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ABSTRACT

In correlative light and electron microscopy (CLEM), the capabilities of fluorescence microscopy (FM) and electron microscopy (EM) are united. FM combines a large
field of view with high sensitivity for detecting fluorescence, which makes it an excellent tool for identifying regions of interest. EM has a much smaller field of view
but offers superb resolution that allows studying cellular ultrastructure. In CLEM, the potentials of both techniques are combined but a limiting factor is the large
difference in resolution between the two imaging modalities. Adding super resolution FM to CLEM reduces the resolution gap between FM and EM; it offers the
possibility of identifying multiple targets within the diffraction limit and can increase correlation accuracy.

CLEM is usually carried out in two separate setups, which requires transfer of the sample. This may result in distortion and damage of the specimen, which can
complicate finding back regions of interest. By integrating the two imaging modalities, such problems can be avoided.

Here, an integrated super resolution correlative microscopy approach is presented based on a wide-field super resolution FM integrated in a Transmission Electron
Microscope (TEM). Switching imaging modalities is accomplished by rotation of the TEM sample holder. First imaging experiments are presented on sections of
Lowicryl embedded Human Umbilical Vein Endothelial Cells labeled for Caveolin both with Protein A-Gold, and Alexa Fluor®647. TEM and FM images were overlaid
using fiducial markers visible in both imaging modalities with an overlay accuracy of 28 * 11 nm. This is close to the optical resolution of ~50 nm.

1. Introduction

In correlative light and electron microscopy, the capabilities of light
microscopy (LM) and electron microscopy (EM) are combined in studies
of the same sample [1]. Usually, light microscopy is carried out with a
fluorescence microscope. FM has the capability of detecting specific
targets with very high sensitivity and specificity in large fields of view.
Imaging the same targets later with EM allows analysis of cellular
content and ultrastructure with nm resolution. FM is often employed as
a guiding tool for identifying regions of interest (ROIs) in large fields of
view in a specimen where EM is utilized to study, e.g., the cellular
matrix.

An advantage of CLEM is that it can significantly speed up the
imaging of rare events in EM. In general, FM is a faster technique,
fluorescence staining/labeling possibilities are broad, and labelling ef-
ficiencies are usually high. In contrast, immuno-labeling efficiencies
can be comparatively low in EM, as the efficiency of primary antibody
labelling in EM depends on many factors including fixation, post-fixa-
tion, and the nature of the resin. CLEM provides a unique way to unify
the molecular and ultrastructure information provided by FM and EM
respectively.
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CLEM experiments are usually carried out using separate setups.
The main advantage of this approach is that the sample can be imaged
under optimized conditions for each modality. FM can be carried out
using a high numerical aperture (NA) immersion objective and wet
conditions. Wet conditions are favorable for fluorescent proteins and
commonly used organic dyes. The EM heavy metal staining in the
specimens can be optimized for the highest contrast. The disadvantage
of this approach is that both the EM sample preparation step and the
transfer of the specimen can result in distortion of the sample [2].
Moreover, when the specimen is imaged with FM using an immersion
objective, traces of the immersion liquid may contaminate the spe-
cimen. Also finding back the ROI may be challenging due to the dif-
ferences in dimensions, resolutions and contrast mechanisms in the FM
and EM images. A few methods have been developed to overcome these
challenges including the use of finder grids, microchips with SiN win-
dows and the matching of features visible in both imaging modalities
[3,4].

Integrating both imaging modalities in one setup (integrated CLEM,
iCLEM) facilitates straightforward finding back the ROIs in EM. In in-
tegrated approaches, the same sample stage is used for both FM and
EM. This results in a straightforward and fast "coarse" correlation
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between the FM and EM images. In the integrated CLEM system pre-
sented here, for instance, switching imaging modalities only requires
rotation of the TEM specimen holder. This can be carried out in seconds
and the initial correlation accuracy between FM and EM images is al-
ready within 1 pm. Avoiding specimen distortion and damage is
straightforward in integrated CLEM systems. In our experience the in-
tegrated approach is more robust and has a higher success rate than
non-integrated approaches. We note that the integrated approach is
particularly advantageous for cryo applications where contamination of
the specimen can be a serious threat [5]. Furthermore, integrated CLEM
systems are very promising for automated high-throughput CLEM stu-
dies.

A distinct disadvantage of integrated CLEM approaches is that the
sample needs to be compatible with both FM and EM. This can be
challenging for room temperature applications. One of the main issues
is that the heavy metals used in EM sample preparations quench
fluorescence. Furthermore, many fluorescent probes do not perform
well under dry/vacuum conditions [6,7]. A number of protocols have
been introduced both for TEM and SEM sample preparation that miti-
gate these problems [6-10]. Integrated CLEM has seen rapid develop-
ments over more than a decade and several commercial iCLEM systems
are currently available [11-14]. Previously, we developed an integrated
CLEM based on a laser scanning microscope module that is mounted on
a side port of a TEM column (the iLEM, [11]).

In CLEM approaches based on wide-field and confocal fluorescence
microscopy techniques, there is a large resolution gap between the EM
and FM imaging modalities. Diffraction effects limit the optical re-
solution to a few hundred nm. Developments in super resolution FM
(SR-FM) pushed the limit of optical microscopy to several tens of
nanometers [15]. SR-FM decreases the resolution gap between FM and
EM and several examples exist of CLEM based on SR-FM [16-19]. The
high fluorescence labeling efficiency and the sensitivity of FM in com-
bination with SR-CLEM offers the potential of mapping the fluorescence
of single fluorescently labeled molecules on top of EM images with an
accuracy of several tens of nanometers. In SR-CLEM minimizing dis-
tortion of the specimen between imaging steps is even more important
than in conventional CLEM. Integrating SR-FM and EM is a straight-
forward way to accomplish this.

