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Abstract: Single-molecule localization microscopy
(SMLM) provides a powerful toolkit to specifically resolve
intracellular structures on the nanometer scale, even
approaching resolution classically reserved for electron
microscopy (EM). Although instruments for SMLM are
technically simple to implement, researchers tend to
stick to commercial microscopes for SMLM implementa-
tions. Here we report the construction and use of a “cus-
tom-built” multi-color channel SMLM system to study
liver sinusoidal endothelial cells (LSECs) and platelets,
which costs significantly less than a commercial system.
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This microscope allows the introduction of highly afford-
able and low-maintenance SMLM hardware and meth-
ods to laboratories that, for example, lack access to core
facilities housing high-end commercial microscopes for
SMLM and EM. Using our custom-built microscope and
freely available software from image acquisition to analy-
sis, we image LSECs and platelets with lateral resolution
down to about 50 nm. Furthermore, we use this micro-
scope to examine the effect of drugs and toxins on cellular
morphology.

Keywords: liver; endothelium; optical nanoscopy; fenes-
tration; platelet.

1 Introduction

The diffraction limit of visible light (~200 nm for blue
wavelengths) prevents our use of conventional light
microscopy to study a number of biological structures,
such as fenestrations (cellular pores <200 nm that allow
free passage of molecules through cells), mitochondrial
ultrastructure, super-fine filopodia, the clustering of fila-
mentous proteins, membrane channels, and many other
structures. Previously, such structures were only visible
through the use of electron microscopy (EM) on fixed and
dehydrated samples, resulting in conclusions where their
relevance to hydrated or possibly even living cells is often
questionable. Such ultrastructures are of particular bio-
logical relevance for the liver and general physiology.

In the human liver, fenestrated liver sinusoidal
endothelial cells (LSECs) are an abundant cell type with
a total surface area matching that of a tennis court. The
fenestrations, which are arranged in groups within “sieve
plates,” act as plasma filters allowing the passage of nano-
particles, such as lipoproteins, as well as biomolecules and
drugs from the plasma for processing by the surrounding
hepatocytes [1, 2]. Products secreted by hepatocytes, such
as albumin, need to pass through LSECs in the reverse
direction to be released to the plasma. As we age, our
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LSEC fenestrations become smaller and fewer during age-
related defenestration/pseudo capillarization [3]. In addi-
tion, a number of compounds/toxins increase/decrease
fenestration size or ablate them completely [4, 5]. LSECs
also interact with circulating cells such as T-lymphocytes
[6] and leukocytes [7], and LSEC fenestrations allow inter-
actions between the villi of circulating T-lymphocytes and
the underlying hepatocytes [6]. Platelets, on the other
hand, have been proposed to improve liver fibrosis and
accelerate liver regeneration [8, 9] via interactions with
liver sinusoidal cells.

Platelet interactions with hepatocyte Ashwell-Morell
receptors have been proposed as regulating hepatic throm-
bopoietin production [10]. For this to occur, these platelets
would necessarily need to interact first with LSECs to reach
the underlying hepatocytes. Indeed, Li et al. [11] proposed
a model whereby platelets in liver sinusoids interact with
hepatocyte microvilli penetrating LSEC fenestrations. The
same authors proposed that Kupffer cells (liver sinusoidal
resident macrophages) clear desialylated platelets bound
to LSECs in this manner.

Multiple agents can affect LSECs and their fenestra-
tions, for example, in sizes or numbers. Nicotinamide
mononucleotide (NMN) is a metabolite crucial for the
regulation of nicotinamide adenine dinucleotide (NAD*)
biosynthesis through the NAD* salvage pathway [12, 13].
Sildenafil is a medication used to remedy erectile dys-
function and pulmonary arterial hypertension [14]. A
previous LSEC study showed increased frequency of fen-
estrations with NMN and sildenafil treatment, as well as
an increased proportion of small fenestrations, suggesting
the formation of new fenestrations [15].

Typically, fenestrations and microvilli are studied
using methods such as transmission and scanning EM [16—
18]. These methods are very powerful but require large and
expensive equipment, and considerable technical exper-
tise. In addition, while the morphological information from
EM methods is exquisite, it is often challenging to identify
proteins within the revealed structures using methods
such as immune-EM. Therefore, to study primary LSECs
and platelets below the optical diffraction limit, we have
developed a low-cost and small, custom-built single-mol-
ecule localization microscopy (SMLM) [19-21] instrument
capable of visualizing cellular structures simultaneously
in two colors and down to about 50 nm resolution.

Multiple groups have developed approaches for cost-
efficient super-resolution optical microscopy. Studies
have either focused mainly on cost reduction associated
with SMLM equipment [22-24], for example, by character-
izing highly affordable cameras [25, 26], by using the com-
plementary super-resolution modality super-resolution
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optical fluctuation imaging [27], or by focusing on single
particle tracking [28]. These developments have even
included multi-color imaging using sophisticated tem-
poral multiplexing techniques [24] or spectral unmixing
[25]. Specific biological applications have mainly been
limited to proof-of-concept studies, typically resolving the
cytoskeleton or mitochondrial ultrastructure of cultured
cells lines. In contrast, we present a cost-efficient setup for
SMLM using two low-cost cameras that enable traditional
dual-color imaging of spectrally distinct channels at 488
and 647 nm excitation. These channels allow the use of
established protocols for sample preparation and a wide
selection of fluorescent labels. We apply low-cost SMLM,
in the form of direct stochastical optical reconstruction
microscopy (dSTORM), to resolve the ultrastructure and
the structural response of primary cells to specific treat-
ments. The microscope achieves a good compromise of
low cost and small size together with high mechanical
stability, low maintenance, and reliable, long-term opera-
tion. We show the versatility of this setup by imaging the
primary cell types LSECs and platelets with SMLM and
the effects of agents/activation on their morphology. This
SMLM setup is thus a tool for the cost-efficient super-
resolution study of two cell types with a vital role in liver
physiology and regeneration.

