[2 COS (/—\x + A¢), (5.1)

where ¢ is the phase of the interference pattern, and the fringe period A is
given by:
P (5.2
=5 5.2
2nys sin(%)
where 0 is the angle between the two waveguides that are creating the inter-
ference, A is the free space wavelength and ny is the effective refractive index

(2.13).

The possible resolution enhancement of cSIM can be found if we continue the
discussion from section 2.3.6. The OTF determines the frequencies accepted
by the microscope, i.e the resolution. We can use the abbe limit (2.4) as the
highest frequency that can be observed, i.e

2NA
kaiff.iim = 0

By using conventional SIM, the OTF is extended to a maximum of twice the

abbe limit, i.e
P 4NA
sitm — A £
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Figure 5.3: The resolution of cSIM is plotted for the different materials Si3Ny4, TazOs

and TiO2, with estimated parameters ny = 1.7,1.8 and 2.1, respectively. The excitation

wavelength is 660 nm. (a) Shows the case for N.A=1.2, which is what we have used

in this version of cSiM, while (b) shows the case of using TIRF objective lens having

N.A=1.49.

since the SIM pattern is generated via the objective lens and thus is itself
diffraction-limited.

By using waveguide interference, the fringe spacing is determined by (5.2). In
this case the SIM resolution can be stated as:

2NA 2n sin(Q) 2(NA+n sin(g))
kcsim: 1 + fA 2 = Af 2 s (5.3)

whereby the introduction of the waveguide to generate a standing wave, the
resolution enhancement is shifted from N.A. to ny. By using high index mate-
rials, ny can be larger than N.A., and thus produce SIM images with increased
resolution over the conventional approach (2.12) (i.e kesiyr > Ksim)-

Figure 5.3(a) shows the effect of using different waveguide materials for cSIM.
The wavelength was A = 660 nm and N.A.=1.2, the same parameters used for
the cSIM experiments. The dotted line represents conventional objective-based
SIM. The resolution of cSIM overcomes conventional SIM for interference
angles above 60-100 degrees, depending on the waveguide material. Figure
5.3(b) show the comparison of cSIM with TIRF-SIM, which yields the best
resolution SIM, due to N.A.=1.49. Also here ¢SIM has increased resolution
over the conventional method.

All the experiments in this thesis using cSIM were performed using SigN4 with
660 nm excitation light, which yields ny ~ 1.7, for 4 nm rib waveguides, with
150 nm core thickness.
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Figure 5.4: Resolution enhancement of SIM in Fourier domain for (a) conventional
S1M, (b) cSIM at 60° interference and (c) cSIM at 180° interference. The wavelength
is 660 nm and N.A.=1.2. The resolution enhancement of using 60° interference is
about 15 % less than the conventional approach, while using 180° interference yields
around 20 % better resolution, for these parameters.

5.2.2 Controllable resolution enhancement

The resolution enhancement of cSIM can be controlled by the fringe spacing
given by the interference angle, as seen in (5.3). Using waveguides that interfere
at a low angle, the resolution of the method is less than for interference at
large angles as can be seen from Fig.5.3. For the best possible resolution, the
waveguides should be interfering at 180°. Figure 5.4 shows how the resolution
is expanded in frequency space as a result of using different SIM methods. It
can be seen that the cSIM approach using 60° interference (Fig. 5.4(b)) yields
around 15 % less resolution than the conventional approach (Fig. 5.4(a)), while
by using 180° interference angle (Fig. 5.4(c)) yields around 20 % improvement
over the conventional method.

5.2.3 Phase-shifting strategies for cSIM

As discussed in section 2.3.5, the SIM patterns phase must be shifted so that
three images of different phases can be acquired for each of the three pattern
rotations. This implies that A¢ in (5.1) should have a new value for each image.
Ideally, the phase should be shifted by equal amounts between each image, i.e
27”, to reduce the chance of reconstruction artifacts.

Techniques for phase-shifting the standing wave interference pattern were
investigated using three different approaches and waveguide geometries. Here
the three methods are discussed using CSIM structures that can extend the
resolution along one direction only, and with 180° interference angle, in order
to make the figures (Fig. 5.5) easier to interpret.



5.2 / CHIP-BASED SIM 133

Option 1: Off-chip phase modulation

The first option is to use two independent waveguides, each with its own input
beam. By changing the phase of one input beam a relative phase shift can be
achieved. For this, the waveguide layout shown in Fig. 5.5(a) was used. Here,
light is coupled on to a 50:50 fiber-split on the optical table and the two fibers
are coupled on to the waveguide structure. The structure thus consists of two
input waveguides that form a loop and creates the interference pattern. To
change the phase of the interference pattern, one of the fiber was pinched
between two fingers, which invoke a phase change that can be described
by:

27 dnf
Ap=¢1—¢o = - (le_Tl - nsz), (5.4)
where L, is the interaction length of the pinch. d;? is the change in refractive

index in the active (pinched) arm, due to the heat transfer from the pinch.
There might be additional vibrations/deformations causing phase-change due
to the force put on the fiber. ng, L is related to the passive arm, and does not
change. The thermo-optic coefficient (%) relates heat-change to the change
in refractive index.

This method was used as a proof of concept (figure 3 in paper 5), but it lacks
speed and repeatability needed for a full implementation of cSIM. Additionally,
since the light is split outside the chip, environmental factors played a role in
the stability of the phase.

Option 2: On-chip phase modulation

By using three interference structures merging at the region of interest (ROI)
(Fig. 5.5(b), and by letting the three structures have different path lengths, the
phase of the interference pattern could be discretely stepped following:

27’[[,‘ I’lf
=T
where [; are the lengths of the three (i = 1, 2, 3) waveguide loops. The effective

refractive index ns of the two arms on each waveguide is the same (no openings
in the cladding).

(5.5)

The phase change is thus induced by having different lengths /;. Since each of
the three structures in Fig. 5.5(b) have different [;, there will be three values of
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Figure 5.5: (a) Light is split outside the chip using a 50:50 fiber split. The two fibers
were coupled on to the chip to yield interference. The phase was controlled by locally
heating one of the fiber arms. (b) Alternatively, the light was split on the chip creating
a phase-stable interference pattern. By choosing different waveguides at the coupling
facet, the phase of the pattern was change by having different optical path lengths in
the three waveguide loops. (c) On-chip thermo-optical phase stepping was achieved
by heating a polymer in contact with the waveguide core located on one of the two
arms.
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Figure 5.6: For thermo-optical phase modulation, each loop arm has an opening in
the cladding material exposing the waveguide. (a) On one arm, a polymer is applied
to the surface. (b) On the other arm, the polymer has an electrical conducting silver
circuit on top, working as a resistor which heats the polymer underneath. The result
is a change in the refractive index causing a phase change of the sim pattern.

A¢. For this structure, the phase difference A¢ is pre-determined and cannot
be changed.