Recently, it was shown that the overlay accuracy and resolution
power of SR-FM allows skipping EM labeling in an integrated SR-FM/
SEM system [20]. However, here the partial water vapor pressure had
to be increased to 2 mbar by injecting water vapor into the SEM to
make the fluorophore (Green Fluorescent Protein, GFP) blink and re-
cord SR images. This is comparatively easy to accomplish in a SEM but
not realistic in a TEM because of the required high vacuum pressure
~107® mbar. In our work, we demonstrate that SR-FM can be realized
inside a TEM using Alexa Fluor®647, a conventional fluorophore.

This manuscript describes the integration of a home-made SR-FM
microscope into a TEM column. Design considerations, including the
choice of SR technique, and the performance of the system are dis-
cussed. Finally, the integrated SR-CLEM setup was used for the imaging
of Lowicryl sections of Human Umbilical Vein Endothelial Cells
(HUVECs) labeled for Caveolin, with Protein A Gold, and Alexa
Fluor®647. In these experiments, a super resolution of ~50 nm was
realized and the overlay accuracy of SR-FM and TEM images was about
28 nm. We note that continuous structures like actin filaments and
microtubules are commonly used for testing the image fidelity in SR
microscopy. However, this is not an option here. TEM samples are ty-
pically very thin (~70 nm in our case) and continuous structures will
not be confined to a single thin section.
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2. Materials and methods
2.1. Super resolution module

2.1.1. Super resolution method

SR-FM can be carried out in a number of different ways. Several of
the existing SR methods are incompatible with integration in TEM.
Implementation based on Stimulated Emission Depletion [21] and Sa-
turated Structured Illumination Microscopy (SSIM, [22-24]) require
very high laser powers which can easily damage the thin sample
[15,25]. In addition, they require very accurate alignment of the optical
beams, which complicates practical implementations. Some of the lo-
calization based SR methods are promising candidates for integration in
TEM. Localization based SR microscopy relies on pinpointing the po-
sition of the fluorescence signal of single molecules, which can be done
with a precision of several tens of nanometers [26-31]. The switching
between a fluorescent and a non-fluorescent state helps to prove that a
molecule is spatially isolated. In the case of a single molecule signal,
switching between two signal levels is observed while events involving
multiple molecules yield more and higher signal levels. The speed of the
switching between the dark and fluorescent states depends on many
details including the SR technique employed, properties of the fluor-
escent dye, experimental condition etc. For the analyses of the images
(movies) software is used that rejects false events. Important elements
in the rejection filter are the size of the light spots and the brightness of
the spot. The spots should be approximately of the size of the diffraction
limit. The signal strengths of single molecules are about equal; too high
signals are due to the presence of multiple molecules in the spot and too
low signals may be caused by background fluctuations.

Localization based methods like Stochastic Optical Reconstruction
Microscopy (STORM, [26]), direct STORM (dSTORM, [27]) and Ground
State Depletion microscopy followed by Individual Molecule return
(GSDIM, [28]) highly depend on the surrounding environment or buffer
medium to keep the fluorophore in a long lived dark state [29] or to
switch fluorophores on and off. These conditions are not compatible
with the dry/vacuum conditions inside the TEM.

In Photo Activated Localization Microscopy (PALM, [30,31]),
fluorescent molecules are converted from a dark state to a fluorescent
state by illumination with a laser. PALM does not require special media
and shows only comparatively little dependency on the environment
[29]. In addition to PALM, localization microscopy of randomly
blinking dyes which don't depend on the presence of oxygen for
blinking [32,33] has prospects to work in integrated systems. Our de-
sign includes possibilities to employ both PALM and spontaneously
blinking fluorescent dyes. For, localization based SR microscopy the
precise mechanism of the on/off switching is not relevant. The vali-
dation experiments described here rely on the spontaneous on/off
switching of Alexa Fluor®647, a commonly used fluorophore.

2.1.2. Design considerations

The integrated SR microscope was designed and manufactured in
house. For integrating the SR microscope into the TEM column a similar
strategy as with the iLEM [11] was followed. The SR module was
mounted at one of the side ports of the TEM column. To switch between
SR imaging mode (Fig. 1a) and TEM mode (Fig. 1b), the sample holder
is rotated over 90°. The space inside the TEM column is very limited
and restricts the choice of the objective. In the iLEM a simple minia-
turized objective lens was used that could be positioned between the
poles of the TEM very close to the specimen. Such objectives, however,
are not very well optically corrected and show significant levels of
aberration. Here, we opted for using a commercial long working dis-
tance microscope objective. Such objectives are well corrected for dif-
ferent types of optical aberrations but are comparatively large. Due to
constraints imposed by the TEM poles, the maximum cone angle that
fits between the pole pieces is 35°, which corresponds to an NA of 0.57
(Fig. 1a green dashed cone).
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Fig. 1. Diagram showing microscope objective, sample and TEM poles. (a) Orientation of sample holder for SR measurement and (b) for TEM measurements.

