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Abstract: The dimensions of mitochondria are close to
the diffraction limit of conventional light microscopy
techniques, making the complex internal structures of
mitochondria unresolvable. In recent years, new fluores-
cence-based optical imaging techniques have emerged,
which allow for optical imaging below the conventional
limit, enabling super-resolution (SR). Possibly the most
promising SR and diffraction-limited microscopy tech-
niques for live-cell imaging are structured illumination
microscopy (SIM) and deconvolution microscopy (DV),
respectively. Both SIM and DV are widefield techniques
and therefore provide fast-imaging speed as compared
to scanning based microscopy techniques. We have
exploited the capabilities of three-dimensional (3D) SIM
and 3D DV to investigate different sub-mitochondrial
structures in living cells: the outer membrane, the inter-
membrane space, and the matrix. Using different mito-
chondrial probes, each of these sub-structures was first
investigated individually and then in combination. We
describe the challenges associated with simultaneous
labeling and SR imaging and the optimized labeling
protocol and imaging conditions to obtain simultane-
ous three-color SR imaging of multiple mitochondrial
regions in living cells. To investigate both mitochondrial
dynamics and structural details in the same cell, the
combined usage of DV for long-term time-lapse imag-
ing and 3D SIM for detailed, selected time point analysis
was a useful strategy.
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1 Introduction

Mitochondria are indispensable power plants of eukary-
otic cells, performing diverse yet interconnected cellu-
lar functions. Mitochondrial dysfunction is associated
with an increasingly large number of human inherited
health disorders that can affect any organ and manifest
at any age [1]. The importance of mitochondria and their
involvement in many common diseases have made them
the target of a vast number of imaging experiments [2—
7]. However, despite decades of research, many aspects
of their function remain elusive [8-11]. As their function
is directly linked to membrane potential and dynamics
[12, 13], visualizing these aspects can only be done using
live-cell imaging techniques. However, the diameter of
mitochondria is typically between 250 and 500 nm. This
is quite close to the diffraction limit of conventional
visible light microscopy techniques, which is about
200 nm and 500 nm in the lateral and axial directions,
respectively. Imaging the complex internal structures
of mitochondria using conventional light microscopy
would thus be impossible. Their intricate membrane
structure has traditionally only been visible through
transmission electron microscopy, a method not suit-
able for live-cell imaging. In recent years, an array of
fluorescence-based optical imaging methodologies
has emerged, collectively termed super-resolution (SR)
optical microscopy or optical nanoscopy [14, 15], which
allows imaging beyond the conventional diffraction
limit of optical microscopy. However, each technique
possesses its own limitations, reducing its capability
to rapidly image three-dimensional (3D) samples and
similarly limiting its applicability to live-cell imaging
[15, 16]. Such limitations include an inability to follow
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dynamic processes at the speed dictated by nature,
sample motion that can introduce artifacts in the final
image reconstruction, or photodamage to delicate struc-
tures due to necessarily intense light exposure.

One of the most promising techniques for live-cell
SR imaging is structured illumination microscopy (SIM).
SIM [17, 18] is a widefield technique that achieves lateral
and axial resolution of up to 100 nm and 250 nm, respec-
tively, thus allowing for imaging over a large field of view
at relatively high imaging speeds and at low illumination
intensities compared to other SR techniques [14, 19, 20].
In addition, SIM is compatible with commonly used fluo-
rescent probes, whereas other SR techniques like single
molecule localization methods rely on suitable photos-
witchable fluorophores [21], although newer fluctuation-
based methods seem promising towards advancing the
field in the directions of both live-cell imaging and the use
of conventional fluorophores [22, 23]. The resolution dou-
bling provided by SIM, compared to the diffraction limit, is
suitable for a coarse determination of sub-mitochondrial
structures. Combined with the relatively high imaging
speed possible with SIM (0.5-1 Hz), super-resolved time-
lapse visualization of live mitochondrial dynamics and
even the interplay between different compartments are
now possible.