2 Materials and methods

2.1 Mouse and rat LSEC production

Sprague Dawley male rats and C57/B16 male mice (Animal
Resource Centre, Murdoch, Western Australia) were kept
under standard conditions and fed standard chow ad
libitum (Glen Forrest, Western Australia). The experimen-
tal protocols were approved by the ethics committee of the
Sydney Local Health District Animal Welfare Committee
(Approval 2017/012A). All experiments were performed
in accordance with relevant approved guidelines and
regulations.

2.2 Cell culture protocols, fixation

Male rats (body weight 300-400 g) and mice (~20 g) were
anesthetized with a mixture of 10 mg/kg xylazine (Bayer
Health Care, CA, USA) and 100 mg/kg ketamine (Ketalar,
Pfizer, New York, NY, USA) in saline, and LSECs were iso-
lated and purified as described [29] and plated in serum-
free RPMI-1640 (Sigma-Aldrich, Sydney, AU) at 0.2x10°
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cells/cm? on fibronectin-coated (Sigma-Aldrich, Sydney,
AU) 16-well chambered #1.5 coverslips (Grace Bio-Labs
CultureWell™ removable chambered coverglass, Sigma-
Aldrich, Sydney, AU) for 3h in RPMI-1640. LSECs were
then fixed with 4% paraformaldehyde (ProSciTech. Pty
Ltd, Thuringowa, AU) in phosphate buffered saline (PBS)
and 0.02M sucrose (Sigma-Aldrich, Sydney, AU), pH
7.2, for 15min, and stored under PBS. After fixation, the
cells were prepared for visualization prior to applying on
dSTORM [30].

2.3 Platelet preparation

Blood from healthy human donors (ethical approval:
Concord RG Hospital Ethics Board no. HREC/15/CRGH/54)
was collected from antecubital fossa via a 21G butter-
fly needle into 3.2% citrate-containing tubes (Becton
Dickinson, Sydney, AU). Washed platelets were prepared
from citrated blood as described [31]. Briefly, platelet-
rich plasma was isolated by brake-free centrifugation
for 10 min at 200 xg and mixed gently by inversion in
a 1:1 ratio with Tyrode’s buffer (137 mm NaCl, 2.5 mM
KCl, 0.5 mm MgCl, 12 mM NaHCO,, 0.36 mm Na,HPO,,
10 mm HEPES, 5.5 mm glucose, and 0.25% human serum
albumin, pH 7.5) containing 1 um prostaglandin E1 (PGE),
(Sigma-Aldrich, Sydney, AU). Platelets were then pelleted
by brake-free centrifugation for 15 min at 650 x g, washed
once with Tyrode’s buffer, and pelleted again, before
resuspension in Tyrode’s buffer to 1x10° platelets per
100 pl. The platelets were allowed to rest for 20 min before
further manipulation. The platelets were then plated in
removable chambered coverglass wells (see above) in
Tyrode’s buffer. After platelet wash, 2 U/ml of thrombin
(Sigma-Aldrich, Sydney, AU) was added for 10 min at room
temperature (RT) to stimulate the platelets, followed by
fixation as above.

2.4 Cell staining

All fixed samples were washed with PBS. For membrane
staining, cells were stained with Vybrant DiD (1:200, Ther-
moFisher) for 20 min, or Cell Mask Green (1:1000, Ther-
moFisher) for 10 min at RT, or BODIPY FL C5-Ganglioside
GM1(1:200, ThermoFisher) for 15 min at RT.

For cytoskeleton staining, cells were permeabilized
for 90 s with 0.5% Triton-X100 and washed two to three
times with PBS. Non-specific binding was blocked with 5%
bovin serum albumin in PBS for 45 min at RT. Cells were
incubated with the primary antibody (1:500, monoclonal
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anti-o-tubulin, Sigma-Aldrich, Sydney, AU) for 1 h at RT,
and then washed three times for 10 min with 0.1% PBS
Tween-20. The secondary antibody (1:1000, Anti-mouse
IgG, AlexaFluor 647 or 488 conjugate, CellSignaling,
Arundel, AU) was applied for 1 h at RT. The staining solu-
tion was removed and the cells were then washed with
0.1% PBS Tween-20 (Sigma-Aldrich, Sydney, AU) (three
times for 10 min) then PBS. Phalloidin AlexaFluor 488
(AF488) or AlexaFluor 647 (AF647) (1:40, ThermoFisher,
Sydney, AU) was applied for 20 min at RT. Cells were
washed with PBS.