In super resolution localization microscopy, the resolution is de-
termined by the accuracy with which the location of a fluorophore can
be estimated. Each fluorophore acts as a point source of light and its 2D
diffraction limited wide-field microscopic image has the shape of an
Airy pattern:
a(Nar) i
A(r) =L 2——"

Where I, is the peak intensity, J; is the first order Bessel function of the
first kind, A is the emission wavelength, and r is the radius from the
center of the peak. The shape of the diffraction limited spot is often
approximated by a Gaussian function to speed up the calculation of the
super resolution images [34]:

,,.2
G(r) = Lyexp| ——
N=1I P( 232) @
Here, s is the standard deviation of the fitted Gaussian. Combining eqs.
(1) and (2) results in an expression for s in terms of NA and A [34]:
A
=0.22—
s NA 3
The relation between the Full Width Half Maximum (FWHM) of the
fit and s is given by Eq. 4.

FWHM = 2/2In2 s ~ 2.355 s @

The Gaussian fits of each spot provide the center of the peaks with a
certain precisiono. This precision, the localization accuracy, can be
approximated [35] by:

o= J‘C(M)(l+4r+\/ x )
\‘ N 1+ 47 (5)

Here 7 = 27b*(s®> + a?/12)/Na®> where N is the number of detected
photons, a the pixel size in the object plane, and b the standard de-
viation of the background signal (including both background fluores-
cence emission and detector noise). The pixel size in the object plane (a)
should be approximately equal or slightly bigger than s.

In standard SR applications high NA oil (1.4-1.49) or water (1.33)
immersion objectives are used. These objectives offer high spatial re-
solution and high collection efficiency. In our case, a commercial mi-
croscope objective with NA 0.55 is used. To evaluate the effect of the
comparatively low NA on performance we compared the localization
accuracy of this objective with objectives commonly used in SR ima-
ging. Localization accuracies (0) were calculated using MATLAB for a
wavelength of 650 nm using Eq. 5 and a ~ 1.19 s. The localization
accuracy was calculated for different numbers of detected photons N
and background standard deviation b for an event, and is depicted in
the contour plots Fig. 2a (NA = 1.4, oil, s = 97 nm), Fig. 2b (NA = 1.2,
water, s = 125 nm) and Fig. 2c (NA = 0.55, air, s = 247 nm). Using the
high NA oil objective, a resolution better than 25 nm can be obtained
for background standard deviation levels of ~20 photons and a few

hundred detected photons. To realize a similar accuracy with the low
NA air objective (Fig. 2c) the background standard deviations needs to
be decreased and/or the number of detected photons increased.

Out-of-focus fluorescence can significantly contribute to the back-
ground standard deviation. Interestingly, in the case of ultra-thin spe-
cimens like TEM sections (~70 nm) the volume that contributes to the
background is very low. The number of detected photons depends on
the number of photons emitted by the fluorophore, the collection effi-
ciency of the objective and the efficiency of the rest of the microscope
detection path and the detector.

The NA of the objective is an important factor in the collection ef-
ficiency of the objective. This efficiency does not depend on the index of
refraction (n); if we consider isotropically emitted fluorescence, it only
depends on the angular aperture of the microscope objective (6 in
Eq. 6).

NA = n Sin(6) (6)
The collection efficiency of the objective is given by:
1
Eff., = 5(1 — cos(6)) )

Using Eq. 7, the collection efficiencies are found to be 8% for the
0.55NA air objective, 31% for the 1.4NA oil immersion objective and
28% for the 1.2NA water immersion objective. The detection efficiency
of the 0.55NA objective is about 4 times worse than of the 1.4NA ob-
jective. Fig. 2c shows that this is enough for SR imaging, in particular
when bright fluorophores are used, and background is minimized.

2.1.3. Implementation of the SR module

The SR module was equipped with a long working distance com-
mercial microscope objective with a working distance of 8.7 mm and an
NA of 0.55 (Nikon bright field 50X, CF IC EPI Plan ELWD). The NA of
the objective was close to the maximum NA allowed by the pole shoes
of the TEM, but the physical dimensions of the objective body were
slightly too large. Therefore, part of the tip of the objective was milled
away to get close enough to the specimen (Fig. 3). In addition, to
prevent charging of the objective front lens, a conductive Indium Tin
Oxide (ITO) layer was deposited on the surface of the front lens by
Physical Vapor Deposition (VDL Enabling Technologies Group, Eind-
hoven, the Netherlands). From the wavelength dependency of the
transmission of the objective, a thickness of the deposited ITO coating
of around 200 nm was estimated [36,37].

A 50 pm insulating Kapton film was placed between the objective
and the TEM poles to avoid electrical contact. Tests revealed that the
optical performance of the objective was not affected by the TEM va-
cuum or removal of part of the objective housing. Importantly, no in-
crease of the vacuum pressure was observed.

The optical layout of the fluorescence microscope module is shown
in Fig. 4a. The microscope was equipped with three lasers mounted in a
LightHUB® Compact Laser Combiner (Omicron-Laserage Laserprodukte
GmbH). The setup was equipped with a 405 nm diode laser with
120 mW maximum output power (LuxX® 405-120) for photoactivation
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Fig. 2. Contour plots showing the localization accuracy of different objectives for different numbers of detected photons and different background standard de-
viations. (a) 1.4NA oil immersion objective, (b) 1.2NA water objective, (c) 0.55NA air objective.