Here, we used 3D SIM and deconvolution microscopy
(DV) to simultaneously image three sub-mitochondrial
compartments in the same living cell by using spectrally
separated probes: mEmerald-TOMM20 (Gtom) for the
mitochondrial outer membrane [24, 25], MitoTracker Deep
Red (MT) for the mitochondrial intermembrane space, and
CellLight Mitochondria-RFP BacMam 2.0 (BM) for the mito-
chondrial matrix [26, 27]. Each probe has a distinct locali-
zation relevant to mitochondrial structure and function.
TOMM20 is a subunit of the translocase of the outer mito-
chondrial membrane complex, which mediates the import
of the vast majority of proteins into mitochondria from the
cytosol [24, 25]. Inhibition of TOMM?20 import has recently
been found to play an important role in the pathogenesis
of Parkinson’s disease [28]. MitoTracker probes accumu-
late electrophoretically into mitochondria because of their
transmembrane potential [29]. Although the permeability
of mitochondrial membranes can undergo drastic and
rapid changes, MT will normally permeate the mitochon-
drial outer membrane and accumulate in the intermem-
brane space near the mitochondrial inner membrane due
to its typically low permeability to ions [30]. Finally, BM
labels a mitochondrial matrix enzyme (E1 alpha pyru-
vate dehydrogenase) [26] essential in converting chemi-
cal energy from imported nutrients into a usable form for
the cell [31]. Deficiency of this enzyme correlates with a
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buildup of lactic acid and is linked to severe neurological
problems [32].

To the best of our knowledge, this is the first report
on simultaneously imaging three distinct sub-mito-
chondrial structures in living cells using optical nanos-
copy. Another contribution of this work is to investigate
the challenges and opportunities associated with SR
imaging and labeling multiple regions inside the same
organelle, with an emphasis on mitochondria. Targeting
three regions of mitochondria individually was relatively
straightforward. However, labeling three sub-mitochon-
drial regions simultaneously for SR imaging with SIM was
found challenging and required re-optimization of the
labeling protocols.

2 Results and discussion

2.1 Live imaging of singly labeled
mitochondria

To visualize mitochondrial structures, labeling protocols
for each probe targeting a sub-mitochondrial structure
were optimized on MCC13 cells (Merkel cell carcinoma).
For this, we considered factors including label-induced
toxicity during both labeling and imaging, the intensity
of non-specific background signal, and the photostabil-
ity of the probe. The optimized protocols are detailed
in the methodology section and summarized in Table 1.
Briefly, the essential parameters for effective labeling and
imaging were as follows: for MT, a working concentration
of 75-100 nM and 30-min incubation time and for Gtom
and BM, extended post-transfection cell recovery and

Table 1: Overview of necessary re-optimizations for multicolor
labeling experiments.

Probe Optimized labeling

v Gtom 1 g pDNA+1 ul L3000, 2-day incubation

v BM 20 PPT, ~20-h incubation

v MT 75-100 nm, 30-min incubation, wash well

Probes combined Re-optimization

v Gtom+BM Increased time between each transfection
(at least 2 days) and higher reagent
density of BM (from 20 PPC to 40 PPC)

v BM+MT Increased labeling concentration of MT
(400-500 nm)

v Gtom+MT No re-optimization required (individual
protocols applicable)

v Gtom+BM+MT Above combined
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selection of cells with ideal expression levels for imaging.
The sub-mitochondrial localization of each of the three
probes evaluated by 3D SIM appeared to be largely in
accordance with their expected target regions (Figure 1).
For the BM mitochondrial matrix probe, however, larger
or thicker aggregates of red fluorescent protein (RFP) were
often seen along the mitochondrial network in contrast
to their expected appearance as thin, continuous strands
(Figure 1A and D). MT, accumulating on the mitochon-
drial inner membrane, highlighted a folded structure
with dark regions or internal gaps, corresponding to the
structure of cristae (Figure 1B and E). Gtom, correspond-
ing to the mitochondrial outer membrane, manifested
as a wider structure with internal gaps larger than those
seen in the other two probes (Figure 1C and F). Supple-
mentary Figure S1 shows a comparison between images
obtained using the DV and 3D SIM techniques, where the
DV image is mostly unable to reveal the outer membrane
localization of the Gtom probe, as clearly shown by the
3D SIM image.