Option 3: On-chip thermo-optical phase modulation

Figure 5.5(c) shows a simple loop structure where both arms have openings in
the cladding. In the opening, a layer of either PDMS or the photo-resist SU-8
was deposited, and on top of this, a conductive layer of silver is placed on one of
the arms (Fig. 5.6). When a voltage is applied to the silver layer, the resistance
to the current heats the PDMS/Su-8 underneath and invokes a change in ny
on the active arm the waveguide loop structure, while the other arm remains
passive. The phase change of the cSIM pattern thus follows (5.4) where L,
is the length of the cladding opening, and ny,L is related to the phase of the
passive arm, which does not change. The chip was mounted on a heat sink to
reduce the impact of heat accumulating in the silicon chip.
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5.3 Results and discussion

CSIM imaging was demonstrated using the waveguide structures depicted in Fig.
5.7. The proof-of-concept image (figure 3 in paper 5) was generated using phase
changing option 1, with 60° interference between the waveguides (Fig .5.7(a)).
This gave a standing wave pattern with a fringe spacing of around 400 nm,
which is within the observable range using N.A.=1.2 objective lens. Choosing
this fringe spacing gave a measurable resolution in the image down towards
200 nm, around 35-40 % improvement over the diffraction limit. However,
the phase of the csiM pattern was experienced to be fluctuating with the
room environment. It is thus more desirable to use a common path waveguide
structure, where the light is split on the chip under the protective cladding
material, which give a phase-stable interference pattern (supplementary figure
5 in paper 5).

Thermo-optics for cSIM

Using thermo-optical phase modulation (option 3 above), a 2D CSIM structure
takes the form depicted in Fig. 5.7(b). Here, the common-path idea is used,
ideally giving a stable phase of the interference pattern. Unfortunately, when
designing this structure, we did not anticipate the bulkiness of the wire connec-
tions needed to connect the voltage supply to the heating elements. This led
to the collision of the microscope objective lens (used for acquiring the image)
with the wire connection sites, hindering the simultaneous use of the three
waveguide structures. We made attempts of fixing this by testing different
options to mount the wires to the chip, but finally, we were forced to retract
the wire sites to the periphery of the chip. The sputtered silver elements thus
increased in size to reach the connection sites, which again led to destructive
heating of the chip. We experienced large thermal fluctuations both in the
laser input coupling and the focus of the collection optics, which we could
attribute to the thermal expansion of the silicon chip. The silicon chip was 0.5
mm thick with a thermal expansion coefficient 0.27x~%(um/m)/°C. However,
even though thermo-optics phase modulation was not fully optimized, cSIM
imaging could still be demonstrated (supplementary figure 8 of paper 5).

The choice of the active layer was made based on the availability within the
group. We first tested PDMS, which has a relatively easy deposition process and
can be removed completely from the chip surface if needed. The thermo-optical
coefficient of PDMS is % = —4.5x107%/°C [69]. Supplementary figure 6 show
that we could do a 7-change using PDMS with a few milliamperes of current.
This result was achieved with the silver resistors positioned perfectly above
the cladding opening (as depicted in Fig. 5.6(b)), which was not doable for
all the three arms simultaneously due to the space limitations. Additionally,
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Figure 5.7: Three different cSIM designs were used in this work. (a) Using off-
chip phase change (option 1) with 60° interference angle (figure 3 in paper 5). (b)
On-chip thermo-electric phase change (option 3) with 5o ° interference angle. (a)
and (b) can provide three orientations of the ¢cSIM pattern. (c) On-chip path-length
stepping (option 2) with 180° interference angle. This structure gives CSIM resolution
enhancement along 1 direction (figure 4 in paper 5).

the resistance in the silver heating elements was fluctuating a lot and the
circuit would break completely. The difference in thermal expansion coefficient
between PDMS and silver is large, and possibly causing the silver layer to crack.
We also had problems maintain the wire connections on the PDMS layer, due
to the low adhesion of the silver epoxy against the PDMS.

Su-8 is a polymer photo-resist which is transparent at visible wavelengths. The
thermo-optic coefficient is % = —1.1x107%/°C [70]. Using Su-8, the problems
of cracking the sputtered silver resistors reduced, and the chip could be used
many times. However, large current was needed to yield any phase change
causing thermal drift by heating of the chip. We believe that this problem
is related to non-localized heating due to the shifted wire connection sites.
This might induce heat exchange via the silicon wafer, affecting the passive
arm.

CSIM overcomes the resolution barrier of SIM

Using the phase-shifting strategy outlined as option 2, and the cSIM waveguide
structure depicted in Fig. 5.7(c), cSIM with increased resolution over conven-
tional SIM was demonstrated (figure 4 in paper 5). Here, counter-propagating
waveguides yield the smallest fringe spacing as stated in (5.2), and the res-
olution can overcome the conventional method as seen in Fig. 5.3 and Fig.

5.4.

The fringe period that was achieved using this structure was around 195 nm
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(for 660 nm excitation), so the fringes were not visible to the microscope due to
the diffraction limit. We verified the presence of the standing wave by directly
imaging it using dSTORM on the fluorescently labeled waveguide surface.
Furthermore, by changing between the three different phase steps, we could
get an estimate for the phase change given by the three input waveguides. This
was later beneficial in the reconstitution of the image. The image resolution
measured in the CSIM reconstruction was around 117 nm, which is around 2.3x
over the diffraction limit.

5.3.1 Outlook

The work on ¢sIM is still ongoing. Although we have shown the proof-of-
principle, the technology is far from finalized. The goal is to perform video-rate
imaging using cSIM. In this sense, phase-changing option 1 is not viable for
obvious reasons.

In future work, we will explore option 2 an option 3. To alleviate the space-
demands for wire terminals, the next designs will incorporate more space
between the ROI and resistors. Furthermore, to alleviate problems of non-
localized heating, only one of the arm on each waveguide structure will have
an opening in the cladding, making this arm experience a different therm-optic
coefficient. Another planned design will be without openings in the cladding.
This implies sputtering a layer of silver directly on the silica cladding. The
thermo-optic coefficient of silica is % = +15x107%/°C, a small number but
perhaps already enough to shift the phase. If this works, it will make the

fabrication of the phase-shifter much easier.

Phase change option 2 (Fig. 5.5(b)) gave a fixed phase difference between
the three arms. This is positive in the sense that fast switching of phases can
be achieved using an external optical switch, without the need for mounting
anything on the chip. It is negative in the sense that the phase change is
predetermined in the fabrication process. To acquire a 120° phase difference
between the arms is difficult since small imperfections would change ns. To
combat the last issue, we plan a structure that will allow tuning of the phase
differences by small openings in the arms.

