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

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction
1.1.  TIRF microscopy

Conventional fluorescence microscopes typically excite fluorophores with freely propagating
light. Total internal reflection fluorescence (TIRF) microscopy provides a way to observe and
study membrane-associated processes near the plasma membrane of cells or structures’ interfaces
that adhere to slides, with non-propagating waves, i.e. the evanescent field [1]. When a light
beam travels from a high-refractive-index material into a low-refractive-index medium, and if
the incidence angle is greater than the critical angle, then total internal reflection (TIR) occurs
and no light propagates into the low-refractive-index medium. An evanescent field is generated
during the TIR process between these two media. Instead of freely propagating, the evanescent
field is exponentially decaying, therefore, only fluorophores in a layer up to 100-200 nm from
the interface are effectively excited [2]. Evanescent fields for imaging are commonly produced
by high numerical aperture (NA) objective lenses in order to obtain supercritical angles and
large-angle emission collection [2]. As the excitation and emission light beams are transmitted by
the same objective lens, imaging results of objective-based TIRF microscopes can be influenced
by the performance of the objective lens as well as by the scattered light and by auto-fluorescence.
Another restriction of objective-based TIRF microscopes is the limited field of view. Though
approaches have been proposed, improving the field of view up to 200 x 200 um [3,4], the field
of view is still limited by high NA objectives for emission collection [5]. Prism-based TIRF
microscopy setups can be used to generate an evanescent field and obtain imaging results with
a higher signal-to-noise ratio, but the sample mounting protocols and sample movements are
limited by the bulky prism components [6—8].
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An alternative way to create an evanescent field can be achieved by employing planar
waveguides. The concept of evanescent field generation with high-refractive-index contrast
(HIC) planar waveguides was initially proposed by Lukosz and Tiefenthaler in 1983 [9] and
developed as biosensors for biochemical and biological applications without [10—12] and with
[13—15] labeling techniques. Since the publication by Grandin et al. more than 15 years ago
[16], waveguide-based TIRF microscopy has received more attention during recent years in
the field of fluorescence microscopy. Waveguides with the fabrication of ion-exchanged film
[17], polymer materials [18,19], glass [20], and photonic-integrated-circuit chips [21-25] were
reported for TIRF microscopy. Among them, waveguide chips can achieve imaging with large
field-of-view up to millimeter scale [5,21] and can support super resolution, including single
molecule localization microscopy (SMLM) [21-23], fluctuation-based super-resolution imaging
[21,25], and structured illumination microscopy [24]. Although these techniques were reported
to have capabilities of achieving fluorescence imaging with evanescent-field excitation, none of
them have been demonstrated to be compatible with cryogenic conditions.

1.2. TIRF on achip

Our work is based on a waveguide-based TIRF microscope which can work at both room and
cryogenic temperatures. Samples are mounted on around 1-cm? chips made of HIC materials
instead of glass-slides/coverslips. The chips used for the evanescent field generation are based on
a Silicon (Si) substrate, with a buffer layer of Silicon Dioxide (SiO,), followed by a thin top layer
made from Silicon Nitride (Si3N4), as shown in Fig. 1. The Si substrate and the SiO; layer have
thicknesses of 1 mm and 2 um, respectively. The Si3N4 layer, with a thickness of about 150 nm
and a width of around 40-50 um, functions as a waveguide for the propagation of light. These
three different materials have different refractive indices (n). After the laser beam is coupled
into one end-facet of the waveguide, TIR at the low refractive-index boundaries made of SiO,
results in an exponentially decaying evanescent wave with around 100-150 nm penetration depth
just above the waveguide [22]. The evanescent field is used to illuminate specimens and in this
way, only stained structures very close to the waveguide are excited and emit light. However, the
waveguide allows multimode propagation, accordingly, laser beams traveling through it result
in branched patterns due to scattering arising from weak inhomogeneities in e.g. waveguide
thickness [26,27]. The resulting branched light patterns in the waveguide are highly dependent
on the input laser beam position and polarization, as these determine the set of transmission
channels that are excited [26]. The evanescent fields used for fluorescence excitation are therefore
inhomogeneous. We employed a galvo mirror to quickly scan the input laser beam over the facet
of the waveguide, with a scanning rate much faster than the exposure time, in order to average
over the different transmission channels and achieve uniform illumination.

