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Abstract: We study the potential of the commercial mounting medium Slowfade Diamond
as a buffer for STORM microscopy. We show that although it does not work with the popular
far-red dyes typically used for STORM imaging such as Alexa Fluor 647 it performs really
well with a wide variety of green-excited dyes such as Alexa Fluor 532, Alexa Fluor 555 or
CF 568. Moreover, imaging can be performed several months after the samples are mounted
in this environment and kept in the fridge, providing a convenient way to preserve samples for
STORM imaging, as well as to keep calibration samples, for example for metrology or teaching
in particular in imaging facilities.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Single Molecule Localization Microscopy (SMLM) [1–5] is one of the most popular family
of optical super-resolution methods since it requires a simple inverted microscope to achieve
a gain in resolution of an order of magnitude and therefore enable the study of biological
processes hidden behind the diffraction limit [6]. However, it requires samples to be prepared in
a particular way, so as to enable stochastic switching between a fluorescent and a non-fluorescent
state for the fluorophore imaged. In STORM microscopy this is achieved using standard
dyes in a special chemical buffer that allows efficient transitions between a fluorescent an a
nonfluorescent state [7–9]. Most STORM imaging is performed in a buffer fairly similar to
the one used in the original demonstration [1, 7], which combines a reducing thiol such as
2-Mercaptoethylamine/Cysteamine (MEA) or 𝛽-Mercaptoethanol (𝛽ME) and an enzymatic
oxygen scavenging system based on the combination of glucose, glucose-oxydase and catalase.
However, since this oxygen scavenging system acidifies with time [10,11], several alternatives
have been proposed to alleviate this issue [12], including the use of other enzymatic systems
such as PCA/PCD [13,14] and pyranose oxidase [14, 15] . The blinking mechanism of dyes in
this type of bufferis well studied [16–18] and several screens have been performed to identify
the best fluorophores [19, 20]. However, there have also been a few reports of different types
of buffer aimed at simplifying the imaging protocols. In particular, Vectashield [21–23] and
Prolong Diamond [24] are two commercial mounting media that have been found to work well
for STORM imaging for different subsets of dye. Interestingly, while Vectashield worked best for
the far-red dyes typically used in STORM such as Cy5 and Alexa Fluor 647, Prolong Diamond
was reported to work best with Alexa Fluor 594 [24]. This ability to image red dyes motivated us
in evaluating the properties of the related non-hardening mounting media Slowfade Diamond as
a STORM buffer.

https://opg.optica.org/library/license_v2.cfm#VOR-OA


2. Methods

Optical Setup and data acquisition

Dye Screening Dye screening was performed on an IX83 Inverted microscope (Olympus)
using a 100x 1.3 NA objective (Olympus), and an Orca Fusion sCMOS camera (Hamamatsu). 3
free-space single mode lasers at 488 nm, 532 nm and 640 nm (Voltran, 100 mW, 40 mW and
100 mW) were used, as well as a 750 nm multimode laser (1.2 W Oxxius). The microscope was
equipped with Chroma filters: 532 nm and 640 nm-excited fluorophores were imaged using a
ZT532/640rpc 2-color dichroic mirror, and a ET605/70 or ET700-75 emission filter. Due to the
double-deck design, where the top deck is equipped with only a dichroic mirror and the lower
deck with full sets (Emission filter, dichroic mirror and excitation filter) the emitted light also
goes through a T550lpxr dichroic (red fluorophores) or a T660lpxr dichroic (far-red fluorophores).
750 nm-excited fluorophores were imaged using a T760lpxr dichroic, and a ET810-90 emission
filter. Similarly, the emitted light also goes through an additional T760lpxr dichroic. Green dyes
excited at 488 nm were imaged using a GFP filter cube (49002 Chroma). For the dye screening
10,000-15,000 images were acquired with ≈ 40 − 60 ms integration time using the slowest "ultra
quiet scan" read-out speed of the camera and z-drift was corrected manually. The camera and
microscope were controlled using micro-manager [25]. Laser power at 488 nm, 532 nm, 640 nm
and 750 nm was typically between 1 and 4 kW.cm−2.