Lastly, the potential to image large FOV is not exploited in this implementation
of cSIM. One of the major selling points for chip-based techniques is that
the excitation light is independent of the microscope objective lens. To fully
appreciate this we should ideally expand the waveguide mode over a larger
area. Using adiabatic tapering this is possible but at the cost of chip space, since
long taper lengths are needed. Another approach is to use narrow, single-mode
rib waveguides without tapering. If the ribs are stopped at a pre-determined
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location the mode will continue to propagate in the slab, while experiencing
divergence. The initial test on this gave around 100 x 100 um? of interference
area, contrary to 25 X 25 ,umz showed in this thesis.
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Structured illumination microscopy (SIM) enables live cell, 3D super-resolution imaging
of sub-cellular structures at high speeds. Present day, SIM uses free-space optical
systems to generate pre-determined excitation light patterns and reconstruction
algorithms to enhance the spatial resolution by up to a factor of two. These
arrangements are prone to miss-alignment, often with high initial and maintenance
costs, and with the final resolution-enhancement being limited by the numerical
aperture of the collection optics. Here, we present a photonic-chip based total internal
reflection fluorescence (TIRF) cSIM that greatly reduces the complexity of the optical
setup needed to acquire TIRF-SIM images. This is achieved by taking out the entire light
generation and delivery from the microscope and transferring it to an integrated
photonic-chip. Thus, the conventional glass slide is replaced by a planar photonic chip
that both holds and illuminates the specimen. A photonic chip consisting of an array of
opposing optical waveguides are used to create standing wave interference patterns in
different angles, which illuminates the sample via evanescent fields. The phase of the
interference pattern is controlled by the use of either on-chip thermo-optical modulation
or by off-chip phase modulation of the interfering beams, leaving the footprint of the
light illumination path for the cSIM system to around 4x4 cm?2. The photonic chips are
fabricated using dielectric materials which enables light guidance and illumination of
arbitrary large areas. Furthermore, by harnessing high refractive index waveguide
materials, such as silicon nitride, 2.3x resolution enhancement was obtained using
cSIM, which is beyond the 2x resolution enhancement of conventional SIM. c-SIM
represents a simple, stable and affordable approach, which could enable widespread
penetration of the technique and might also open avenues for high throughput optical

super-resolution microscopy.

The spatial resolution of optical microscopy is bound by diffraction effectively limiting the
achievable resolution to around 250 nm laterally, and 500 nm axially" 2. The advent of super-
resolution fluorescence microscopy, commonly known as nanoscopy, has proven the ability
to trick the diffraction limit extending the lateral resolution of the microscope down towards

just a few nanometer®. Among the existing optical nanoscopy methodologies*?®, structured



illumination microscopy (SIM)' ' works for most bright fluorophores. Instead of illuminating
a sample with a uniform field, in SIM, a sinusoidal excitation pattern illuminates the sample,
and the fluorescence emission is captured on a camera. The sinusoidal excitation light is
typically generated using interference of two or three beams at the sample plane. The
ilumination and object functions combine at the sample plane via a multiplication, which in
frequency space represents a convolution, mixing the spatial frequencies of the two
functions. In this manner, high frequency, un-resolved, content is made available within the
passband of the objective lens due to a frequency down-conversion with the resulting
fluorescence emission observed as a Moiré fringe pattern. To extract the high frequency
content from the Moiré pattern, three or five phase-shifts of the structured illumination is
needed for improving the resolution along one axis. For isotropic resolution, the process
must be repeated for 3 orientations (angles) of the excitation pattern, for a total of 9 (15)
images in case of a 2D (3D) SIM reconstruction. Since SIM only needs 9 (15 for 3D) images
to create a super-resolution image over wide-field of view, this method is inherently fast,

making it the most popular method for live cell optical nanoscopy.

The development of high-resolution methods like excitation depletion techniques* ® and single-
molecule localization microscopy (SMLM)®®, yielding resolution down to a few tens of
nanometers, has opened new possibilities for discovery within life sciences'. However, to find
real statistical meaning, the increase in throughput of super-resolution imaging methods would
represent the next leap within nanoscopy. SIM already have the temporal ascendancy over
the other methods, and with its ease of use, label compatibility and low photo-toxicity the
method points in the direction of real high-throughput nanoscopy. To fully harness the utility of
fast SIM imaging technique, the achievable spatial resolution, throughput of the method and
the system complexity of SIM would need improvement. In conventional SIM, the illumination
and collection light paths are coupled (Fig 1a), which limits the resolution and hinders the use
of low N.A objectives to be used for large area imaging. Furthermore, the generation of the
necessary standing wave patterns are usually done with free-space optics, with components
to control and maintain the pattern orientation, phase and polarization state. The resulting SIM
microscopes are thus both bulky, expensive, and prone to misalignment needing highly
qualified personnel which further adds to maintenance costs. The resolution of SIM can be
improved by using speckle-illumination'' and blind-SIM'8-'® reconstruction approaches but it
comes with a cost of low-temporal resolution due to the need of large number of images (100s).
The speckle illumination methods takes away the main concept of “structured” illumination
which helps in minimizing the number of frames needed (9-15) by illuminating the sample with
pre-determined and highly structured illumination pattern. Thus, efforts to enhance the

resolution of SIM keeping structured illumination is worth pursuing.



SIM on a chip. In this work we propose a method that will allow a standard optical microscope
to acquire total internal reflection fluorescence (TIRF) SIM'2" images using a mass-
producible, photonic chip, with better resolution and possibly increased field-of-view (FOV)
over conventional SIM. Chip-based fluorescence microscopy relies on total internal reflection
of the excitation light inside planar waveguides on a chip??25 2627 with a part of the excitation
light available as an evanescent field exponentially decaying from the surface of the
waveguide. In chip-based SIM (cSIM), a low-cost upright microscope can gather super-
resolved images of the specimen placed directly on top of a planar waveguide surface (Fig.
1b). The waveguide is made from a dielectric material with high index contrast (HIC) (such as
silicon nitride, Si3N4). By using the interference of spatially coherent light inside single-mode
waveguides, standing wave interference fringes are generated on top of the waveguide surface
(Fig. 1, Supplementary note 1, Supplementary Fig. 1), which are used to excite
fluorescence in the labelled sample. An array of single mode planar waveguides, for example
six as shown in Fig. 1c enables three rotational angles at the overlapping imaging area. By
maneuvering the phase of the standing wave of the respective waveguide arm, the necessary
data for a 2D TIRF-SIM reconstruction, i.e. 9 images (3 angles and 3 phases steps) can be
acquired. At the imaging location, the single mode waveguides are adiabatically tapered?” 28

to a large area (400 um? in the present study).

The proposed cSIM methodology opens up the possibility of pushing the resolution
enhancement of the SIM technique beyond 2X, and enables scalable resolution over a
scalable large field of view. This can be seen if we first consider the fringe period f; generated

by interference in a waveguide as given by

— Aex
2ns sin?

fs

where 4., is the excitation wavelength, n; is the effective refractive index of the guided mode
and 8 is the angle of interference. Generating the SIM pattern with a planar waveguide thus
contributes n; in to the achievable resolution A,, of the method, so the equation describing

the theoretical best resolution for cSIM takes the form of

— Aex
¥ 2(N.A.+ngsinf)
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where N.A. is the numerical aperture of the imaging objective lens. If ns is larger than the N.A.
, the resolution of the method exceeds the resolution of conventional SIM, which would have
4N.A. in the denominator (Supplementary note 2, Supplementary figure 2). In cSIM, the
resolution enhancement can be scaled by changing the fringe spacing of the interference

pattern using different pairs of waveguides interfering at different angles (Fig. 1d,



Supplementary figure 3, Supplementary note 3). A small interference angle between two
waveguides produces a large fringe period and thus a low-resolution enhancement, while
opposing pair of waveguides (180° between them) yield a very small fringe period and thus a
high-resolution enhancement (Fig. 1d-f). Moreover, by using waveguides made of HIC
material, (n=1.7-2.1) the fringe spacing of the standing wave pattern can be made much
smaller than what can be achieved by a high N.A. oil immersion objective lens (N.A.=1.49) in
conventional SIM. For SisN4 (n=2) waveguides interfering at 180°, the theoretical resolution
enhancement possible for cSIM (Supplementary note 2, Supplementary figure 2) is around
2.4x above the Abbe resolution limit using an N.A. of 1.2. This can be further increased by the
use of other HIC dielectric materials with even higher refractive index such as tantalum

pentoxide (n=2.1) or titanium dioxide (n=2.6).