(not used in this work). In addition, a 633 nm diode laser with 100 mW
maximum power (LuxX+® 633-100) and a 532 nm solid-state laser
(Cobolt Samba™) with 100 mW maximum power were available to
excite fluorophores. The output power and modulation of the latter
solid-state laser was controlled via an acousto-optic modulator, while
the outputs of the other two lasers were controlled electrically. The
outputs of all three lasers were coupled into the same single mode,
polarization-maintaining fiber that guides the laser light to the micro-
scope module. The light coming out of the fiber first passed through a
collimator lens to create a parallel beam of light and next through a A./4
waveplate to produce circularly polarized light.

After passing through a removable beam expander (L1 and L2 in
Fig. 4a), the laser light was focused by a lens (L3) at the back aperture

of the 0.55NA air objective. In between L3 and the objective a dual-
band dichroic mirror (Semrock, 545/650 nm BrightLine® dual-edge
dichroic beam splitter) was positioned that reflected the laser light and
transmitted the fluorescence emission.

Fluorescence from the specimen was collected by the objective, send
through the dichroic mirror and filtered by either a long pass emission
filter (Semrock, BrightLine BLPO1-635R) or a multiband emission filter
(Chroma, ZET532/640m) sitting in a motorized filter wheel with 4
positions. Finally, the fluorescence was recorded using a low noise, high
quantum efficiency sCMOS camera (PCO AG, pco.edge 4.2). It had
pixels of size 6.5 um x 6.5 um and one analog-to-digital conversion unit
corresponds to 0.46 electrons. In addition, it was comparatively small
and light (~700 g). The magnification of the objective lens was

Fig. 3. Photographs showing the objective. Part of the objective is milled away to make it fit close enough to the specimen. The right photograph shows the objective

mounted on a TEM octagon.
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#er hox

Fig. 4. The SR module. (a) Diagram of the optical design of the module. (b) CAD drawing of the module including the optical paths. (c) Photograph of the mounted

module.

specified to be 50x. However, here a tube lens (TL in Fig. 4a) with a
focal length of 100 mm was used, which resulted in a total magnifi-
cation of 24.8x. Therefore, one pixel of the camera corresponded to
262 nm in the object plane. X-rays produced during TEM measurements
are potentially damaging to the camera and harmful to the users.
Therefore, one position of the filter wheel was equipped with a lead slab
to stop X-rays. Another position was empty to allow recording of re-
flection images from the specimen. The remaining positions contained
emission filters for fluorescence imaging.

The microscope could operate at two different fields of view. A large
field of view (FOV) of ~400 x 400 um? for searching and identifying
regions of interest and a smaller field of view of ~40 X 40 um? for SR
imaging. The latter required high excitation powers (kWs/cm?) which
was realized by (motorized) removal of the 10x beam expander from
the excitation beam path. This concentrated the available power on a
smaller region.

To control and synchronize different laser illumination patterns and

camera exposure times, a National Instrument card (NI PCle-6259,
National Instruments Corp.) was used. The whole system was controlled
using homemade software written in LabView (LabView, National
Instruments Corp.).

Fig. 4b shows a CAD drawing of the design including the optical
paths and Fig. 4c shows a photograph of the module installed on a side
port of the TEM. The reproducibility of the sample holder position when
switching between SR-FM and TEM mode amounts to ~1 um. This is
sufficient for a first coarse correlation between SR-FM and EM images
without the use of, for instance, finder grids.

2.2. Sample

2.2.1. Biological sample preparation considerations

In the case of correlative microscopy based on separate fluorescence
and electron microscopes, the sample is first imaged using FM and after
preparation for EM the sample is transferred to the EM. To obtain good
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EM contrast, samples are usually stained with heavy metals which
mostly quench the fluorescence [9,38]. In integrated microscopes, the
sample is imaged inside the same system without removing the sample
for additional treatment. Therefore, a single sample preparation pro-
cedure is required that is compatible with both FM and TEM. Im-
portantly, the sample preparation should not quench the fluorescence
and the fluorescent dyes should perform well under the dry, vacuum
conditions. Karreman et al. introduced a preparation method for both
Lowicryl [6] and Tokuyasu cryo-sections [8] that can be used for in-
tegrated systems. The SR-iCLEM experiments in this work were carried
out on Lowicryl embedded sections without any post-staining with
heavy metals.

The high vacuum conditions inside the TEM restricts the number of
usable fluorescent dyes. Only dyes that perform well under dry, oxygen
free conditions can be used. It has been shown by Karreman et al. [6,8]
that Cy2 and TRITC perform reasonably well under these conditions.
However, in addition to vacuum compatibility, localization based SR
microscopy requires the use of dyes that show intermittent emission.

It was demonstrated that GFP-C1 and YFP-A3 exhibit blinking in the
presence of water vapor (pressure ~200 Pa) in an integrated system,
but are completely dark under the normal SEM vacuum conditions
[7,20]. This renders these fluorescent proteins unusable for application
in the high vacuum of a TEM. Another complication that further re-
stricts the number of usable fluorophores is that dyes like Alexa
Fluor®488, Atto 488, Alexa Fluor®555 and Alexa Fluor®568 require the
presence of oxygen for blinking [32,33].

In the example presented here, Alexa Fluor®647 is used. This is a
photoactivatable cyanine-based dye that combines a short duty-cycle
with a large number of photons emitted per switching cycle (photon
budget). Here, duty-cycle is the fraction of the time a fluorophore
spends in the “on” state; this is inversely proportional to the number of
localizable fluorophores in a diffraction-limited region. The photon
budget limits the resolution in localization based SR microscopy. Alexa
Fluor®647 has been shown to blink in the absence of oxygen [32,33].
Moreover, Alexa Fluor®647 is an excellent red-absorbing dye; red ex-
citation light in general results in low background fluorescence.