All samples were mounted in imaging buffer (see
imaging conditions and composition of buffers in
Supplementary Tables 1 and 2, respectively). We used
either OXEA [Oxyrase-based oxygen depletion sup-
plemented with B-mercaptoethylamine (MEA), Sigma-
Aldrich, Sydney, AU] buffer [32] [3% (v/v) Oxyfluor,
Oxyrase Inc. Mansfield, 40.5 units/ml], GODCAT-1 (glucose
oxidase and catalase-based oxygen depletion and hydro-
gen peroxide depletion) buffer [33] [50 pg/ml glucose
oxidase (Sigma-Aldrich, Sydney, AU), 1 ug/ml (50 units)
catalase (Sigma-Aldrich, Sydney, AU), 40 mg/ml glucose
(Sigma-Aldrich, Sydney, AU), 1.25 mMm KCl and 1 mM Tris]
including 100 mMm MEA, 2.5% glycerol (Sigma-Aldrich,
Sydney, AU) and 200 um Tris (2-carboxyelthyl) phosphine
hydrochloride (Sigma-Aldrich, Sydney, AU), or GODCAT-2
buffer (50 mm MEA, 0.5 mg/ml glucose oxidase, 40 mg/ml
catalase). After the buffer was applied in the cell chamber,
excess buffer was removed by sliding a coverslip onto the
chamber to prevent oxygen permeation.

2.5 Imaging

Rat (Figures 1D, 3, 4) and mouse (Figures 1C, 5) LSECs were
imaged on the custom-built dSTORM setup described
below, using 488 and 647 nm lasers (Coherent, Santa Clara,
CA, USA) and two CMOS cameras (IDS-Imaging Develop-
ment Systems, Obersulm, DE). A 60 x /NA =1.49 oil immer-
sion total internal reflection fluorescence (TIRF) objective
lens (Olympus, Center Valley, PA, US) or a 60 x /NA=14
oil immersion objective lens (Olympus, Center Valley, PA,
US) was used. For dual-color images, first the deep red
channel (647 nm excitation) was imaged, followed by the
green (488 nm excitation) channel. In general, 20,000 to
45,000 frames were collected at 50 to 100 fps with image
sizes of 344 x344 or 400 x 400 pixels for rat LSECs, and
144 x 144 or 200 x 200 pixels for platelets. CMOS cameras
were controlled via Micro Manager [34], using a modified
device adapter [26]. The lasers were controlled using the
manufacturer’s software.
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2.6 Optical setup

Our custom-built wide-field dSTORM microscope uses
two solid-state lasers of 488 and 647 nm wavelengths
(Figure 1). The latter is fiber-coupled to allow for easy
handling. After adjusting the beam diameters using a
collimation lens and/or telescopes, the beams are over-
laid via a dichroic mirror and focused onto the back
focal plane of the objective lens for sample illumination.
Mounting the relevant parts of the illumination unit on a
translatable stage allows for easy switching between epi-
fluorescence (epi), highly inclined and laminated optical
sheet (HILO) [35], and TIRF [36] configuration. The

A

Bandpass _
+ longpass «

Figure 1: The cost-efficient dual-color dSTORM microscope.
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system has sufficient degrees of freedom such that both
lasers can be optimally aligned to illuminate a sample
mounted on an xy-stage. Focusing is performed manu-
ally by a precise z-translation stage holding objective
lens. The fluorescence emission is separated from excita-
tion by a dichroic mirror and the emission is further sep-
arated by emission wavelength using a second dichroic
mirror. A detailed part list together with assembly and
alignment instructions is supplied in the Supplementary
material.

We placed a separate tube lens into every detec-
tion path behind the dichroic excitation beam splitter.
In doing so, the collimated, but not focused, part of the

D TIRF excitation

Schematic (A) and photograph (B) of the microscope showing the free standing 488 nm and fiber pig-tailed 647 nm laser that are combined
by a dichroic mirror. The lasers are focused to the back focal plane of the high NA objective lens, while a translatable stage allows for
shifting the focus in the back focal plane and therefore to conveniently switch between epi, HILO (C), and TIRF (D) illumination. The
fluorescence collected by the objective lens is separated from the excitation and spectrally split onto two CMOS cameras. (B) Mounting the
optical components into a cage system results in high mechanical stability. Open space on the black breadboard shows that the 0.5 m? used
could in principle have been reduced by a factor of about 2. However, this layout was chosen to provide the option of including further lasers
of different wavelengths. dSTORM images of both (C) Vybrant DiD stained mouse LSECs using HILO illumination (inset) and (D) Vybrant DiD
stained rat LSECs using TIRF illumination visualize sub-diffraction limit sized membrane fenestrations at high image quality. Insets in (C)

and (D) show fenestrations within sieve plates in more detail.
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beam is transmitted through the dichroic beam splitter.
In contrast, using a single tube lens for both channels
would require its placement before the dichroic beam
splitter. Arimoto and Murray showed that a tilted glass
plate can cause serious aberrations when transmitting a
focused beam in a medium of a different refractive index
[37]. This effect is avoided in our setup, where the dichroic
beam splitter results in a minor lateral displacement of the
beam, but does not lead to serious optical distortions.

Raw data were acquired using a dedicated industry-
grade CMOS camera in each color channel. Multiple
industry-grade CMOS cameras that feature sufficiently low
noise and high sensitivity are available [22, 25]. We chose
a camera model using the Sony IMX174 sensor (UI-3060CP
Rev.2; IDS-Imaging Development Systems, Obersulm, DE),
which we previously characterized extensively and found
to perform close to a commonly applied scientific-grade
camera, but at a fraction of the cost [26]. The quantum
efficiency of the sensor is about 77% at 520 nm and about
45% at 676 nm [26]. The detector characterization was
performed using multiple thousands of frames recorded
at different light levels as described by Huang et al. [38]
and Diekmann et al. [26]. Data for the cameras used in this
study can be found in the Supplementary information of
Diekmann et al. [26] (Supplementary Figures 2—4, CMOS
2 and CMOS 3). To provide an impression of the quality
of the raw data we collected, we provide 500 frames each
for the images shown in Figures 3A, E, 5H and 6A as Sup-
plementary data.

