
 

This is an electronic reprint of the original article. This reprint may differ from the original 
in pagination and typographic detail. 

 
STED‐TEM Correlative Microscopy Leveraging Nanodiamonds as Intracellular Dual‐Contrast
Markers
Prabhakar, Neeraj; Peurla, M; Koho, S; Deguchi, T; Näreoja, T; Chang, H; Rosenholm,
Jessica; Hänninen, PE
Published in:
Small

DOI:
10.1002/smll.201701807

Published: 01/01/2018

Document Version
Accepted author manuscript

Document License
Publisher rights policy

Link to publication

Please cite the original version:
Prabhakar, N., Peurla, M., Koho, S., Deguchi, T., Näreoja, T., Chang, H., Rosenholm, J., & Hänninen, PE.
(2018). STED‐TEM Correlative Microscopy Leveraging Nanodiamonds as Intracellular Dual‐Contrast Markers.
Small, 14(5), –. https://doi.org/10.1002/smll.201701807

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

This document is downloaded from the Research Information Portal of ÅAU: 23. May. 2023

https://doi.org/10.1002/smll.201701807
https://research.abo.fi/en/publications/e0253dce-3233-46e4-a093-85f28aaffe9c
https://doi.org/10.1002/smll.201701807


  
 

1 

 

 

DOI: 10.1002/ ((please add manuscript number))  

 

Article type: Full Paper 
 

 

 STED-TEM correlative microscopy leveraging nanodiamonds as intracellular dual-

contrast markers 
 

Neeraj Prabhakar, Markus Peurla, Sami Koho, Takahiro Deguchi, Tuomas Näreoja,   

Huan-Cheng Chang, Jessica M. Rosenholm*, Pekka E. Hänninen  

Neeraj Prabhakar 1, 2, Markus Peurla §2, Sami Koho §2, 3, Takahiro Deguchi 4,Tuomas Näreoja 5,  

Huan-Cheng Chang 6, Jessica. M. Rosenholm *1 and Pekka. E. Hänninen 2  

1 Pharmaceutical Sciences Laboratory, Faculty of Science and Engineering, Åbo Akademi 

University, Turku, 20520, Finland. 

2 Laboratory of Biophysics, Cell Biology and Anatomy, University of Turku, Turku, 20520, 

Finland.  

3 Molecular Microscopy and Spectroscopy, Istituto Italiano di Tecnologia, via Morego 30, 

Genoa 16163, Italy. 

4 Nanoscopy, Istituto Italiano di Tecnologia, via Morego 30, Genoa 16163, Italy. 

5 Division of Pathology, Karolinska Universitetssjukhuset, Huddinge 141 86 Stockholm, 

Sweden.   
6 Institute of Atomic and Molecular Sciences, Academia Sinica, Taipei, 10617, Taiwan. 

 

§ Equal contribution 

 

Corresponding Author 

E-mail: jessica.rosenholm@abo.fi 

Pharmaceutical Sciences Laboratory, Faculty of Science and Engineering, Åbo Akademi 

University, Turku, 20520, Finland. 

 

Keywords: Fluorescent nanodiamonds, correlative microscopy, CLEM nanoprobes, STED-

TEM, Method development 

 

  



  
 

2 

 

 

Development of fluorescent and electron dense markers is essential for the implementation of 

correlative light and electron microscopy, as dual-contrast landmarks are required to match the 

details in the multi-modal images. Here, we report a novel method for correlative microscopy 

that utilizes fluorescent nanodiamonds (FNDs) as dual-contrast probes. We demonstrate how 

the FNDs can be used as dual-contrast labels – and together with our own automatic image 

registration tool SuperTomo, for precise image correlation – in high-resolution STED/confocal 

and TEM correlative microscopy experiments. We show how FNDs can be employed in 

experiments with both live and fixed cells as well as simple test samples. The fluorescence 

imaging can be performed either before TEM imaging or after, as the robust FNDs survive the 

TEM sample preparation and can be imaged with STED and other fluorescence microscopes 

directly on the TEM grids. 