I.S. Opstad et al.: Multi-color imaging of sub-mitochondrial structures using SIM =—— 937

2.2 Time-lapse imaging of mitochondria

Static images cannot provide a complete view of the
complex functioning of cellular systems, and an increased
interest in mitochondrial dynamics in recent years has
resulted in several significant new revelations. Capturing
the dynamics of a living system provides a more complete
view of its function, with mitochondria being of particu-
lar interest recently [33-39]. With this increased interest,
however, comes the necessity to better understand how
both the labeling and imaging processes themselves may
alter the biological system under study and to choose
the least invasive technique suited to each study. We
attempted 3D SIM time-lapse (TL) imaging of mitochon-
dria labeled as described above, but fast photobleaching
hindered capturing dynamics for more than a few frames
(typically 1-10).

Interestingly, similar 3D SIM TL experiments on HeLa
cells labeled with MTG previously published by Shao et al.
[40] did not show the same phototoxicity. They imaged

Figure 1: Live imaging of MCC13 cells individually labeled with three mitochondrial probes.

(A) CellLight Mitochondria-RFP BacMam 2.0 (BM) localizes in the mitochondrial matrix. Larger aggregates (indicated by arrows in A) are
thought to be labeling artifacts. (B) MitoTracker Deep Red (MT) accumulates in the intermembrane space, and gaps correspond to the pres-
ence of cristae. (C) mEmerald-TOMM20 (Gtom) appears along the outer mitochondrial membrane. Panels (D-F) provide a closer look at the
boxed regions in A-C. Images are maximum intensity projections of 3D SIM images.
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Figure 2: Live imaging of an MCC13 cell dually labeled with Gtom and MT.
The region indicated in (A) is shown magnified below with separate (B, MT; and C, Gtom) and merged color channels (D). Images are
maximum intensity projections of a 3-um 3D SIM z-stack. A single z-slice image with orthogonal views are found in Supplemental Figure S2.

50 time-points seemingly without major morphological
artifacts or detrimental photobleaching. Compared to our
methods, they imaged approximately double the thick-
ness (6.1 um) and used half the labeling concentration of
MTG (50 nm). The difference may be due to the different
cell types used, as HeLa cells are known to be remarkably
durable, due to lower label concentration or likely lower
illumination intensities, as their exposure time (35 ms) is
longer compared to our study (3—8 ms for 100-nM labeling
concentration, depending on the brightness of the cell
imaged). In our case, however, relatively longer exposure
times and lower illumination intensities were not suitable
because of the high motility of mitochondria in the chosen
cell line (MCC13) and relative intensity of the MitoTracker.

DV, on the other hand, enabled long-term time-lapse
imaging (60 time points over 30 min) of all probes. For
extended discussion of TL imaging and details on the

SIM and DV imaging techniques, see Supplementary
note 1: time-lapse imaging, and supplementary movie
S1-S2.

As both 3D SIM and DV imaging modalities are avail-
able on our microscope, we were able to retain the ability
to resolve sub-mitochondrial structures at selected time
points by supplementing the DV TL images with 3D SIM
images of the same cells. Supplementary Movies S3 and
S4 (online material) show 3D renderings of data collected
in this way, i.e. a single SIM image and a DV TL series of a
Gtom-labeled MCC13 cell, respectively. The 3D SIM image
(Supplementary Movie S3) was acquired as the first time
point, with the DV TL sequence (Supplementary Movie S4)
subsequently acquired after changing the imaging mode
on the microscope. This multimodal approach enabled us
to balance the need for speed and low light exposure with
the desire for SR structural details.
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2.3 Live imaging of dually labeled
mitochondria

To confirm the sub-mitochondrial localization of the
individual probes and their relative colocalization, we
labeled the same cells with different live-cell mitochon-
drial probes. Combining mitochondrial labels in the
same sample resulted in reduced labeling efficiency
for both BM when following Gtom transfection and for
MT following BM transduction (see Supplementary
Figure S3). However, no such challenges were encoun-
tered for MT labeling following Gtom transfection. The
reduced labeling efficiency of dually labeled mitochon-
dria (Gtom + BM and BM + MT) limits the applicability for
SIM imaging, as SIM requires a high number of frames
with sufficient signal-to-background ratios in order to
reconstruct a 3D SIM image. Low fluorophore density,
as observed with some of the dually labeled samples,
frequently results in rapid photobleaching, reduced
image quality, and/or image reconstruction failure while
imaging using 3D SIM. Re-optimization of the labeling
protocol was therefore necessary for 3D SIM imaging of
dually labeled mitochondria, the results of which are
summarized in Table 1 and discussed below for different
label combinations.