2.7 Image reconstruction

The freely available software package Fiji [39] was used
for image processing and analysis, including dSTORM
reconstruction [40], registration of multi-color images
(bUnwarp] plugin [41]), super-resolution image analysis
(SQUIRREL plugin [42]) particle size measurement, line
profile measurements, application of look-up tables, crop-
ping, and image export.

The projected pixel size was determined by a cali-
bration sample and deviated less than 2% from the
theoretical value of 109.9 nm. After finding the single-
molecule positions with sub-pixel accuracy using the
single emitter fitter of ThunderSTORM, post-processing
with drift correction (ThunderSTORM, using the image
cross-correlation algorithm, number of bins=3-7; mag-
nification=5) was applied if necessary. Localization
merging within subsequent frames and spatial proxim-
ity as well as filters based on the localization table was
applied subsequently, if necessary. Other super-resolved
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images were reconstructed using the free software
rapidSTORM [43] (Figure 4A-F and H, I, K, L). In rapid-
STORM, we used the same pixel size as ThunderSTORM.
rapidSTORM is stand-alone software requiring the user
to specify the workflow of the fitting and reconstruction
algorithm by choosing certain modules. To do so, the
“Count localizations,” “Display progress,” and “Cache
localization” modules were added under the “dSTORM
engine output” module to process the data and the
“Expression filter” output module was added under the
“Cache localization” module to allow for filtering based
on the individual localization properties such as photon
count. Furthermore, the “Localizations file” and “Image
display” modules were displayed under the “Expression
filter” module to have the data stored and the image dis-
played accordingly.

2.8 Fenestration and actin quantification

Fenestration detection and actin stress fiber detection
were performed using the pixel classification workflow
in the freely available machine learning image process-
ing software Ilastik [44]. For the fenestration size analy-
sis, the two classes of fenestrations and membranes were
manually annotated and iteratively refined in a few loca-
tions for every cell, but the same classification was used
for all cells. The automatically segmented fenestrations
were then exported to Fiji [39]. The size was determined
using Fiji’s “Analyze Particles” plugin with a circularity
of 0.6-1.0. The resulting table was imported into MATLAB
(Mathworks); the area was translated to the diameter of
a corresponding circle of the same area and filtered for
diameters ranging from 54 to 401 nm prior to binning. For
the actin stress fiber analysis, the three classes of actin
stress fibers, other actin fibers, and background were
manually annotated and iteratively refined in a few loca-
tions for every cell, but the same classification was used
for all cells. The segmentation was exported to Fiji and
the area covered by the stress fibers and the entire actin
network was determined from the segmentation.

3 Results

3.1 Schematic of the low-cost microscope
for SMLM

Our custom-built microscope is shown in Figure 1A
and B. A full list of all components, their suppliers/
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catalogue numbers, cost, and detailed assembly instruc-
tions is provided in the Supplementary material. Fluo-
rescence is excited with 488 and 647 nm lasers and
the emission is split into two cameras for conventional
dual-color imaging. The optical breadboard (Figure 1B)
has sufficient “free real estate” to house more lasers and
cameras if desired, and the dichroic filter used allows
for the additional inclusion of, for example, 405 and
532 nm lasers.

3.2 Cost-saving features

We evaluated the use of available objective lenses from
our obsolete microscope park to reduce costs even further.
We anticipate that many biomedical laboratories face
a similar situation, where spare, high-quality objective
lenses (e.g. from obsolete confocal microscopes) are avail-
able. Directing the lasers via a translatable stage into
our microscope (Figure 1A) allows the use of standard
(i.e. non-TIRF) objectives for epi and HILO illumination.
Using an oil-immersion 60 x /NA = 1.40 objective lens from
an obsolete Olympus microscope, individual fenestra-
tions of mouse LSECs were resolvable with dSTORM [30]
(Figure 1C, inset). Due to diffraction-limited resolution,
fenestrations sized below 200 nm cannot be visualized
in conventional wide-field imaging with the same objec-
tive. For comparison, a TIRF lens on the same microscope
can similarly be used to resolve individual fenestrations of
rat LSECs (Figure 1D). Given that the 60 x TIRF objective
we acquired specifically for this microscope costs €6350,
using spare objectives instead would represent significant
savings.

In many cases, SMLM microscopes are set up on
vibration dampened optical tables. If these microscopes
are not mechanically isolated, oscillations from the
environment (e.g. air conditioning units, etc.) can easily
exceed the spatial resolution this microscopy can achieve
and thus attenuate the quality of the super-resolution
images. To mechanically isolate our microscope, without
the cost of a dampened optical table, we set the micro-
scope up on an aluminum breadboard placed on an
inflated bicycle inner tube at a relative pressure of 0.5
bar (Figure 2A). Inclusion of this inner tube significantly
reduced vibrations, as shown by the repeated localiza-
tion of the center of bright, fluorescent beads of 100 nm
diameter (Tetraspeck; ThermoFisher) (Figure 2B). The
achieved full-width-at-half-maximum (FWHM) values
for the localization cloud from one bead of 7.9 nm corre-
spond to an effective precision of about 3.3 nm. This pre-
cision is much better than what we achieved localizing
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single molecules in dSTORM experiments (Figure 3);
hence potential remaining vibrations are not a major
resolution-limiting factor.