 

1. Introduction 

Correlative light and electron microscopy (CLEM) aims to combine the strengths of light and 

electron microscopies [1,2]: specific molecules can be labeled and studied with a fluorescence 

microscope in live or fixed cell samples, and subsequently, high-resolution structural 

information of specific regions of interest (ROI) can be obtained with electron microscopy 

(EM). However, the resolution mismatch of several orders of magnitude between EM and 

traditional fluorescence microscopes poses significant limitations to the usefulness of such 

correlative experiments; super-resolution fluorescence microscopy methods[3–9] have the 

potential of alleviating this problem, as they enable fluorescence imaging at similar resolution-

scale with EM. Recently several CLEM methods leveraging these techniques have been 

proposed[10–15].  
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Fluorescent nanodiamonds (FND) [16–18] have excellent photostability, do not blink and have a 

far-red fluorescence emission, which makes them attractive for live and fixed cell imaging 

applications [16,17,19–21]. FNDs typically have a large number of optical color centers [19,21–23]. 

Fluorescence originating from the negatively charged photostable nitrogen vacancy (NV) color 

centers has been shown to be compatible with STimulated Emission Depletion (STED) super-

resolution fluorescence microscopy technique: STED imaging with down-to 6 nm resolution 

has been demonstrated with FND labels [22]. On the other hand, FNDs as electron-dense 

material, can also be detected with electron microscopy [16,20,24,25]. This makes the FNDs 

attractive for use as dual-contrast probes in CLEM as recently demonstrated in reference [26]; 

in which the authors however, did not take full advantage of the FNDs, as only very low-

resolution imaging is demonstrated. In order to precisely localize single FNDs, one has to have 

the means to resolve single FNDs, assuming that their distribution is not extremely sparse. 

In this study, we describe a novel correlative microscopy method, in which FNDs are used as 

intracellular dual-contrast probes. We first characterize the FNDs with simple test samples. We 

then demonstrate STED-TEM correlative super-resolution microscopy with fixed cells. The 

potential of the FNDs is further highlighted in a live cell experiment, in which cells containing 

FNDs and mitochondrial marker dye (mitotracker) were first imaged on a confocal microscope, 

after which the sample was prepared for, and imaged with TEM. The multi-modal images were 

correlated with our own open-source SuperTomo  software[27], except for the live cell data for 

which a custom MatLab script was created. 
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2. Results and Discussion 

 

 

2.1 FNDs dried on TEM grids  

 

In order to study the properties of the FNDs with confocal/STED as well as TEM, simple test 

samples were first created by drying ethanol-suspended FNDs directly on  the TEM grids. TEM 

imaging showed that FNDs are of irregular shape and size (Figure S1 A-B);  it was also evident 

that the FNDs tend to aggregate upon drying over the TEM grids (Figure S1 A-B), which was 

consistent with observations made during our previous work [20,24]. In order to avoid the 

clustering, FNDs can be coated with silica and still remain detectable with both modalities: we 

confirmed this by preparing a similar test sample on a TEM grid with silica coated FNDs 

(Figure S2). In (Figure 1A-C) it is shown that individual silica coated FNDs can be imaged 

and correlated precisely with confocal and TEM. The silica coating was realized according to 

our own previously developed protocol [24]; other methods of coating FNDs with silica shells 

have also been reported [20,24,28]. However, we decided not to use silica coated particles in our 

CLEM method, since the coating increases the size of the particles, and more importantly, the 

clustering of FNDs will inevitably take place in any case after cellular internalization [29]. Thus, 

in the rest of this study, only non-coated FNDs are used. Still, a preliminary correlative 

microscopy experiment, conducted with the simple test samples of FNDs dried on TEM grids, 

confirmed that even clustered FNDs are suitable for correlative imaging (Figure S3). 

