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Correlative Super-Resolution Imaging of Cellular Nanopores
Facilitated by Transparent Polymer Waveguide Chips

Surjendu Bikash Dutta, Jasmin Celine Schürstedt-Seher, Anders Kokkvoll Engdahl,
Wolfgang Hübner, Stefan Belle, Karolina Szafranska, Peter McCourt, Ralf Hellmann,
Mark Schüttpelz, and Thomas Huser*

Super-resolution optical microscopy (SRM) permits the visualization of
subcellular structures of biological samples beyond the diffraction limit of
light. To evaluate and utilize the specific strengths of each SRM technique a
combined approach in the form of correlative super-resolution imaging is
essential. Here, the correlative SRM imaging of the ultrastructure of rat liver
sinusoidal endothelial cells (LSECs) across a large field of view (FOV) with 3D
structured illumination microscopy (3D-SIM) and single-molecule localization
microscopy (SMLM), facilitated by a transparent polymer photonic waveguide
chip, is presented. This waveguide is not only used for chip-based total
internal reflection fluorescence (TIRF) excitation across a large FOV, but also
enables the excitation and collection of single-molecule fluorescence via the
inverted microscope configuration. Furthermore, the structural design of the
waveguides allows to identify and correlate sample positions across multiple
microscopes. This correlative SIM and multi-modality SMLM imaging
provides a high throughput (FOV of ≈180 μm × 120 μm) method to analyze
the structural morphology of LSECs with high spatial resolution (≈50 nm).
Furthermore, waveguide chip-based TIRF excitation also yields a significant
reduction of background signals.
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1. Introduction

Super-resolution fluorescence microscopy
(SRM), commonly known as optical
nanoscopy, has shown immense potential
to visualize the subcellular structure of
biological samples beyond the diffraction
limit of light.[1–5] Various SRM tech-
niques, such as structured illumination
microscopy (SIM),[6,7] stimulated emis-
sion depletion microscopy (STED),[8,9]

single-molecule localization microscopy
(SMLM),[10–12] and temporal and spatial
signal fluctuation-based techniques (SOFI,
ESI, (e)SRRF)[13–15] have emerged over the
last few years. Each of these techniques has
its own advantages and disadvantages and
they demonstrate their ability for optical
super-resolution depending on specific
imaging requirements.[2,5,16,17] The prac-
tical implementation of each nanoscopy
technique is, however, still limited by their
applications due to multiple reasons, such
as low throughput, bulky setups, high
cost, and complex systems, among others.

For example, the ability of SIM to provide video rate imaging
speed[18–21] makes it one of the most popular methods among ex-
isting optical nanoscopy techniques, specifically for live cell appli-
cations, but the resolution improvement is typically limited to a
factor of two.[6] SMLM approaches, such as direct stochastic opti-
cal reconstruction microscopy (dSTORM),[22] on the other hand,
provide high spatial resolution on the order of 10–20 nm, but re-
quire rather long overall signal accumulation times because sev-
eral thousands of frames have to be acquired in order to obtain
a reconstructed image with super-resolution.[10,11,22] Therefore,
a combined approach that utilizes the specific strengths of each
technique is most promising.

In recent years, photonic waveguide chips have been in-
troduced as a versatile platform to perform multimodal opti-
cal nanoscopy of biological samples with high throughput and
high spatial resolution.[23–27] Waveguide-chip based total inter-
nal reflection fluorescence (TIRF) microscopy provides several
advantages over the common objective-type TIRF microscopy.
In objective-type TIRF microscopy the excitation and emission
paths are shared in epi-illumination and detection mode, which
restricts this modality to high numerical aperture (NA) lenses.

Adv. Optical Mater. 2024, 2402783 2402783 (1 of 12) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

http://www.advopticalmat.de
mailto:thomas.huser@physik.uni-bielefeld.de
https://doi.org/10.1002/adom.202402783
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202402783&domain=pdf&date_stamp=2024-12-25


www.advancedsciencenews.com www.advopticalmat.de

This also limits the field of view (FOV) that can be obtained. In
waveguide-chip based nanoscopy, an evanescent field is gener-
ated on top of the (often high NA) waveguide surface due to total
internal reflection within the planar waveguide structure and this
field is then used for TIRF excitation. In addition, the photonic
chip conveniently also serves as a sample holder to move and
register the sample with high reproducibility between different
imaging setups. Thus far, most chip-based microscopy has been
performed on high refractive index waveguides fabricated on top
of opaque substrates, typically silicon wafers, where the sample
sits on top of the waveguide. These chips can therefore only be
used with an upright microscope because the opaque substrate
prevents the light being collected from below the substrate. Some
recent studies have, however, already demonstrated concepts for
the use of transparent waveguide chips for TIRF microscopy and
nanoscopy.[28–30] Here, the transparent photonic chips provide a
fairly universal imaging platform, where fluorescence can also
be collected through the substrate via the inverted microscope
configuration. This allows the use of high-resolution oil immer-
sion objective lenses which are usually aberration-corrected for a
170 μm thick cover glass.[28,29] Opaque waveguide chips, on the
other hand, limit imaging to upright configurations and typically
employ lower NA air objective lenses.[23–25] Additionally, sample
handling is more complicated with opaque chips because access
to the sample and imaging can only be performed from the same
direction. This creates challenges, especially for biological sam-
ples such as cells or tissues where transmission microscopy al-
lows for the easy assessment of the sample.