For further savings, we chose not to build the micro-
scope around a costly conventional microscope body, but
set up the microscope using almost exclusively off-the-
shelf optics and optomechanical components. This pro-
vided us the flexibility to plan and build it such that high
mechanical stability with very low lateral drift of less
than 50 nm over more than 1 h was achieved (Figure 2C).
Additional axial drift can lead to the loss of the focus
over time. We tested multiple options for high mechani-
cal stability without the need for costly active compo-
nents (such as piezo actuators and position sensors) and
found a z-translator that achieved almost perfect focal
stability. Our 2D imaging experiments do not allow us to
access the z-position directly, but the high focal stabil-
ity is indicated by the median value of the point spread
function FWHM remaining almost constant over more
than 1 h (Figure 2D). Although lateral drift in particu-
lar could not be prevented entirely in all experiments, a
conventional drift correction routine was able to correct
for the residual drift and restore fine image details such
as fenestrations in LSECs (Supplementary Figure 2C and
D). Other image reconstructions did not require drift cor-
rection at all (Figure 3A and B). Noticeably, the image
shown in Figure 3A was recorded 11 months after the
microscope was originally set up and no further optical
realignment had been performed during this time. This
is another indicator for the high mechanical stability of
the microscope, not only allowing for long-term SMLM
image acquisitions but also resulting in low maintenance
requirements.

While a UV laser (such as 405 nm) is a preferred
choice for active photo-switching of dyes to the fluores-
cent on-state in SMLM modalities such as dSTORM, we
did not include it in our setup to reduce costs and com-
plexity. However, the existing 488 nm laser can also be
used for effective photo-switching of organic dye mole-
cules that are excited using the 647 nm laser (Figure 2E).
The 488 nm laser can therefore serve the two purposes
of (1) exciting dyes in the green spectral region and (2)
photo-switching dyes of the far-red spectral region.

For dual-color imaging, the excitation profiles can be
optically well aligned to illuminate the same part of the
sample (Figure 2F). On the other hand, optical alignment
alone of the two emission channels left residual devia-
tions of more than 400 nm locally (Figure 2G), giving
rise to the need of post-acquisition registration which,
however, is a standard procedure in traditional multi-
color imaging.
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Figure 2: Mechanical and optical characterization of the custom-built dSTORM microscope.

(A) Side view of the microscope setup showing the bicycle inner tube for vibration damping. (B) The vibrations of the microscope are
characterized by the repeated, high frame rate localization of the center of a sub-diffraction limit sized fluorescent bead. When damping the
vibration with the inner tube in place, the remaining motion blur is well below the resolution of the microscope. (C) Plot of lateral drift as a
function of time for repeated localizations of a fluorescent bead shows that the drift is below 50 nm over more than 1 h. (D) The point spread
function width does not considerably change during this time, indicating high focus stability. (E) Vybrant DiD localizations as a function of
time when using the 647 nm for fluorescence excitation and the 488 nm laser for photo-switching to the on-state in defined time intervals.
(F) The different lasers are well overlaid for sample illumination using a beam profile that maintains about 80% of its peak intensity over

a disk of 40 um in diameter. (G) The color channel transformation between the two channels (transforming the green onto the deep red
channel) measured by beads simultaneously emitting in both channels.

3.3 Visualizing the nanoscale architecture of Deep Red, Vybrant DiD, and antibodies or phalloidin

cyto skeleton (AF488), or Atto488 [45-47]. We tested a variety of buffers

and stains on LSECs and platelets (Supplementary Note 1).
LSEC membranes (and the fenestrations within) as well Phalloidin-AF488 in OxEA buffer resulted in actin images of
as the cytoskeleton have previously been visualized by high quality (Figure 3A-D), while Vybrant DiD in GODCAT
dSTORM super-resolution microscopy using Cell Mask buffer resulted in membrane images of high quality (Figure
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3E-H). These are indicated by SQUIRREL analyses [42]
showing a resolution-scaled Pearson coefficient better than
0.9 (Figure 3C and G). The resolution-scaled error (RSE) par-
ticularly increases in regions of higher actin density (Figure
3C) and membrane structures distant from sieve plates,
both possibly because of multi-emitter artifacts due to the
relatively high emitter density (Figure 3I). However, the low
RSE values in regions of sieve plates confirm the ability of
analyzing the fenestration size at high confidence [46]. Due
to the relatively low quantum efficiency of the industry-
grade CMOS cameras in our microscope, observed photon
counts per localization (Figure 3J) as well as background
signal (Figure 3K) were not as high as in former studies [46]
and [45], resulting in average localization precisions of 20
to 24 nm (Figure 3L). The particularly good Fourier ring cor-
relation (FRC) resolution [48] of down to 38 nm (Figure 3H)
correlates with regions of bad RSE values (Figure 3G), con-
firming other researchers’ findings that the FRC resolution
might be an inferior resolution metric in SMLM [49, 50]. As
suggested by Legant et al. [49], we additionally calculated
the geometric sum of 2.4 times the mean localization pre-
cision (i.e. inferring the best possible resolution from the
localization precision) equal to 57.8 nm and the 10 times
oversampled Nyquist-limited resolution equal to 10.4 nm
that we estimated from the localization sampling of the
plasma membrane of 3 million localizations per 81 pum?
(Figure 3F). The resulting estimated resolution is 58.7 nm.
As the resolution can be locally slightly increased, we

Figure 3: dSTORM imaging quality characterization.
Rat LSEC diffraction limited (A, E, upper left) and dSTORM images of actin (A, B) stained with AF488-phalloidin and membrane (E, F) stained
with Vybrant DiD. Spatially dependent dSTORM image quality metrics of RSE (C, G) and FRC resolution (D, H) determined by SQUIRREL.