In conventional SIM, a high N.A./magnification objective lens is desirable for high-resolution
imaging (to generate small fringe pattern); while a low magnification/N.A. objective lens is
required for increasing the FOV and the throughput. Thus, the present solution limits either the
resolution or the FOV. In case of cSIM, since the contribution of n; in Eq.2 is independent of
the objective lens the method can be extrapolated to work with low N.A. and low magnification
objectives (Supplementary note 3, Supplementary Figure 4). The shift in frequency space
is dictated by nf but the passband of the objective lens is still governed by N.A, thus the
frequency shift would remain the same but more interference angles would be needed to fill
any gaps in frequency space (Fig. 1h-j, Supplementary Figure 4). In this sense, the output
of the method would show the same resolution enhancement as the high N.A case, but with
the FOV supported by the lower N.A. imaging objective lens. Noticeably, generating the
ilumination fringes onto the sample via waveguides also alleviates the problem of refractive

index oil mismatching as often arises in objective based SIM.

RESULTS

Since the method relies on interference, the laser light must be split in two paths. This can be
done either off-chip splitting the light in a 50:50 fibre split and by using two waveguides
simultaneously (Fig. 2a), or on-chip using a waveguide y-branch (Fig. 2b,c). The on-chip light
spilt is less prone to any phase vibration originating from outside the chip and thus produces
less phase-noise as opposed to the off-chip fibre split (Supplementary Figure 5). A key
parameter of any SIM imaging method is the accurate control of the illumination patterns
phase. For cSIM, three routes are proposed. Firstly, for the design proposed in Fig. 2a, off-
chip phase shifts can be achieved by local heating of one arm of the fibre split. Alternatively,
by using three discrete waveguides y-branches illuminating the same imaging area, but each

with a different optical path length creates a relative phase shift between the three waveguides



(Fig. 2b). Finally, using on-chip thermo-optics phase shifter concept?®® (Fig. 2c,
Supplementary Figure 6) a pre-determined phase shift can be imparted. This describes
resolution enhancement along one axis (Fig 2 a-c), however to achieve isotropic resolution
the structures need to be copied and rotated to have three equally spaced orientations of the
cSIM pattern (Fig. 2d-h).

For light splitting off-chip (Fig.2a), the fringe spacing can be scaled by coupling in to
different waveguides on the same structure (Fig. 2d) to create interference at different angles.
For light splitting on-chip (Fig. 2b,c) separate structures can be used for cSIM imaging to
achieve interference at different angles (Fig.2e-h). The method was experimentally verified by
imaging a sample of 100nm fluorescent beads using the cSIM structure depicted in Fig. 2d,
having interference angle of 60°. Here, excitation wavelength of 660 nm was used which for
this structure give a fringe spacing around 400 nm. The light was sequentially guided from
different rotational angles towards the central area where the cSIM interference pattern is
overlapping for all orientations (Fig.3a-c). The presence of the standing wave with phase shifts
was directly observed using a fluorescent dye layer (Fig. 3d). The standing wave fringe
spacing and orientation was further confirmed by the power spectrum showing a distinct peak
at the standing wave frequency (Fig.3e-g) with the orientation of the peaks in Fig. 3e-g
corresponding to Fig. 3a-c, respectively. By comparing the diffraction limited images (Fig. 3h,j)
with the cSIM reconstruction (Fig. 3i,k) the resolution enhancement is clearly visible. By
drawing a line-profile (Fig. 3l) across the intensity distribution marked with a green box in Fig.
3k, what appears as a continuous distribution in the diffraction limited image (Fig.3j) is clearly
observed as two beads in the cSIM reconstruction (Fig. 3k). The line-profile shows that the
two beads are separated by 206 nm, note that this is obtained using an imaging objective lens
of N.A. 1.2.

Similarly, thermo-optical phase change using the chip designs shown in Fig 2h. was
demonstrated. A sputtered silver circuit acting as a resistor locally heated a polymer on top of
tone of the arms leading towards the interference region (Supplementary Figure 7). The
resulting change in the effective refractive index yields a phase change in the standing wave
interference pattern. Using this method, the phase can be accurately controlled using small
increments in the voltage supplied to the silver circuit (Supplementary Figure 6). The rise and
fall times to achieve a 1t shift in the phase of the interference pattern was found to be on the
microsecond range, which would allow fast live cSIM imaging. We confirmed this method by

imaging a 100 nm bead sample and the results are shown in Supplementary Figure 8.

Furthermore, we demonstrate that cSIM can surpass the resolution enhancement of

conventional linear SIM, achieved using opposing pairs of waveguides (interfering at 180 °).



This will generate interference fringes with smaller spacing than what is presently possible
using a high N.A. objective lens (e.g. 1.49 N.A.) in conventional TIRF-SIM, and the interference
pattern will have a fringe spacing beyond the diffraction limit. Such chip design would enable
a resolution enhancement beyond a factor of 2x (as in case of linear SIM). Using the SizN4
waveguide platform and an imaging objective lens of 1.2 N.A. a theoretical resolution
enhancement of 2.4x (Supplementary note 1) is possible. 1D counter-propagating waveguides
(Fig. 2b) was used to investigate this idea. As the fringe pattern were smaller than the
diffraction limit of the imaging objective lens, they could not be observed directly. To verify the
presence of a sub-diffraction limited standing wave pattern, the surface of the chip was stained
using a fluorescent dye and brought in to a blinking state following dSTORM imaging
protocols®’. This allows a super-resolution image of the evanescent field intensity distribution
to be formed, visualizing the standing wave (Fig. 4a-c, Supplementary Figure 9). This
method both verifies that there is a standing wave present, and importantly confirms the phase
stability of the pattern since a dASTORM measurement consists of thousands of frames over
tens of minutes and any phase drift during imaging would have averaged the image making
visualization of fringes impossible. A fluorescent bead sample was imaged using both
diffraction limited (Fig. 4 d,f) and cSIM (Fig. 4e,g) showing a clear resolution enhancement
along one direction. Beads are separable by line-profiles down to around 117 nm (Fig.4h),
corresponding to 2.3x resolution enhancements while using imaging objective lens of 1.2 N.A.
and 660 nm.

DISCUSSION AND CONCLUSION

In this work we have demonstrated a new concept of performing SIM imaging. The main idea
is to harness photonic integrated circuits (PICs) to generate the illumination patterns required
in SIM instead of using the conventional approach of the objective lens. We outline several
advantages of this novel proposed route. Firstly, the photonic chip enables easy generation of
user-defined, highly-stable on-chip illumination patterns without needing any free-space optical
components. Secondly, by using a photonic-chip the effective refractive index of the guided
mode dictates how tightly the light is confined inside the waveguide, allowing for sub-diffraction
limited illumination patterns to be formed; as opposed to the high-N.A. objective lens which is
diffraction limited. Thirdly, photonic chips made of dielectric materials can generate uniform
ilumination over arbitrary large areas which is determined by the dimensions (width and
length) of the waveguides? ?6. This is in contrast to objective lens based illumination that
suffers from field-flatness and that generates a illumination pattern with a Gaussian profile over
a limited FOV, determined by its magnification. Finally, our proposed cSIM is inherently
compact and since it is an integrated technology, replying on PICs it will open the avenues for

parallelization, automation, high-throughput and miniaturization.