Few attempts of combining different microscopy methods
have been introduced so far, such as multi-modal super-
resolution optical microscopy and correlative light and electron
microscopy (CLEM).[31–37] For example, Rossberger et al. com-
bined SIM and single molecule localization microscopy into a
single optical platform and demonstrated the advantage of this
by imaging identical regions of H3K293 cells.[32] Also, Hamel
et al. used 3D-SIM to obtain multi-color SIM data and compared
them with the higher resolution obtained by single-molecule lo-
calization microscopy.[33] Similarly, Mönkemöller et al., demon-
strated the complementary use of 3D-SIM and dSTORM imag-
ing in a common optical platform to obtain new insights into
the cytoskeleton’s interplay with the plasma membrane, which
supports the formation of fenestrations in LSECs. Ring-shaped
total internal reflection fluorescence (TIRF) excitation on the
same SIM platform was used to evenly excite and localize sin-
gle molecules, albeit with a limited field of view (FOV).[31] Most
recently, Tinguely et al. combined chip-based TIRF dSTORM
with focused ion beam scanning electron microscopy (FIB-SEM)
to demonstrate wide-field imaging, super-resolution nanoscopy
and 3D electron microscopy for cell biology applications.[35] Al-
though CLEM provides an attractive means to zoom into the
complex organization of cells with highest resolution, it is chal-
lenged by the loss of fluorescence upon the use of chemical fix-
atives and heavy metals as well as dehydration artifacts resulting
from EM sample preparation.[34,35] Therefore, all-optical correla-
tive super resolution microscopy that enables the identification of
cells/areas of interest in a fast acquisition mode and which could
then be followed by a higher resolution modality to identify rel-
evant features across a large FOV would be preferred. Here, we
present the correlative SRM imaging of intracellular structures

of LSECs across different microscope platforms (3D-SIM and
dSTORM) facilitated by a transparent polymer photonic waveg-
uide chip. This combination utilizes the advantages of each indi-
vidual super- resolution modality while the chip-based TIRF ex-
citation also provides a large FOV. In addition, the photonic chip
is used as a sample holder to easily move samples between dif-
ferent setups. The use of transparent chips, with objective under-
neath, would be more amenable to observe living cells in culture
media.

2. Results and Discussion

LSECs are a special type of endothelial cell with unique morphol-
ogy and function. They contain a large number of nanopores in
their plasma membrane, known as fenestrations, with a diam-
eter of ≈ 50–300 nm. These transcellular “true” holes are usu-
ally clustered together in groups of 10–100, called liver “sieve
plates”. LSECs fenestrations funnel through the cell and provide
an open pore system capable of size-dependent filtering waste
molecules, nanoparticles, and viruses from the blood. Lipopro-
teins and pharmaceuticals taken up via the digestive system to
the blood are also able to pass through the fenestrations.[38–41]

The shape, diameter, and number of fenestrations can be al-
tered in, for example, liver disease, aging, and drug interac-
tions etc.[39,41] Hence, the detailed visualization of the ultrastruc-
tural morphology of LSECs is important in order to analyze a
cells’ structural viability and sieving function. In our correla-
tive super-resolution imaging approach, first a rapid 3D-SIM im-
age of LSECs is taken to confirm the presence of fenestrations
within the cell. Then the exact size and morphology of LSECs fen-
estrations are verified by subsequent dSTORM measurements
with higher spatial resolution on another instrument. To regis-
ter the different instruments with sub-micron reproducibility, the
waveguides themselves serve as guides, because they provide suf-
ficient contrast under white light illumination and their photo-
lithographically prepared edges are steeper than the resolution
limit of a diffraction-limited microscope. Therefore, correlative
SIM and waveguide TIRF based dSTORM imaging allows for the
fast identification of LSECs even on separate instruments. Fur-
thermore, waveguide based dSTORM provides high throughput
imaging through its large FOV of ≈180 μm × 120 μm to resolve
the intricate substructure of individual fenestrations with high
spatial resolution (≈45 nm – limited by and scaling with the nu-
merical aperture of the objective lens) and a significantly reduced
background.