2.2.2. TEM grid preparation

Different types of supporting films on top of TEM grids were tested
to identify films with the lowest amount of background fluorescence
that can tolerate the laser intensities used here. Polystyrene film was
found to perform best (data not shown). TEM grids (200 mesh hex-
agonal copper grids, Stork-Veco b.v.) were coated with Polystyrene
according to the method described by M. A. Hayat [39]. To make the
grids sticky for the Polystyrene film, the grids were pre-treated with a
0.15% Butvar solution in Chloroform. The Butvar treated grids were
gently pressed with the sticky side onto the Polystyrene film until
visible lines in the Polystyrene film appeared.

2.2.3. Sample preparation for integrated SR and TEM

Preparation, fixation, freeze substitution, and Lowicryl HM20 em-
bedding of HUVECs were previously described elsewhere [40]. Ultra-
thin sections (70 nm) of the embedded HUVECs were collected on
Polystyrene coated TEM grids. Sections were then blocked by 1 % Bo-
vine Serum Albumin (BSA) in PHEM, and labeled for Caveolin (Rabbit
anti-Caveolin, diluted 1:300, BD Biosciences), with Protein A Gold
(PAG, Cell Microscopy Center, UMC Utrecht, the Netherlands), and
Alexa Fluor®647 (Chicken anti-Rabbit, diluted 1:250, Invitrogen). Next,
grids with sections were washed five times in PHEM buffer and five
times in water and placed in an open grid box in the dark to dry. Dried
grids were sandwiched between two coverslips and the space between
section and cover glass filled with 20% Glycerol. To verify the labeling
step, the grids were imaged using a Deltavision RT wide-field micro-
scope equipped with an Olympus 100X-1.40 NA-UPLSApo/O oil ob-
jective. After imaging, the samples were rinsed with water and dried in
air.

Ultramicroscopy 215 (2020) 113007

We note that although the Protein A Gold and Alexa Fluor®647 la-
belling both target Caveolin, they will in general not reside on the exact
same Caveolin molecule. However, they will reside on the same
Caveolae if they are within the right distance (~50 nm, the typical size
of Caveola).

Before transfer of a grid to the integrated microscope fiducial
markers, 0.1 um diameter TetraSpeck™ microspheres were put on top of
it. To do so, the stock solution of TetraSpeck™ was diluted 1:50 in Milli-
Q water. Next, the grid was incubated for 10 min on a 25 pl droplet of
the solution with the fiducial markers on parafilm. Here, the side of the
grid containing the section was facing the droplet. After washing the
grid 3 times for 10 s in 100 mL beakers filled with Milli-Q water, ex-
cessive water was removed with filter paper. Finally, the grids were
held in cross-over forceps to dry.

2.2.4. Preparation of stage calibration sample

The sample used for calibrating the sample stage was prepared by
putting 0.1 um diameter TetraSpeck™ microspheres on grids containing
Lowicryl sections. The procedure was similar to the biological sample
preparation the only difference being that the sections were not labeled
with fluorescent dye or gold.

2.2.5. TEM reference sample

A “Plane spacing 0.9 nm and 0.45 nm, Crocidolite crystal, 3.05 mm
grid” was purchased from Agar Scientific (AGS122) and used without
further treatment for examining the resolution of the TEM after in-
tegration of the optical module.

2.3. Imaging

2.3.1. Super Resolution imaging

In the SR imaging experiments an area of 40 X 40 um? was imaged
with each camera pixel corresponding to 262 nm in the specimen. The
specimen was excited at 633 nm with a continuous excitation power of
1.8 kW/cm?. This caused spontaneous blinking of the Alexa Fluor®647
with sufficient signal for localization based SR imaging. The emission of
the TetraSpeck fiducial markers is considerably dimmer than the Alexa
Fluor®647. Therefore, the 532 nm diode laser was used to continuously
excite the sample (350 W/cm?) and increase the brightness of the fi-
ducials. The camera acquired fluorescence images in free running mode
with an exposure time of 100 ms and no delay between acquisitions.
The total acquisition time for one SR image based on 10176 frames was
about 17 min. Frames 1-10046 were recorded with both lasers switched
on and contained the signals from both Alexa Fluor®647 and the
TetraSpeck fiducials. This series was used to calculate the SR-image and
for a drift correction based on the positions of the TetraSpeck fiducials.
The remaining frames (frames 10047-10176) were recorded with only
the 532 nm laser switched on. These frames only contained emission of
the TetraSpeck microspheres and were utilized for accurate overlaying
of the SR-FM and TEM images.

2.3.2. TEM

A modified Tecnai 12 (FEI Company) equipped with a TWIN lens
was used for TEM. The sample stage of the TEM was modified to allow
tilt angles from +90 to —70° For TEM of biological samples the ac-
celeration voltage was set to 80 kV whereas for imaging of TEM re-
ference samples the acceleration voltage was 120 kV. Images were ac-
quired at room temperature using a TEMCam-F214 CCD camera
(2048 x 2048 pixels; TVIPS, Gauting, Germany) with an integration
time of 1 s.