  

Figure 1.  FNDs as a dual probe for correlative microscopy. FNDs (core) can be coated with 

silica (shell) to avoid clustering and correlative imaging of individual FNDs (core) can be 

performed. A) TEM imaging of individual silica coated FNDs. B) confocal imaging of FND 

(core). C) Image correlation by SuperTomo software. 
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2.2 Rationale for using FNDs as correlative landmarks in cell imaging experiments 

FNDs are internalized in cells predominantly by clathrin-mediated endocytosis and their uptake 

mechanisms have been studied in different cell lines [30,31]. FNDs appear to follow the 

endocytotic pathway for intracellular movement [32] and subsequently slowly exocytose from 

cells [33].  We have also reported that FNDs aggregate in vesicles inside  cells [20,29] and speculate 

that they are confined within large endosomal vesicles [29].This vesicular aggregation of FNDs 

in cells can have two major benefits when considering FND application as CLEM correlation 

landmarks: 1° the high local concentration of FNDs inside the vesicles should provide good 

contrast both in TEM and in fluorescence microscopy, and 2° the vesicles slow down 

considerably the movement of the FNDs. That should make it possible to use them as landmarks 

even in live cell experiments. We performed experiments involving two different batches of 

MDA-MB-231 cells. Experiments were made to demonstrate the potential of as dual-contrast 

landmarks. We performed live cell confocal imaging of MDA-MB-231 cells incubated with 

FNDs and a mitochondrial marker dye (mitotracker). The vesicle-bound FNDs are clearly 

visible in the standard confocal microscope, as shown in (Figure 2A).  We performed TEM 

imaging with another batch of MDA-MB-231 cells incubated with FNDs.  TEM images (Figure 

2B) confirm that the FNDs are mainly clustered within cellular vesicles, and also that FNDs 

provide excellent contrast, with respect to visually recognizable cellular organelles (nucleus, 

mitochondria, Golgi bodies, endosomal vesicles etc.).  

Figure 2. FNDs as landmarks for intracellular correlative microscopy. Confocal fluorescence 

images of a sample of MDA-MB-231 cells, stained with a mitochondrial marker dye (cyan) and 

FNDs (magenta) are shown in A). The signal from the mitochondrial marker is not detectable 

with TEM, but intracellularly localized FNDs are clearly visible, as shown in B). The FNDs 

can be seen to cluster inside different sized cellular vesicles.  
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2.3 Using FNDs as stable dual-contrast probes in STED - TEM super-resolution 

experiment with fixed cells. 

A sample of MDA-MB-231 cells incubated with FNDs was first prepared for and imaged with 

TEM. Subsequently, STED imaging of the same sample was performed on the TEM grids, 

placed on top of regular glass coverslips. A common region-of-interest (ROI) was found 

according to the markings on the TEM grids. FNDs located inside the cell, clearly visible in 

both STED and TEM, enabled precise correlation of the imaging results with SuperTomo 

(Figure 3A). Close-up images of confocal-TEM correlation results of another MDA-MB-231 

cell with high concentration of FNDs, are shown in (Figure S4) to better highlight the quality 

of the image correlation (no STED data was acquired). The image registration in both cases 

was done automatically, with only a rough estimate of the initial rotation and transformation 

required from the user; to our knowledge, this is the first time that such an approach has been 

proposed, as opposed to fully manual methods employed in the current literature[10,11,34]. The 

harsh TEM sample preparation that involves severe treatments with chemical fixatives 

(Glutaraldehyde, 2% OsO4 containing 3% potassium ferrocyanide) and heavy metal staining 

(uranyl acetate and lead citrate), does not seem to harm the fluorescent properties of the FND, 

although not all of the FNDs seem to be fluorescent, as shown in (Figure 3B-C), a zoomed 

side-by-side view into the correlation results for TEM and STED. In (Figure S5) similar results 

are shown with another cell to further confirm the perseverance of the FND fluorescence.  It is 

also evident that the STED depletion enables the extension of the optical resolution beyond the 

diffraction limit.  A resolution estimate was obtained by a line profile measurement over two 

adjacent structures in a FND cluster, highlighted in (Figure 3C). The line profile measurement, 

shown in (Figure 3D), reveals two peaks at 90 nm distance from each other. Furthermore, a 

two-peak fit with the Lorentzian function was calculated – the statistical fitting result nearly 

exactly fits the data (R2=0.984). High resolution optical imaging of dual-contrast markers can 
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add value to interpreting the CLEM results, as the level of resolution is similar to that offered 

by electron microscopes. A similar approach could also facilitate CLEM for precise localization 

of nano-sized biomolecules within a cell, similar to [12,34]. 