Further imaging Further imaging of the best dyes identified was performed on a Nikon Ti:E
microscope with an Apo TIRF 100X 1.49 Oil objective (Nikon) on an EMCCD camera (Quant
EM:512SC, Photometrics), using the microscope’s 1.5x extra magnification and resulting in
a pixel size of 107 nm. The illumination came from a fiber-coupled laser combiner (L6CC
Oxxius) equipped with a 640 nm 300 mW laser (LPX-640L-300-CSB-OE-900, Oxxius) and a
532 nm 500 mW laser (LPX-532L-500-CSB-OE-900, Oxxius). The filters used were a 4 band
dichroic (Di03-R405/488/532/635-t1-25x36, Semrock) and the associated 4-band emission filter
(FF01-446/510/581/703-25). This microscope was controlled using NIS, with camera exposure
times of 30 ms and an EM gain of 1000. For most datasets, 20,000 frames were recorded.

Sample Preparation and Immunofluorescence Staining

Dye Screening African green monkey kidney cells (COS-7) were cultured in DMEM-Glutamax
(Gibco 10566016) supplemented with 10% FBS in a cell culture incubator (37◦C and 5% CO2).
Cells were plated at low confluency on ethanol-cleaned 25 mm #1.5 thickness round coverglass
(VWR) for imaging. Prior to fixation, all solutions were pre-warmed to 37°C. 24h after plating,
cells were pre-extracted for 30 s in 0.25% Triton X-100 (Sigma-Aldrich) in PHEM (60 mM
PIPES, 25 mM HEPES, 10 mM EGTA, 4 mM MgSO4) washed in PHEM, fixed for 8 min in
-20°C Methanol (Sigma-Aldrich), then washed 3 times with PBS. The samples were then blocked
for 1 hour in 5% BSA, before being incubated for 1.5 hour at room temperature with 1:500 Mouse
anti alpha-tubulin (Sigma T6199) in 1% BSA diluted in PBS-0.2% Triton (BSA-PBST), followed
by 3 washes in PBST, and then incubated for 1 hour in BSA-PBST with a secondary antibodies
(see list in Table S1) and finally washed 3 times in PBST.

The sample were imaged in an Attofluor imaging chamber (Invitrogen, A7816), with 30 `𝑙 of
Slowfade Diamond (Invitrogen S36963) and another 18 mm round coverglass on top to limit air
exchanges.

Further imaging Human hCMEC/D3, hDBEC, and HDFa cells were cultured as in [26, 27].
Briefly, Human hCMEC/D3 cells were grown in EBM-2 medium (Lonza) supplemented with 5%
fetal calf serum 1.4 `M hydrocortisone (Lonza), 5 `g/mL ascorbic acid (Lonza), and 1 ng/mL
b-FGF (Lonza) and grown on rat tail collagen-1 (BD Biosciences) coated flasks while hDBEC



cells grown on rat tail collagen-1 (BD Biosciences) coated flasks in Endothelial Cell Growth
Medium MV2 (Promocell) supplemented with Endothelial Cell Growth Medium Supplement Mix
(Promocell). Cells were plated at low confluency on ethanol-cleaned 22x22mm #1.5 thickness
square coverglass also coated with rat tail collagen-1. 24 hours after plating, the cells were rinsed
in PHEM, then fixed in 4% PFA + Glutaraldehyde 0,2% in PHEM with 0,5% Triton for 12 min,
then rinsed once in PBS 0.1% Triton and 3 times in PBS. The samples were then blocked for 1
hour in 3% BSA (Sigma-Aldrich A4503) at room temperature under gentle agitation, before being
incubated for 1 hour at 37◦C with 1:500 mouse anti-alpha-tubulin antibodies (Sigma T9026) in
3% BSA, followed by 3 washes with 3% BSA, and then incubated at 37◦C for 1 hour in 3% BSA
with secondary antibodies (see list in Table S1) followed by 3 washes in PBS. The samples were
then post-fixed using 4% Formaldehyde (Sigma 8.18708) during 5 minutes, rinsed 3 times in
PBS, quenched in NH4Cl 50 mM for 5 minutes and finally washed 3 times in PBS.

The samples were then mounted on a microscope slide with a drop of Slowfade Diamond
(≈ 8`𝑙) and sealed with twinsil (Picodent). After imaging, the slide was kept in the fridge in the
dark.

Data Processing

Raw STORM image stacks were processed using using a FĲI macro that runs an analysis
with Detection of Molecules (DoM) [28] and Thunderstorm [29], including drift-correction
and grouping of consecutive localizations [30]. Further quantification of the blinking quality
(Localization precision and number of detections per frame)were performed with UNLOC [31]
(see Figures S1-S8). FRC resolution was calculated using a pixel size of 10 nm using the BIOP
FĲI plugin [32] with DoM localizations exported in Thunderstorm format to create two images
consisting of the odd and even localizations modified from [33,34].