(1) Emitter density in the ROI of (B, F) as a function of the frame. (J-L) The single molecule localization statistics (AF488 and DiD) as photon
counts per localization, background and localization precision.
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conclude that we can measure fenestration sizes down to
approximately 54 nm in our dASTORM images.

The dense localization sampling of the plasma mem-
brane that allows for this high Nyquist resolution is particu-
larly challenging for the SMLM fitting and reconstruction
software. The SMLM community has produced a magnifi-
cent amount of different software solutions for SMLM data
reconstruction, post-processing, and analysis [51, 52]. While
it is beyond the scope of our work to extensively compare
and evaluate the broad variety of software packages, we
would like to point out the two software packages we used
for image reconstruction in this study. ThunderSTORM [40]
is a good option for inexperienced users since it comes as
an Image]J/Fiji plugin [39]. The user can therefore navigate
in an environment already familiar to many researchers
in the field of fluorescence microscopy. While Thunder-
STORM also offers experienced users the options to tweak
many parameters of the reconstruction pipeline, its default
settings often yield respectable results, making it a good
choice even for inexperienced users. However, reconstruct-
ing images of LSEC membranes is a particularly challeng-
ing task due to the high localization density. A lot of single
emitter events must first be fitted for one reconstruction of
high quality and then also be stored in the memory. Unfor-
tunately, ThunderSTORM runs relatively slowly during
the fitting algorithm and demands a lot of memory, easily
filling the memory even for a high-end desktop computer.
We therefore used rapidSTORM [43] as a complementary
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option for SMLM data reconstruction. As suggested by its
name, it runs relatively quickly during the reconstruction
and furthermore is relatively memory efficient. This made
it our preferred choice for reconstruction of the membrane
structure. The two different software packages Thunder-
STORM and rapidSTORM produced comparable results
when reconstructing the same data set of immunostained
tubulin recorded with our microscope (Supplementary
Figure 1B and C). Both reconstructions show the significant
resolution improvement as compared to the diffraction-lim-
ited wide-field image that we recorded before acquiring the
dSTORM data (Supplementary Figure 1D).

3.4 dSTORM imaging of LSECs challenged
with exogenous agents

Recently, a number of agents (NMN and sildenafil among
others) were demonstrated to enhance fenestrations
size and number in LSECs from aging mice, as visual-
ized with scanning EM [15]. We tested these agents in
our optical super-resolution microscope (Figure 4)
and visualized changes in the actin cytoskeleton in
cells treated with NMN (Figure 4B and E) and sildena-
fil (Figure 4C and F). Especially on sildenafil treatment,
actin stress fibers became clearly pronounced (Figure 4M)
as measured in a machine learning assisted workflow
(Methods, Supplementary Figure 4). F-actin in the sildena-
fil-treated cells appears to be generally more condensed,
and the actin rings (arrows, Figure 4E and F) that typically
delineate fenestrations [47] are more pronounced in both
NMN and sildenafil-treated cells. We also noted similar
changes in fenestration size (Figure 4H, I, K, L) as reported
in [15]. NMN and sildenafil increased the median fenes-
tration diameter by 5% and 30%, respectively (Figure 4N).
While the use of EM for the quantitative analysis of fen-
estration morphology is a well-established tool, the use
of dSTORM for the same purpose makes certain steps in
the workflow (such as sample preparation) much easier,
and, in particular when using a low-cost implementation
as presented here, drastically lowers the instrument cost.
Furthermore, the use of fluorescence super-resolution
microscopy combines high resolution with specificity
such that the users can get the best of both worlds, which
makes quantitative actin analysis accessible.

3.5 Super-resolution imaging of lipid rafts
on LSECs

Svistounov et al. [53] previously demonstrated the pres-
ence of lipid rafts on LSECs and proposed that these
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play a role in the regulation of fenestration size. Using
our microscope, we found that Bodipy FL C5-ganglioside
GM1 (BodipyGM1), a lipid raft stain, photo-switches in
GODCAT-1 buffer. This confirms the work of Bittel et al. [54],
who recently reported photo-switching of Bodipy FL for
dSTORM. Interestingly, the C5-ganglioside GM1 conjugated
form of Bodipy FL not only visualized lipid rafts but also
stained all of the LSEC plasma membrane, with some areas
of higher localization density probably being indicative of
lipid rafts (Figure 5A and B). We achieved a sufficiently
low blinking density to allow for high-resolution dASTORM
imaging of the LSEC plasma membrane (Figure 5B and
C), at a mean photon count of 831 photons per localiza-
tion (Figure 5D), together with a mean background of 102
photons (Figure 5E), resulting in an average localization
precision of about 19 nm (Figure 5F). The mean on-state
lifetime was 1.7 frames per fluorophore (Figure 5G) when
using single frame exposure times of 20 ms. Interestingly,
fenestrations were also visible with BodipyGM1 staining
(Figure 5B, H, and I), allowing the simultaneous imaging of
fenestrations and structures (lipid rafts) that are proposed
to regulate their size [53]. Choosing a look-up table with
high contrast throughout a large scale, Figure 5H shows
how the low-density BodipyGM1 staining (blue) is distrib-
uted over the entire cell and visualizes fenestrations. The
high-density of BodipyGM1 staining (green to white) is dis-
tributed throughout the cell in discrete points, long sinuous
structures, or patches. Figure 51 shows one such patch
(arrow) adjacent to a sieve plate (dashed circle), which also
contains some discrete punctuated BodipyGM1 staining
within. The long sinuous patches have been reported previ-
ously on BodipyGM1-stained LSECs using TIRF microscopy
[53]. We attempted double staining of LSECs with Vybrant
DiD and BodipyGM1 on our setup, but were not successful.
However, we achieved this co-staining using structured
illumination microscopy (not shown) where we saw some
overlap of BodipyGM1 and Vybrant DiD staining. This is to
be expected since lipid rafts are membrane structures, but
there were areas where BodipyGM1 staining was elevated
relative to Vybrant DiD staining, and therefore indicative of
elevated lipid raft membrane components.

