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Super-resolution microscopy revolutionized biomedical research with significantly improved imaging resolution
down to the molecular scale. To date, only limited studies reported multi-color super-resolution imaging of thin
tissue slices mainly because of unavailable staining protocols and incompatible imaging techniques. Here, we
show the first super-resolution imaging of flat-mounted whole mouse cornea using single-molecule localization
microscopy (SMLM). We optimized immunofluorescence staining protocols for -Tubulin, Vimentin, Peroxisome
marker (PMP70), and Histone-H4 in whole mouse corneas. Using the optimized staining protocols, we imaged
these four intracellular protein structures in the epithelium and endothelium layers of flat-mounted mouse
corneas. We also achieved simultaneous two-color spectroscopic SMLM (sSMLM) imaging of p-Tubulin and
Histone-H4 in corneal endothelial cells. The spatial localization precision of sSSMLM in these studies was around
20-nm. This work sets the stage for investigating multiple intracellular alterations in corneal diseases at a

nanoscopic resolution using whole corneal flat-mount beyond cell cultures.

1. Introduction

Cornea, a transparent avascular connective tissue, plays an essential
role in protecting the interior eye structures, contributing to the
refractive power of the eye, and focusing light onto the retina with
minimum optical scattering and degradation (Hart and Farrell, 1969;
Maurice, 1962; Sridhar, 2018). The corneal epithelium, a stratified,
nonkeratinizing squamous layer, creates the first barrier to the exterior
environment. It is also an integral part of the tear film, critical to the
eye’s refractive power (DelMonte and Kim, 2011; Sridhar, 2018). The
corneal endothelium, a single layer of hexagonal-shaped cells with
severely limited proliferative capacities, plays a significant role in con-
trolling the corneal transparency to maintain clear vision. The endo-
thelial cells function as a permeable barrier that regulates the movement
of aqueous humor into the hydrophilic stroma (DelMonte and Kim,
2011; Edelhauser, 2006; Sridhar, 2018). Because of their critical roles in
maintaining normal functions of the eye, any pathological alteration
may cause serious clinical problems. Therefore, understanding intra-
cellular damages in corneal diseases is paramount (Aldrich et al., 2017;
Anshu et al., 2012; Bashir et al., 2017; Janson et al., 2018; Shih et al.,
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2017). To this end, immunofluorescence (IF) based optical microscopy
techniques have been widely used to study intracellular damages (Forest
et al., 2015; He et al., 2011a). However, the spatial resolution of con-
ventional microscopy technologies is fundamentally constrained by the
optical diffraction limit (~200-300 nm in visible light spectral range),
which prevents the visualization of molecular events and interactions
related to pathological processes (Rust et al., 2006).

The invention of super-resolution localization microscopy (SMLM)
techniques, including (Stochastic Optical Reconstruction Microscopy,
STORM; Photoactivated Localization Microscopy, PALM; Points Accu-
mulation for Imaging in Nanoscale Topography, PAINT) (Betzig et al.,
2006; Hess et al., 2006; Rust et al., 2006) in the past decade permitted
imaging of individual biomolecules and subcellular structures (Grofe
et al.,, 2016; Salvador-Gallego et al., 2016) far beyond the optical
diffraction limit. SMLM can further provide quantitative analysis at the
molecular scale, including counting biomolecules, cluster sizing and
analysis, and pair-wise distance measurement (Nicovich et al., 2017).
Fig. 1A schematically illustrates the working principle of SMLM. Briefly,
the biomolecules are first labeled with photoswitchable dyes to generate
stochastic single-molecule fluorescence photoswitching (“blinkings™)
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events in different frames (frame 1, 2, ..., n in Fig. 1A). Second, all the
single-molecule blinking events are captured by the camera, localized,
and used for SMLM reconstruction (bottom of Fig. 1A). Specifically,
every single-molecule blinking signal forms a pixelated,
diffraction-limited point-spread-function (PSF) on the camera with
system noises (Betzig et al., 2006). The PSF is then fitted with a model
distribution, where the center location of the fitted PSF represents the
location of this molecule. Because of various noises in SMLM, the
localization process bears intrinsic uncertainty. The level of uncertainty
(standard deviation, or ¢), referred to as localization precision, can be
either experimentally measured or analytically derived. ¢ is propor-
tional to 1/+/N, where N is the emitted photon from the single emitter. ¢
is often used to quantify achievable resolution in SMLM, usually
~10-30 nm depending on the N of the dye and experimental conditions.
Finally, the coordinates of all detected molecules are used to computa-
tionally render an SMLM image.