To evaluate the potential of correlative super-resolution mi-
croscopy the performance of 3D SIM (3D-SIM) and waveguide
chip based TIRF dSTORM were demonstrated by imaging fen-
estrations in fixed rat LSECs seeded directly on the waveguide
surface. Schematics describing the sample preparation on top
of transparent polymer waveguide chips, image acquisition on
a 3D-SIM setup, as well as the coupling of laser light and the
detection optics of the custom-built photonic chip-based micro-
scope, are shown in Figure 1. The excitation laser beam (EB)
propagates through the waveguide core material and generates
an evanescent field (EF) on top of the waveguide surface due to
total internal reflection. A LSECs suspension is placed on top of
the photonic chip resulting in cells attaching themselves either
entirely on top of the waveguide surface, entirely on the cover
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Figure 1. Schematic representation of the transparent polymer waveguide chip, 3D-SIM and waveguide chip- based nanoscopy setups. a) Waveguide
geometry and working principle of chip-based TIRF microscopy. Transparent planar polymer waveguides (substrate: EpoCore with refractive index, n =
1.59 for 𝜆= 647 nm) with a thickness of 1.2 μm were fabricated on top of a standard #1.5 borosilicate microscope coverslips (thickness: 170 μm). (i) Upon
coupling light into the front facet, the excitation laser beam propagates through the waveguide core material due to total internal reflection and generates
an evanescent field on top of the waveguide surface that excites fluorescent dyes in the sample. Liver sinusoidal endothelial cells (LSECs) are allowed
to attach to different surfaces: (ii) cells that are attached entirely on top of the waveguide surface, (iii) cells that are attached entirely to the coverslip
substrate, and (iv) cells that are attached partially to the waveguide surface and to the coverslip. b) Schematic overview of the 3D-SIM setup. A sinusoidal
illumination pattern is created by the interference of three laser beams in the sample plane. Cells representing the different attachment scenarios
(ii)–(iv) can all be illuminated with this striped excitation pattern. The fluorescence signal is detected by the same objective lens and transmitted through
a dichroic mirror to the camera. c) Schematic representation of the waveguide chip-based dSTORM microscopy setup. (i) Bright field top view image of
a waveguide on top of the glass substrate. The small bright white spot on the left-hand side shows the point where laser light is coupled into the input
facet of the waveguide. Different waveguides are separated from each other by 200 μm of coverslip substrate to form a photonic chip. (ii) Photograph of
the photonic chip held in an inverted optical microscopy setup. A red excitation laser beam is coupled into and highlights one of the waveguides. (iii)
Schematic of the epi-illumination and waveguide TIRF based dSTORM setup. This setup consists of an objective lens (OL1) mounted on a xyz piezo
stage to facilitate easy coupling of the excitation beam into the waveguide. Fluorescence emission of the sample is collected by a second objective lens
(OL2) through the transparent substrate. This objective lens is also used for epi-illuminated fluorescence excitation. The bright field imaging unit of the
setup consists of a white LED for illumination, a beam splitter, an objective lens (OL3) and a camera. It allows inspection of the input facet of waveguide
during laser beam coupling. Abbreviations: S—sample, EF—evanescent field, WG—waveguide, EB—excitation beam, CG—cover glass, DM— dichroic
mirror, BS—beam splitter, and OL—objective lens.

glass substrate, or partially to the waveguide surface and coverslip
respectively (Figure 1a-ii–iv). The schematic overview of the 3D-
SIM setup is shown in Figure 1b. A sinusoidal striped illumi-
nation pattern was created by the interference of three laser
beams in the sample plane. Cells in all three potential con-
ditions (attached on top of the transparent waveguide surface,
on the coverslip, or partially on both surfaces) are illuminated
with this excitation pattern. The fluorescence signals are col-
lected by the objective lens and transmitted through a dichroic
mirror and a long pass filter to the camera. Schematic rep-
resentations of the custom-built waveguide chip-based super-
resolution microscopy setup and the coupling of excitation light
into the photonic chip are shown in Figure 1c. The sideways
coupling and waveguide TIRF excitation generate an evanes-
cent field on the top of the waveguide surface with a pene-
tration depth of ≈150 nm that is used to excite all fluores-
cent markers located within this small zone above the waveg-

uide surface. The details of the waveguide design and lay-
out, different FOV measurements, and the illumination pattern
uniformity are explained in supporting information Figure 1
(Figure S1, Supporting Information).

It is important to mention here that the polymer-based pho-
tonic waveguide chip enables the switching of epiexcitation and
waveguide-based TIRF excitation because of the transparent na-
ture of the substrates. Furthermore, it allows for the collection of
fluorescence emission in a common inverted microscope config-
uration.

To investigate potential differences in cell adhesion and to eval-
uate the imaging quality of samples sitting on top of polymer
waveguide surfaces we first carried out the 3D-SIM imaging of
LSECs attached to the top of the cover glass and waveguide sur-
faces separately. Figure 2a,b shows 3D-SIM images of fixed rat
LSECs attached on top of the cover glass and the polymer waveg-
uide surface, respectively. The inset shows the enlarged view of
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Figure 2. 3D-SIM images of fixed rat liver sinusoidal endothelial cells (LSECs) attached on top of the cover glass and the waveguide surface, respectively.
a) 3D-SIM image of a representative LSEC attached to the cover glass substrate. Inset shows the enlarged view of the location marked with a white box.
b) 3D-SIM image of a LSEC that is attached on top of the 1.2 μm thick polymer waveguide surface. Inset shows the enlarged view of the location marked
with a white box. Both the SIM images show several sieve plates containing numerous fenestrations with diameters well below the diffraction limit.
As can be seen from these representative examples, the SIM image reconstruction process is not notably affected by imaging through the additional
polymer waveguide layer. The spatial resolution of both images is determined by image decorrelation analysis and are 171 nm (for a) and 174 nm (for
b), respectively. The cell membrane is stained with BioTracker 655 dye. Scale bars: 5 μm; insets 1 μm.

the areas marked with white boxes. Both SIM images show sev-
eral sieve plates containing numerous fenestrations. This result
suggests that neither the SIM image acquisition nor the SIM im-
age reconstruction process are affected by imaging through the
additional polymer waveguide layer. We determined the spatial
resolution of both images via image decorrelation analysis and
obtained 171 nm (for Figure 2a) and 174 nm (for Figure 2b), for
red excitation light (𝜆 = 642 nm). The lack of any differences in
LSEC morphology between the two substrates suggests no effect
on cell attachment and well-being on the waveguide substrate.