n_Si;N,=2
n_SiO,=1.45

Fig. 1. The principle of evanescent field generation with a photonic-chip. The chip is
made out of HIC materials with different refractive index values n. The high-n SizNy layer
functions as the waveguide for light propagation. The evanescent field is created at the
surface of the waveguide and used for excitation in fluorescence imaging. The white dots
indicate the stained sample, and the red dots show parts of the sample that are illuminated by
an idealized single ray indicated with the red line.
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1.3. Imaging at cryogenic temperatures

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

2. Material and method
2.1. Sample preparation

Fluorophores (ATTO 647N, ATTO-TEC) were used to investigate the homogeneity of illumination
generated on the waveguide as well as the fluorophore behavior at both room and cryogenic
temperatures. In these two cases, the organic dye was diluted with Milli-Q water to a concentration
of 1070 and 10~7 mol/L, respectively, then spin-coated at 3000 rpm for 4 min after pipetting
the solution onto cleaned chips. To assess the drift performance of the microscope, deep red
fluorescent beads (PS-Speck Microscope Point Source Kit, ThermoFisher) with a diameter of
175 nm were employed. The bead solution was obtained by diluting the stock concentrations
with Milli-Q water in a ratio of 1:10. In order to observe individual beads, a thin layer of sparsely
distributed beads on the chip was generated after spin-coating at 3000 rpm for 4 min. For
realizing cellular imaging, fixed and stained HEK293T cells were plated on waveguides. The
chips were coated with fibronectin (FC010, Merck) prior to plating to facilitate cell attachment.
HEK?293T cells were grown on the chips to 70-80% confluence in Dulbecco’s modified Eagle’s
medium 10 (DMEM 10, Fisherscientific) at 37°C, 5% CO,. The cells were stained with CellMask
Deep Red Plasma membrane Stain (C10046, Invitrogen) for 10 minutes at 37 °C, then fixed in
4% paraformaldehyde for another 10 minutes at 37 °C. The chips were finally rinsed thrice with
PBS prior to imaging.

2.2. Experimental setup

The concept of our waveguide-based cryogenic TIRF (cryo-TIRF) microscope setup is illustrated
in Fig. 2. This custom-made setup employs a 658-nm red laser (LDM658.130.CWA.L, Omicron)
as the source, noting that all power values mentioned in this report refer to the nominal values.
The excitation beam is passed through filter 1 (ZET405/488/561/640m-TRF, Chroma), as shown
in Fig. 2(a). A galvo mirror (GVS001, Thorlabs) driven by a sinusoidal signal is used to scan the
input laser beam, enabling translation of the incidence position on the interface of the waveguide.
The laser beam is focused onto the end-facet of the waveguide and coupled into it via a 10x/0.3
NA objective lens 1 (Plan Fluor, Nikon). As the galvo mirror requires 0.8 Volt to achieve a tilt
angle of 1 degree and the width of the waveguide is around 40-50 um, voltages of 50-100 mV are
required to scan the incident light over the width of the waveguide at a scanning frequency of
100 Hz. The light propagating in the waveguide can produce an evanescent field to excite the
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samples on the chip. The emission from fluorophores is collected by a 50x/0.8 NA objective lens
2 (TU Plan Fluor EPI, Nikon). Filter 2 (ET705/72 m, Chroma) suppresses the excitation laser
reflection and non-fluorescent background, blocking the signal other than the desired emission
signal. After being focused by a tube lens (ITL200, Thorlabs), the light signal is captured by
an sSCMOS camera (Zyla 4.2, Andor) with a pixel size of 6.5 um, resulting in a back-projected
pixel size of 130 nm. Two objective lenses and the chip are placed in a vacuum tank as shown in
Fig. 2(b), which is pumped to a pressure of less than 5-107% mbar during imaging. The chip is
stuck to a copper holder with a thin layer of Apiezon N, then fits to a copper finger (with iron
inlaid in the center) using a small magnet through the vacuum window, as shown in Supplement
1, Fig. S1. The copper finger is connected to the cooling tank and the sample xyz stage, enabling
cooling down and three-dimension adjustment of specimens. The chip is cooled down to 97 K
(-176 °C) with around 3 liters of liquid nitrogen and can provide about 2.5 hours for measurement
under cryogenic conditions. All recorded camera pixel values A in Analog-Digital Units (ADUs)
were converted to intensities in photon count units / by calibration of the gain G and offset O,
[36,37]. The intensity measured in photon counts was subsequently calculated by using the
equation I = G(A — Ogepo)-