In our proposed method, the entire illumination light path, i.e. light delivery, pattern generation
and beam steering are provided using a photonic chip, which can be easily retrofitted allowing
any standard microscope (Supplementary Figure 10) to acquire super-resolution SIM images
(Fig. 3h-k, 4f-g, Supplementary Figure 8) Moreover, the proposed setup, together with on-
chip light splitting and phase modulation (Supplementary Figure 5, Fig. 4a-c) is inherently
very stable with minimum bulk optical elements and therefore free from miss-alignment issues.
Besides, being compact, we have shown that cSIM has the potential to surpass the resolution
enhancement provided by conventional objective-based SIM. The interference fringes in cSIM
are formed at the sample plane using planar waveguides, and are thus not influenced by the
imaging objective as is the case when crating the pattern using objective lenses itself. With
counter-propagating waveguides made from a HIC dielectric material, the fringe spacing of
cSIM will be smaller than what can be generated using the high N.A oil-immersion objective
lens commonly used, which led to cSIM imaging with up to 2.3x resolution enhancement (Fig.

1, Fig. 4, Supplementary note 1, Supplementary Fig. 9).

Using simulations we have demonstrated that the chip-based method opens the opportunity
of using a low N.A./ magnification objective lens which provides a larger FOV while still
maintaining the resolution improvement provided by the waveguide generated illumination
pattern (Supplementary figure 4). This represent an improvement over conventional SIM,
where a use of a low. N.A. objective lens to image large FOV will significantly reduce the

supported optical resolution (Supplementary note 1, Supplementary figure 10).

Compared to previous approaches where the formation of illumination fringes were shown
using surface plasmon interference and localized plasmons3' 32 with a metal interface, here
we demonstrate the advantages of using PICs made of dielectric material. PICs enables easy
integration of several optical functions and components such as on-chip splitters, multiplexers,
couplers, lens, etc. Moreover, dielectric materials can propagate and delivery light to much
longer distances (centimeters, Fig. 1 ¢) as compared to plasmons based on metals. Although,
in the present cSIM design the imaging area was limited to about 400 um?, this is not an
inherent limitation and the imaging area can easily be expanded using wider adiabatically
tapered single mode waveguides®. Once the light is coupled, the PICs enables easy
manipulation of the light on the chip, opening avenues for user-defined illumination pattern and
phase stepping strategies as outlined in Fig. 1c-d and Fig. 2. Using PICs we proposed
different waveguide designs where light splitting and phase stepping were implemented both
off-board (Fig. 2a,d) and on-board (Fig 2. b,c,e-h) the chip. To maintain stable and repeatable
phase steps, the on-chip methods are preferred due to the inherently low phase noise achieved

when splitting the light on-chip with waveguides covered by a protective silica top-cladding



(Supplementary figure 5). While all the methods for phase-stepping finally worked (Fig. 3,
Fig. 4, Supplementary figure 8), the methods holding the potential for high-speed imaging
are using thermo-optics (Fig. 2c,f,h), or on-chip path-length stepping (Fig. 2b,e,g). Both of
these methods can be made to switch phase very fast, using a voltage supply or fibre-optical
switch, respectively. Thus, the final temporal resolution of the method would be dominated by
the camera exposure time typically needed for wide-field fluorescence microscopy, which will
allow live-speed imaging.

The present implementation of cSIM is done using opaque silicon substrates and with an
upright microscope equipped with a water immersion objective lens (x60/N.A.1.2). Future,
development of cSIM will be done using thin transparent substrates. This will enable using an
inverted optical microscope configuration equipped with a high-N.A. oil immersion objective
lens (e.g. 1.4 instead of 1.2 used in the present study). This will further extend the resolution
of ¢cSIM, while in the same time keeping the scalability of the method without affecting the
benefits of the inverted microscope configuration. Also, in future work, development of 2D SIM

with 2.4X resolution enhancement will be studied by designing suitable waveguide geometries.

The chip-based illumination strategy is an lucrative route, although the focus of this work is to
report chip-based SIM, it can be foreseen that PICs provides new research directions of
performing complex light beam shaping for other nanoscopy methodologies such as stimulated
emission depletion microscopy® ** or light sheet microscopy®. Intricate waveguide geometries
are capable of generating a range of exotic intensity distributions by harnessing multimode
light guiding and interference for altogether new illumination strategies within optical
microscopy and nanoscopy. Due to the widespread use of microfabrication techniques within
mainstream CMOS technology, the fabrication facilities for PICs are already existing, making
mass production of photonics chips feasible, with the potential cost per chip could be reduced

to just a few Euros.

The relatively new field of on-chip optical nanoscopy could also benefit with the development
of on-chip integration of light sources®® and frequency combs®’, further miniaturizing the optical
set-up. Although, on-chip illumination strategy enables excitation over large areas, the light
collection is still presently limited by the imaging objective lens. In the future, the marriage of
on-chip illumination with micro-lens arrays® for light collection could potentially open the
avenues for extra-ordinary high-throughput, where illumination and collection both can be done

parallel over large areas, completely removing the dependency on a bulky objective lens.
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Figure 1 — The concept. (a) Conventional SIM relies on a high N.A. objective lens to both
generate the sinusoidal excitation pattern, and to collect the emitted fluorescence. (b) cSIM
harness a standing wave interference pattern generated in a planar waveguide to excite
fluorescence in samples located directly on top of an integrated photonic chip via evanescent
fields. The emitted fluorescence is captured from the top using a microscope. This decouples
the excitation and collection light paths compared with the conventional case. (c) The chip
used for cSIM have integrated waveguides which interferers at different rotational angles.
Here, light inside the different waveguides are shown in pseudo-color. (d) Interference at a low
angle between waveguides creates an interference pattern with low fringe spacing, while
interference using counter-propagating guided modes yields the smallest fringe spacing. The
latter giving better cSIM resolution. (e) The resolution of a microscope is represented in
frequency space with the cut-off frequency (Abbe limit) shown with the solid circle. The dotted
circle represents the maximum shift of the OTF possible in conventional SIM yielding 2x
resolution enhancement. (f) In cSIM different interference angles shifts the OTF according to
the fringe spacing of the interference pattern, here shown for SizNs waveguide material where
100° and 180° interference gives increased resolution over conventional SIM. g) Using
materials of even higher refractive index it is possible to scale the resolution even further, here
shown with SisN4 (n=2.0), Ta20s (n=2.05) and TiO. (n=2.3). (h) Using a low N.A. objective lens
in conventional SIM gives a shift of the OTF corresponding to the N.A., yielding low resolution.
(i) In cSIM the excitation and collection light paths are separated, so the shift of the OTF will
unaffected by the low N.A, however more interference angles will need to be used to fill the