3. Results

3.1. Alexa Fluor 555

We first tested Alexa Fluor 555 (Fig 1.a), and observed nice prolonged blinking with individual
camera frames showing isolated fluorophores when continuously excited with a 532-nm laser
with intensities higher than 1 kW/cm2 (Fig 1.b, the raw data is available on zenodo [35]). We
imaged the sample continuously to record 20.000 frames , and could reconstruct a high-resolution
STORM image (Fig 1.c-d). We noticed low photobleaching, and a good number of molecules
per frame was still observed after 20,000 frames (See Figure S1). In order to have a quantitative
measure of our resolution, we performed a FRC [36] calculation on a 20x20 `𝑚 region which
yielded a value of 20.5 nm (Fig 1.e). Indeed, a profile on the two neighboring microtubules
shows that the hollowness of the structure can be resolved (Fig 1.f) consistently with the FRC
resolution.

3.2. Dye Screening

Since Slowfade Diamond is a great buffer for Alexa Fluor 555, we were excited about its potential
for multicolor imaging. We first tested a wide array of far-red dyes, as they are the most widely
used in STORM, but achieved very poor results with both 640 nm excited dyes such as Alexa
Fluor 647 and 750 nm excited dyes such as CF 750. Indeed, they all behaved so poorly (see
table 1) that it was impossible to generate a recognizable image of the structure of interest with
any of them.

Undeterred, we moved on to test dyes excited at 488 nm such as Alexa Fluor 488. All 4 dyes we
tested (see table 1) allowed us to at least reconstruct an image of the structure of interest, with



Fig. 1. STORM image of a hCMEC/D3 cell immunostained for alpha-tubulin with
Alexa Fluor 555 in Slowfade Diamond.
(a) Wide-field image (b) Raw image recorded after a few minutes with continuous high
power (> 1 𝑘𝑊/𝑐𝑚2) 532 nm illumination (c) STORM reconstruction of 20,000 raw
images, scalebar = 5`m (d) Magnified reconstruction of the inset in (c), scalebar =
500 nm (e) FRC calculation (f) Intensity profile from the region outlined in (d) showing
that the hollowness of the microtubules can be resolved. Number of detected molecules
in (c): ≈ 1.560 k.

Dylight-488 behaving best in that wavelength range. However, the presence of a non-negligible
background (partially due to an un-optimized microscope configuration , but also due to the
presence of a background signal made particularly significant by our use of epi-illumination
that increases with time in our samples, see raw data [35]) required slightly more advanced data
processing: using a temporal median filter [37, 38] to remove the slowly varying background we
could reconstruct a fairly decent image as can be seen in Figure 2.

We then considered another option: since Slowfade Diamond works so well for Alexa Fluor 555
maybe it also works with other dyes in that wavelength range that could be used to do multicolor
imaging using spectral unmixing [39–41] as is typically done in the usual STORM buffer with
Alexa Fluor 647 and CF-680 [20]. We therefore tested 12 different dyes that could be excited
at 532 nm, and identified 8 that worked well (see table 1 and Figure S2-8). Out of these 8
dyes, we chose 3 that have the most distinct emission spectra: Alexa Fluor 532, CF-568 and
Alexa Fluor 594 (see figure 3.a, spectra taken from FPbase [42]). Images taken with these
dyes are shown in Figure 3b-d. Although dimmer than Alexa Fluor 555, they all provide high
quality STORM images (the raw data is available on zenodo [35]). With the recent advent of
publicly available spectral-unmixing software [41, 43] we expect this combination to be the most
promising for multicolor imaging with Slowfade Diamond.

3.3. Slowfade Diamond as a long-term STORM buffer for Alexa Fluor 555

Since Slowfade Diamond appears to be a suitable buffer for STORM imaging of Alexa Fluor 555,
and can be used to preserve mounted samples, we wondered how long samples mounted in
Slowfade Diamond could be imaged. We therefore kept a mounted sample in the fridge after
imaging, and tried to image it again after 150 and 220 days. As can be seen in Figure 4, not



Fig. 2. STORM images of a Cos7 cell immunostained for alpha-tubulin with Dylight-
488 in Slowfade Diamond. Due to the high background, we either processed data with
a high-density fitting algorithm, (a1-3) or pre-processed the raw data using a temporal
median filter (b1-3) Scalebars = 5`m in a1,a2,b1,b2. (a3,b3) magnified view of the
regions highlighted in (a2,b2). Scalebars = 500 nm. Number of detected molecules:
(a) ≈ 490k (b) ≈ 600k

Fig. 3. (a) Emission spectra of Alexa Fluor 532 ,CF 568 and Alexa Fluor 594. (b-d):
STORM images of hDBEC cells immunostained for alpha-tubulin with (b) Alexa
Fluor 532, (c) CF 568 and (d) Alexa Fluor 594 in Slowfade Diamond. Scalebars =
5`m (b1,c1,d1). (b2,c2,d2): magnified view of the regions highlighted in (a1,b1,c1).
Scalebars = 500 nm. Number of detected molecules: (b) ≈ 570k (c) ≈ 450k (d) ≈ 760k.