2.4. Image analysis
2.4.1. SR image analysis

To analyze the SR images, the ThunderSTORM plugin for ImageJ
was used [41]. The results were drift corrected using fiducial markers
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Fig. 5. Steps in correlating SR-FM with high magnification TEM images.

and only events with a fitted FWHM between 470 nm and 825 nm were
used to construct the super resolution image. The lower limit of 470 nm
is well below the diffraction limited FWHM of 630 nm and serves to
reject noise. The higher limit supports the rejection of clusters of
multiple fluorophores. The SR images overlaid with the High magnifi-
cation TEM images were further thresholded by removing events with
an uncertainty above 40 nm.

2.4.2. Region of interest retrieval

The use of the same sample stage for FM and TEM in our integrated
CLEM system offers a simple and fast coarse correlation between FM
and TEM images. Switching imaging modes only involves rotating the
TEM sample holder. This sample holder determines the accuracy of the
coarse correlation. By recording the reproducibility of the positions of
the same fiducial markers in both imaging modalities, this accuracy was
found to be about 1 pm. Consequently, ROIs identified by FM can be
easily found back in TEM.

2.4.3. Overlaying images

The procedure to correlate (SR) FM and high magnification TEM
images is depicted in Fig. 5 and was carried out using MATLAB. There
are three steps involved; first, the images are corrected for stage drift.
Next, the transformation matrix (Tgy) is calculated between the posi-
tions of a set of fiducial markers in FM and low magnification TEM
images. Finally, the transformation matrix (Tyy) between low magni-
fication and high magnification TEM images is determined using cross-
correlation. Sample shrinkage occurring after the recording of the low
magnification TEM image is corrected for in this cross-correlation step.
Multiplying these two matrices produces the total transformation ma-
trix (Tyo) between the FM and high magnification TEM images. The
detailed procedure for determining Tg;, and Tyy is described elsewhere
[42].

To map the (regular) FM images onto the high magnification TEM
images the sum of a number of FM frames was calculated and trans-
formed using the transformation matrix (Ty.). The same transformation
matrix was applied to the coordinates of the SR events found by the
ThunderSTORM software. The transformed SR coordinates were re-
presented by 3 X 3 pixel squares in the overlaid images. The color-
coded intensity is proportional to the event's localization uncertainty. A
color bar was added to indicate the localization uncertainty of the

events. Bright colors depict events with low localization uncertainty
and dark colors relate to high uncertainties.

3. Results
3.1. TEM performance

To test the performance of the TEM after incorporation of the op-
tical module in the TEM column an asbestos crystal sample was imaged
(Fig. S2 in supporting information (SI)). The crystal has two spacings,
0.90 nm along the crocidolite fiber (020) and 0.45 nm at a 60° angle
with respect to the other axis (021). Imaging this sample at 120 kV and
a magnification of 350 K clearly revealed the sub-nanometer features of
the test sample. The resolution of the TEM was not significantly affected
by the optical module.

3.2. SR-CLEM

The integrated SR-CLEM setup was validated by the imaging of
Lowicryl sections with HUVECs labeled for Caveolin with both Protein
A Gold, and Alexa Fluor®647.

The Alexa Fluor®647 dye exhibits spontaneous blinking during ex-
citation at 633 nm (see Movie S1 in SI). For correlating the SR-FM and
TEM images, TetraSpeck microspheres were used as fiducial markers.
Fig. 6a shows the sum of the first 100 frames of the FM time series in
red (excitation at 633 nm), overlaid with an image of the TetraSpeck
fiducial markers in green (excitation at 532 nm). The fiducials were also
visible during the recording of the FM time series, but their intensities
were dim compared to the bright Alexa Fluor®647 intensities due to the
use of the 633 nm excitation wavelength. Yellow spots in the figure
correspond to positions with both a fiducial marker and Alexa
Fluor®647. The white arrows in Fig. 6a point at fiducial markers that
are visible in both the SR-FM and the low magnification TEM image.
The fiducial markers were used to correct the time series of FM images
for stage drift. In Fig. 6b, a SR image is shown that was calculated from
the full time series. The color of the spots in the SR image corresponds
to the localization uncertainty for the events (in nm).

After the recording of the SR-FM image, the corresponding region
was imaged in the TEM. A low magnification TEM image was recorded
of the 24 x 24 um? region indicated by the white square in Fig. 6a and
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Fig. 6. SR-iCLEM of Caveolin. (a) Sum of the first 100 frames of the FM time series overlaid with an image of TetraSpeck fiducial markers. (b) Reconstructed SR
image of the events in the FM time series. Color bar shows the uncertainty of the localization in nm. (c) Overlay of the fiducial image, Alexa Fluor®647 image and low
magnification TEM image of the region indicated by the white square in (a) and (b). The blue arrows show the same fiducials indicated by the white arrows in (a). (d)
High magnification TEM image from the area shown in yellow square in (c).. (e) Overlay of SR image with high magnification TEM image of the region indicated by
the yellow square in (c). (f) Zoomed in image of the blue and green squares in (e) together with the same overlay done for normal fluorescence on the right. Scalebars:
10 um for a and b, 5 um for ¢, 500 nm for d and e and 100 nm for f.(For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

b. In this region, more than 25 TetraSpeck™ fiducial markers were
visible in the TEM image (Fig. 6¢, yellow spots with black dots). The
white and blue arrowheads inside the white box of Fig. 6a and 6c re-
spectively, correspond with the same fiducial markers. These fiducial
markers were used to calculate the transformation matrix (Tg) from the
SR-FM to the low magnification TEM image. Fig. 6¢ also shows the
overlay of the low magnification TEM image with the regular FM
images in Fig. 6a using Tg;. We note that overlaying SR-FM with low
magnification TEM images (Fig. S3 in SI) offers the possibility to
identify regions with high localization accuracy that can be subse-
quently studied with high magnification TEM. Fig. 6d shows the high
magnification TEM image of the area indicated by the yellow square in
Fig. 6c.