 

Figure 3. STED-TEM correlative imaging of intracellular FNDs in TEM sections. In A) a 

correlation result on a single cell is shown, with TEM in gray and fluorescence signal from 

FNDs in magenta. In B-C) a zoomed section of the correlation result is shown for TEM and 

STED respectively. In C) it is shown that it is possible to use the STED depletion to improve 

resolution with FNDs. The visual estimation is confirmed in a line profile measurement over a 

FND cluster, highlighted in C). The line profile values, and a two-peak Lorenzian fit of the data 

are shown in D): The two distinct peaks are ~90 nm apart. 

 

2.4 Using FNDs as correlation landmarks in a live cell correlative imaging experiment.  

Our FND enabled CLEM method was applied to a live cell correlative microscopy experiment. 

A sample of MDA-MB-231 cells was prepared for fluorescence imaging with mitotracker 

staining for localization of mitochondria. FNDs were added for use as landmarks for the 

correlative experiments; as discussed earlier, due to endocytosis, the FNDs get confined within 

large vesicles, with very limited mobility.  In such an experiment, there is no need to have 

super-resolution images of the FNDs, as they in any case aggregate inside vesicles and the exact 

localization of individual FNDs is not of interest. The FNDs are simply used as landmarks to 

align all the other fluorescence channels on the TEM frames; it would be valuable to have these 

other channels in sub-diffraction resolution, but regrettably our STED microscope (TCS SP5 

STED, Leica Microsystems, Germany) did not support super-resolution imaging with the 

mitotracker dye, and therefore regular confocal images are shown here. In (Figure 4A) a 

confocal fluorescence image of two cells selected for the CLEM experiment is shown – 
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mitotracker signal is shown in cyan and FND signal in magenta. A time series from the same 

location is shown in (Supplementary Video 1), which underlines the potential of live imaging 

using FNDs and standard organic fluorophore (mitotracker) simultaneously. Furthermore, the 

3D image acquisition allowed us to map the mitochondrial locations with respect to the FNDs 

throughout the cell (Supplementary Video 2). The information of FND locations (3D live cell 

data) with respect to the axial position was later used to help match the ultrathin TEM sections 

with optical sections in the image stacks. 

 

Figure 4. Live-cell correlative microscopy. A) Live cell imaging of a region-of-interest (ROI), 

containing two cells, mitochondria (cyan) and FNDs (magenta). B) TEM imaging of the same 

ROI reveals aggregates of FNDs (highlighted). C) Close up TEM image showing the FND 

aggregates that can be used for correlation with confocal images. D) Correlation result, based 

on co-alignment of FND clusters in fluorescence and TEM images. E) A close-up view of the 

correlation result, showing good match of the FND clusters that allows alignment of the signal 

from mitochondrial marker on the TEM image.  

 

After live cell imaging, the cells were embedded in resin and processed for TEM imaging.  The 

same group of two cells was identified in TEM sections and imaged (Figure 4B). In a higher 

magnification TEM image (Figure 4C) clearly resolved clusters of FNDs are shown. The image 

correlation result is shown in (Figure 4D). A close-up view of the correlation result, shown in 

(Figure 4E), confirms that the FND landmarks enable precise correlation that can be used to 

overlay the mitotracker fluorescence signal on the TEM image, which enables identification of 

mitochondria in the TEM image (Figure S6); the mitotracker marker does not survive TEM 

sample processing, a common limitation with organic fluorophores. Our FNDs enabled CLEM 
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method can potentially be applied with other intracellular markers to investigate their sub-

cellular localization; modern STED microscopes also support visible live cell dyes (GFP/YFP), 

and thus in such systems, the fluorescence imaging can be performed at nanometer-scale 

resolution[35]. In our experiments, the inferior axial resolution (600nm) of the confocal system, 

when compared to thin (100nm) TEM sections caused some problems in the finding the same 

3D section in STED/confocal and TEM. This however, is not a fundamental limitation of the 

CLEM method, but of the specific instrument that was available to us. Such problem could be 

avoided by using a 3D super resolution system [12,36,37], which can provide sub-100 nm 

resolution in all three dimensions. In ideal case, the fluorescence microscopy technique with 

improved axial resolution would help to fill the resolution gap. Alternatively, one could acquire 

the whole 3D volume by serial-sectioning TEM as well, in which case such a step could be 

avoided altogether. 

