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Abstract
Recent advances in microscopy techniques enabled nanoscale discoveries in biology. In particular, electron microscopy 
reveals important cellular structures with nanometer resolution, yet it is hard, and sometimes impossible to resolve 
specific protein localizations. Super-resolution fluorescence microscopy techniques developed over the recent years 
allow for protein-specific localization with ~ 20 nm precision are overcoming this limitation, yet it remains challenging 
to place those in cells without a reference frame. Correlative light and electron microscopy (CLEM) approaches have 
been developed to place the fluorescence image in the context of a cellular structure. However, combining imaging 
methods such as super resolution microscopy and transmission electron microscopy necessitates a correlation using 
fiducial markers to locate the fluorescence on the structures visible in electron microscopy, with a measurable precision. 
Here, we investigated different fiducial markers for super-resolution CLEM (sCLEM) by evaluating their shape, intensity, 
stability and compatibility with photoactivatable fluorescent proteins as well as the electron density. We further carefully 
determined limitations of correlation accuracy. We found that spectrally-shifted FluoSpheres are well suited as fiducial 
markers for correlating single-molecule localization microscopy with transmission electron microscopy.

1 Introduction

Fluorescence microscopy has facilitated numerous discoveries in cell biology over the past decades. While being incred-
ibly powerful, in particular with fluorescent protein fusions, the resolution remained diffraction-limited at ~ 250 nm, 
which is much larger than most molecular arrangements within the cells. On the other hand, electron microscopy (EM) 
has historically showcased (sub)nanometer resolution limits, however with the drawback that the samples must be 
dehydrated and that the electron density contrast is mostly non-specific to proteins. Already early-on, the non-specificity 
was addressed with immunogold electron microscopy, which depends on a good antibody accessibility. To overcome 
this limitation, the introduction of correlative fluorescence light and electron microscopy imaging (CLEM) merged the 
advantages of both distinct methods [1, 2]. Yet, typical resolutions of fluorescence microscopes imposed a vast mismatch 
with nanometer-resolved electron microscopy data. The advent of superresolution fluorescence microscopy has been 
making revolutionary strides in biological imaging [3]. Single molecule localization (SMLM) super-resolution methods 
such as PALM [4] and (d)STORM [5, 6] achieve localization accuracies on the order of 10–20 nm. Thus, correlating super-
resolution fluorescence and electron microscopy (sCLEM) data allows for a more accurate positioning of each molecule 
to its structural location within in the cellular context.
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Correlation of images from two methods is typically based on landmarks, e.g. recognizable cellular structures from 
the specimen itself or specialized materials introduced as fiducial markers [7, 8]. However, cellular landmarks mandate 
previously known or discernible protein patterns reminiscent of the physical structure visualized in EM. In the case 
of unknown cellular localization, the use of additional fiducial markers is a prerequisite. An ideal fiducial marker is an 
object, which is visible in both imaging methods to register the two images preferably with an ascertainable precision 
and accuracy, and thus has to fulfill certain criteria (Table 1). For fluorescence imaging, the emission wavelength of the 
fiducial marker should be comparable with the fluorophore of interest to avoid chromatic aberration corrections during 
post-processing. The fluorescence intensity of the fiducial marker should not be too bright to avoid detector saturation 
or too dim to avoid a low localization accuracy. For transmission electron microscopy, the fiducial marker should present 
a high electron density to be detectable in TEM [9, 10]. Various fiducial markers have been employed in the past years, 
including polymer fluorescent beads [7, 11], gold nanoparticles [12, 13] or quantum dots [9, 14, 15]. Polymer fluorescent 
beads show a good electron contrast. However, if their emission spectrum directly overlaps with the spectrum of the 
fluorophore of interest, they are typically too bright at the high detector gain settings required for single-molecule locali-
zation microscopy. Washing with Tween-20 or pre-bleaching, however, led to optical non-uniformity which reduces the 
localization accuracy [7, 16]. Balinovic et al. recently suggested the use of spectrally shifted polymer fluorescent beads, 
to overcome the intensity differences for single-molecule localization microscopy [16]. Other correlative studies used 
gold nanoparticles or quantum dots as fiducial markers [13]. However, an assessment of different fiducial markers for 
correlative SMLM and TEM imaging is currently lacking. In this study, we compare fluorescent gold nanoparticles (AuNP), 
quantum dot beads (QB) and FluoSpheres (FS) for their characteristics suitable in both imaging methods (Table 1). We 
evaluated their shape, intensity, stability, and compatibility with a typical photoactivatable fluorescent protein as well 
as their electron density. We further discuss correlation accuracy and provide an algorithm to prevent under-estimating 
the correlation accuracy. We finally demonstrate the correlation accuracy with a biosilica-associated protein fused to 
Dendra2 and located in the valve of the diatom Thalassiosira pseudonana.