By cross correlating the low and high magnification TEM images,
Tpy was calculated. The total transformation matrix (T = Tpr, X Try)
was then applied on the drift corrected fluorescence image as well as
the drift corrected SR image and overlaid with the high magnification
TEM image (Fig. 6e). Here, only fluorescence events with localization
uncertainty of 40 nm or better are shown. Fig. 6f shows two enlarged
sections of the areas indicated by the blue and green squares in Fig. 6e.
These typical examples reveal that the SR signal and the gold markers
overlap within about 50 nm. This suggests that the gold label and the
fluorescence originate from the same Caveola. The caveola themselves,
however, are not always clearly visible. For comparison purposes, the
same areas overlaid with normal fluorescence are also provided on the
right.

3.3. Analysis of events

The overlay in Fig. 6f shows clear correlation between the presence
of gold label and Alexa Fluor®647. In areas with both gold label and a
signal in the Alexa Fluor®647 detection channel, we assumed that there
is no signal from false positives. Such areas were used to analyze the
statistics of the single molecule events. The singly dye events, 22500 in
total, were analyzed by plotting histograms of the number of detected
photons per event (N), the background standard deviation (b) and the
localization uncertainty (o) (Fig. 7). The intensity peaks around 265
photons (Fig. 7a) and the background standard deviation median is
about 10 photons (Fig. 7b). Importantly, the localization uncertainty is
found to peak at about 54 nm with a FWHM of 36 nm (Fig. 7c). This
result is in accordance with the Fig. 2c which predicts a resolution of
about 54 nm for 265 detected photons and a background standard
deviation of 10 photons.

3.4. Overlay accuracy

In correlative microscopy, both the optical resolution and the
overlay accuracy of the optical and EM images are of importance. The
optical resolution is here determined by the localization uncertainty of
the fluorophores and is given by Eq. 5. The overlay accuracy is, how-
ever, more difficult to predict. To assess the overlay accuracy of the SR-
FM and high magnification TEM images, the errors in the positions of
the fiducial markers in the same field in both modalities were calcu-
lated after the correlation procedure was carried out. By directly
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Fig. 7. Histograms of important localization parameters. (a) Number of photons per blinking event. (b) Background standard deviation of events in photons. (c)

Localization uncertainty in nm.

comparing the centers of the positions of the fiducial markers in FM and
TEM images a mean correlation accuracy of about 28 + 11 nm was
found (N = 27). This accuracy is well below the localization un-
certainty.

4. Discussion and conclusion

In this work, a localization based super resolution fluorescence
microscope is integrated inside a TEM column. The limited space be-
tween TEM poles and the vacuum environment in the column excludes
using high NA (immersion) objectives. To realize acceptable localiza-
tion uncertainty using a low NA objective requires use of bright fluor-
ophores. In addition, the fluorophore should fluoresce and exhibit on/
off switching under vacuum conditions. Here, Alexa Fluor®647 was
used in combination with a Polystyrene supporting film. This resulted
in a low background standard deviation levels of ~10 photons, rea-
sonably high detected signal levels of ~265 photons and a localization
uncertainty of 54 * 18 nm. We note that not all specimens showed
sufficient blinking for SR imaging. The reason for this is not clear, more
research is required to identify the factors that affect the spontaneous
blinking of Alexa Fluor®647 in vacuum and optimize its behavior.

Besides the localization uncertainty of the SR microscope, several
other factors are of importance. Stage drift needs to be corrected for and
the overlay of the fluorescence and high magnification TEM images
need to be accurate. Both drift correction and accurate overlaying can
be realized using fiducial markers. Here, TetraSpeck microspheres were
used as fiducial markers. At the excitation wavelength of Alexa
Fluor®647 their brightness was much lower than Alexa Fluor®647
during the recording of the FM time series.

After the recording of the FM time series, a series of images with
only the signal from the TetraSpeck microspheres were recorded for
accurate overlaying the reconstructed SR-FM image and the low mag-
nification TEM image. They were also used for calculating the overlay
accuracy of SR-FM and high magnification TEM images (28 nm).
Together with the localization uncertainty of 54 nm, the total accuracy
of mapping the center of an event in the localization series on top of the
high magnification TEM image is about 61 nm (v/54? + 28% = 61). High
overlay accuracies are more often realized in CLEM [43-45]. This en-
ables accurate mapping of the fluorescence signal onto the high mag-
nification TEM image. The TetraSpeck™ microspheres used in this work
were significantly dimmer than the Alexa Fluor®647 in FM time series,
making it difficult to distinguish them from labels. In addition, they
were not always easy to find back in the low magnification TEM images.
Previously, fiducial markers based on fluorescently labeled silica coated
gold nanoparticles [46] were developed in our group. Their main ad-
vantages are the high brightness in FM and the excellent visibility of the
15 nm gold core in low magnification TEM. The presence of the gold
core allows determination of the center of the fiducial markers with an
accuracy of better than 15 nm. These particles have not been used here.