Furthermore, we (Dong et al., 2016) and other groups (Bongiovanni
et al., 2016; Mlodzianoski et al., 2016; Zhang et al., 2015) developed
spectroscopic SMLM (or sSMLM) techniques, which concurrently cap-
ture both the spatial and spectroscopic information of individual mo-
lecular fluorescence using an added dispersive element. Fig. 1B shows
the schematics and working principle of an experimental sSSMLM system.
In addition to localizing single molecules in the same way as regular
SMLM in the spatial images, the spectral images provide full emission
spectral information of individual molecules, which further establishes
the foundation for discriminating fluorescent species based on their
distinct fluorescent emission spectra. Hence, sSSMLM provides a unique
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opportunity to simultaneously image multiple fluorescent labels with
even overlapping spectra and to further capture multi-molecular in-
teractions in biological samples at the molecular level (Kim et al., 2017;
Moon et al., 2017; Zhang et al., 2019).

Despite SMLM providing unprecedented optical imaging capabil-
ities, the reported study on multi-molecular interactions using SMLM,
including sSMLM techniques, has been mainly limited to cell cultures.
The ability to image intact biological tissues has become highly desir-
able as it would enable investigating molecular-level alterations in in-
dividual cells in their natural local physiological environments. It would
also permit investigating interactions among cells while preserving tis-
sue integrity (Cheuk and Chan, 2004; He et al., 2011a; McGowan et al.,
2007). To date, only a few studies reported SMLM of thin-sliced frozen
tissues (Bon et al., 2018; Creech et al., 2017; Crossman et al., 2015; Kim
et al., 2019; Klevanski et al., 2020; Spiihler et al., 2016). To investigate
the corneal endothelium, preparing thin-sliced frozen corneal samples is
not an ideal method due to the ultrathin (<5 pm) cell monolayer (Del-
Monte and Kim, 2011; He et al., 2011b; Sridhar, 2018). Besides, results
from whole cornea imaging studies show rich heterogeneity information
of the difference between central and peripheral corneal endothelial
cells (Mimura and Joyce, 2006; Van den Bogerd et al., 2018), which are
not available from the cultured cells. In this work, we developed
experimental protocols to achieve multi-color super-resolution imaging
of subcellular organelles and protein distributions in the flat-mounted
whole cornea samples using sSSMLM.

There are two major challenges in super-resolution imaging of
whole-mount corneal tissue. First, the imaging quality in SMLM and
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Fig. 1. (A) Illustration of SMLM principle: (top) the biomolecules are labeled with photoswitchable dyes to generate stochastic single-molecule fluorescence at
different frames; the spatial coordinates of all detected single-molecule fluorescence are used to reconstruct an SMLM image; (bottom) the spatial location of every
single molecule is localized by fitting its experimentally captured PSF. (B) Illustration of sSSMLM principle: it has both spatial and spectral channels to simultaneously
capture the spatial and spectral images of single molecules. In addition to the spatial localization using the spatial images, the spectral images provide additional full
emission spectra of individual molecules. (OL: objective lens; DM: dichroic mirror; TL: tube lens; M: mirror; S: slit; G: grating; L1and L2: lenses 1 and 2).
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SSMLM could be primarily affected by imaging artifacts, including
fluorescence impurities, deviated background noises, and non-specific
staining. Using sSMLM’s spectral analysis function, we minimized the
imaging artifacts from fluorescent impurity (Davis et al., 2018). We
systematically investigated experimental noises’ effect on sSSMLM im-
aging recently (Song et al., 2018) and concluded that the spectral pre-
cision could reach ~3-4 nm for highly accurate spectral discrimination
of single-molecule emissions. Thus, the main challenge for performing
SMLM and sSMLM imaging of corneal flatmount is to identify optimal
staining protocols to minimize the non-specific stainings (Jimenez et al.,
2020). Second, the thickness of the cornea (~100 pm in mouse) (Hen-
riksson et al., 2009) results in significant light attenuation and intra-
cellular autofluorescence background in conventional SMLM using blue
or green fluorescence detection (~400-600 nm) (Bates et al., 2007). To
overcome this challenge, we conducted simultaneous multi-color
sSMLM imaging within only a far-red spectral window (650-750 nm).
Fluorescence imaging in the far-red spectral range effectively suppresses
the autofluorescence background and enhances light penetration in
biological tissues (Jun et al., 2017; Suseela et al., 2018).

This study systematically investigated immunofluorescence staining
protocols on flat-mounted whole mouse cornea for SMLM imaging under
various fixation and antibody-incubation conditions. We further opti-
mized imaging conditions for both conventional SMLM and simulta-
neous two-color sSSMLM. We show SMLM images of Tubulin, Vimentin,
Peroxisome, and Histone proteins and two-color sSMLM images of
simultaneously labeled Tubulin and Histone proteins in flat-mounted
whole mouse cornea for the first time.