2  Results and discussions

Many photoconvertible fluorescent proteins emit in the range of 570–640 nm [17]. Therefore, we determined the emission 
spectra of fiducial markers and used those that partially overlap with the emission the photoconvertible protein Dendra2 
(Fig. 1a). Subsequently, we immobilized gold nanoparticles (AuNP), Quantum Dot Beads (QB) and FluoroSpheres (FS) on 
a carbon-coated TEM grid, which will be later used for subsequent TEM imaging. The carbon-coated TEM grid was placed 
on a glass coverslip for fluorescence microscopy and imaged in near-TIRF conditions, following a highly-inclined illumina-
tion scheme [18] (Fig. 1b). All three fiducial markers showed a nearly diffraction-limited image, though with very differ-
ent fluorescence intensities. Surprisingly, the AuNPs showed despite the largest emission spectrum overlap (Fig. 1a) the 
lowest signal intensity of ~ 150–200 photon counts per frame, while both, the QBs and the FSs showed bright intensities 
of typically ~ 700–870 photon counts per frame (insets in Fig. 1b). QBs showed an inhomogeneous intensity distribution 
among different fiducials ranging from 400 to 800 photon counts per frame (Fig. 1c), likely due to their nature of cluster-
ing of quantum dots to form quantum beads. The selected FSs showed a strongly shifted emission spectrum (Fig. 1a), 
nevertheless to our surprise, their emission signal was stable and bright. For comparison, single Dendra2 fluorophores 
showed typically a maximum intensity of ~ 180 photon counts per frame.

While the brightness of the fiducial is important for an unambiguous identification, an automated analysis based 
on single-molecule localization typically requires a high uniformity in shape. We determined the uniformity of AuNPs, 
QBs and FSs (Fig. 1d) and found that FSs presented very good circularity (0.95 ± 0.15 (mean ± s.d.), n = 194) and the 
most homogenous area (0.25 ± 0.23 µm2, median: 0.18 µm2). AuNPs showed poorer circularity (0.65 ± 0.32, n = 83), 

Table 1  Characteristics of 
fiducial markers for sCLEM

Characteristic Desirable quality

Emission wavelengths Visible in the same emission channel as the fluorophore of interest
Fluorescence intensity Bright, but avoid detector saturation
Localization uncertainty Stable emission over the duration of PALM/STORM data acquisition
Shape profile Circular and non-aggregating, homogenous size distribution
Electron density Strong contrast in EM without external enhancement
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suggesting aggregate formation before immobilization. QBs exhibited a high circularity (0.94 ± 0.09, n = 81), but a 
large variation in area (0.63 ± 0.54 µm2, median: 0.44 µm2), which could be the result of their nature as being formed 
of an agglomerate of quantum dots.