(a)

Mirror 1

Galvo Mirror

mmem Filter 1

Lens 2 Saml"“ *,VZ stage

Camera

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

3. Results and discussion

3.1.  Uniform illumination achieved by mode averaging

In order to create the evanescent field for uniform illumination, a galvo mirror was used in the
cryo-TIRF setup to scan the laser beam at rapid speed. For better illustration of this process,
ATTO 647N dye with a dense concentration of 1 uM was used to visualize the illumination
patterns on waveguides at room temperatures. Figure 3 shows camera images of spin-coated
ATTO 647N dye for different scanning rates of the input laser beam. The nominal power of the
input laser was set to be 10 mW, to avoid severe photo-bleaching. The camera exposure time was
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0.1 s with a framerate of 10 frames-per-second (fps) during imaging acquisition, and 100 frames
were captured. When the incident laser was scanned at a low frequency of 100 mHz (Fig. 3(a) and
Visualization 1), we observed random branched patterns of light, changing with the excitation
during the scanning procedure. This wave phenomenon is known as branched flow, and results
from weak scattering by e.g. non-uniformities in the waveguide thickness or slightly diffuse or
non-sharp edges of the waveguide [26,27]. Based on the 100 frames with branched multimode
patterns, we calculated the normalized autocorrelation function (C(x") = I(x)I(x — x"))/{I)? along
the direction parallel to the waveguide, and subsequently averaged the normalized autocorrelation
over each horizontal position and frame. The averaged autocorrelation function C(x”) shown in
Fig. 3(b) is fitted well with an exponentially decaying function, in agreement with expectations.
The fit points to a correlation length ¢ = 19 um, which thus characterizes the length scale of
non-uniformity of the waveguide. The spatially correlated non-uniform illumination patterns
may have an impact on the reconstruction results of fluctuation-based super-resolution imaging
methods [25].

(b) 12 Autocorrelation function

—Autocorrelation
1.15 —Exponential fit
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Fig. 3. Camera images of (averaged) illumination patterns for excitation with different
scanning rates. (a) [llumination pattern with a low scanning frequency of 100 mHz. (b)
Normalized autocorrelation plot and the corresponding exponential fit of the multimode
patterns shown in (a) and Visualization 1. (c) Mode-averaged uniform illumination pattern
resulting from 100 Hz scanning speed. The values (0.24, 0.26, and 0.28) beside the vertical
lines indicate modulation depths along the corresponding profile lines. (d) The normalized
intensities of captured values along three profile lines, with corresponding colors indicated
in (c). Measured values outside the waveguide and near boundaries were ignored when
calculating the modulation depth.