Furthermore, to ensure that the transparent polymer waveg-
uide surface truly does not interfere with the SIM image acquisi-
tion and reconstruction process, we also collected 3D-SIM im-
ages from a fixed rat LSEC where one part of the cell had at-
tached to the waveguide surface and the other part of the cell
to the cover glass substrate as shown in Figure 3. Figure 3a
presents the reconstructed 3D-SIM image of the part of the cell
that was sitting on top of the 1.2 μm thick transparent polymer
waveguide surface. The reconstructed 3D-SIM image of the other
part of the LSEC that is attached to the cover glass is shown
in Figure 3b. To better visualize the reconstruction quality and
fenestrations the enlarged view of the areas (Figure 3a,b) high-
lighted by white boxes are also presented in Figure 3d,e. Here,
we find that the various sieve plates and fenestrations of LSEC
are clearly visible in both parts of the cell. To visualize the bound-
ary of the waveguide surface and glass substrate the maximum
intensity projection of the 3D-SIM reconstruction of a 1.5 μm

thick z-stack of the entire LSEC was performed and is presented
in Figure 3c. The border between the waveguide and the glass
surface is apparent by the dark line in the image. It is even
more visible in the orthogonal view (right hand side), which also
reveals the height difference of 1.2 μm between the different
parts of the cells. Once it was confirmed that the transparent
polymer waveguide surface does not interfere in the cell adhe-
sion, imaging, and reconstruction, we continued to perform the
photonic chip assisted correlative 3D-SIM and dSTORM imag-
ing of LSECs to take advantage of the specific strengths of each
technique.

To evaluate the ability of correlative super-resolution mi-
croscopy for better visualization and correlation of LSEC fenes-
trations we first measured 3D-SIM and epi-dSTORM images of
rat LSECs seeded on top the fibronectin-coated photonic chips
(Figure 4). Here, the waveguide structures served purely as
guides to find the same cells on the different setups. The compar-
ison of the diffraction-limited wide-field fluorescence, the corre-
sponding 3D-SIM, and epi-dSTORM images of a LSEC attached
on top of the cover glass substrate are shown in Figure 4a–c, re-
spectively. The corresponding enlarged views of the areas marked
by white boxes are also shown (Figure 4i–iii). As expected, sig-
nificantly improved spatial resolution of the fenestrations by 3D-
SIM and dSTORM compared to the wide field image is observed.
Hence, in a similar manner the diffraction limited, 3D-SIM, and
epi-dSTORM imaging of LSECs that were attached to the 1.2 μm
thick waveguide surface was performed and the resulting images
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Figure 3. 3D-SIM image of a fixed rat LSEC partially attached to the waveguide surface and the cover glass surface. a) Reconstructed 3D-SIM image of
the part of the cell that is sitting on top of the 1.2 μm high transparent polymer waveguide surface. b) Reconstructed 3D-SIM image of the lower part
of the LSEC attached to the cover glass. d,e) Enlarged views of the regions of interest (white boxes) shown in (a,b). Sieve plates with fenestrations are
clearly visible in both parts of the cell. c) Maximum intensity z-projection of the 3D-SIM image of the entire cell. The border between the waveguide
and the glass surface is apparent by the dark line in the upper third of the image. It is even more visible in the orthogonal view (right hand side), which
also reveals the height difference of 1.2 μm between the different parts of the cells. The cell membrane is stained with BioTracker 655 dye. Scale bars:
a–c) 5 μm; insets d,e) 1 μm.

compared (Figure 4d–f—with corresponding magnified regions
(Figure 4iv–vi)).

We were able to visualize and correlate the structural organiza-
tion of LSEC fenestrations with gradually increasing spatial res-
olution in the order of 170 nm for 3D-SIM and 45 nm for epi
dSTORM measurements. Spatial resolutions were calculated by
image decorrelation analysis and Fourier ring correlation analy-
sis for 3D-SIM and dSTORM measurements. It is important to
mention here that in the enlarged views some fenestrations ap-
pear larger in size for the dSTORM measurement as compared
to its 3D-SIM counterparts. Initially, we thought that this effect
might be related to the dye used for staining the plasma mem-
brane (BioTracker655). Overall, we found that the BioTracker dye
gave us the best results based on its homogeneous and specific
binding to the plasma membrane and it also allowed us to record
a sufficient number of blinking events for dSTORM image re-
construction. Please note that in order to visualize fenestrations
in the plasma membrane with a size of 50–300 nm in diameter,
the membrane needs to be stained, hence resulting in a negative
image of the fenestrations. We also found, however, that this dye,
in combination with the dSTORM buffer, exhibits signal fluctua-
tions even when it is not bound to the cell membrane. This behav-
ior could have been an explanation for the appearance of a bigger
fenestration size in the dSTORM images compared to their SIM
counterparts. The limited resolution improvement of linear 3D-
SIM and the convolution of the fluorescence signal with the mi-
croscope’s optical transfer function, however, result in blurring
of the stained parts of the sample – in this case the membrane.
The membrane, thus, appears wider, resulting in an apparently
reduced size of the hole. To visualize this phenomenon, we sim-

ulated holes with different diameters in a fluorescent environ-
ment and the resulting 2D images and reconstructed them (see
Figure 4g). We found that the reconstructed SIM images always
result in an apparently smaller diameter of the fenestrations than
the actual size of the holes. In this case, 200 nm diameter holes
are shown as having a width of ≈160 nm for red light excitation,
as shown in the lower panel of Figure 4 (Figure 4g–i). Thus, al-
though dSTORM also has its challenges for this type of sample,
as detailed above, the correlation between these techniques is, in-
deed, very useful.