SMLM images are reconstructed from hundreds of individual frames with scarce fluorophore densities. To obtain 
a high confidence reconstructed image, it is important to minimize any nanoscale drift during imaging over tens 
of seconds. Physical means for drift reduction are often not sufficient and therefore fiducial marker positions are 
tracked and used to correct any frame-to-frame drift [16]. This necessitates that fiducial markers are photostable, 
with a reliable emission intensity during imaging over hundreds of frames. Thus, we compared AuNPs, QBs and FSs 
emission for 2000 frames (60 ms exposure time) (Fig. 2a). Surprisingly, AuNPs were very unstable and barely detect-
able beyond ~ 400 frames. Some QBs showed a stable emission intensity, while others showed large fluctuations in 
intensity, potentially originating from their quantum dot composition, which are known to blink [19]. FSs appeared 
consistently photostable and only rarely decreased in their emission intensity over 2000 frames. The low stability 
of the AuNPs did not allow any further analysis of long-term stability. We subsequently determined the localization 
accuracy of QBs and FSs for each frame and tracked their X and Y drift during the course of 2000 frames (120 s) and 
used ThunderSTORM [20] to correct for the detected drift (Fig. 2b). Both, QBs and FSs allowed for a stable drift correc-
tion, though the intensity fluctuating QBs showed a less reliable localization accuracy and drift correction (Fig. 2c). 
To evaluate the positional stability and reliability, we determined the localization accuracy standard deviation of 
individual fiducial markers for 50 frame intervals after drift correction. We calculated the mean standard deviation 
over all tracked fiducial markers of the same kind (Fig. 2c). Both, QBs and FSs yielded a mean standard deviation of 
their localization �centroid ~ 5 nm, while FSs showed a slightly higher stability during the recorded 2000 frames.

Next to the fluorescence properties, we characterized the contrast and size of the fiducial markers in electron 
microscopy. The TEM grid was unmounted from the fluorescence chamber, dried and transferred to a TEM. All fidu-
cial markers appeared electron dense (Fig. 3a–c). The strongest contrast was observed for AuNPs and FSs (Fig. 3d, f ), 
while QBs showed less contrast and more fluctuations in the signal (Fig. 3e). Due to the high TEM resolution, we could 
directly determine the circularity and size of individual fiducial markers. We found circularities of 0.91 ± 0.03 (n = 21), 
0.73 ± 0.07 (n = 29) and 0.93 ± 0.02 (n = 26) for AuNPs, QBs and FSs, respectively. Interestingly, the AuNPs showed 
the least variation (SD/mean) in size (23.0 %), while FSs showed a 31.8 % variation and QBs up to 65.6 % variation in 

Fig. 1   Fluorescence profile of different fiducials. a Emission spectrum of Gold nanoparticles (yellow), Quantum Beads (blue), dark red Fluo-
Spheres (green) and Dendra2 (red). Gray highlight corresponds to the emission filter bandwidth in fluorescence microscopy b Fluorescence 
images of typical AuNPs, QBs and FSs. Insets: Intensity profile of the corresponding fiducial marker. c Maximum intensity distributions of FSs, 
AuNPs and QBs. d Shape descriptors of AuNPs, QBs and FSs showing circularity and apparent area
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Fig. 2   Time stability of fiducials. a Intensity time traces (n = 4, each) of Gold nanoparticles (AuNP), Quantum beads (QB) and FluoSpheres 
(FS). b x and y positional drift for QBs and FSs, respectively, before and after drift correction. c Mean centroid localization accuracy of 7 indi-
vidual QB and FS fiducial markers, time average over 50 frames

Fig. 3   Fiducial markers in TEM. Typical TEM micrographs of a AuNP b QBs and c FSs. d–f Intensity profiles along the corresponding lines in 
(a–c)
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size. Taking into account our observations from our fluorescence characterization and the TEM characterization, we 
conclude that spectrally shifted FSs appeared as most promising candidates for correlative super-resolution light 
and transmission electron microscopy experiments.