2. Materials & methods
2.1. sSMLM system overview and setup

The schematic of the SMLM/sSMLM optical system is shown in the
left part of Fig. 1B. We immobilize fluorescence stained flat-mounted
whole cornea between a rectangular No. 1.5 and a square No. 1 cover
glasses. We filled the space between the cover slides with an imaging
buffer (see section 2.5) and then mounted them onto the microscope’s
translational stage (Corneal Flatmount in Fig. 1B). We focused a 642-nm
continuous-wave laser (MPB Communications) at the back focal plane of
a Nikon Ti microscope body equipped with a perfect focus module. We
used a neutral density filter to control the intensity of the incident light
in the laser light path before focusing the light on the backport of the
microscope. We acquired all SMLM and sSMLM images in a ~20 x 40
pm? FOV at a power density of 5.0 kW cm 2. We used a 100 x Total
Internal Reflection Fluorescence (TIRF) objective lens (CFI Apochromat
100 x , NA = 1.49, Nikon). We adjusted the illumination angle slightly
smaller than the critical angle, which formed a highly inclined and
laminated optical sheet (HILO) illumination mode. We collected the
emitted fluorescence photons through the same objective lens. After
passing through a tube lens (TL), the collected photons were routed by a
mirror (M) to an entrance slit (S). We split the photons into the o™ and
the 1st-order channels with a ratio of 1:3 using a transmission grating
(G, 100 grooves/mm, STAR100, Paton Kawskely Education Ltd.). We
detected both channels simultaneously to form the 0™- and the 1st-order
images, respectively representing the spatial and spectral images (Song
etal., 2019; Zhang et al., 2019). The slit confines the field-of-view (FOV)
of the spatial image. We adjusted the grating position relative to the
imaging lens (L1, the focal length f = 50 mm) to achieve a spectral
dispersion of 6 nm/pixel (Zhang et al., 2019). Emission signals in the
0™ order (spatial channel in Fig. 1B) and 1st-order (spectral channel in
Fig. 1B) channels were focused onto two different regions of an
electron-multiplying charge-coupled device (EMCCD) camera (iXon
897, Andor) by an imaging lens (L2, f = 50 mm).

For single-color SMLM imaging, we removed the grating (G) to ac-
quire only the spatial images. For two-color sSSMLM imaging, we local-
ized individual molecular spatial locations from the spatial images and
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analyzed the individual molecule’s corresponding full emission spectra
from the spectral images (Fig. 1B). As each fluorescent label has its
unique spectral feature, we can discriminate different fluorescent labels
based on their full emission spectra, which do not suffer from spectral
overlapping, as illustrated in Fig. 1B (see section 2.5). This is particu-
larly important for multi-color sSSMLM imaging within the narrow far-
red spectral window.

2.2. Mouse cornea harvesting

We used adult wild-type C57BL/6 mice aged 8-16 weeks and
weighing 22-34 grams in this work. The mice were kept in the Center for
Comparative Medicine at Northwestern University under normal light-
ing conditions with 12-h on and 12-h off cycles. We anesthetized the
mice via intraperitoneal injection (10 mL/kg body weight) of a keta-
mine/xylazine cocktail (ketamine: 11.45 mg/mL; xylazine: 1.7 mg/mL,
in saline). Then the health condition of the mouse eyes was monitored
under an upright white-field microscope to exclude keratohelcosis,
neovascularization, and anterior chamber infection. After euthanization
by cervical dislocation, we cut the corneas from the eyeballs using
ophthalmic corneal scissors all around the corneal limbus to ensure that
no iris was attached.

2.3. Target proteins and antibodies

We first attempted to stain and image cytoskeletal proteins in
endothelial cells of the cornea as their characteristic morphologies can
be used to assess imaging quality unambiguously (Barry et al., 1995).
We imaged p-Tubulin, a major protein for assembling tubulin filaments,
and Vimentin, an intermediate filament, both present in all eukaryotic
cells (Mikhaylova et al., 2015b). In addition to cytoskeletal proteins, we
also imaged intranuclear protein Histone-H4 to visualize the nuclear
envelope. Lastly, we imaged peroxisomal membrane protein 70
(PMP70) to visualize peroxisomes, which are single membrane subcel-
lular organelles (Strauss et al., 2018). We summarize the primary anti-
bodies in Table 1.

According to the animal source of primary antibodies, we used
donkey anti-rabbit IgG and donkey anti-chicken IgY (Jackson Immu-
noResearch) -Alexa Fluor 647 (AF647, Thermofisher) fluorescent anti-
bodies conjugates for SMLM. For two-color sSMLM imaging, we used
anti-rabbit IgG-AF647 and anti-chicken IgY-CF680 conjugates to
simultaneously label p-Tubulin and Histone-H4, respectively. We pre-
pared the secondary antibody conjugates using the N-hydrox-
ysuccinimidyl coupling reaction, as we previously reported (Zhang
et al., 2019).

2.4. Immunofluorescence staining protocol of flat-mounted whole cornea

Fig. 2 shows the overall flow of sample preparation. After removing
the corneas from the eyeballs, we rinsed them once using 1x Phosphate
Buffer Saline (PBS) and fixed them for 30 min using either 0.5% or 4.0%
polyformaldehyde (PFA) based on the optimized staining protocol. We
cut each cornea into four wedges to increase the number of cornea
samples for testing at different labeling conditions. We permeabilized

Table 1
Primary antibodies used in this study.