3.6 Imaging platelets by dSTORM

Given that platelets play an active role in the resolution
of hepatic fibrosis and liver regeneration [8, 9], we also
investigated the utility of our microscope for the study
of these cells. We successfully tested phalloidin-AF647
(actin stain) and Vybrant DiD (membrane stain) (Figure 6,
Supplementary Figure 5). Unstimulated discoid platelets
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Figure 4: Membrane and actin staining in LSECs treated with NMN and sildenafil.

(A—F) dSTORM images of drug-treated rat LSECs in OxEA buffer, stained for actin with phalloidin-AF488: (A, D) Control; (B, E) 333 ug/ml NMN;
(C, F) 60 ng/ml SIL. Insets (D—F) show a detailed comparison of drug effects compared to controls. Arrows in E and F indicate actin rings that
typically delineate fenestrations. (G-I) Images of drug-treated rat LSECs, stained with Vybrant DiD in GODCAT-1 buffer, (G, J) Control; (H, K)
NMN; (I, L) SIL. (M) Plot of relative percentage of stress fibers as a total of actin staining vs. control, NMN and SIL treatment (n=1 for each
point). The relative proportion of stress fiber actin within total actin increases particularly upon SIL treatment. (N) Histogram of occurrence vs.
fenestration size after challenge with NMN and SIL. Fenestration size increases after NMN and SIL treatment. All imaging was in TIRF mode.
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Figure 5: Bodipy FL C5-ganglioside GM1 visualizes lipid rafts and fenestrations.

(A) Diffraction limited and (B) dSTORM images of BodipyGM1-stained mouse LSECs show the resolution enhancement in the dSTORM image,
where membrane fenestrations become visible. (C) Representative raw data of photo-switching BodipyGM1 in subsequent frames of the area
indicated by the box in (A). (D-G) show the single molecule (Bodipy) localization statistics as photon counts per localization, background,
localization precision and on-state-lifetime histograms. (H) An entire LSEC stained with BodipyGM1 processed with a high-contrast look-up
table. Blue indicates low-density BodipyGM1 staining, while green to white indicates high-density BodipyGM1 staining. (I) The inset from (H)
shows the proximity of a sieve plate (encircled with white dashes) to a putative lipid raft (indicated by a white arrow).

adopt a round shape on contact with imaging surface
(Figure 6H-], Supplementary Figure 5A and B). After
thrombin stimulation, platelets begin to spread and
actin-rich cell protrusions (filopodia) forming a spindle-
like morphology appeared (Figure 6K-M, Supplemen-
tary Figure 5C and D). Up to 7 um long and about 100 nm
wide filopodia were often seen emanating from the plate-
let plasma membrane in thrombin-stimulated platelets
(Figure 6M). Filopodia are characterized by organized
actin fibers arranged in parallel bundles, while lamellipo-
dia are intermediate areas between individual filopodia
in which the actin is orthogonal to the membrane. These
structures have previously been reported in EM studies

of platelets [55]. Double staining allows the relationship
between actin and membrane to be visualized in these
structures (Figure 6M).

3.7 Evaluation of double-staining
methodologies with our microscope

By screening a combination of dyes allowing for multi-
color dSTORM imaging of platelets, we discovered that
the membrane stain Cell Mask Green (Figure 6A) photo-
switches in GODCAT-1 buffer. To the best of our knowl-
edge, photo-switching of Cell Mask Green has not been
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(A) Diffraction limited and (B) dSTORM images of Cell Mask Green stained thrombin-stimulated platelet plasma membrane extensions.

(C) Representative raw data of photo-switching Cell Mask Green in subsequent frames of the area indicated by the box in (A). (D-G) The single
molecule localization statistics (Cell Mask Green) as photon counts per localization, background, localization precision and on-state-lifetime
histograms. (H-M) Dual-color dSTORM images of human unstimulated (H-J) and thrombin stimulated (K-M) platelets stained with phalloidin
AF647 (H, K) (purple) and Cell Mask Green (I, L) (green). (J, M) merged phalloidin AF647 and Cell Mask Green images. (N) The line profile
analysis of (M) regions 1, 2, and 3 indicated within the figure shows that the ultra-thin membrane projections contain polymerized actin (white
arrow in (K)). The numbers report the FWHM values of the membrane and actin structures, respectively. Imaging was performed in TIRF mode.

reported previously, and this enabled dSTORM imaging
of the platelet membrane (Figure 6B). Sparse single-
molecule blinking occurred at illumination intensities of
620-2330 W/cm? from the 488 nm laser (Figure 6C). Single
molecules were detected at a mean photon count of 937
photons per localization (Figure 6D) and a mean back-
ground of 45 photons (Figure 6E). The resulting average
localization precision was 36 nm (Figure 6F) and the mean
on-state lifetime was 1.6 frames per fluorophore when
using single frame exposure times of 10 ms (Figure 6G). We
used Cell Mask Green to co-stain and simultaneously image
actin using phalloidin AF647 in the same buffer (Figure
6H, J, K and M). Using this strategy for dSTORM, we found

that the ultra-thin membrane projections (Figure 6M) con-
tained a scaffold of polymerized actin (Figure 6K-N).