To characterize the accuracy of correlative experiments, we used FSs as landmarks and as a measure to quantify the 
overall deviation between both images. The schematic of the general workflow is given in Fig. 4a. To this extent, we 
imaged a high density of FSs on a carbon-coated TEM grid in buffer using single-molecule localization microscopy and 
determined the position of 16 markers in a single diffraction limited frame (Fig. 4b). The grid was subsequently dried and 
transferred for TEM for imaging. For image correlation, we developed a semi-automated MATLAB script. Briefly, fiducial 
pairs were manually selected for the corresponding field of view and their corresponding centroid positions were auto-
matically determined with sub-pixel accuracy. The fluorescence image was scaled and rotated to match the electron 
microscopy image. Naturally, both imaging techniques have their limitations in the localization accuracy. The subsequent 
imaging, drying and transfer generates and additional correlation uncertainty, which we characterize in the following.

We calculate the overlay accuracy of an sCLEM image given a set of fiducials using the leave-one-out method, pro-
posed by Kukulski and coworkers [21]. This means that one of the fiducial markers is used as ground truth sample, the 
remaining fiducial markers are used for automated alignment (Fig. 4a). After automated correlation, we measured the 
deviation of the ground truth fiducial between the EM and LM images, yielding a correlation localization accuracy 
�i =

√

�
2
i,x
+ �

2
i,y

 , were i denotes the fiducial, �x = xEM − xLM and �y = yEM − yLM. We repeated this procedure for each 

fiducial in the given set of fiducials per field of view and define the overlay accuracy as the average of the overlay error 
for all fiducials in the set �o =

1

N

∑N

i=1
�i . For our given set of 16 fiducials, we derived an average overlay accuracy of ~ 30 

nm given the permuted use of 15 fiducials for alignment (Fig. 4c). Yet, it remains unclear if this would be the best possible 
overlay accuracy, since some fiducial markers might have been displaced by drying or during imaging. Therefore, we 
analyzed subsets of fiducials from our set of 16 available fiducials. We picked 15 out of the 16 fiducials, and calculated 
for those an average overlay accuracy. Combinatorially, we thus have 16 subsets available for this evaluation and find 
that some subsets show a better average overlay accuracy according to the leave-one-out method than others (range 
28 to 32 nm). Using even smaller subsets, the spread of the average overlay accuracies further increased up to 6 to 97 
nm for n= 4 fiducial sets out of the 16 available fiducials (Fig. 4c). Yet, the mean of the average overlay accuracies (blue 
line in Fig. 4c) steadily improved by the increase of fiducial markers available. Starting with a subset of 12 fiducials (# 
1–12 in Fig. 4b) showed a very similar trend in the overlay accuracy estimation. We further repeated this test by a triplicate 
on random 12 fiducials sets with similar trends though small variations on the mean overlay error (Additional file 1: Fig. 
S1). Unfortunately, a ground truth is in typical experiments not available to verify if the suggested overlay is more or less 
accurate. Therefore, we asked ourselves if there are obvious indications for a potential improvement of overlay accura-
cies. To show the effects of a single outlier on the overlay accuracy, we focused on 8 fiducial markers, which are likely to 
be in a typical field of view (#1–8 Fig. 4b). We calculated for these 8 fiducials the resulting overlay accuracy and found a 
mean overlay accuracy ~ 27 nm. When we calculated from this data set now the combinatorial reduction for 7, 6, 5, and 
4 fiducial markers, we observed a bifurcation in the mean overlay accuracy. Upon a manual visual inspection of the 
fiducial markers, we identified a dimeric fiducial marker in the TEM image (Fig. 4c insets). After removal of this fiducial 
marker, the mean overlay accuracy was improved to ≈ 20 nm. Moreover, this outlier could be unbiasedly removed with 
an automatic algorithm for outlier detection (see Methods). We repeated the combinatorial analysis of overlay accuracy 
15 times from random n = 8 fiducial sets and found that at least three sets present a clear bifurcation (Additional file 1: 
Fig. S2). Moreover, we found the mean overlay accuracy for 1000 random n = 8 fiducial sets show a broad distribution 
from 18 to 50 nm depending on the subset and a mean overlay accuracy of ≈ 33 nm (Additional file 1: Fig. S3). We there-
fore suggest for an optimization of the overlay accuracy, a rigorous combinatorial analysis of the given fiducial markers 
to trace if a bifurcation of mean overlay accuracies occurs even among the fiducial markers, which indicates one or several 
non-optimal fiducial markers for the correlation of fluorescence and electron microscopy images. Such an automated 
approach is easy to implement and can be used prior to manual inspection for sCLEM or for subsequent estimation of 
overlay accuracy [22].