Target Host Vendor Catalog Optimized Dilution/
protein number concentration
B-Tubulin rabbit Thermo PA5-16863 1.0 pg/mL

Fisher
Vimentin chicken  Thermo PA1-10003 1:5000

Fisher
PMP70 rabbit Thermo PA1-650 2.0 pg/mL

Fisher
Histone-H4 chicken  Abcam Ab134212 2.5 pg/mL
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Cornea samples

Fixation

4%PFA, RT/30min
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PR
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Fig. 2. Experimental design for 6 sample preparation protocols for flat-mounted whole corneas.

the corneas using 1% Triton 100-X in PBS at room temperature (RT) for
30 min. For Histone-H4 staining, antigen retrieval (AR) with 0.5% so-
dium dodecyl sulfate (SDS) in water for 5 min at RT was performed
before permeabilization. The tissues were blocked with a blocking buffer
containing 2% normal goat serum, 2% bovine serum albumin (BSA), and
1% Triton 100-X in PBS at RT for 2 h. The primary and secondary an-
tibodies were diluted to concentrations listed in Table 1 in blocking
buffer and then incubated with cornea tissues sequentially by one of the
three incubation procedures: (1) primary antibody 60 min at 37 °C,
secondary antibody 45 min at 37 °C; (2) primary antibody overnight at
4 °C, secondary antibody 2 h and RT; and (3) primary antibody 48 h at
4 °C, secondary antibody overnight at 4 °C. For two-color staining, we
added the two primary antibodies simultaneously, followed by the two
corresponding secondary antibodies. The samples were rinsed with PBS
three times, 20 min each at RT after each fixation, primary antibody
incubation, and secondary antibody incubation, as shown in Fig. 2.
After staining, we mounted the cornea samples on a rectangular No.
1.5 coverslip (22 mm x 60 mm) with the endothelial cells facing down
according to the physiological curvature of the cornea. We gently flat-
tened the corneas using ophthalmic micro forceps and covered them
with a No. 1 square coverslip (22 mm). We used double-sided tapes to
connect the two coverslips to form an imaging chamber and fill the
chamber with imaging buffer, and sealed it with black nail polish.

2.5. Imaging acquisition and data processing

Prior to imaging, we freshly prepared an imaging buffer containing

50 mM Tris (pH = 8.0), 10 mM NaCl, 0.5 mg/mL glucose oxidase
(Sigma, G2133), 2000 U/mL catalase (Sigma, C30), 10% (w/v) D-
glucose, and 100 mM cysteamine. Then we added ~10 pL of the imaging
buffer to fill up the chamber between the two coverslips. This specially
developed imaging buffer is required to enable photoswitching during
image acquisition. Particularly, SMLM dyes photoswitch between a
bright state and a dark state in the presence of a triplet quencher (e.g,
Ethanolamine) and under a laser illumination power density of 5 kW
cm ™2, Such a photoswitching process can typically last tens of minutes to
a few hours with continuous illumination. Afterward, the illuminated
dye molecules are permanently bleached. Please note that each FOV is
relatively small (~20 x 40 ym?) for capturing the images of 1-2 cells,
and we typically capture ~10 FOVs for each imaging experiment.
Considering the entire corneal flatmount contains thousands of cells, the
corneal samples can be stored in PBS after imaging and be used for
subsequent imaging of different cells.

The chambered coverslip system was sealed with black nail polish to
prevent solution evaporation during the imaging process. We refilled the
imaging buffer every hour if the data acquisition was not completed. The
single-molecule blinking lasts for ~10-20 ms with ~500-8,000 photons
in each blinking. Each recorded image frame’s exposure time was 10 ms
for single-color imaging and 20 ms for two-color imaging. We recorded
30,000 frames for each of the single-color SMLM and two-color sSSMLM
imaging reconstructions. To image endothelial cells, the imaging
chamber (assembled as described in section 2.4) was mounted onto the
objective lens with the rectangular cover glass side facing down. To
image epithelial cells, the imaging chamber was flipped, and the square
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cover glass side was facing down.

For single-color SMLM image processing, the imaging frame series
were processed using ThunderSTORM (Ovesny et al., 2014). Specif-
ically, we selected a B-Spline image filter, a peak intensity threshold of
1.2 x standard deviation with 8-neighborhood connectivity, and a
fitting radius of 3 pixels. Our pixel size is 160 nm and the EM gain is 100.
For two-color sSMLM image processing, we used RainbowSTORM, an
ImageJ Plugin (Davis et al., 2020) to calibrate and process two-color
imaging data as previously reported. The parameters for
single-molecule localization are identical to the ones used for
single-color imaging. For spectral discrimination, we selected the spec-
tral detection spectral range from 650 nm to 750 nm, which passes at
least 90% of the selected dye emissions while minimizing the noise
uncertainty contribution on the intensity-weighted spectral mean of
each blinking event. We calculated the intensity-weighted spectral mean
(or spectral centroid) of each captured single-molecule emission spec-
trum and assigned each molecule with a spectral centroid between 682
nm and 688 nm as AF647 and between 702 nm 708 nm as CF680
molecules. The molecular misidentification rates among these two
spectral windows are less than 1% (Zhang et al., 2019).