To take advantage of the transparent photonic chip’s ability to
excite the samples directly through the waveguide illumination,
the waveguide TIRF/chip-based dSTORM measurement was il-
lustrated by imaging of the fenestrations in LSECs. Here, waveg-
uide TIRF-based microscopy results in evanescent field illumina-
tion of a thin bottom section of ≈150 nm thickness of the LSECs
and the emitted fluorescence signal was collected through the
transparent waveguide in the inverted mode (Figure 1c). This
reduces the detection of additional signals due to scattering, re-
fraction, and out of focus light during the imaging as compared
to the upright configuration. Figure 5a,b shows the correlative
3D-SIM and waveguide TIRF dSTORM images of fenestrations
within the same LSEC. The cell was seeded on top of the trans-
parent polymer waveguide surface. Similarly, as before, enlarged
overlays of the areas marked by white boxes are shown in the
same figure (Figure 5c,d). Furthermore, to demonstrate the ad-
vantage of using dual modalities for imaging and the benefit of
using transparent polymer waveguide chips for correlative super-
resolution imaging we overlaid both, the 3D-SIM and waveg-
uide TIRF dSTORM images of the same LSEC sitting on top
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Figure 4. Correlative diffraction-limited wide field, 3D-SIM and epi-dSTORM images of fixed rat liver sinusoidal endothelial cells (LSECs). Blue box: The
cell shown in the left two columns is attached to the cover glass substrate and the cell shown in the right two columns is attached to the 1.2 μm thick
waveguide surface fabricated on top of the coverslip. a,d) Wide-field fluorescence images of the LSECs, where the optical diffraction limit prevents the
fenestrations from being resolved. b,e) 3D-SIM reconstruction and c,f) corresponding epi-dSTORM images of the same LSECs. The fenestrations are
well resolved in both the 3D-SIM and dSTORM images. (i–vi) Enlarged views of the corresponding regions of interest (ROIs) shown in (a–f). The cell
membrane is stained with BioTracker 655 dye. The lower half, surrounded by a red box, shows the reconstruction of simulated 2D-SIM images of holes
with different diameters within a fluorescent environment (g–i). The simulated hole with a diameter of g) 200 nm results in a reconstructed 2D-SIM
image with a width of h) ≈160 nm. The comparison of the cross sections of the ground truth and the reconstructed image of a simulated hole is shown
in (i). We found that the reconstructed SIM images always result in an apparently smaller diameter of the fenestrations than the actual size of the holes.
Scale bars: a–f) 5 μm; insets 1 μm (i–vi); g,h) 500 nm.
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Figure 5. Correlative 3D-SIM and waveguide TIRF dSTORM images of a rat liver sinusoidal endothelial cell (LSEC). a) Reconstructed 3D-SIM image of
LSEC placed on a 1.2 μm thick transparent polymer waveguide surface fabricated on top of a 170 μm thick borosilicate microscope coverslip substrate and
c) enlarged view of the ROI (white box) shown in (a). b) Waveguide TIRF dSTORM reconstruction of same LSEC and d) enlarged view of corresponding
ROI (white box) shown in (b). e) Correlative pseudo-color image of LSEC, where both, the 3D-SIM and waveguide TIRF dSTORM images of a LSEC
sitting on top of the waveguide surface are overlaid. The same fenestrations are distinguished clearly in both the 3D-SIM and waveguide TIRF dSTORM
reconstructions. The fenestrations in the SIM reconstruction appear with a round shape due to ≈170 nm spatial resolution provided by 3D-SIM. Their
actual size and shape are identified in the corresponding waveguide TIRF dSTORM image with a spatial resolution of ≈50 nm. The cell membrane was
stained with BioTracker 655 dye. Scale bars: a, b, e) 5 μm; insets 1 μm (c, d, and i, ii).

of the waveguide surface. This is demonstrated via a correlative
pseudo-color image (Figure 5e). The overlaid image allows us to
identify the LSEC fenestrations and correlate them for both imag-
ing modalities with high spatial resolution. In order to find and
properly overlay the correct cells imaged with both techniques,
we relied on the waveguide structure as fiducial marker.

Correlative imaging shows that the same fenestrations are
distinguished clearly in both the 3D-SIM and waveguide TIRF
dSTORM reconstructed images. The fenestrations in the 3D-SIM
reconstruction appear in round shape due to the limited 2X res-
olution gain. The higher resolved waveguide TIRF dSTORM im-
ages, however, reveal that the size and shape of the fenestra-
tions differ and that individual fenestrations are not necessar-
ily round by nature, but contain straight edges that are a result
of the plasma membrane being wrapped around the actin cy-
toskeleton of the LSEC.[31,42] The overall resolution enhancement
in the dSTORM images was determined by Fourier ring correla-
tion (FRC) analysis and measured to be 49 nm as compared to
172 nm for 3D-SIM imaging (as measured by image decorrela-
tion analysis).