532 nm-excited dyes: Other dyes:

Fluorophore image quality FRC (nm)

Alexa Fluor 532 ++ 29

CF 532 ++ 28

Alexa Fluor 546 − -

Dylight 549 ++ 21

Atto 550 ++ 25

Alexa Fluor 555 + + + 20

CF 555 + -

Cy3 + -

CF 568 ++ 20

Alexa Fluor 568 − -

Alexa Fluor 594 ++ 24

Dylight 594 ++ 25

Fluorophore image quality FRC (nm)

Alexa Fluor 488 + -

CF 488 + -

Dylight 488 ++(*) 35(*)

Alexa Fluor 514 + -

Alexa Fluor 647 − -

CF 647 − -

Dylight 649 − -

CF 660C − -

CF 680 − -

Alexa Fluor 700 − -

CF 750 − -

Dylight 755 − -

Table 1. Image quality scale: (-) cannot reconstruct an image. (+) can reconstruct
an image at least as good as a widefield image (++) can reconstruct a good quality
STORM image [see Figure S2-8 for further quantification] (+++) Best performing dye
in Slowfade Diamond. (*) Image quality/FRC after background subtractions

only could we still image the sample after several months, but the image quality is fairly stable
as a function of time. Indeed, performing FRC calculations on the images of the old sample
yielded values of 23 nm and 22 nm, compared to 20.5 nm on the fresh sample. We did notice that
after 220 days it took longer to reach single molecule regime, and that fairly high laser powers
were necessary to obtain a good image, so we expect that ≈ 1 year might be a maximum for
sample preservation in the fridge. We checked that this was also true after 60 days for the other
532 nm-excited fluorophores rated (++) in Table 1.

4. Conclusion and Perspectives

We tested 24 different fluorophores in Slowfade Diamond and found that a surprisingly large
number of 532 nm excited dyes blinked very well, as well as to a lesser degree all the 488 nm
excited dyes we tried. Interestingly, samples mounted in Slowfade and kept in the fridges can be
imaged for several month which should be very useful for microscope calibration and comparisons,
as well as for teaching (The bright signal of the single red fluorophores can be readily observed
by eye on the eyepiece). The composition of Slowfade Diamond being proprietary information, it
is hard to draw conclusion about the photophysics involved [17, 18], but it is interesting to notice
the high correlation between dyes that work and the excitation wavelength used, and the fact that
the wavelength range that works well is very different to that of the usual buffer [19, 20] or of
Vectashield [21]. The index of refraction of Slowfade Diamond is 1.42, so TIRF and grazing
incidence imaging are both possible (though they require the use of high NA objective), as well
as the use of an active z-stabilization but the higher index compared to that of most water-based
buffer limits depth-induced aberrations, which is especially relevant for 3D imaging. As was the



Fig. 4. STORM images of hCMEC/D3 cells immunostained for alpha-tubulin with
Fluor 555 in Slowfade Diamond as a function of time after mounting the sample: Sample
imaged just after mounting (a1), 150 days after mounting (b1) and 220 days after
mounting (c1) Scalebars = 5`m. (a2,b2,c2) magnified view of the regions highlighted
in (a1,b1,bc1). Scalebars = 500 nm Number of detected molecules: (a) ≈ 1550k (b) ≈
3250k (c) ≈ 1450k.

case with Vectashield, one potential advantage of using a common mounting medium as Slowfade
Diamond would be to combine SIM [44,45] and STORM for multicolor imaging, for example
with 405-nm and 488-nm excited fluorophores used for SIM and one or two 532 nm excited
dye used for STORM. Slowfade Diamond has also been used for STED microscopy [46, 47]
(see Figure S9) but since it is a scanning technique, straightforward combinations seem difficult.
However, comparisons could be performed on the same sample between SIM, STED and STORM,
for example for metrology or to determine which method is better adapted to a particular sample.
Finally, since Vectashield works for far-red fluorophores, an intriguing possibility would be to
mix the two anti-fading agents to achieve multi-color imaging.
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