For epi-fluorescence imaging, images were acquired using the same
optical setup as the sSSMLM. Prior to SMLM imaging of each FOV, we
reduced the laser power to 0.1 kW cm ™2 using a neutral density filter to
acquire the epifluorescence image at the same FOV as SMLM images.

For laser scanning confocal fluorescence imaging, we imaged corneal
samples using a Leica SP5 confocal microscope. We used a 633-nm laser
to excite the AF647 dye and detected the emission between 645 nm and
750 nm. We also performed deconvolution of the confocal microscopy
results. We used the deconvolution Plugin in ImageJ software using the
Lucy-Richardson Deconvolution method (Laasmaa et al., 2011). We
generated a simulated PSF using the Born & Wolf Model (Nasse and
Woehl, 2010) using a pixel size of 37 nm, an emission wavelength of
680 nm, and an N.A. of 1.4.

3. Results
3.1. Optimization of staining protocols for SMLM imaging

The optimization of the fluorescence labeling method is crucial for
acquiring high-quality super-resolution images (Jimenez et al., 2020).
There has been no report on immunofluorescence staining protocols of
flat-mounted whole corneas for SMLM. Fixation and antibody incuba-
tion conditions have been shown to significantly affect immunofluo-
rescence staining results in both conventional fluorescence imaging and
super-resolution microscopy (Forest et al., 2015; He et al., 2011a). Thus,
we investigated the fixation and antibody incubation steps for four
proteins including p-Tubulin, vimentin, PMP70, and Histone-H4, as the
target for SMLM imaging. These proteins have distinctive and charac-
teristic morphologies for assessing staining quality and have been pre-
viously imaged using SMLM in cultured cells (Zhang et al., 2015).

We designed and investigated six protocols under various fixation
and antibody incubation conditions by adapting the reported staining
protocol for conventional fluorescence microscopy (Forest et al., 2015;
He et al., 2011b) (Fig. 2). Specifically, we tested two fixation conditions
at 4% and 0.5% PFA at RT. We further designed three antibody incu-
bation conditions: (1) primary antibody 60 min at 37 °C and secondary
antibody 45 min at 37 °C; (2) primary antibody overnight at 4 °C and
secondary antibody 2 h at RT; (3) primary antibody 48 h at 4 °C and
secondary antibody overnight at 4 °C. We qualitatively determined the
SMLM imaging quality by observing the anticipated intracellular
structure morphologies and assessing the scattered single-molecule
signal levels for different protocols. The anticipated intracellular struc-
ture morphologies were compared with reported results in cultured cells
(Xu et al., 2020; Zhang et al., 2015, 2019). We found that different
protein marks require different protocols for optimal imaging quality.
Specifically, p-Tubulin, Vimentin, and PMP70 require 4% PFA fixation,
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while Histone H4 requires 0.5% PFA fixation. Also, p-Tubulin, Vimentin,
and Histone-H4 showed optimal imaging quality when incubating with
primary antibody for 48 h at 4 °C and secondary antibody overnight at
4 °C while PMP70 requires the incubation of primary antibody for 60
min and secondary antibody for 45 min at 37 °C. Notably, Histone-H4
also requires an antigen retrieval step with SDS. We provide the
single-color imaging quality assessments of the six protocols using
B-Tubulin as an example in Fig. S1 and further discussion in Supple-
mentary Note 1. In short, we found that Protocol 3 is optimal for labeling
B-Tubulin and Vimentin; Protocol 1 is optimal for labeling PMP70; and
Protocol 6 is optimal for labeling Histone-H4 on flat-mounted whole
mouse cornea (Table 2).

3.2. Single-color SMLM imaging of mouse cornea flatmount

After the staining optimization, we compared the imaging qualities
of SMLM and confocal microscopy in imaging p-tubulin under identical
staining condition and FOV of 20 x 40 pm? (Fig. 3). We used 100 x oil
immersion objective in confocal microscopy to match SMLM’s objective
magnification. Fig. 3A and B are confocal microscopy images before and
after deconvolution, and Fig. 3C is the sSMLM image. Fig. 3D-F are
magnified views of the highlighted areas in their corresponding original
images. Fig. 3F shows the improved image quality contributed by higher
spatial resolution. We compared the measured widths of a selected
single microtubules (highlighted by the yellow lines in Fig. 3D-F) in
Fig. 3G. The full-width-at-half-maximum (FWHM) of the microtubules
size measured by confocal microscopy before and after deconvolution
and SMLM are 259 nm, 177 nm, and 90 nm, respectively. The histogram
of localization precision among 10° single molecules detected in Fig. 3C
shows a peak at 10 nm, translating to an achievable spatial resolution of
SMLM is ~25-40 nm under our experimental condition (Fig. 3H).
Considering that the actual thickness of the Tubulin (plus attached
primary and secondary antibodies) is ~70 nm and the localization
precision of SMLM, our measured FWHM of 90 nm by SMLM closely
matches the expected width of tubulin and agrees with a literature
report (Mikhaylova et al., 2015a).