The diatom Thalassiosira pseudonana has an intricate nano-scale patterned biosilica cell wall [23]. Several proteins 
have been identified to be associated with the biosilica cell wall [24–28]. Current hypotheses suggest an underlying 
organic matrix, potentially generated by protein and other biomolecule self-assembly, which drives the nanoscale 
biosilica formation. Interestingly, dissolution of the silica of isolated biosilica cell walls, leaves behind an insoluble 
organic, nano-patterned matrix visible in TEM [28, 29]. In order to address the question if particular proteins can be 
associated with particular biomineral structures, sCLEM is a promising tool. Here, we studied the localization of the 
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Fig. 4   Overlay accuracy determination. a Schematic of sCLEM workflow. The fluorescence image is transformed according to the corre-
sponding position of fiducials on the EM image and overlaid onto the reference TEM image. b Fiducial markers (FSs, n = 16) in fluorescence 
and electron microscopy. Scale bars 2 μm. c Combinatorial analysis of leave-one-out overlay accuracy for all possible subsets of fiducials in 
an image. Leave-one-out overlay accuracy for each possible subset of the n = 16, 12 (from 1 to 12 in (b)) and 8 (from 1 to 8 in (b)) fiducials. 
n = 7 corresponds to the overlay accuracy of subsets in n = 8 after filtering out the dual-fiducial marker. Insets: TEM images of a dual fiducial 
and single fiducial marker, respectively
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protein Silicanin-1 within biosilica valves of the diatom Thalassiosira pseudonana. We generated a T. pseudonana 
strain in which the protein Silicanin-1 is tagged with Dendra2 at the N-terminus (Sin1-Dendra2N). Biosilica valves were 
isolated from the cell culture [25], placed on the carbon-coated TEM grid with FSs as fiducial markers and imaged 
using photoactivatable light microscopy (Fig. 5a, b) [4, 30]. After drying, the same valves were imaged in a TEM and 
both images were correlated (Fig. 5c, d). The super-resolution image of Sin1-Dendra2N showed an average localiza-
tion uncertainty of 33 nm. The correlative overlay uncertainty was determined with the leave-one-out method to 
be ~ 77 nm for seven fiducial markers (Fig. 5e). A systematic reduction of fiducial markers indicated that one fiducial 
marker (blue arrow) was particularly offset and after removal the overall uncertainty could be reduced to ~ 49 nm. 
Such a single fiducial marker could have been moved independently from the specimen and the rest of fiducials 
during washing or drying procedures, emphasizing that the permutated and reduced leave-one-out algorithm is 
important to increase the correlation. For Sin1-Dendra2N, the correlative image did not reveal any obvious correlation 
indicating that Sin1-Dendra2N might be rather homogenously distributed in the center region of the valve. Further 
localization and inferred function within the biomineralization process remains to be determined.

3  Conclusions

Here, we compared three different fiducial markers, fluorophore-labeled gold nanoparticles (AuNPs), quantum beads 
(QBs) and spectrally shifted dark-red FluorSpheres (FSs) for correlative superresolution-transmission electron micros-
copy (sCLEM). For single-molecule localization microscopy, QBs and FSs were brighter, more homogenous in shape 
and more photostable than AuNPs. They allowed for an efficient drift correction during long imaging cycles with 
a mean localization uncertainty better than 5 nm. All three markers appeared with sufficient contrast and regular 
circular shapes in EM, yet QBs showed the least contrast. Moreover, QBs needed an additional surface coating with 
poly-L-lysine to allow stronger immobilization, therefore we conclude that red-shifted FluoSpheres might be most 
suited for a correlation of SMLM and TEM using orange photoactivatable proteins. For overlays of SMLM and TEM 
images, we found typical overlay accuracies between 20 and 50 nm, suggesting a high enough accuracy to place 
most proteins in a structural context in TEM images. Our systematic reduction of the available fiducial data sets fur-
ther showed that bifurcations indicate single outlier fiducial markers and their elimination can increase the overlay 
accuracy up to 2-fold. We anticipate that correlative SMLM and TEM together with a careful evaluation of overlay 
accuracies can reveal structural correlates in the biomineralization process of diatoms or other single-cell organisms.