2.3.1 Imaging the mitochondrial outer membrane and
intermembrane space (Gtom and MT)

MCC13 cells were first transfected with Gtom and thereafter
labeled with MT. As MT resulted in reduced cell health after
just a few hours of labeling, transfections, which require
long incubation times (e.g. Gtom, see Methods), must be
performed first. Figure 2 shows live 3D SIM images of mito-
chondria dually labeled with Gtom and MT probes. Figure
2B shows MT labeling of the intermembrane space, while
Figure 2C shows Gtom labeling of the outer mitochondrial
membrane. The resolution provided by 3D SIM is sufficient
here to clearly distinguish between the two sub-mitochon-
drial structures. Supplementary Figure S2 shows a single
z-slice image and orthogonal views of this same cell. No
additional labeling protocol optimization was necessary
beyond that which was used for the probes individually.

2.3.2 Imaging the mitochondrial outer membrane and
matrix (Gtom and BM)

Both Gtom and BM labelings rely on the expression of genet-
ically encoded fluorescent fusion constructs — a relatively
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slow process. However, the transient nature of BM labeling
combined with the necessary cell recovery and expression
times thus required Gtom transfection to be performed
before BM transduction.

Gtom transfection must be performed at least 48 h
before imaging, while for the BM label, a shorter post-
transfection incubation time is needed (16-20 h). This
makes it tempting to add the BM reagent to the cells
about 30 h post-Gtom transfection and thereby (in
theory) enabling dual-imaging of both Gtom and BM
after 2 days. Based on our experience, however, we do
not recommend this approach, as it resulted in a very
high cell death rate. Extending the time between the
transduction to 2 days resulted in bright dual-labeling of
few cells (about 5%), but for the highest possible dual-
color labeling efficiency, it was preferable to first induce
and maintain a stably transfected cell-line expressing
the Gtom label by using antibiotic selection. Without
this selection, the Gtom label was gradually lost within
a few days post-transfection, thus making dual-labeling
extremely unlikely. Under these conditions, many of
the dually transfected cells displayed sufficient expres-
sion levels of both Gtom and BM for 3D SIM imaging. In
Figure 3, 3D SIM images of a Gtom- and BM-labeled cell
clearly show the Gtom signal enclosing the BM signal, as
expected from their respective localizations on the mito-
chondrial outer membrane and matrix. Although Gtom
labeling negatively impacted BM expression levels, it
also appeared to reduce the incidence of morphological
artifacts that were observed in cells labeled only with
BM, i.e. large aggregates of RFP (shown and further dis-
cussed in Supplementary Figure S4).

2.3.3 Imaging the mitochondrial matrix and
intermembrane space (BM and MT)

As BM tags an essential mitochondrial metabolic enzyme
with a large fluorescent protein, the functioning of the
enzyme itself, and thus the mitochondria, may be
impacted. Indeed, we observed a reduced labeling effi-
ciency for MT in cells expressing higher levels of BM,
such that dual-color imaging was, for most cells, not
possible using the same labeling concentration as opti-
mized for MT alone (100 nM) (see Supplementary note 1:
time-lapse imaging). However, within the same cultures,
we found that some cells with lower expression levels of
BM did retain sufficient (though reduced) levels of MT for
dual-color SIM imaging, as shown in Figure 4. As higher
signal-to-background ratios are needed for successful
SIM reconstructions, the cells with higher BM expression
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Figure 3: Live imaging of an MCC13 cell dually labeled with Gtom and BM.
The boxed region in (A) is shown magnified for the combined (B) and individual probes (C and D). Gtom (C) localizes at the mitochondrial
outer membrane, and the BM label (D) localizes in the mitochondrial matrix. Gtom surrounding BM is shown in the merged image (B).

Images are maximum intensity projections of a 1.25-um 3D SIM z-stack.

levels (and thus higher signal) are better suited for
imaging. To compensate for the reduced efficiency of
MT labeling on cells showing higher BM expression, MT
concentration was increased from 100 nMm (the optimized
concentration without BM) to 400-500 nM. Increasing
the MT labeling concentration above 500 nM induced
wider and irregular mitochondrial morphology, together
with loss of label specificity, and hence, also poor image
quality.