In addition, the transparent waveguide chip also provides
evanescent field excitation over a large FOV allowing simultane-
ous imaging of several cells as demonstrated in Figure 6. This

configuration allows the use of objective lenses with different
magnifications and numerical apertures to collect the fluores-
cence signal, enabling scalable FOV imaging.[23] By collecting
the fluorescence through the transparent chip, the collection effi-
ciency and spatial resolution can then be improved even further.
The diffraction limited images of three different LSECs seeded
on top a 120 μm wide waveguide surface as well as the corre-
sponding waveguide TIRF excited dSTORM images are shown
in Figure 6a,b. The FOV of 180 μm x 120 μm was obtained by col-
lecting the fluorescence through the waveguide chip by using a
60×, 1.35 NA oil immersion objective lens. It is important to men-
tion that some striped variations of the fluorescence intensity are
visible on the cells in Figure 6a. This is attributed to the presence
of multiple different modes propagating inside the waveguide, as
well as interference effects between these modes, which results
in a spatially stable distribution of laterally non-uniform evanes-
cent fields. The resulting patterns depend strongly on how the
laser light was coupled into the waveguide. Accordingly, the fluo-
rescence excitation is inhomogeneous, which can also impair the
reconstructed dSTORM images. To counteract this, a piezo stage
was used to rapidly oscillate the objective lens that is used for
coupling light into the waveguide back and forth along the input
facet of the waveguide during the measurement. This maintains

Adv. Optical Mater. 2024, 2402783 2402783 (7 of 12) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 6. Large FOV widefield and waveguide TIRF dSTORM images (180 μm × 120 μm). The stripe pattern visible on the cells is due to the interference
of multiple modes propagating through the waveguide, which varies depending on the spot where the laser light is coupled into the waveguide. For
dSTORM image acquisition the beam of the excitation laser is swept along the input facet of waveguide to reduce the stripe artifacts. a) Diffraction
limited fluorescence image of three different LSECs on top of a 120 μm wide polymer waveguide. b) Waveguide TIRF dSTORM image of the corresponding
LSECs over the same FOV. The dSTORM reconstruction of 50000 frames results in a super-resolved image over the entire FOV. The spatial resolution
as determined by Fourier ring correlation is ≈50 nm. The membrane of the LSECs is stained with BioTracker 655 dye. Scale bar: 20 μm.

efficient light coupling into the waveguide but continuously
changes the mode pattern during dSTORM image acquisition.
This results in the temporal averaging of fluorescence excita-
tion by different modes and reduces the appearance of these pat-
terns in the reconstructed dSTORM image (cf. Figure 6b). The
dSTORM image reconstruction of 50000 individual frames then
results in a super-resolved image across the entire FOV resulting
in a spatial resolution of 48 nm as determined by FRC analysis.

By again exploiting the waveguides as visual markers, the
waveguide TIRF-based dSTORM images can be correlated with

3D-SIM images obtained on a separate instrument as demon-
strated in Figure 7. Figure 7a–c shows the 3D-SIM reconstructed
images of individual LSECs obtained on the commercial DeltaVi-
sion|OMX v4. The FOV of this microscope is limited to approxi-
mately 40 μm x 40 μm. Therefore, three individual measurements
and separate 3D-SIM reconstructions had to be performed to ob-
tain these images of three different LSECs. The waveguide TIRF-
based dSTORM image, on the other hand, provides the super-
resolved full FOV in a single dSTORM measurement and images
of the same cells that were measured individually by 3D-SIM can

Adv. Optical Mater. 2024, 2402783 2402783 (8 of 12) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 7. Correlative 3D-SIM and waveguide TIRF dSTORM images of three LSECs shown within the large FOV of 180 μm × 120 μm in Figure 6. a–c) Top
row: 3D-SIM reconstructions of the cells. d–f) Bottom row: corresponding waveguide TIRF dSTORM reconstructions of the same cells. The FOV of the
3D-SIM reconstruction of the commercial OMX V4 is limited to approximately 40 μm × 40 μm. Therefore, three individual measurements were required
to image three different cells, whereas the waveguide TIRF dSTORM provides the large FOV in a single dSTORM measurement. Scale bar: 5 μm.

now be compared to regions of interest from Figure 6b as shown
in Figure 7d–f.

Please note that in addition to the different spatial resolution
of the images collected with the different modalities, the waveg-
uide TIRF-based dSTORM images were collected by exciting a
just ≈150 nm thick part of the cells right above the waveguide
surface, whereas the 3D-SIM images represent projected inten-
sity images of a much larger volume of the cells. Furthermore,
during the 3D-SIM measurement the specimen is excited with a
fairly low laser power to minimize photo-bleaching of the sample.
In waveguide TIRF mode, however, the entire specimen sitting
on top of the waveguide is excited. In order to conduct dSTORM
measurements and obtain a sufficient number of blinking events
from single molecules, we have to increase the laser power to
the maximum value that can be coupled into the end facet of the
polymer waveguide (≈20 mW) without harming the waveguide.
Therefore, the other parts of the sample that are not in the FOV
of the microscope but on the same waveguide surface are photo-
bleached during this measurement. The TIRF condition, how-
ever, limits photobleaching to the lowest ≈150 nm just above the
waveguide surface.