Homogeneity of illumination for SMLM is significant, as un-uniform illumination causes
un-even switching rates, resulting low imaging quality. For our experiments, uniform illumination
is desirable and was obtained with high-frequency scanning input laser. When the scanning
frequency was increased to 100Hz, 10 full-waveguide scans were achieved in one camera
exposure. The resulting averaged light field in the waveguide becomes more uniform as shown in
Fig. 3(c) and Visualization 2 as a result of mode averaging. The boundaries of the waveguide
are visible in both Fig. 3(a) and (c) where the dark part is outside the waveguide. Regions with
high brightness come from a more dense fluorophore distribution, which may be a result of
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imperfect procedures during chip cleaning and/or sample spin-coating. In order to evaluate
the homogeneity of the more uniform excitation obtained with a higher scanning rate of 100
Hz, we evaluated the modulation depth, also known as modulation index. We computed the
modulation depth from (Aax — Amin)/(Amax + Amin), Where Ay, and Ay, are the maximum and
minimum amplitudes of the signal. Modulation depth with a smaller value means less intensity
variation, indicating a more uniform light field distribution. Several values of modulation depths
were calculated along different profile lines, indicated with different colors in Fig. 3(c). The
corresponding line profiles are shown in Fig. 3(d). The edge artifacts were neglected and only
data enclosed in black boxes were used when calculating the values of modulation depth. We
find values 0.24 +0.05, 0.26 + 0.05, and 0.28 + 0.03 for the three line profiles. These values are
comparable to the reported modulation depth value of 0.25 from Ref. [22].

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

3.2. Investigation of fluorophore behavior under cryogenic conditions

The images shown in Fig. 3 were acquired under room temperature conditions in a vacuum,
such that we could exclude potential thermal drift of the setup under cryogenic conditions.
For our cryo-TIRF microscope, the main focus is the improvement of fluorophore behavior at
cryogenic temperatures. We used spin-coated ATTO 647N with a concentration of 0.1 pM to
study the fluorophore behavior at both room and cryogenic temperatures. In both cases, the
input laser power was 130 mW and the scanning rate was 100 Hz. At room temperatures, 1535
in-focus frames were captured with 0.2 s exposure time at 1 fps. The first 60 frames were
discarded to get rid of the disturbance from the operator and/or setup instability when starting the
measurement. The time-course of the normalized fluorescence intensity is shown in Fig. 4(a).
After measurement with high excitation power at room temperatures, the same sample was cooled
to 97 K. The cooling procedure for our cryostat takes about 1.5 hours, offering about 2.5 hours
for imaging at cryogenic conditions. At cryogenic temperatures, the sample went out-of-focus
after several minutes due to drift, therefore we monitored the signal and manually refocused
during the data acquisition. The camera exposure time was increased to 0.8 s for an increase of
measured values A in ADU, since a significant part of the fluorescent molecules were bleached
after imaging at room temperatures. In total 1490 frames at 1 fps were used to estimate photon
counts. The normalized fluorescence intensity shown in Fig. 4(b) displays the result of photon
counting under cryogenic temperatures.

The corresponding fitted photo-bleaching curves of the different temperatures are also shown
in Fig. 4. The photon count of ATTO 647N decays bi-exponentially indicating that there are two
different pathways of photo-bleaching [38]. A single exponential fit did not represent the acquired
data well. According to the bi-exponential fit, at room temperatures, the main bleaching time is
2.5-10° s, with a precision of fit obtained from computing the estimated variance-covariance
matrix of the fitted coefficients of 0.3%. At cryogenic temperatures, the bleaching time is 1.4 - 10*
s, with a precision of fit of 2%, about 5.5 times longer than that at room temperatures. The
recorded data at cryogenic temperatures show more fluctuation around the mean decay curve
compared to the room temperatures curve. The root mean square error (RMSE) between the
data and the fit is calculated to be 0.014. There are several possible reasons for this, one may be
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Fig. 4. Photo-bleaching curves of ATTO 647N at room (a) and cryogenic temperatures
(b). Photon counts decay bi-exponentially. The fitted curves are indicated by F(t). The
highlighted t; values represent the bleaching times obtained from the fits. (c) The waveguide
in grey centrally located on the square chip was coupled with input laser (presented by red
big arrow) in both cases.

the manual focus adjustments during experiments, another could come from drift of the setup.
The temperature difference between the inside and outside of the cryostat is large (~200 K), the
heat leaks from the outside towards the cold cryostat are significant when imaging at cryogenic
conditions. The interaction between the cryostat towards the sample holder and ambient air could
cause these disturbances. As both objective lenses are placed inside the vacuum tank but outside
the cryogenic area, they are also subject to thermal gradients and thus influence the stability of
the acquisition. The movement of objective lens 1 has an impact on the in-coupling efficiency
of the laser beam, leading to varying excitation intensity during the measurement. The drift of
objective lens 2 can cause focus problems during imaging and introduce defocus.