In combination with the high accuracy overlay method used here,

regions for high magnification TEM can be easily selected. The overlay
procedure relies on visibility of the same fiducial markers in FM and
low magnification TEM and offers prospects of automatic overlaying of
SR-FM and low magnification TEM images. Based on this overlay, re-
gions can be selected for further examination with high magnification
TEM. Since identification of the ROI is done using low magnification
TEM, the specimen is exposed to only a low electron dose. This reduces
distortion and damage of the specimen by the electron beam and is
advantageous in many applications including (cryo-)tomography.

Localization based SR microscopy is usually slow since the single
molecule events are temporally separated, and each frame needs to
have only a sparse subset of blinking fluorophores. Short SR-FM mea-
surement times are advantageous. Stage drift increases with time and
the number of events with high localization accuracy decreases in time
(Fig. S4 in SI). Here, SR-FM measurement times were 8-10 min. This
can be reduced by increasing laser power and reducing the camera
exposure time.

Integration of a (SR-)FM into a TEM can speed up the correlative
measurement procedure and helps to avoid possible damage and de-
terioration of the specimen due to transfer of the specimen between two
machines. However, the sample preparation for the integrated ap-
proach can be cumbersome. The heavy metals used for producing
(membrane) contrast in the TEM quench the fluorescence signal.
Therefore, the sample preparation procedure needs to balance ultra-
structure visibility and preservation of fluorescence. We also note that
not all fluorophores emit light under dry vacuum condition and even
fewer are suitable for SR-FM.

The use of the same sample stage for FM and TEM in our integrated
CLEM system offers a simple and fast way of finding back regions of
interest. After identifying a ROI in fluorescence mode, finding it back in
TEM only involves rotating and translating the TEM sample holder
followed by recoding a TEM image. The relation between the co-
ordinates in the fluorescence and TEM images is linear which makes it
straightforward to find back the ROI; the accuracy of this step is already
within 1 pm and the time required to switch imaging modes is only a
few seconds. The reliability and ease of finding back ROI's in this ap-
proach has been extensively demonstrated in previous work
[5,9,11,47,48].

In the case of wide-field and confocal FM, the optical resolution is
far worse than the overlay accuracy and therefore the information
content of the overlay is limited by the resolution of the FM.
Fluorescent spots with the size of the diffraction limit, hundreds of nm's,
may contain multiple labeled structures that cannot be distinguished.
This can introduce ambiguities that complicate the correlation process
and hides valuable information. The addition of SR to CLEM mitigates
this problem and enables high correlation accuracy (here ~28 nm) in
combination with high optical resolution (here ~50 nm), such that
even closely separated structures can be mapped onto the TEM image.
Importantly, localization based SR techniques rely on the capability of
FM to detect the signal of single fluorescent molecules. In combination
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with CLEM this opens up the possibility to map the signal of, for in-
stance, a single protein labeled with a single dye molecule onto the TEM
image. This offers the prospect of imaging the local ultrastructure in the
vicinity of a fluorescently labeled protein without the use of gold labels,
albeit with a correlation accuracy of several tens of nm. Here, the
viability of this approach was demonstrated using fluorescently and
gold labeled Caveola. Distortions of the specimen are a serious threat
and need to be avoided as much as possible. Here, integrated CLEM has
clear advantages since no transfer between different instruments is re-
quired.

Live cell SR-FM is still in its infancy due to limitations of the dif-
ferent SR-FM techniques [49-53]. Complications include phototoxicity
due to high laser intensities in the case of, e.g., STED [54,55] and ac-
quisition speed in the case of localization based techniques [15]. Once
these issues have been solved a live cell integrated correlative imaging
workflow may be feasible when microfluidic systems are used [56].

The experiments reported in this work were carried out on Lowicryl
sections. The Lowicryl sections were labeled with primary antibody and
PAG and next the section was labeled with the fluorescent dye. In this
way, the fluorescent dyes on top of the section are comparatively far
away from the heavy metals in the section and quenching of the
fluorescence is prevented. Integrated CLEM approaches will benefit
from new developments in, for instance, (fixation-resistant) fluorescent
proteins [57] as well as novel preparation methods .

Here, no extensive research on the best fluorescent dye for SR
imaging under vacuum conditions was performed. Alexa Fluor®647 was
found to spontaneous blink under dry vacuum conditions, which made
it easy to use in localization-based SR microscopy. No optimization of
the labeling conditions was attempted; doing so could result in brighter
signals and improved blinking behavior. Caged dyes may be promising
for use in integrated CLEM systems since they usually do not require the
use of special buffers. This type of dye offers the prospect of controlling
the number of simultaneously active fluorophores in a region.

The integrated SR CLEM system presented here can only operate at
room temperature. Integrated SR CLEM will be even more valuable for
imaging under cryo conditions; when separate setups are used, con-
tamination can be easily picked up during the transfer between the
setups [5]. Moreover, this would also avoid the use of heavy metals that
quench fluorescence.

Although the TEM destroys fluorescence from commonly used
fluorophores, there are prospects of carrying out experiments involving
time correlation in the integrated setup. The switching between fluor-
escence and TEM mode in the integrated setup only takes seconds.
When an in-situ TEM holder is used, a process can be followed in time
in fluorescence mode and after switching to TEM mode studied in high
resolution. Possible application would be, e.g., studies on mineraliza-
tion of collagen [58] and photon/e-beam induced lithography using
liquid precursors in in-situ TEM holders [59]. The SR CLEM setup de-
scribed in this work is also interesting for other studies in material
sciences. Previously we demonstrated its use in a study on the activity
of catalysts [60].
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