Next, we showed the SMLM images of p-Tubulin, Vimentin, PMP70,
and Histone-H4 using their respective optimal staining protocols. To
minimize artifacts when acquiring images using different microscopy
systems and show the imaging performance of SMLM compared with
conventional diffraction-limited microscopy, we acquired epifluor-
escence images (resolution = ~300 nm) of the identical FOV before
acquiring the corresponding SMLM images. The epifluorescence images
were captured using the SMLM setup with significantly lower illumi-
nation power (~0.1 kW cm~2), which cannot drive the dye photo-
switching process but is sufficient to generate regular fluorescence
images.

Epifluorescence images (Fig. 4A1-4D1) showed intracellular struc-
tures of all labeled protein targets but were unable to resolve the
nanoscale features of fibers or protein clusters. In comparison, SMLM
images (Fig. 4A2-4D2) visualized the nanoscale architectures of the four
protein targets. Fig. 4A3-4D3 are magnified views of the areas respec-
tively highlighted by the squares in Fig. 4A2-4D2. Specifically, both
B-Tubulin (Fig. 4A2 & 4A3) and vVmentin (Fig. 4B2 & 4B3) are abun-
dantly expressed in endothelial cells with characteristic fibrous net-
works. Further, the distribution of Peroxisome marker PMP70 (Fig. 4C2
& 4C3) demonstrated elongated worm-like patterns in the cytoplasm.
Lastly, the nuclear marker Histone-H4 exclusively resided in the nuclear
envelope of the endothelial cells with a cluster-like shape distributed
among the whole nucleus. Indeed, Histone-H4 is one of the basic nuclear
proteins responsible for nucleosome structures. Visualizing these
Histone-H4 clusters with diameters of hundreds of nanometers indicated
that the high-order chromatin structures could be observed by SMLM in
whole-mount tissue samples (Xu et al., 2020) instead of individual
cultured cells.

We further tested SMLM imaging of the outer epithelial layers in the
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Table 2
Summary of sSMLM imaging quality evaluation.
Targets Protocol 1 Protocol 2 Protocol 3 Protocol 4 Protocol 5 Protocol 6
p-Tubulin + + ++ - + +
Vimentin - + ++ - - +
PMP70 ++ + + + - -
Histone-H4 - - + + + ++

“: no distinct morphologies; “+”: ambiguous morphologies with scattered single molecule signals; “++": distinct morphologies with minimal scattered signal
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Fig. 3. Comparisons of confocal microscopy (A, D), deconvoluted confocal microscopy (B, E), and SMLM (C, F) images of corneal flatmount samples. D-F are the
magnified views of the yellow-dashed boxes in A-C, respectively; (G) intensity profiles (gray: deconvolution; red: confocal; green: SMLM) of the lines in D-F,
respectively; (H) histogram of localization precisions among 10° single molecules from detected in C; scale bar = 2 pm. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

flat-mounted whole cornea using the

optimized protocol for the endo-

thelium described above. We stained and imaged $-Tubulin, PMP70, and
Histone-H4 (Fig. 5). We observed consistent morphological features and
imaging qualities in the epithelial cells compared to those in the endo-
thelial cells. We also imaged the inner epithelial layers using wide-field
illumination as the thickness of the epithelial layer over is 5 pm. In this

condition, we observed a five-to ten-fold increase in cellular fluores-
cence background, which significantly degraded imaging quality. Better
technologies to confine the illumination in the axial direction may help
to further reduce the background to image inner epithelial layers (Chen

et al., 2014).
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Fig. 4. Comparison between conventional epifluorescence and sSMLM images of the same corneal tissue samples. Epifluorescence images (A1-D1) and sSMLM
images (A2-D2) of endothelial cells in flat-mounted whole mouse cornea stained with p-Tubulin (Protocol 3), Vimentin (Protocol 3), PMP70 (Protocol 1), and
Histone-H4 (Protocol 6), respectively. The magnified views (A3-D3) better visualize the structures highlighted by the white boxes in panel A2-D2. Scale bar: 2 pm.