 

3. Conclusion 

We have introduced a novel FNDs enabled high-resolution confocal/STED-TEM correlative 

microscopy method. The method was tested with simple test samples, as well as in experiments 

with live and fixed cells. We have demonstrated notable results, including proof-of-concept 

examples of STED-TEM correlative imaging of FNDs dried on TEM grids. Our results suggest 

that the FNDs can be applied as robust dual-contrast probes in correlative STED-TEM 

microscopy; they did not show any photobleaching or degradation in our experiments, and they 

also provided a strong intrinsic contrast in TEM. The FNDs also enabled extension of the optical 

resolution beyond the diffraction limit (< 100nm). We have observed that even single FNDs 

(core) can be imaged with both imaging modalities, but more importantly, the tendency of 

FNDs to aggregate in endosomes makes them powerful quasi-fixed landmarks. The usefulness 

of the FND aggregation inside cells was highlighted in a live-cell experiment, in which FNDs 
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were used as dual-contrast landmarks for image correlation, whereas a standard live cell 

compatible organic fluorophore (mitotracker) was used to stain the structures of interest 

(mitochondria). Thus, FND enabled CLEM method may facilitate application of standard 

fluorophores in CLEM studies, which is currently impractical.  

The images in our study were precisely correlated using our open source scientific software 

SuperTomo, which in many cases is able to perform the image correlation in a fully automatic 

manner; in most of the current state-of-the art CLEM studies results are still manually correlated 

e.g. in Photoshop [10,11,34]. The next step on the software development roadmap is to combine 

the fully automatic correlation with manual initialization, i.e. the idea is to perform a rough 

image alignment based on user-selected landmark pairs, after which automatic registration 

exactly matches the details. In addition, we must gain a better understanding of the sample 

shrinkage during the TEM preparation, as it needs to be compensated for at the image 

correlation stage; currently the lack of such compensation causes slight misalignment of details 

in certain parts of the FOV. Also, image correlation in 3D datasets, with serial sectioned TEM 

and 3D super-resolution microscope image stacks will be investigated.  

The overall work flow of FND enabled CLEM method is straightforward and does not require 

any specialized integrated CLEM microscope or cryo-EM; in case of TEM the integrated 

microscopes are not very practical, as in any case the sample needs to be removed for sample 

preparation and sectioning. The potential of FND enabled CLEM method can be broadened by 

application of fluorescent proteins or similar compatible fluorophores. The applicability of our 

methodology can be further expanded by attaching reporter molecules or antibodies to FNDs 

for live cell molecule tracking and/or EM-immunolabeling. This is an addition to their already 

known potential applications in delivering drugs, therapeutic antibodies and siRNA therapy 
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[20,38–40]. Our next step is to investigate FNDs enabled CLEM with 3D super-resolution 

fluorescence imaging. 

4. Experimental Section  

Production of FNDs and size measurement 

FNDs (~100 nm in diameter) were produced by radiation damage of synthetic type-Ib diamond 

powders (Micron+ MDA, Element Six) with 40 keV He+, followed by vacuum annealing at 800 

°C for 2 h, air oxidation at 450 °C for 1 h, and acid wash in concentrated H2SO4-HNO3 (3:1, 

v/v) at 100 °C for 3h [41]. The FND sizes were measured by DLS to determine the aqueous 

dispersability and average particle hydrodynamic size in water (pH 7.0) on a Malvern ZetaSizer 

instrument, Model Nano ZS, Malvern, Worcestershire, UK (Figure S7A). In addition, the dry 

sizes of the FNDs were estimated by line profile measurements over the particles on the TEM 

images: the measured mean size was 63.4 nm with SD of 43 nm (Figure S7B).   