frequency space.
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Figure 2 — Waveguide designs for cSIM. (a) Two input waveguides are used to create
interference in the image region (marked with a circle). Here, light is split on the optical table
using a 50:50 fibre split. This structure will create a 1D c¢SIM image. For the 2D case the
structure needs to be rotated for a total of three rotational angles of the cSIM pattern to get
isotropic resolution as shown in (d). Using the structure in (d) different interference angles
can be used for scalable resolution, depending on which waveguides are active. b) Light
splitting on-chip yields a more phase-stable interference pattern. For this 1D ¢SIM structure
the phase stepping is achieved by coupling light on to three different waveguides merging at
the same image area, each with different optical path lengths. To get isotropic resolution the
structure must be rotated as shown in (e) for 180° interference, and (g) for 60° interference.
c¢) Using thermos-optics the phase of the interference pattern can be controlled by applying a
voltage to a resistive circuit causing heat on of the waveguide arms. A polymer located on
the waveguide arm, in contact with the waveguide, will thermally expand giving a change in
refractive index which cause the phase change. (f, h) The structure must be rotated to yield

isotropic resolution.
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Figure 3 — cSIM imaging. (a) Light is guided in two arms of the waveguide cSIM structure
creating interference at 60° where the waveguides meet. (b, c) Different waveguides creates
interference with the same fringe spacing at different rotational angles, for isotropic resolution
enhancement. d) The cSIM standing wave is directly imaged using a fluorescent dye layer
and the line plot show the three phase steps needed for cSIM (20° interference is used for
increased contrast). (e-f) The power spectrum, generated by the reconstruction software
shows a peak corresponding to the detected standing wave modulation frequency with the
orientation corresponding to the orientations standing wave generated in (a-c) respectively.
h) Show a diffraction limited, filtered image of a 100 nm fluorescent bead sample while (i)
shown the cSIM reconstruction of the same region. A cluster of beads saturates in the centre
of the image. (j-k) Show the zoomed images indicated with a white box in (i) with the green
box indicating the position of the line-profile shown in (I). Here, two beads located 206 nm
apart is resolved using cSIM, but not in the diffraction limited image. The excitation/emission

wavelengths used are 660nm/690nm.
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Figure 4 — cSIM with increased resolution. (a) Counter-propagating light set up a sub-
diffraction limit interference pattern not visible using a fluorescence dye layer. (b) The
presence of the standing wave is confirmed using dSTORM imaging of the fluorescent dye
layer, visualizing the standing wave having a fringe spacing around 195 nm (c). (d, e) The
same 1D structure was used for cSIM, with diffraction limited and 1D cSIM images shown
respectively. (f, g) show the zoom indicated with a white box in (d), with a line profile (h)
demonstrating two beads separated by 117nm which corresponds to 2.3x resolution

enhancement using cSIM. Excitation and emission wavelengths are 660 nm/690 nm.
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METHODS

Chip Design.

The key parameters in SIM are interference fringe spacing, phase modulation and fringe
contrast. For chip-based SIM the dimensions of the active region is also crucial, to ensure that
biological specimens are evenly illuminated by the structured illumination. The lateral size of

cells are often from 10 ym and upwards.

The waveguide platform has been developed using the high-refractive index material Si3N4.
High-index contrast materials enable tight confinement of the light inside the waveguide which
entails compact bend radius. This allows for ultra-compact and dense waveguide structures
with small footprint benefiting from high intensity in the evanescent field. In the visible range,
strong evanescent fields can be achieved by designing waveguides with core thickness
between 100-200 nm. For a 150 nm thick core material; single mode condition, adiabatic taper
condition and bending losses were previously investigated?’. It was found that 150 nm thick
waveguide core give a strong evanescent field intensity without sacrificing much on the
coupling efficiency. For this work single mode condition (Supplementary figure 11(a)) is
necessary to generate uniform fringe pattern, which can be formed by interfering fundamental
mode light guided inside the waveguide. The presence of any residual higher order modes will
generate a mode-beat pattern, which is undesirable. Thus, shallow rib waveguides were
preferred over strip waveguides. For a shallow rib, fundamental mode guiding can be achieved
using waveguide widths (1-1.5 um wide) (Supplementary figure 11(b)) within the reach of
fabrication using standard photo-lithography techniques. Waveguides with 4 nm rib height
(total height of 150 nm) and around 1-1.5 ym width was adiabatic tapered out to 25 ym or 50
pm with a tapering length of 2 mm or 4 mm, respectively. A significantly low bending loss for a
shallow rib waveguides was achieved for a bend radius of 2 mm and more. The optimization

of the designed parameters can be found in previous literature?’.

Chip fabrication.

The production of waveguide chips was performed at the Insitute of Microelectronics Barcelona
(IMB-CNM, Spain). First, an oxide layer of ca. 2 ym was thermally grown on a silicon slab,
followed by low-pressure chemical vapor deposition (LPCVD) of 150 nm SisNs at 800°.
Conventional photo-lithography imprinted the waveguide geometries on a layer of photo-resist.
4 nm rib waveguides were realized using reactive-ion-etching (RIE). In order to prevent cross-
talk of light into adjacent waveguide structures, an absorption layer consisting of 200 nm SiO
(deposited by plasma-enhanced chemical vapor deposition (PECVD)) followed by 100 nm
poly-crystalline silicon (deposited by PECVD at 300°) was designed as a negative image of

the first mask with 10 um added to the waveguide width. RIE was used to etch until 100 nm of



SiO2 remained, with wet etching (using hydrofluoric acid) removing the remaining material from
the waveguide surface. Finally, a 1.5 ym SiO- layer (deposited by PECVD) built the cladding
layer. The chip fabrication workflow is shown in supplementary figure 12. Imaging areas were
patterned by a 3rd photo-lithography step. The window openings were realized using RIE until
100 nm SiO2 was remaining, followed by wet etching to completely remove the oxide layer
while preserving the SisN4. Further details of the fabrication optimization and process can be

found elsewhere®®.

Experimental setup.

A microscope modified from an Olympus modular microscope (BXFM) was mounted on a XY
motorized translation stage. The microscope was fitted with a Hamamatsu Orca flash sCMOS
camera. cSIM images were acquired using either Olympus x60/1.3SiO or Olympus x60/1.2W
objective lenses. The waveguide chip was mounted on a micrometer xyz-stage using a
vacuum chuck to hold the chip. Light was coupled on to the chip using a nine-fiber array
adapter. The fibre array adapters are commercially available with fixed spacing (e.g. 127 um).
The waveguides were separated by the same space (127 umm) as the fibre array, allowing for
multiple waveguides to have light coupled at the same time (supplementary figure 7b). For off-
chip ¢cSIM (Fig.2a,d), an additional 50:50 fused fibre-split (OZ optics) was used to split the light.
Thermo-optical phase stepping was achieved using a 6V voltage supply coupled to the
resistive on-chip electro-optical heating elements. A schematic of the setup is shown in
supplementary figure 10. The image data was analyzed using Fiji open source image
processing software and FairSIM*°, an open source SIM reconstruction plugin. cSIM data from

the 180° interference waveguides was analyzed with custom software.

Near-field mapping using dSTORM.

dSTORM near field mapping was performed by staining the waveguide surface with a layer of
fluorescent molecules. A 1/1000 solution of CellMask deep red (Thermofisher, C10046) in
phosphate buffered saline (PBS) was incubated for 20 minutes on the waveguide surface at
room temperature. The solution was aspirated and a PDMS micro-chamber positioned on top
of the chip was filled with dSTORM switching buffer consisting of an enzymatic oxygen
scavenging system and 100 mM B-Mercaptoethylamine (MEA). The surface was excited with
the 660 nm laser with sufficiently high power to achieve photo-switching. A stack of 100000
images was acquired at 30 ms exposure time and reconstructed using the Fiji plugin

ThunderStorm*.