Although moderate increase in labeling concentra-
tion provided sufficient signal for dual-color 3D SIM
imaging in a greater proportion of the BM-transduced
cells, the cells with highest expression levels of BM
still did not retain sufficient MT for SIM imaging. Sup-
plementary Figure S5 online shows a SIM image of
mitochondria brightly labeled with both BM and MT,

but many, with irregular or ring-shaped morphology.
Furthermore, there appear to be very few differences
between the BM and MT labels, as mitochondria appear
as thin, fairly continuous strings with highly co-local-
ized signals from both labels. It is not clear from these
results if the labels are then localized in the mitochon-
drial intermembrane space or the mitochondrial matrix.
This may be due either to the limitation of the resolu-
tion that is obtained by 3D SIM compared to the actual
dimensions of the mitochondrial compartments or to
a possible change in the fluorescent label localization,
e.g. the MT label possibly localizing instead in the mito-
chondrial matrix. The duplication of information from
this joint BM-MT approach therefore indicates that its
use is limited outside extreme cases of sub-mitochon-
drial morphological disruption.
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Figure 4: Live imaging of an MCC13 cell dually labeled with BM and MT.

I.S. Opstad et al.: Multi-color imaging of sub-mitochondrial structures using SIM =—— 941

The boxed region in (A) is shown magnified for the individual (B and C) and combined probes (D). For cells with low levels of BM expression,
the same concentration of MT could be used as was optimized in MT-alone experiments (100 nm), but the low BM signal compromises image
quality (B). Sub-mitochondrial localization cannot be determined in these samples, as the structure of cristae (which had been observable
using MT alone) are no longer discernable in the MT channel (C). Images are maximum intensity projections of a 1-um 3D SIM z-stack.

2.4 Live imaging of triply labeled
mitochondria

Using 3D SIM, we imaged mitochondria in living MCC13
cells simultaneously labeled with three spectrally sepa-
rated probes targeting different mitochondrial structures
(outer membrane, intermembrane space, and matrix).
Simultaneous labeling with the three probes required

overcoming the challenges of combining both Gtom with
BM and BM with MT, as discussed in detail in the previous
section and summarized in Table 1 and Figure 7. Briefly,
this included extending the post-transfection recovery
time and increasing the concentration of MT. Additional
challenges and optimizations necessary concerning the
technical side of multicolor live-cell 3D SIM imaging are
discussed below under Imaging conditions.
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Figure 5: Live imaging of MCC13 cells triple labeled with Gtom, BM, and MT.

The indicated region in (A) is shown magnified below with separate (B) Gtom, (C) BM, (D) MT, and (E) merged color channels. Images are
maximum intensity projections of a 1-um 3D SIM z-stack. The line profile indicated in (E) is plotted in Figure 6, and Fourier plots with resolu-
tion estimates of these 3D SIM images are found in Supplemental Figure S8.

Figure 5 shows imaging of the three labeled sub-mito-
chondrial structures in a single living cell. The localiza-
tion of the mitochondrial labels was in accordance with
both the literature and our results from single-color labe-
ling. BM labeling (mitochondrial matrix) had the slim-
mest appearance (Figure 5C), while MT (mitochondrial
intermembrane space) had a slightly wider appearance

and showed discernable gaps or dark regions that cor-
responded to the inner membrane enveloping the mito-
chondrial matrix (Figure 5D). Gtom expression (outer
mitochondrial membrane) resulted in wider structures
(Figure 5B), which clearly enveloped the other two labels
(Figure 5E). This enveloping relationship is further dem-
onstrated in a line profile (Figure 6) of the mitochondrion
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Figure 6: Cross-section of a triply labeled mitochondrion as indicated in Figure 5E and on the left panel.
The plotted intensities have been normalized to the maximum intensity of each individual color channel. Here, BM shows a single peak con-
tained amid the double peaks formed by both MT and Gtom. The width (FWHM) of the blue peaks is around 120 nm, reflecting the expected

lateral resolution of the green channel (ex. 488 nm).

indicated in Figure 5E. A single z-slice image of a cell sub-
jected to the same labeling conditions is found in Supple-
mentary Figure S6. Fourier plots estimating the optical
resolution are discussed in the Supplementary note and
shown in Supplementary Figure S8.