Fig. 5  sCLEM image of Sin1-Dendra2N on diatom valve a The diffraction limited and b reconstructed PALM images of Sin1-Dendra2N. c TEM 
image of the same diatom valve. d sCLEM overlay image of the reconstructed PALM Sin1-Dendra2N image and the TEM valve image. One 
fiducial marker (yellow) was omitted during alignment. e Overlay accuracy determination using the leave-one-out procedure and fiducial 
subsets. Removal of one fiducial (yellow in panel d) increased the overlay accuracy by ~ 1.6-fold (blue arrow). Scale bars 2 μm



Vol:.(1234567890)

Research Discover Materials            (2021) 1:11  | https://doi.org/10.1007/s43939-021-00011-1

1 3

4  Materials and methods

4.1  Sample preparation

Fiducial markers Quantum Dot Beads (120 nm, DNQ-N001, CD creative diagnostics), Alexa647 labeled gold nanoparti-
cles (100 nm, GFL-100, CD creative diagnostics) and dark red fluorescent (660/680) FluoSpheres (200 nm, F8807, Ther-
moFisher scientific) were obtained commercially. Gold finder grids (G200F2-Au, Electron Microscopy Services) were 
coated with Formvar and carbon. For QBs, the TEM grids were additionally coated with Poly-L-Lysine (0.1 % solution, 
Sigma Aldrich) for 1 h. FSs were diluted 1:200, AuNPs 1:15 and QBs 1:25,000 in milliQ water from their respective stock 
solutions to reach an approximate concentration of 2·1010 particles/mL, sonicated (Elmasonic S60H) for 4 min to reduce 
aggregation, and deposited on the TEM grid surface for 20 min. The grid was washed 3 x in milliQ water and once in PBS 
and on a microscope slide with the sample surface facing up. The coverslip was placed on top after addition of 4 µl PBS.

For N-terminal Dendra2- tagging of Sin1, the GFP gene in plasmid pPSin1-Sin1Part1-GFPN-Sin1Part2-TSin1/fcpNAT was 
replaced by the Dendra2 encoding gene using the KpnI and NotI restrictions sites flanking the GFP gene. The gene 
encoding for Dendra2 was amplified from pBluescript/Tp-fcpp+t + Dendra2 by PCR using the sense primer 5’-CGT CGC 
CTC GAG GAT GGT ACC GGT GGA ATG AAC ACA CCT GGA  ATC AAC -3’ and the antisense primer 5’-CCA TCG TAC GCA GCG GCC 
GCT CCC CAG ACT  TGTG-3’. The amplified Dendra2 gene was introduced into the KpnI and NotI sites of the plasmid 
plasmid pPSin1-Sin1Part1-GFPN-Sin1Part2-TSin1/fcpNAT using In-Fusion cloning (Takara). The plasmid was introduced 
into T. pseudonana wild type cells using the biolistic PDS-1000/He particle delivery system (Bio-Rad) [31].

Diatom frustules were extracted from Thalassiosira pseudonana cells grown in Artificial Sea Water medium and 
harvested at ~  106 cells/ml. Cells were pelleted by centrifugation at 3200xg for 10 min and frustules were isolated 
by incubating the cells in 2 % SDS, 100mM EDTA solution for 1 h at 50 °C and washing, repeated twice. Valves were 
separated from frustules with a 30 s tip sonicator. Coated TEM grids were incubated with poly-L-Lysine and ~ 10 µL 
sonicated silica shells were incubated for 30 min. The grid was washed 3 times in milliQ and 1:50 diluted and presoni-
cated FSs (1:50 from stock) were added for 20 min prior to imaging. The grid was washed again 3 times in milliQ and 
finally placed in PBS for imaging.