Sample preparation.



The chip surface was coated with 0.5% Poly-I-lysine (PLL) solution, aspirated and dried with
compressed Nitrogen. Depending on the desired distribution of fluorescent beads the chip
would be plasma treated at a high setting for 30s, ensuring hydrophilic surface properties. A
0.5 pl drop of 100nm diameter fluorescent bead stock ((Tetraspeck, Thermofisher T7279)
was put at the cSIM image region and allowed to dry completely. The chamber was filled with

dH20 and the chip brought to the microscope for imaging.
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Supplementary note 1: Simulation of chip-based interfer-
ence patterns

The ¢SIM interference patterns were simulated using finite element method in
Comsol Multiphysics. Figure 1(a) shows two waveguides crossing at an an-
gle of 50°. The red arrows indicate the directions of the straight waveguides
along which the light propagates. Since the presented model is limited to a
two-dimensional representation of the actual waveguide, the effective refractive
indices along the third dimension have been calculated approximating those
regions as planar waveguides [1]. Given the fundamental transversal electric
(TE) mode being exited in each waveguide, the resulting intensity distribution
shows the intended sinusoidal structure as well as a Gaussian envelope due to
the shape of the waveguide modes. The mode index in the simulated SigNy
structures is found to be n = 1.7552 at a vacuum wavelength of A = 660 nm. In
the presented model only the fundamental modes of the waveguides are excited.
As it is indicated in Fig. 1(a), in order to estimate the periodicity of the in-
tensity pattern, a sinusoidal function of the form I(z) = exp (f (%)2) sin? (bx)
has been fitted; the pattern spacing is found to be 445 nm.

Figure 1(b) shows respective simulation results for counter-propagating waveg-
uides, i.e. interfering at an angle of 180°. As for the case of an interference angle
of 50°, the intensity distribution was fitted as I(z) = sin” (ax) and a period of
188 nm is found.

Although the pattern spacing can be calculated from the effective mode
index without running a full numerical simulation of the structure, here the
simulation results are used to illustrate the expected intensity distribution over

the whole waveguide geometry.



Normalized intensi

0.9
0.8

g:; 50pm MH I ‘\ ‘
05 ‘\‘ I
l

0.4
03
0.2
0.1

3e
==
o

0

n

Position alon

10

-5 0 5 10
Position along x (um)

Interference pattern 50 degree

=4

o

Intensity (norm.)

o

Intensity (norm.)

-3
5

8 -6 4
Position along x (um)

Position along x (pm)

Figure 1: Numerical simulations of the proposed waveguide geometries to gen-
erate the illumination patterns for ¢SIM. The configurations of two waveguides
crossing at an angle of 50° (a) generates a pattern with a periodicity of 445 nm.
The couterpropagating waveguides (b) create a pattern with a period of 188 nm.



Supplementary note 2: Resolution of cSIM

The microscope objective is inherently a low pass filter, stopping frequency
content above a certain value kg, often refered to as the diffraction limited.
Structure illumination microscopy relies on a sinusoidal excitation light to excite
fluorescence in the sample. For a sample having frequency k, the multiplication
of structured illumination and sample yields a moiré pattern with observable
frequencies |k —kq |, if these are within the passband of the OTF (kg) [2]. So as
long as k lies within a circle of radius kg centered around kj, it will be indirectly
observed in the moire fringes. By going through the SIM reconstruction using
phase stepping the achievable resolution of the reconstructed image is then ko +
k1. In this sense, it is desirable to have a large ki, but since k; is formed using
lenses, the method is also limited by diffraction, with the highest possible value
of k1 being kq. Finally this would yield a maximum resolution enhancement of
2ko. By generating the structured illumination using waveguides the formation
of k1 is no longer depending on lenses, and is thus not diffraction limited but
instead relies on the effective refractive index of the waveguide materials, as
outlined below.

The resolution of ¢SIM is governed by the fringe-spacing of the standing wave
interference pattern in addition to the N.A. of the collection optics. By inter-
fering waveguides with changing angles 6 the fringe spacing f; can be changed

as
)\ew

= rer 1
2neffsin9/2’ ( )

where n.sy is the effective refractive index of the guided mode. Generating the
SIM pattern with a planar waveguide thus contributes n.ss in to the achievable
resolution A, of the method, so the equation describing the theoretical best
resolution for ¢SIM takes the form of

s

A
Am _ ex : ’ 9
Y 2(N.A. + neppsind/2) @)

where N.A. is the numerical aperture of the imaging objective lens. Since nqys
is larger than N.A. the resolution of the method can exceed that of conventional
SIM, which would have 4N.A. in the denominator.
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Figure 2: Graphical interpretation of eq. 2 for three different materials is shown.
a) The angle of interference is dominating the achievable resoltuion for ¢SIM,
which for interference angles between 70-100° surpass the resolution of con-
ventional objective based SIM, using N.A.=1.2. b) The maximum achievable
resolution for different N.A. objective lens, and thus different field of view size
is shown for both ¢SIM (using 180° interference) and objective based SIM. The
potential for ¢SIM to yield high resolution over large fields of view can be har-
nessed by acquiring several images with different interference angles as shown
in Fig.4.



Figure 3: Simulation of SIM using the Siemens star sample. Spatial and freqency
images are shown sequentially. a,b) Diffraction limited image. ¢,d) Conventional
SIM image, e,f) ¢SIM using 60 degree interference angle. gh ¢SIM using 180
degree intefernce angle)

Supplementary note 3: Simulation of chip-based SIM

The effect of structured illumination using planar waveguides is presented in
Figs. 3 and 4 for two different imaging objective lenses using the Siemens star
sample.

In Fig. 3, imaging using an objective lens with N.A. = 1.2 is simulated.
Figure 3(a) shows the spatial result using plain illumination, and Fig. 3(b) shows
the logarithmic values of the Fourier spectrum. It is visible in the figure that the
highest frequency is limited to 2N.A./\ = 2.4\~!. Fig. 3 (c) and (d) show the
effect of SIM imaging using the conventional objective based approch, having
a spatial frequency of the SIM pattern at the OTF cutoff frequency 2N.A./\,
yielding a 2x resolution enhancement. For a sample that is illuminated with
a sinusoidal stripe pattern using planar waveguides with an effective refractive
index of neg = 1.7 at an angle between the waveguides of 60° the expected
SIM result is shown in Fig. 3(e)-3(f). Increasing the interference angle to 180°
increases the modulation frequency of the illumination pattern and thus the
expected resolution improvement as shown in Figs. 3(g)-3(h).

In a similar fashion ¢SIM imaging is simulated in Fig. 4 for an objective lens
with N.A. = 0.6. Figures 4(a)-4(b) show the result from using plain illumination.
It shows a clear reduction in resolution as compared to the result using an
imaging objective with a N.A. = 1.2 as in Figs. 3(a)-3(b).