Notably, we found that cells containing sufficient
levels of all three probes were less prone to the BM over-
expression artifact found in cells labeled only by BM (Sup-
plementary Figure S3). An explanation for this might be
that labeling the import protein TOMM20 (in the TOM
complex on the outer mitochondrial membrane) may, to
some extent, inhibit the import of the BM-fusion protein
into the mitochondria. As the cells would thus express a
lower and therefore more moderate level of BM, they may
be less prone to reduction in mitochondrial transmem-
brane potential observed in cells with high expression
levels of BM. In addition, the successful retention of the MT
probe by these cells indicates that the cells were healthier
and more viable, with more functional mitochondria.

2.5 Imaging conditions

In addition to optimization of the labeling protocol for
live, multicolor 3D SIM of mitochondria, it is also neces-
sary to carefully choose optimal imaging parameters in
order to successfully obtain a super-resolved image. The
additional light exposure of multicolor imaging increases
photobleaching, and when combined with the reduced
labeling density (compared to singly labeled samples),
it results in an overall decrease in signal intensity. To
reduce photodamage [41, 42], lower laser intensities are

often used and exposure times increased if higher signal
is needed for reliable image reconstruction, although this
may also increase motion blur.

Moreover, the SIM reconstruction algorithm for our
system assumes a specific point spread function (PSF)
for the instrument, yet this PSF is a variable dependent
on imaging conditions such as wavelength, tempera-
ture, mounting medium, distance from the coverslip, and
coverslip thickness. If the PSF used in the reconstruc-
tion algorithm does not match the PSF for the particular
experimental conditions, image reconstruction may fail
or lead to significant artifacts. As it is not practical to
measure new system PSFs for each sample, a set of pre-
measured PSFs is used, with one PSF optimized for each
wavelength under standard conditions. One way to com-
pensate for other experimental differences is to change
the index of refraction (RI) of the immersion oil used
on the objective. Choosing the correct immersion oil for
assessment of dual or triple staining of mitochondria in
live cells was almost as essential as choosing the correct
excitation wavelength. For SIM imaging on fixed cells, it
is possible to use mounting medium with a higher RI (i.e.
RI close to that of the glass coverslips), which reduces the
spherical aberrations, thus enabling larger z-stacks and
a wider spectrum of colors to be imaged before artifacts
from mismatched oil arise. However, for live-cell imaging,
the cells are kept in a low RI buffer solution like RPMI or
live-cell imaging buffer (RI~1.33), which leads to addi-
tional spherical aberrations and loss of fluorescent signal
at the sample-coverslip interface. Therefore, matching the
RI of the immersion oil for live-cell imaging is even more
critical than for fixed-cell imaging.
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Because of these PSF variabilities, SIM imaging
using more than one wavelength means using sub-
optimal oil for at least one color. For example, in the
three-color image in Figure 6, immersion oil with RI
1.516 was used, while the optimal oil RI for only Gtom
(ex. =488 nm) in the same sample would be approxi-
mately 1.512, and 1.518 for MT only (ex. A=642 nm).
Although the different colors have different optimal
oil RIs, well-prepared samples can often be success-
fully imaged using immersion oil with RI between the
optimal for the longest and the shortest wavelengths. In
this case, we found that using oil with RI 1.516 was most
suitable to achieve the best image reconstructions for all
three colors during live-cell imaging. In Supplementary
Figure S6, the speckled honeycomb pattern in the green
channel (Gtom shown in turquoise) is an imaging arti-
fact likely caused by this compromise in oil RI but may
also be caused in part by photobleaching.

3 Conclusions

Three distinct and spectrally separated probes were used
to simultaneously label sub-mitochondrial compartments
in living cells, then imaged using both DV and 3D SIM.
DV enabled long-term time-lapse imaging of mitochon-
dria (60 time points over 30 min), while 3D SIM provided
details about the sub-mitochondrial morphologies at
single time points.

We evaluated several mitochondrial probes and labe-
ling protocols and observed their direct effects, both indi-
vidually and combined, on mitochondrial morphology
and function. While BM labeling (targeting the matrix)
alone resulted in some morphological artifacts, cells first
transfected with Gtom (targeting the outer membrane)
and then transduced with BM showed lower incidence
of these artifacts. Although lower concentrations of MT
(targeting the intermembrane space) did not show mor-
phological artifacts during single time point imaging,
phototoxicity induced by extended imaging time resulted
in a swollen appearance of the mitochondria. However,
MT was the only probe with sufficient photostability for
time-lapse 3D SIM imaging beyond five time points for our
cells and labeling conditions, irrespective of the time in-
between each point.