4.2  Fluorescence spectra

Fluorescence spectra of the three fiducial markers were obtained in a Horiba Duetta Bio spectrometer by diluting 
the stock solutions into PBS and the spectrum of Dendra2 from fpbase.org website.

4.3  Super‐resolution and electron microscopy imaging

Microscope coverslips were cleaned by sonication for 15 min in Hellmanex 1 %, thorough washing with milliQ water, 
sonication for 15 min with 70 % ethanol, and drying with nitrogen. Fiducials were excited with 20 mW end-of-fiber 
561 nm excitation (12.6 mW at-the-objective power); PALM imaging was performed with 20 mW (12.6 mW) and 50 
mW (31.5 mW) 561 nm excitation. Images were recorded in near-TIRF condition with a 100x NA 1.49 objective on a 
Nikon microscope equipped for N-STORM and TIRF imaging using an Andor iXon Ultra 897 camera at 60 ms exposure 
and with a pre-gain of 3 and an EM gain of 300. We converted the analog to digital units (ADU) count obtained from 
the images to photon counts by the following equation, where PE = 4.95 (at pregain 3, 17 MHz, 16 bit operation) 
is the photoelectrons per ADU and QE is the quantum efficiency of the detector at the wavelengths (0.95) and the 
offset = + 100 (according to the manufacturer)

Reconstruction of the image was performed in Fiji [32] using the ThunderSTORM [20] plugin. After fluorescence 
imaging, the grid is removed from the coverslip by injecting milliQ water under the coverslip using a syringe and 
needle. The coverslip is thus floated in water to prevent the tear of the carbon/Formvar film of the TEM grid. It is 
then floated alternatingly on both sides on milliQ drops as described previously. The grid is then air-dried in ambient 
conditions in a grid box. No further contrast enhancement was done. TEM imaging was performed on a FEI Morgagni 
268D with an SIS MegaView III camera at 80 keV.

Photon count =
(ADU - offset) ⋅ PE

EM gain ⋅ QE
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4.4  sCLEM overlay and leave‐one‐out accuracy estimation

The analysis was carried out in MATLAB R2018b. All scripts developed here are available upon request (see pseudocode in 
Additional file 1: Fig S5 for an overview of our code architecture). Briefly, we load LM and EM images and select landmarks manu-
ally using the cpselect function. We first picked 3 landmarks and then carried out a similarity transformation using fitgeotrans 
function based on this subset. This eases the process of picking the remaining fiducials in a guided fashion. Then, we stored 
the positions of all fiducials in the Field of View. The remaining procedure is automated using MATLAB scripts. First, we localize 
each fiducial with sub-pixel accuracy by thresholding and calculating the center of mass. When localizing the centroid using 
thresholding, we automatically pick a ROI that encloses each fiducial and uses 0.5 of the maximum intensity as the threshold 
for fluorescence and 0.2 for TEM images. A sensitivity analysis of overlay error as a function of thresholding shows negligible 
effects of varying the last parameters (Additional file 1: Fig. S4). We estimate the Overlay accuracy with the leave-one-out 
procedure which runs as follows: (1) Pick a combination of fiducials and leave one out of the set; (2) perform a transformation 
on the LM image (EM image fixed) and find the error in the distance of the excluded fiducial by locating it in both, EM and LM 
images, and subtracting the position; (3) repeat the process for each fiducial in the set. The overlay accuracy is defined as the 
mean value of previous measurements. To address the contribution of each fiducial on the overall overlay accuracy we used a 
combinatorial analysis of each possible subset of fiducials within an image of 16 landmarks. To exclude outliers, we measure the 
leave-one-out overlay error for each fiducial and remove landmarks with an error bigger than 1.5 IQR + Q3 (IQR: Inter Quartile 
Range, Q3: Third quartile) of the population, although, further methods can be used as well as MATLAB built-in functions [33].
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