We have studied the effect of in-coupling on the image at cryogenic temperatures, by pointing
the laser over the surface of the waveguide instead of coupling the laser into the waveguide. The
sample imaged in this way had the same concentration and preparation procedures as before. This
kind of excitation could reduce the impact of laser-coupling on the observed drift as the light is not
focused. In this way, it could help us figure out the cause of the random signal oscillation shown
in Fig. 4(b). The excitation power density was much smaller compared to the last experiment
because of the unfocused incident beam, although the average power was set to be the same
(130 mW). In Fig. 5 we show photo-bleaching curves for ~3000 frames, which were captured
during 50 minutes under both room and cryogenic imaging conditions. At room temperatures,
the bleaching time is about 1.7 - 10*s with fit precision of 0.3%, according to the fitted curve
shown in Fig. 5(a), where the longer bleaching time may be caused by the unfocused excitation.
The room-temperature data show a larger fluctuation level compared to Fig. 4(a), which may
come from the non-uniform distribution of ATTO 647N dye and/or the shift of the excitation
laser beam during the measurement. At cryogenic temperatures, the bleaching time is around
1.1 - 10%s, with fit precision of 0.9%, which is about 6 times longer for the same ATTO 647N
sample imaging at room temperatures. The signal variations around the mean decay curve here
are modest compared to Fig. 4(b), which is also reflected in a better precision of fit. The RMSE
value between the data and the fit is about 0.004, indicating a smoother intensity decay. The small
jumps shown in Fig. 5(b) may result from the manual focus adjustments during data acquisition.
For all data (measured with evanescent field or non-evanescent field), the in-coupling problem
to the waveguides is demonstrated to be significant, especially when imaging under cryogenic
temperatures. We suspect that the drift of the system is the main reason for the in-coupling issue.

The drift of the setup influences the image quality and maximum imaging time. In order
to study the drift of our setup, 175-nm fluorescent beads were spin-coated on the chip and
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Fig. 5. Photo-bleaching curves of ATTO 647N excited by non-evanescent fields at room (a)
and cryogenic temperatures (b). Photon counts decrease bi-exponentially as shown in Fig. 4.
The fitted curves are indicated by F(t). The highlighted t; values indicate the bleaching
times obtained from the fits. (c) The red big arrow indicates that the laser beam used for
excitation went across the chip surface, instead of being in-coupled into the waveguide.

imaged at both room and cryogenic temperatures. During the measurement, the input laser had a
nominal power of 10 mW and the acquisition rate was 1 fps. The incident laser was not focused
and coupled into waveguides, but aimed over the chip to illuminate the beads spin-coated on
the imaging plane to decrease the influence of in-coupling. The localization and tracking of
individual beads were done using ThunderSTORM [39] based on Fiji software [40]. Figure 6
shows the displacements of the image plane, in directions parallel (x) and perpendicular (y) to
the waveguide. The displacement along the axial direction can be inferred from the in-focus
time during acquisition, but it is hard to quantify this precisely from the current experiments.
We observe that the drift along the y direction is larger than along the x direction (compare
Fig. 6(a) and (b)). In-focus frames used for localization and tracking can be captured after being
exposed for about 50 minutes. Compared with ATTO 647N dye, the acquisition time of in-focus
frames is much longer, which may result from the stronger brightness and sparser distribution
of the bead sample as shown in Fig. 6(c). At cryogenic temperatures, the acquisition time was
much shorter as shown in Fig. 6(d) and (e), which indicates that the displacement along the axial
direction of the sample (shown by Fig. 6(f)) was larger. The same holds for the displacements
along the x and y directions. When imaging at cryogenic conditions, the drift of the setup
increased significantly and results in shortened measurement time. For fixed cellular imaging,
the performance of this setup seems sufficient. In our setup, thermal drift appears a major issue
when imaging at cryogenic conditions, because of the common issue of heat conduction between
the low-temperature inside and room-temperature outside the cryostat. Metal parts of the cryostat
and the parts of objective lenses outside the cryostat are considered as the main channels for
heat conduction between the cryostat and the ambient air. We employed polyether ether ketone
spacers between the sample holder finger and metal parts for heat isolation. The thermal drift
problem could be further diminished by including the two objective lenses in the cryogenic zone
and installing electrically controlled feedback stages. The out-of-focus problem can also be
solved by introducing auto-focus via a feedback system.