3.3. Simultaneous multi-color sSSMLM imaging in the far-red channel

Because sSSMLM can capture both spatial and spectral information of
every single-molecule blinking, it allows us to resolve, in principle, an
unlimited number of fluorescent labels (or color channels) simulta-
neously by analyzing spectral signatures of fluorescence labels (Dong
et al., 2016). We demonstrated simultaneous multi-color sSSMLM imag-
ing of cultured cells (Song et al., 2019; Zhang et al., 2019) within the
far-red spectral range. Such multiplexing imaging capability in the
far-red spectral range may offer unique advantages in tissue imaging.
Here, we validated simultaneous multi-color sSMLM imaging in
flat-mounted whole mouse corneas using fB-Tubulin and Histone-H4,
which show distinct subcellular locations and morphologies. Since
B-Tubulin and histone-H4 stainings required different PFA concentra-
tions for fixation, we fixed the corneal tissue at 0.5%, 1%, 1.8%, 2.6%,
3.4%, and 4% PFA to identify optimal PFA concentration for simulta-
neous dual-label staining. We found that fixation at 1% PFA could
maintain satisfactory imaging qualities for both f-Tubulin and

Histone-H4. We further labeled p-Tubulin and Histone-H4 with AF647
and CF680 respectively in the same corneal sample.

The two fluorescent dyes have been previously used for simultaneous
two-color sSMLM imaging (Zhang et al., 2019), although they have an
emission spectral peak separation of only 30 nm with largely over-
lapping spectra (Fig. 6A). This is because sSSMLM allows the detection of
the full emission spectrum of every single molecule and discriminates
AF647 and CF680 by determining their distinct spectral centroids
(dashed lines in Fig. 6A). After imaging acquisition, we used Rainbow-
STORM to perform post-imaging analysis (see section 2.5) (Davis et al.,
2020). Particularly, the two-color sSSMLM image of $-Tubulin and
Histone-H4 showed consistent morphological features compared to the
SMLM images (Fig. 4). Note that two-color imaging qualities were
slightly degraded as the optimized immunostaining protocol of the
two-color imaging was a trade-off between the respective optimal
staining protocols for Histone and Tubulin. In comparison, the sSSMLM
imaging reconstruction only using the spatial channel, which represents
conventional SMLM imaging without spectroscopic analysis, fails to
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B-Tubulin PMP70 Histone-H4

Fig. 5. sSMLM images of epithelial cells on flat-mount whole mouse cornea stained with p-Tubulin (A1), PMP70 (B1), and Histone-H4 (C1), respectively. The
magnified views (A2, B2, C2) better show these structures in the white rectangular box in panel A1-C1. The staining protocols were the same as the ones optimized

for endothelium. Scale bar: 2 pm.
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Fig. 6. Simultaneous two-color sSSMLM imaging of the endothelial cells layer in the whole-mount corneal samples stained with p-Tubulin (green) and Histone-H4
(blue). (A) normalized averaged single-molecule emission spectra of AF647 and CF680 (green and blue curves) as well as their respective calculated spectral
centroid indicated by the dashed lines; (B) overlaid two-color (green: AF647 channel; blue: CF680 channel) image; (C) conventional SMLM image; (D) magnified
view of the Histone-H4 image from the highlighted region in panel B; (E) magnified view of the §-Tubulin image from the highlighted region in panel B. Scale bar: 2
pm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

distinguish the two fluorescent labels for two-color super-resolution
imaging.

4. Discussion
The imaging qualities of SMLM, including sSMLM, heavily rely on

the specificity of fluorescent labels to the biomolecular targets. Immu-
nofluorescence labeling via antigen-antibody recognition is the most

commonly used staining method for SMLM. Compared with conven-
tional fluorescence microscopy (e.g., epifluorescence or confocal mi-
croscopy), SMLM requires more stringent labeling protocols to preserve
subcellular ultrastructures, reduce cellular autofluorescence, and mini-
mize non-specific labeling. This is because SMLM requires higher illu-
mination power and provides single-molecule sensitivity. Depending on
the biomolecule of interest, the staining protocols are optimized case by
case.
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The literature suggests that the optimal staining methods for con-
ventional fluorescence imaging of different protein targets in endothe-
lial cells on flat-mounted whole cornea varied in their fixation (Forest
etal., 2015; He et al., 2011a, 2016) and antibody incubation conditions
(Bhogal et al., 2017; Chang et al., 2018; Quiroz-Mercado et al., 2016).
We also found that both fixation and antibody-incubation conditions
had significant impacts on the immunofluorescence staining and SMLM
imaging qualities. In this work, we used only healthy corneal samples to
rule out any potential influence from pathological alterations on the
imaging quality and to focus on developing sSSMLM technique in corneal
flatmount. Here we discussed the influence of these two steps on SMLM
imaging qualities. First, fixation with 4% PFA is commonly used in
immunolabeling of corneal flatmount (Cho et al., 1990; Hiscott et al.,
1997). Consistently, for the immunofluorescence staining of f-Tubulin,
Vimentin, and PMP70 in endothelial cells on corneal flatmount, fixation
with 4% PFA showed optimal staining qualities. In contrast, Histone-H4
fixed with 0.5% PFA showed the optimal results. The most important
molecular change induced by aldehyde-based fixation is the
cross-linking among proteins and nucleic acids (French and Edsall,
1945; Helander, 1994; Morgan et al., 1994; Werner et al., 2000).
However, fixation with 4% PFA may lead to over fixation, especially for
nuclear antigens (Nakashima et al., 2002). More specifically, the
cross-linkings may result in masking of epitopes of Histone-H4 by
altering the three-dimensional structure of proteins (Mason and
O’Leary, 1991; Werner et al., 2000). Second, prolonged primary anti-
body incubation is required for the optimal staining quality. This was
different from the routine staining protocols (i.e., 45 min to 1 h of each
antibody incubation step) for SMLM of cultured cells even when stained
with the same protein targets (Zhang et al., 2019). In this study, the
optimized primary antibodies incubation time for -Tubulin, Vimentin,
and Histone-H4 were 48 h while PMP70 showed optimal results with 1-h
incubation. We suspected both variations of different antigen-antibody
affinities and antigen-exposure levels might impact the staining qual-
ity (Boenisch, 1999; Brandtzaeg, 1981; Ramos-Vara, 2005).