Using an illumination pattern generated by waveguides with an interfering
angle of 30° will improve the resolution as presented in Figs. 4(c)-4(d). For ¢SIM
using patterns generated with interference angles of 120° and 180° it is possible
to obtain sample information of high spatial frequency as illustrated in Figs.
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Figure 4: The resolution improvement using chip based SIM is simulated for an
imaging objective with N.A. = 0.6. (a) and (b) show the result of conventional
deconvolution imaging at the indicated wavelength A and the representation
in Fourier space respectively. (c) and (d) show the SIM results for patterns
generated at an waveguide interference angle of 60°. (e)-(f) and (g)-(h) show
the SIM result using interference patterns generated at angles of 120° and 180°
respectively. In (i) and (j) the SIM reconstructions using all interference angles
(60°; 120°; 180°) are shown.

4(e)-4(f) and Fig. 4(g)-4(h) respectively. Since the Fourier space is not filled
evenly in this approach, a combined use of illumination patterns generated at
interference angles of 60°, 120° and 180° as shown in Figs. 4(i)-4(j) will improve
the resolution without the loss of frequency bands. Thus, ¢SIM supports the
use of low magnification/N.A. objective lens to enable super-resolution imaging
over large field of view (FOV), while the maximum attainable resolution will be
supported by the illumination provided by the waveguide as demonstrated in
Figs. 4(i)-4(j). In conventional SIM, the illumination and the collection light
paths are coupled, thus a use of low. N.A. objective lens to image large FOV
will significantly reduce the supported optical resolution.
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Figure 5: The phase stability of the standing wave SIM interference pattern
is shown indirectly by tracking the fluorescence from a bead over time. By
splitting the light on the optical table using a 50:50 fibre split the phase of the
standing wave is drifting in time, seen with the blue curve. When splitting the
light on-chip, the phase is obeserved to be stable over time (red curve).
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Figure 6: a) By applying current to the thermo-optical element the phase of the
SIM interference pattern was changed. A fluorescent bead was tracked while
changing the current, thus shifting the SIM pattern phase. b) By selecting the
voltages corresponding to a 7 change in the SIM pattern, the phase was stepped
between 0 and 7 over 3 minutes to demonstrate the reproducibility of the phase

stepping method.
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Figure 7: Fabrication of thermo-optic heating element. (a) Both arms of the
¢SIM structure incorporates opening in the cladding. (b) A cladding layer made
from either PDMS or Su-8 covers the entire chip, followed by a photo-resist (c).
(d) One of the openings is exposed and the photo-resist was removed. (e) A
layer of Ag is sputtered on the entire chip, before the photo-resist is removed
leaving only silver on one of the arms.
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Figure 8: a) ¢SIM using thermo-optics phase modulation with 50° interference
angle. b) Show the diffraction limited image of 100nm fluorescence beads un-
der plain 660nm illumination yielding a diffraction limited image. ¢) Using the
structure shown in a), the ¢cSIM reconstruction shows a clear resolution enhance-
ment. d) and e) shows the zoom indicated with a green box in ¢). f) Show a
line-profile over an intensity distribution comparing the diffraction limited (dot-
ted line) and ¢SIM reconstruction (solid line). The ¢SIM image shows two beads
separated by 194nm, which is not resolved in the diffraction limited image.
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Figure 9: The waveguide surface was stained with a fluorescent dye. a) The
standing wave interference pattern is not visible under diffraction limited imag-
ing. b) By using dSTORM imaging the sub-diffraction limited standing wave
pattern was visualized, as better seen in the zoomed image (¢). d) A line-profile
shows the modulation with a fringe spacing of around 195 nm. d) The power-
spectrum of the diffraction limited image (a) and the dSTORM reconstruction
(b) is overlaid, with the green peaks showing the frequency peak of the standing
wave at its position outside the span of the OTF.
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Figure 10: Experimental setup. a) An upright microscope detects the emitted
fluorescence. The waveguide chip is held by a vacuum chuck while light is
coupled on to the chip via a nine-fibre array adapter. Both sample and coupling
stages have xyz movement. b) The fibre array adapter holds 9 optical fibers
with equidistant spacing (127 pm), which corresponds to the waveguide spacing
on the chip. Each of the 9 optical fibers can be individually activated, according
to the chip designs being used.
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Figure 12: Flow-chart showing the fabrication steps performed in the production
of ¢SIM waveguide chips
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Conclusions

In this thesis, chip-based fluorescence imaging was explored. Planar waveguide
chips were used to guide the light towards the specimen, which was mounted
on the chip surface. Fluorescence excitation of the samples was achieved using
the evanescent field, which is exponentially decaying up to around 100 nm
(for 660 nm wavelength). Since the illuminated area is determined by the
waveguide layout, and the illumination is independent of the imaging objective
lens, large FOV TIRF imaging could be explored. In chapter 4, SMLM imaging
was investigated using dSTORM, where the FOV of the super-resolved image
was around 100 times larger than the conventional approach (papers 3 and
4). Here, the gain in FOV was followed by a reduction of the resolution en-
hancement compared to conventional methods due to the N.A. of the objective
lens. Furthermore, in chapter 5 and paper 5, CSIM imaging was demonstrated.
Using PIC chips for siM, the resolution enhancement can overcome that of
conventional SIM due to high spatial frequency fringes formed using high index
materials and counter-propagating waveguides.

By replacing the sample glass/coverglass with a PIC a basic microscope can
be retrofitted into an optical nanoscope. In this work, we used an upright
microscope, but in future implementations, inverted setups will be explored.
By going inverted, the aim would be to create transparent waveguide chips to
allow a larger range of N.A. objectives to be used. Another possible outcome is
the reduced optical path that the fluorescence signal must travel before entering
the collection objective lens. In the current upright setup, we used a sample
well filled with aqueous imaging buffers. The emitted fluorescence happens

177
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at the chip surface, and for upright collection, the photons must propagate
first through the sample itself (e.g a cell) and then through the buffer before
reaching the coverglass and objective lens. Most objectives are corrected for the
coverglass, but not for the increased depth of the sample well. We solved the
last issue by using objectives with a correction collar to correct for aberrations
caused by the image buffer. Another thing to consider, particularly for SMLM
is whether or not there will be multiple scattering due to the refractive index
mismatch of sample and buffers, which would favor the inverted setup. We did
have problems repeating experiments on different cell lines than LSEC, but this
could very well be due to the perfect match between LSEC and TIRF. These
cells have most of their structures located within the evanescent field, and thus
produce a nice image.

In this work, we have mostly focused on proof-of-concept results for the on-chip
versions of SMLM and SIM. By the release of these results, we hope to open a
new direction of advanced light shaping for optical nanoscopy techniques. By
harnessing interference and multimode waveguides new illumination routes
for improving other already existing techniques like STED or light-sheet mi-
croscopy can be explored, and with the added possibility of finding all together
new methods. PIC chips can potentially be mass-produced since large scale
CMOS foundries already possess the necessary fabrication facilities needed.
From a commercialization point-of-view, large scale production of chips could
potentially lead to disposable photonic chips which can be easily retrofitted on
to standard bench-top microscopes. Furthermore, by the advent of other on-chip
technologies such as optical trapping [71], on-chip lasers [72] and frequency
combs [73], combined with micro-fluidics, fully functioning, multi-modality
lab-on-chip can be developed.
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