 

FNDs dried on TEM grids  

FNDs and FND-silica composites were suspended in ethanol and dried over the TEM grids. 

The sample was imaged with a JEOL JEM-1400 Plus transmission electron microscope 

operated at 120 kV acceleration voltage. The TEM imaged FNDs were located for confocal 

imaging using marked TEM grids. Confocal imaging was performed with Leica TCS STED 

directly on the TEM grids. The argon laser at 488 nm was used for excitation of FNDs and 

emission was collected at 650-730 nm range. 

  

FNDs clustered in endosomes as landmarks  

The endosomal localization of FNDs was investigated on TEM and STED in two separate 

samples of MDA-MB-231 cells (Human breast adenocarcinoma). The cells were cultured in 
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Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, 

2mM L-glutamine, and 1% penicillin–streptomycin (v/v), over marked coverslips.  

 

CLEM live cell confocal/TEM imaging 

5 µg/ml of FNDs were prepared in 1 ml of cell growth media. Then, the cell media with particles 

was added to the cells growing the cells were allowed to incubate with FNDs for 24h. Staining 

with live cell dyes was performed as follows. The cells were washed three times with serum-

free DMEM, after which 0.2 l of Mitotracker (MitoTracker® Green, ThermoFisher Scientific 

Inc, USA) was first added to 1.5 ml of medium (without serum and antibiotics) and then drop 

by drop to the dish. MDA-MB-231 cells were incubated for 30 min at 37C. Before imaging, 

regular media with supplements was added to cells. The confocal live cell imaging was 

performed with Leica TCS STED microscope (Leica Microsystems, Germany), using a 63X 

water objective. The cells were maintained at 37°C, 5% CO2 during the imaging.  The 

MitoTracker® Green was excited with Argon laser at 488 nm and the FNDs with a 532 nm 

pulsed laser. Fluorescence was collected with at 510-550 nm with HyD (Hybrid detectors) and 

an avalanche photo diode (APD) detector at 665-705 nm range for mitotracker and FNDs 

respectively. Cells were fixed with 5% glutaraldehyde s-collidine buffer, post-fixed with 2% 

OsO4 containing 3% potassium ferrocyanide, dehydrated with ethanol and flat embedded in 

45359 Fluka Epoxy Embedding Medium kit. Thin sections were cut with an ultramicrotome to 

a thickness of 100 nm. The sections were stained with uranyl acetate and lead citrate to enable 

detection with TEM. The sections were examined with a JEOL JEM-1400 Plus transmission 

electron microscope operated at 80 kV acceleration voltage. 
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CLEM (STED-TEM) imaging on TEM grids 

5 µg/ml of FNDs were prepared in 1 ml of cell growth media. Then, the cell media with particles 

was added to MDA-MB-231 cells for 24h. Cells were fixed with 5% glutaraldehyde s-collidine 

buffer, postfixed with 2% OsO4 containing 3% potassium ferrocyanide, dehydrated with 

ethanol and flat embedded in 45359 Fluka Epoxy Embedding Medium kit. Thin sections were 

cut with an ultramicrotome to a thickness of 100 nm. The sections were stained with uranyl 

acetate and lead citrate to enable detection with TEM and were transferred to marked TEM 

grids. The sections were examined with a JEOL JEM-1400 Plus transmission electron 

microscope operated at 80 kV acceleration voltage. The TEM imaged sections, were mounted 

over glass coverslip for STED imaging. STED imaging of TEM grids was performed with Leica 

TCS STED (Leica Microsystems, Germany) microscope (equipped with pulsed Ti: Sapphire 

depletion laser MaiTai HP (Spectra-Physics, US), using a 100X (HCX PL APO CS 100.0x, 

1.40 OIL) objective. The FNDs were excited with a 532 nm pulsed laser. Fluorescence was 

collected with an avalanche photo diode (APD) detector at 665-705 nm range. The STED 

depletion beam was adjusted to 765 nm.  