3. Conclusion

Photonic waveguide chips have recently emerged as novel plat-
forms for optical nanoscopy enabling the fluorescence imaging

of samples across large fields of view with high spatial resolu-
tion in multiple modalities. The photonic chip serves two pur-
poses: it provides a substrate to conveniently hold the sample,
and it channels the laser light necessary for efficient fluores-
cence excitation with low background contributions. Here, we
have demonstrated that a transparent polymer waveguide chip
provides significantly improved chip-based TIRF imaging com-
pared to traditional TIRF techniques. The polymer waveguide
structures can be conveniently produced without the need for
a specialized clean-room and the expensive equipment required
for producing waveguide structures made from inorganic mate-
rials. We demonstrated that imaging with high numerical aper-
ture lenses through the additional thin polymer waveguide has
essentially no negative impact on the resulting fluorescence im-
ages. Indeed, the inverted microscopy configuration results in
images with fewer aberrations and better resolution as compared
to imaging structures on opaque waveguide chips in the upright
configuration. The transparent chips also improved the LSEC
samples preparation allowing for the assessment of cell seeding
and quality before staining and imaging with super-resolution
techniques. Therefore, the use of transparent chips, with objec-
tive underneath, would be more amenable to observing living
cells in culture media. We further demonstrated that the polymer
waveguide chips support the workflow for correlative light mi-
croscopy on different imaging platforms. We evaluated the per-
formance of these photonic chips by comparing 3D-SIM and chip

Adv. Optical Mater. 2024, 2402783 2402783 (9 of 12) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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based TIRF single molecule imaging techniques for the analy-
sis of LSECs fenestrations. Although fenestrations can be im-
aged, identified and their numbers can be quantified by 3D-SIM,
the resolution improvement of this method is limited to a fac-
tor of two, i.e., it ranges between 120 and 170 nm depending on
the wavelength. This results in the representation of individual
fenestrations as round objects, whereas higher resolving meth-
ods, such as dSTORM more accurately reveal that fenestrations
are defined by actin fiber mesh, around which the plasma mem-
brane appears to wrap. Photonic waveguide chips thus provide an
excellent platform for complementary super-resolution imaging.
While 3D-SIM is a rather fast super-resolution imaging method,
its field of view is limited, and its spatial resolution is restricted.
Waveguide-based dSTORM imaging, on the other hand, provides
a large field of view with higher spatial resolution, although being
time-consuming due to its need for having to collect thousands
of images of blinking fluorescent molecules.

4. Experimental Section
Waveguide Chip Fabrication: The transparent waveguides were fab-

ricated on top of a standard # 1.5 borosilicate microscope coverslip
(thickness: 170 μm) as shown in Figure 1a. The photoresist polymer
EpoCore (refractive index n = 1.59 for 𝜆 = 647 nm) was used as the core
waveguide material and spin cast on top of the glass substrate. The de-
tailed procedure of the photonic chip fabrication process was reported
previously.[29,30] The mean height of the fabricated waveguides is ≈1200
± 4 nm, and surface roughness, Sa = 5.5 ± 3.7 nm. The fabricated waveg-
uide chips were cleaned using 0.1% sodium dodecyl sulfate (SDS) in water
solution in a sonicator bath for 5 minutes. Subsequently, the chips were
rinsed three times with 70% ethanol followed by distilled water. The sur-
face was dried in a stream of pressurized nitrogen gas. Then, a transpar-
ent polydimethyl siloxane (PDMS) chamber with a volume of ≈200 μL was
added on top of the waveguide chip to place the cell suspension inside
it. Finally, the waveguide chips were stored in sterilized Petri dishes for
further use.

Sample Preparation: Cryopreserved rat LSECs (adult male Sprague
Dawley) were isolated following a previously published protocol[43] and
stored at -80 °C in vials containing 1 mL cell suspension with ≈3 × 106

cells. The vials were placed in an incubator at 37 °C to thaw the cells.
The waveguide chips were coated with human fibronectin (0.2 mg mL−1

in phosphate-buffered saline (PBS)) for 45 min at room temperature and
washed twice with PBS. The thawed cells were gently pipetted into 24 mL
pre-warmed RPMI 1640 media (11875093, ThermoFisher) and centrifuged
at 50 g for 3 min to remove remaining hepatocytes (primary LSEC isola-
tions have variable levels of hepatocyte contamination). The supernatant
was used for a second centrifugation step at 300 g for 8 min to remove
any remaining DMSO present in the freezing solution. The cell pellet was
not clearly visible after the centrifugation. The supernatant was removed
and 10 mL fresh RPMI media was added to the remaining solution and
centrifuged again at 300 g for 8 min. Then 200 μL of cell pellet was added
to the PDMS chamber on top of the waveguide chip surface and incubated
at 37 °C with 5% CO2. The media was changed after 1 h of incubation and
the cells spent another 2 h in the incubator before the experiment. The
cells were then fixed with 4% paraformaldehyde (PFA) in PBS solution for
10 min at room temperature and were washed three times with PBS. Af-
terward, the LSEC membrane was stained with 1:200 BioTracker 655 dye
(SCT108, Merck) in PBS for 45 min at room temperature and finally the
cells were washed three times with PBS solution.

Correlative Imaging: In the first step of measurements, 3D-SIM im-
ages of LSECs were acquired using a commercial SIM microscope
(Deltavision OMXv4.0 BLAZE, GE Healthcare). The system is an inverted
microscope, which means that the illumination light must penetrate
through the glass coverslip (thickness: 170 μm) and the additional 1.2 μm
thick polymer waveguide to excite the cells attached to the waveguide sur-

face (Figure 1b). A red laser diode with 𝜆 = 642 nm was used to excite the
membrane-stained cells. For 3D-SIM measurements, the excitation laser
power was set such that on the one hand sufficient fluorescence signal
from the cells was obtained for artifact-free 3D reconstruction and on the
other hand to minimize photobleaching of the sample. In this case, the
SIM excitation laser power was ≈7 mW at the back focal plane of the ob-
jective lens. 1.5 μm high z-stacks with a step size of 0.125 μm and 15 raw
images per slice (3 angles with 5 phases each) were captured for each
cell. The raw images were reconstructed using the SoftWorX package from
GE Healthcare to obtain the final 3D-SIM images. The reconstruction re-
sults with SoftWorX are, in essence, the same as those obtained with other
open-source SIM reconstruction tools such as Open-3D-SIM,[44] because
both use the same underlying Gustafsson algorithm for reconstructing
SIM data.[7]