For dual-labeling experiments, the best results were
obtained with Gtom and MT, such that no modification
of the individual labeling protocols was required when
the probes were used in combination, and no changes in
morphology were noted as compared to cells labeled with
the probes individually. For the other two combinations,
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optimization of the labeling protocol was necessary, and
morphological artifacts were observed. However, addi-
tional BM labeling of Gtom-transfected cells reduced the
incidence of morphological artifacts compared to cells
labeled only with BM.

In addition to reducing the suitability for 3D SIM
imaging, the reduced labeling efficiency of the combined
probes also serves as a reminder that altering cells with
fluorescent probes necessarily changes the biological
system under study. The effects of these changes, espe-
cially when combined with powerful investigative tools
(e.g. imaging with high spatio-temporal resolution), may
potentially lead to false interpretations and conclusions.
For example, morphological artifacts from over-expres-
sion of a host protein may change from unnoticeable
to especially noteworthy at SR. In addition, phototoxic
effects present challenges to evaluating the dynamics of a
system, as the simple act of observing a target can damage
it or otherwise influence its behavior; these effects are
compounded in SR microscopy, where the total light dose
on the sample is significantly increased.

It is therefore important to evaluate and choose the
best combination of techniques for each specific sci-
entific inquiry. Although, on one hand, 3D SIM clearly
provides higher resolution, it comes with a requirement
for increased labeling, higher risks of phototoxic effects,
lower imaging speed, and lower potential for time-lapse
imaging. DV imaging, on the other hand, is a good choice
for lower phototoxicity and higher speed compared to
both SIM and confocal imaging, but it lacks the resolu-
tion of the former and is not as good for imaging thick
samples as the latter. For imaging mitochondria in our
study, the combination of DV for time-lapse and 3D SIM
for detailed, single time-point analysis proved to be most
useful. Similarly, the choice of probes is highly dependent
on the goals and conditions of each experiment. MT labe-
ling is fast, relatively bright, and photostable but prone to
morphological artifacts depending on both labeling and
imaging conditions. Gtom provides an excellent, distinct
structure for imaging, but the requirements for transfec-
tion make it incompatible with some primary cells, and
varying expression levels can make it difficult to find and
image cells using 3D SIM. BM labeling is somewhat slower
and more prone to artifacts, although it may still be a good
choice for cells that do not tolerate MT labeling or imaging.
As our study focused on MCC13 cells, the choice of labe-
ling and imaging conditions may vary for different sample
types and conditions and for the process or subject under
evaluation. Our study also emphasizes the importance of
and need for development of sub-cellular probes compat-
ible with both SR microscopy and live-cell imaging.

Unauthenticated
Download Date | 9/25/18 2:18 PM



DE GRUYTER

Resolving and visualizing three different compart-
ments of mitochondria at the same time in a living cell is
an important step towards understanding the nanoma-
chinery of the basic units of life. This work highlights the
capability of current techniques to evaluate differences
in nanoscale structures within a living system and the
challenges involved in modifying and studying biologi-
cal systems with high resolution. With current research
trends emphasizing the dynamics of individual proteins
or gene expression levels, the sub-organelle level of detail
elucidated here will become increasingly relevant and,
therefore, so will an understanding of the associated chal-
lenges and limitations of these advanced techniques.

4 Methods

4.1 Cell lines

The Merkel cell carcinoma (MCC13) cells were maintained
in an incubator at 37°C with 20% O, and 5% CO,, with a
growth medium consisting of RPMI 1640 (Sigma-Aldrich
Norway AS, Oslo, Norway) supplemented with 10% fetal
bovine serum (FBS) (Sigma-Aldrich Norway AS, Oslo,
Norway) and 1% penicillin/streptomycin (Sigma-Aldrich
Norway AS, Oslo, Norway). Cultures used for experi-
ments were thawed from stocks stored in liquid nitrogen
a minimum of 1 week prior to transfection.