CLEM (Confocal-TEM) imaging of live MDA-MB-231 cells  

MDA-MB-231 cells (Human breast adenocarcinoma) were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, 2mM L-glutamine, and 

1% penicillin–streptomycin (v/v), over marked coverslips. 5 µg/ml of FNDs particles were 

prepared in 1 ml of cell growth media. Then, the cell media with particles was added to the cells 

growing the cells were allowed to incubate with FNDs for 4h. Staining with live cell dyes was 

performed as follows. The cells were washed three times with serum-free DMEM, after which 

0.2 l of Mitotracker (MitoTracker® Green, ThermoFisher Scientific Inc, USA) was first added 

to 1.5 ml of medium (without serum and antibiotics) and then drop by drop to the dish. MDA-
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MB-231 cells were incubated for 30 min at 37C. The live cell imaging was performed with 

Leica TCS STED microscope (Leica Microsystems, Germany), using a 63X water objective. 

The cells were maintained at 37°C, 5% CO2 during the imaging.  The MitoTracker® Green was 

excited with Argon laser at 488 nm and the FNDs with a 532nm pulsed laser. Fluorescence was 

collected with at 510-550 nm with HyD (Hybrid detectors) and an avalanche photo diode (APD) 

detector at 665-705 nm range for MitoTracker® Green and FNDs respectively. Mitochondrial 

localization was recorded in 3D stacks together with FND landmarks in live cells. After imaging, 

the cells were fixed with and sample for TEM was processed routinely. The obtained TEM 

images (2D) of the cell of interest were correlated with information obtained from confocal 

(3D), by first matching the TEM section with a layer in the 3D confocal image, by using the 

distribution of FNDs as a reference.  

Image Correlation  

An automatic image correlation method was created, based on our own SuperTomo software[27] 

that was originally developed for tomographic STED image reconstruction, but contains 

powerful image registration functions that can be easily applied elsewhere. For the CLEM 

application, the registration functionality of SuperTomo was expanded to two-dimensional 

images. The possibility to use Similarity (scalable) spatial transforms was added as well, as in 

some cases EM sample preparation may cause shrinkage of the sample object. Otherwise the 

image registration implementation was kept the same as in [27]. The different spatial 

transformations together with various image similarity metrics that have been implemented in 

SuperTomo, such as Normalized Cross Correlation, Mutual Information & Mean Squared 

Difference, allowed us to tune the image correlation settings quite flexibly. For comparison and 

use with images that do not have enough similarity for automatic correlation, a second semi-

automatic image registration method was implemented in MatLab based on the MatLab Control 
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Point Selection tool, which enables the selection of corresponding landmark pairs in the STED 

and TEM images.   

Before image correlation, the grayscale values in the TEM image were inverted, because FNDs 

that have a bright fluorescence signal, show as dark objects in EM images. The STED images 

were up-sampled to the same pixel size with the TEM image, to allow alignment without loss 

of information. Quintic B-spline interpolation was used to minimize enlargement errors. With 

TEM images that contained very sharp edges, Gaussian blur was used, to simulate optical blur 

in the STED images.  

 

Supporting Information  
 

Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. FNDs as dual-contrast probes for correlative microscopy. FNDs (core) can be coated 

with silica (shell) to avoid clustering and correlative imaging of individual FNDs (core) can be 

performed. A) TEM imaging of individual silica coated FNDs, B) confocal imaging of FND 

(core). C) Image correlation by SuperTomo software.  

 

 

Figure 2. FNDs as landmarks for intracellular correlative microscopy. Confocal fluorescence 

images of a sample of MDA-MB-231 cells, stained with a mitochondrial marker dye (cyan) and 

FNDs (magenta) are shown in A). The signal from the mitochondrial marker is not detectable 

with TEM, but intracellularly localized FNDs are clearly visible, as shown in B). The FNDs 

can be seen to cluster inside different sized cellular vesicles.  
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Figure 3. STED-TEM correlative imaging of intracellular FNDs in TEM sections. In A) a 

correlation result on a single cell is shown, with TEM in gray and fluorescence signal from 

FNDs in magenta. In B-C) a zoomed section of the correlation result is shown for TEM and 

STED respectively. In C) it is shown that it is possible to use the STED depletion to improve 

resolution with FNDs. The visual estimation is confirmed in a line profile measurement over a 

FND cluster, highlighted in C). The line profile values, and a two-peak Lorenzian fit of the data 

are shown in D): The two distinct peaks are ~90 nm apart. 