The field of view (FOV) of the SIM reconstruction is limited to 40.96 μm
x 40.96 μm which means that only one cell could be imaged in one
frame. Before SIM measurement, a stable and nonfluctuating buffer sys-
tem, which contains reducing as well as oxidizing agents (ROXS) with-
out thiols, was added to minimize photobleaching of the sample during
measurement.[45] This allowed further use of the same sample for correl-
ative dSTORM measurements. After the SIM measurements, the ROXS
buffer solution was removed, and PBS was added to the cells. Hence, the
layout of the waveguide chip was used to identify the exact position of
each cell for correlative dSTORM measurements. A single photonic chip
consists of several waveguides with different widths varying from 10 to
200 μm, and the waveguides are separated from each other by a distance
of 200 μm of coverslip substrate.[29,30]

A custom-built setup was used for the waveguide TIRF-based dSTORM
measurement. The details of the setup and the procedure for coupling
laser light into the waveguide chips were also reported previously.[29,30]

In brief, an Ar-Kr+ ion laser (Innova 70C Spectrum, Coherent) was used
as the laser source. The laser line at 647 nm wavelength with ≈150 mW
laser power was selected using an acousto-optic tunable filter. The out-
put laser beam was directed to the coupling optics on top of a Thor-
labs NanoMax 300 xyz-piezo stage (MAX312D, Thorlabs Inc). A long
working distance 20×, 0.35 NA objective lens (SLMPlan, Olympus) was
used to focus the beam onto the input facet of the polymer waveg-
uide. Focus spot optimizations for WG TIRF illumination and minimiza-
tion of interference streak patterns were done by controlling the xyz
piezo stage position. A 60X, 1.35 NA oil immersion objective lens (UP-
lanSApo, Olympus) was used to collect the fluorescence emission as
well as for epi excitation. The single-molecule localization microscopy
(SMLM) raw image stacks were acquired with an uncooled industry-grade
CMOS camera (UI-3060CP-MGL, IDS Imaging Development Systems)
with a 1936×1216-pixel sensor and a pixel size of 5.86 μm x 5.86 μm.
The upright microscope was used to investigate the waveguide input
facets during the measurement as shown in Figure 1c. The transpar-
ent nature of the polymer waveguide chip allows to switch between the
WG-based TIRF illumination and epi illumination on a single microscopy
setup.

It is crucial to select the appropriate buffer solution for SMLM mea-
surements. The common GODCAT buffer system[22] was used containing
enzymatic oxygen scavengers, glucose oxidase, and catalase with mercap-
toethylamine (MEA) as a switching agent. The stock solutions of enzymes,
glucose, and MEA were prepared according to van de Linde et al.[22] and
stored at −20 °C until the use for dSTORM measurements. Furthermore,
to verify that there is no change of TIRF excitation conditions due to a
change of the index of refraction of the buffer solutions, the indices of
refraction (RI) of all solutions including doubly ionized (DI) water using
a BAUSCH & LOMB table top refractometer (Serial No. 032115R) were
measured and compared. It is found that there is no significant change
in the RI and it stays below n = 1.352 for all of the buffer solutions that
was used during the sample preparation and measurements. This is, in
essence, similar to the RI of water, i.e., approximately n = 1.33, which is
significantly lower than the refractive index of the polymer waveguide (n =
1.59 at approximately 650 nm). This ensures that the TIRF excitation con-
dition is always met. A table of the RI of all solutions used in this paper is
presented in Table S1 (Supporting Information).

Adv. Optical Mater. 2024, 2402783 2402783 (10 of 12) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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For epi-dSTORM experiments, a total of 30000 frames were acquired
with a camera exposure time of 50 ms at ≈ 0.4 kW cm−2 laser power using
the 647 nm laser line. For localization microscopy facilitated by excitation
through the polymer waveguide chips (WG TIRF dSTORM) the maximum
laser power at the front facet of the waveguides was ≈ 20 mW. That allowed
to induce sufficient fluorophore blinking for dSTORM image reconstruc-
tion without destroying or burning the soft polymer waveguide material.
The acquisition time was 50 ms per frame and a total of 50 000 frames
were recorded and used for image reconstruction. The super-resolution
dSTORM images were reconstructed by the open-source comprehensive
super-resolution microscopy analysis platform (SMAP) from the series
of acquired raw images.[46] Finally, the localization tables are imported
in ImageJ via the Plugin ThunderSTORM,[47] and visualized as average
shifted histograms. Furthermore, to get a better comparison of the excita-
tion laser power in both setups, the fluorescence emissions of 100 nm
size TetraSpeck microspheres using both 3D-SIM and waveguide TIRF
dSTORM imaging techniques were measured. The excitation laser power
for both methods was adjusted to achieve the same fluorescence intensity
of the microspheres. The fluorescence emission of 100 nm beads shows
nearly the same gray values for ≈15 mW excitation power for 3D-SIM and
22 mW at the end facet of the waveguide for TIRF dSTORM measurements,
respectively, although there is no direct correlation of the incident laser
power between the setups. Figure S2 (Supporting Information) illustrates
this statement.
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