4.2 Transfection of cells using lipofectamine

Bacterial stabs for growing Gtom plasmids were obtained
from Addgene (Cambridge, MA, USA) (plasmid # 54282)
[43]. Selected bacterial colonies were inoculated
overnight in liquid Luria-Bertani (LB) broth (Difco,
Thermo Fisher Scientific, Waltham, MA, USA). Plasmid
DNA (pDNA) was purified using the GeneJET Plasmid
Miniprep Kit (Thermo Fisher, Waltham, MA, USA). Prior
to transfection, the cells were seeded on glass-bottom
culture dishes (MatTek Corporation, Ashland, MA,
USA) and cultured in antibiotic-free medium until they
reached 80% confluency. Transfection was performed
using 1 pg purified pDNA and 1 pl Lipofectamine 3000
(Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA) in Opti-MEM media for 5 h at 37°C before changing
to normal growth medium without antibiotics and incu-
bated for 2 days. The cells were then imaged or incubated
further in medium containing 0.2 mg/ml Geneticin Selec-
tive Antibiotics (Thermo Fisher Scientific, Waltham, MA,
USA) for selection of Gtom-expressing cells.
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4.3 Labeling with CellLight Mitochondria-
RFP BacMam 2.0 (BM)

Labeling with BM (Thermo Fisher Scientific, Waltham,
MA, USA) was done according to manufacturer’s proto-
col with 15-45 particles per cell (PPC) approximately 20 h
prior to imaging. Transfected cells were grown under the
same cell culture conditions as described above but in
antibiotic-free medium.

4.4 Labeling with MitoTracker

MitoTracker labeling was optimized for MitoTracker
Green (MTG) (Thermo Fisher Scientific, Waltham, MA,
USA) with emphasis on TL imaging. The optimal concen-
tration for MTG was also found suitable for MitoTracker
Deep Red.

Labeling concentrations were tested in the range
of 10-400 nM, with incubation times ranging from 15 to
45 min. The most suitable results (for non-BM transduced
cells) were obtained with 75-100 nMm MT with incuba-
tion for 30 min, followed by three washes for 10 s with
1-ml phosphate-buffered saline (PBS) or live-cell imaging
medium (Thermo Fisher Scientific, Waltham, MA, USA).
For MitoTracker Deep Red (Thermo Fisher Scientific,
Waltham, MA, USA), an additional washing step was nec-
essary to sufficiently reduce the background signal for
optimal SIM image reconstruction. For combined experi-
ments with BM and Gtom, MT incubation was applied as
the final labeling step.

4.5 Three-color mitochondrial labeling

As described in more detail above, cells were first labeled
with Gtom through lipofectamine transfection of plasmid
DNA. Transfected cells were allowed to recover and then
positively selected using Geneticin before further labeling.
After 2 days, the Gtom-labeled cells were then transduced
with BM and then incubated for an additional 1620 h.
Immediately before imaging, the cells were incubated with
MT for 30 min then washed in PBS or live-cell imaging
medium. The workflow is summarized below in Figure 7.

4.6 Imaging parameters
4.6.1 Microscope

Images were acquired using a DeltaVision OMX V4
Blaze imaging system (GE Healthcare Life Sciences,
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Figure 7: Flow chart summarizing the optimized protocol for three-color labeling of mitochondria.

Marlborough, MA, USA) equipped with a 60X 1.42NA oil-
immersion objective (Olympus); three sSCMOS cameras;
and 488-, 568-, and 642-nm lasers for excitation. The
vendor specified optical resolution of the system (3D SIM)
is 110-160 nm laterally and 340-380 nm axially, depend-
ing on color channel. Multiple channels were imaged
sequentially before stepping through z-planes. Illumina-
tion intensity, exposure time, and time-lapse period were
optimized for each individual label. Supplementary Table
S1 gives an overview of individual image parameters.

4.6.2 Image processing

Deconvolution and 3D SIM image reconstruction were
completed using the manufacturer-supplied SoftWoRx
program (GE Healthcare Life Sciences, Marlborough, MA,
USA). Image registration (color alignment) was also per-
formed in SoftWoRx using experimentally measured cali-
bration values compensating for minor lateral and axial
shifts, rotation, and magnification differences between
cameras. Further image processing was done using
Fiji [44], and 3D movies were generated using Volocity
version 6.3 (Perkin Elmer, Waltham, MA, USA).
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