 

 

 

 



  
 

20 

 

 

 

 

 
 

Figure 4. Live-cell correlative microscopy. A) Live cell imaging of a region-of-interest (ROI), 

containing two cells, mitochondria (cyan) and FNDs (magenta). B) TEM imaging of the same 

ROI reveals aggregates of FNDs (highlighted). C) Close up TEM image showing the FND 

aggregates that can be used for correlation with confocal images. D) Correlation result, based 

on co-alignment of FND clusters in fluorescence and TEM images. E) A close-up view of the 

correlation result, showing good match of the FND clusters that allows alignment of the signal 

from mitochondrial marker on the TEM image.  
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STED - TEM correlative microscopy leveraging nanodiamonds as intracellular dual-

contrast markers 

 

Neeraj Prabhakar 1,2, Markus Peurla 2, Sami Koho 2, Takahiro Deguchi 3, Tuomas Näreoja 4, 

Huan-Cheng Chang 5, Jessica. M. Rosenholm *1 and Pekka. E. Hänninen 2  
 

 

Fluorescent nanodiamonds are here presented as dual-contrast imaging probes for intracellular 

correlation using super-resolution STED and TEM. This CLEM probe is demonstrated to be 

suitable for live cell imaging, fixed cell imaging and further, super-resolution imaging. 
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STED - TEM correlative microscopy leveraging nanodiamonds as intracellular dual-

contrast markers 
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Figure S1. The TEM imaging on FNDs shows the irregular shape, size, and aggregation over 

electron micrograph. A-B) FNDs have shown aggregation over TEM grids. 

 

 
 

Figure S2. The TEM imaging on core-shell design of fluorescent nanodiamonds core with silica 

shell. Silica coating over FNDs shows regular shape and reduced aggregation. The core-shell 

design allows imaging of individual FNDs core for correlative microscopy.  
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Figure S3. The correlative imaging of aggregated FNDs. A) TEM imaging of FNDs. B) 

Confocal imaging of FNDs. C) Image correlation 

 

 
 

 

Figure S4. The precise image correlation using FNDs as dual landmarks.  A) Selection of ROI 

(Box) to demonstrate precise image correlation by SuperTomo. FND landmarks with both TEM 

(B) and confocal microscopy (C) can be precisely correlated (D). 
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Figure S5. Perseverance of the FND fluorescence was observed over electron micrographs. A) 

phase contrast image of cells over marked electron micrographs. Marked grid allows 

localization of cell of interest. Heavy metal staining and FNDs provide sufficient contrast for 

cells to be detected over electron micrograph. B) Selection of ROI for correlation (Figure S4) 

(Box). C) TEM imaging of cell with FNDs. D) Confocal imaging of intracellularly localized 

FNDs in TEM section of figure B. E) Bright field image of FNDs (ROI). F) Detection of strong 

fluorescent signal from FNDs over electron micrograph (ROI). G) Merged imaged of phase 

contrast and fluorescence channels (ROI).  
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Figure S6. The localization of mitochondria over TEM. The fluorescence signal from 

mitotracker can be precisely located over TEM with FNDs aggregates as reference spots. A) 

Localization of mitochondria (box), well matched with mitotracker signal obtained with live 

cell imaging (Figure 4E). B) High magnification (box) images of mitochondria (arrows). 

 

 
 
  

 

 

 

Figure S7. Size and aqueous dispersability measurement of FNDs by A) DLS and B) Line 

profile measurement over the particles. A) The average size distribution (intensity) of FNDs 

dispersed in water measured by DLS showed one distinct bell-shaped peak, indicating that the 

FNDs were fully dispersible in water. B) The sizes of the FNDs were estimated by line profile 

measurements over the particles on the TEM images: the measured mean size was 63.4 nm with 

an SD of ±43 nm. 

 

 
 