3.3. Imaging the plasma membrane of HEK293 T cells

We achieved successful observation of biological structures with this waveguide-based cryo-TIRF
microscope. Figure 7 shows HEK293T cells stained with plasma membrane dye. The HEK293T
cells were plated on the chip, and the two red lines in each subfigure indicate the boundaries of
the waveguide. We used two kinds of illumination, using the evanescent field generated on the
waveguide and using the non-evanescent field produced by an unfocused laser beam propagating
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Fig. 6. Drift measurements with fluorescent bead samples. Displacements along horizontal
(x) and vertical (y) direction with increasing time, at room temperatures (in red) and cryogenic
conditions (in blue). (c, f) Images of the fluorescent beads. Scale bars, 1 um.

on the chip surface. The imaging results under TIRF and non-TIRF conditions were recorded
at both room and cryogenic temperatures. Specifically, the evanescent field was produced with
a focused input laser with 110 mW of power at room temperatures and 60 mW at cryogenic
temperatures, and the scanning frequencies of the input laser are 100 Hz in both cases for uniform
illumination. Different laser powers were used to avoid saturated fluorescence intensity during
data acquisition. When HEK293T cells were illuminated by the evanescent field, cell membranes
that attached to the waveguide can be visualized as shown in Fig. 7(a) and (b), while structures
beyond the boundaries can be hardly observed. When the same region of HEK293T cells was
excited by non-evanescent fields with a laser power of 1 mW, the membrane outside the waveguide
shown in Fig. 7(c) and (d) can be visualized as well. At room and cryogenic temperatures,
the imaging results of the same sample did not show much difference in terms of structural
information, although the image contrasts were observed to be different. This may result from
the larger drift at cryogenic conditions, as discussed in the last section. Another drawback of
our design is the low collection efficiency of the emission from high-n waveguides, compared
with traditional TIRF microscope where the emission is collected from evanescent field side
with a high-NA objective. We estimated the collection efficiency of our waveguide-based TIRF
imaging with a theoretical model [41,42], and found the percentages of emission of fluorescence
contacted to waveguide surface collected by the objective lens to be ~3.92% and ~ 0.64% for
dipoles parallel and normal to the surface, respectively. Compared with the objective-based TIRF
imaging method, which has a collection efficiency of around 10%-20% [43], waveguide-based
TIRF microscopy performs worse in emission detection because most part of emission intensity
is coupled back to the high-n waveguide instead of being released in a vacuum and collected by a
respectively low NA objective lens.
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Non-evanescent field

Room temperature

Cryo temperature

Fig. 7. Imaging results of fixed HEK293 T cells, which were stained with red plasma
membrane dye. Panels (a) and (b) show the membranes near the interface of waveguide
excited by evanescent fields at room and cryogenic temperatures, respectively. Panels (c)
and (d) show HEK cell membrane images under non-TIRF imaging conditions.

4. Conclusion

In this paper, we report a waveguide-based TIRF microscope capable of cellular imaging at
cryogenic conditions, showing an increased photo-stability of fluorophores. Evanescent fields
produced over waveguides were used for excitation, and uniform illumination was achieved
using mode averaging by high-frequency scanning of the excitation laser beam coupled into
the waveguide. Photo-bleaching under cryogenic conditions was studied using ATTO 647N,
indicating a five to six-fold increase in bleaching time. Drift was investigated in our setup with
fluorescent beads samples, showing a two to three-fold increase compared to room temperature
conditions. We showed that our cryo-TIRF microscope is capable of imaging fixed cellular
samples, enabling observations of the plasma membrane.
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