Using the optimized immunolabeling procedures, we showed super-
resolution imaging of corneal flatmount using SMLM and sSMLM,
particularly focused on endothelial and epithelial cells. The single-color
SMLM images (Figs. 4 and 5) of the cornea tissue revealed greater
nanoscale details of architectures and protein localizations that are
unresolved by conventional fluorescence microscopy (Fig. 3A and B).
Further, the sSSMLM setup allows us to perform multi-color super-reso-
lution imaging using only a far-red spectral channel with minimal
cellular autofluorescence background (Fig. 6). This offers a better tool to
study spatial interactions among multiple biomolecules simultaneously,
even in tissue samples. Note that the optimal immunofluorescence
protocols for p-Tubulin and Histone-H4 are different. To realize simul-
taneous two-color sSSMLM imaging, we fine-tuned the concentration of
PFA for retaining imaging qualities of both protein targets. Indeed, the
simultaneous two-color sSSMLM imaging of f-Tubulin and Histone-H4 in
endothelial cells clearly showed their desired nanoscale morphologies
and relative intracellular distributions with our optimized fixation
condition shown in Figs. 3-5.

Through this study, we also identified three areas that should be
further improved for acquiring high-quality sSSMLM images of the mouse
corneal flatmount. First, a universal immunostaining protocol compat-
ible with staining multiple antigens in the same tissue sample should be
identified. High-specificity primary antibodies tailored for this tissue or
other specific labeling method (e.g., nanobodies, DNA-based probes)
could potentially maximize the labeling efficiency and minimize non-
specific labelings. We have tried primary antibody-AF647 conjugates
(Santa Cruz); the corresponding SMLM imaging qualities were not
optimal, likely because of the degraded labeling specificity. We believe
that sSSMLM can be applied to image the corneal tissues from various
species (e.g., rabbit, rat, human) after specific optimization of the
staining protocol for each particular tissue specimen. Second, SMLM has
a relatively low imaging speed. It typically takes ~5-10 min to acquire
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sufficient single-molecule signals to reconstruct high-quality SMLM and
sSMLM images, which makes it impractical to image large tissue areas.
The development of brighter dyes with higher photoswitching duty
cycles and better imaging processing methods to analyze densely-
packed single molecule signals could improve SMLM’s imaging speed.
Lastly, in principle, the corneal samples can be imaged using our
recently developed three-dimensional (3D) sSMLM technology (Song
et al., 2019, 2020). However, this study focuses on establishing the
optimal sample preparation protocols for sSSMLM imaging of different
molecular contrasts, where 3D and 2D sSSMLM imaging provide identical
information in this context.

5. Conclusion

We optimized immunofluorescence staining protocols for f-Tubulin,
Vimentin, PMP70, and Histone-H4 in endothelial cells on corneal flat-
mount for SMLM and applied these protocols to imaging corneal
epithelial cells. We also performed multi-color sSSMLM imaging of the
corneal flatmount to visualize subcellular structures with around 20-nm
localization precision for the first time. sSSMLM offers unique spatial
resolution and multiplexing capability for imaging flat-mounted whole
tissue and enables the visualization of subcellular structure in intact cells
close resembling their native molecular status. With the identification of
optimal staining quality for sSMLM, development of fluorescence la-
beling technology, and implementation of new optical design, multi-
plexed sSMLM imaging can be a powerful tool to investigate multi-
molecular interactions and molecular pathways in flat-mounted whole
tissues. More specifically, in the context of cornea imaging, sSMLM
opens up the opportunity to study pathophysiological mechanisms
relevant to, for example, ocular surface disease, Fuchs’ corneal endo-
thelium dystrophy, keratitis, etc.
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