4 Discussion

In this work we demonstrate a simple and cost-effective
dSTORM microscope using off-the-shelf components. The
total cost of the microscope, including the new TIRF objective
lens, was about €30,000 (Supplementary material). Using
objective lenses from obsolete microscopes, and low-end
lasers [23], this can be reduced to about €15,000. However,
we chose higher quality lasers to guarantee stability and
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low maintenance for microscope users with little experience
in handling lasers and other optical components. Further-
more, air tables costing in the range of €7000-15,000 are
unnecessary, as using a bicycle inner tube under our bread-
board was sufficient to isolate building vibrations.

With our custom-built SMLM microscope, we resolved
LSEC fenestrations from mice and rat livers. Mouse and rat
LSEC fenestrations are highly similar in morphology and
organization, and are similarly difficult structures to visu-
alize, as it is the absence of staining that visualizes a fenes-
tration. In this context, background staining can obscure
the structure. Background staining and other sources
of noise therefore require extra attention. That said, the
industrial CMOS cameras used in this study provided suf-
ficient wide-field fluorescence image data, easily detected
single blinking fluorescent molecules, and the read noise
of about 6.4 electrons per pixel was not an issue. While the
performance of this particular CMOS camera was exten-
sively evaluated in a previous study [26], we note that there
are other, even cheaper industry-grade cameras available
[22, 25]. Additionally, other microscope components such
as optomechanics might in principle be replaced by other
manufacturers’ solutions or custom-made parts. This
opens up the possibility of choosing the ideal hardware for
the specific applications of advanced users.

Advanced users can also easily start from our build
(which is documented in detail in the Supplementary mate-
rial) and modify it according to their needs. Many groups
have described solutions for cost-effective, small, and
accessible microscopes for SMLM [22-25, 28, 56]. We would
like to encourage advanced users to gather inspiration from
the broad variety of suggested options and decide what
suits best for their particular application — just as we did
for this work. While other researchers have presented sig-
nificantly cheaper and/or smaller microscopes for SMLM,
our aim was to achieve sufficient image quality particularly
for the task of studying the cell types described in this study
and using traditional multi-color imaging at high mechani-
cal stability and low maintenance on a particularly easy to
use microscope, even for users with little SMLM experience.
While achieving these goals, the microscope is significantly
cheaper than commercially available SMLM microscopes.

Intracellular structures were easily visualized at
super-resolution with our microscope. The LSEC actin
cytoskeleton was also easy to visualize, and the resolu-
tion of our microscope enabled us to see structures resem-
bling fenestrations, which are encircled by a ring of actin
[47]. In a previous study [15] (which used this microscope
for actin analysis), NMN and sildenafil were shown to
increase the fenestration size, and the actin cytoskeleton
is greatly affected by these agents. We report here the full
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description of the setup and confirm the findings, namely
the dramatic condensation of the actin cytoskeleton into
stress fibers, and rings of actin became more defined after
NMN and sildenafil treatment.

Svistounov et al. [53] proposed that lipid rafts play an
integral role in the regulation of fenestration size by pulling
or pushing on LSEC sieve plates. We assessed the function-
ality of the lipid raft stain BodipyGM1 to stain LSECs in the
dSTORM context. This stain binds GM1 glycolipids present
in lipid rafts, but using single-molecule imaging, we
found that it stained all the plasma membrane on LSECs.
Some areas of the LSECs stained more intensely with this
dye, probably indicative of lipid rafts, but the apparent
non-specificity of the stain was initially disappointing.
However, further careful analysis of the output revealed
that fenestrations were fortuitously also visualized with
this lipid raft stain (Figure 5). An explanation for this is
that the BodipyGM1 stain, like other commercially avail-
able lipid raft stains, is based on the cholera toxin B (CT-B)
subunit, which binds GM1 gangliosides. However, a limita-
tion of CT-B is that it binds other cell surface sugars such
as galactose [57, 58]. We thus propose that this binding to
other cell surface sugars is what we see as background
staining (that fortuitously reveals fenestrations), making
the BodipyGM1 stain an exciting tool to simultaneously
study the relationship between fenestrations and lipid
rafts at super-resolution using only one color channel.

We also investigated primary cultures of platelets.
Features which particularly captured our interest were
super-fine filaments, some thinner than 100 nm, ema-
nating from their plasma membranes. These filaments
were membrane structures with an actin skeleton and
would be sufficiently long and thin to pass through LSEC
fenestrae and, for example, interact with the underlying
hepatocytes in the in vivo context. Similar interactions of
lymphocyte villi with hepatocytes via LSEC fenestrations
and vice versa have been shown by Warren et al. [6]. Given
that platelets have a role in resolution of fibrosis [8, 9],
this super-resolution microscope will be a useful tool to
study the platelet: LSEC “synapse” in future studies.

This work thus demonstrates the effectiveness of
a custom-built SMLM microscope to perform super-
resolution imaging of primary cells for only a small frac-
tion of the cost of a commercial microscope for SMLM. We
believe that our work will contribute to the strong current
movement of democratizing the access to super-resolution
microscopy, making super-resolution available to a wide
range of laboratories as a routine lab microscope.
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