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ABSTRACT Detailed studies on the live cell uptake propertiea dinuclear membrane permeable' Rell probe show that, at
low concentrations, the complex localizes and images mitochodri@ncentrations above ~201 the complex images nuclear
DNA. Since thecomplex is extremely photostable, has a large Stokes shiftigpldys intrinsic subcellular targeting, its compat
bility with superresolution techniques was investigated. It was founte very well suited to image mitochondria and eacl
chromatin h two colour, 2CSIM; and STED and 3E5TED, both in fixed and live cell. In particular, due to its vastly improved
photostability compared to conventional SR probes, it can provide imagededmDblA at unprecedented resolution

Introdu ction

Techniques such as fluoresceii@sed confocal laser
scanning microscopyCLSM) have led to the development
of organelle specific emissive probes, facilitating -téake
live cell imaging of cellular processes and the possibility of
optical sectionig. ® Yet, there are still drawbacks to these
methodsDue to the relationship between resolution and the
wavelength of imaging light, first defined by AbhtHeprac-
tical limit of optical microscopy igestricted to features
above ~250 nm’ Solutions to the drawback of th&bbZ
limit have emerged, through the development of super
resolution microscopy (SRM}®*°

Two of the most employed approaches to SRM, stiradlat
emission depletion (STED) microscopy'® and structured
illumination microscopy (SIMJ}? provide contrasting &
tures. In STED, selective deactivation of phextited dye
molecules through a depletion beam provides outstgndi
spatial resolution but requires luminophores with ergct
photoexcitation properties and/or photostahiity’ Fur-
thermore, in live cell work, multiple image acquisition cycles

can lead to poor temporal resolution and also expose probes

and cells to potentially deleterious total light exposures many
magnitudes higér than conventional conditions

By contrast, although SIM provides appreciably lower
resolution limits (~140 nm) it requires much lower acguis
tion times and considerably lesshtgexposure, meaning that
this technique is eminently suited to live cell imaging and 3
D sectioning™>*°

Figure 1 Structure of compled** studied in this report
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Figure 2: Representative wide field deconvolved imageM@afF7 cells stained with MTRdreen) anato-stained with[1]Cl, (red) attwo
different concentrations. Imagé&sbF: stainingat4 uM showingseparate MTRY) and[1]Cl, (B) signak, combined images of MTR and
[1]Cl, signals(C); colocalization maps, displaying only the colocadid objecs (D) andcalculated PearsonOs coefficigfis population
distribution analysis of lateral widitf), obtained from the colocahtion mapin D. ImagesG BL: equivalentdata for staining at 18M.
In both cases image§, ii) are zoomedn details from the insets witimtensity profilesshown (right);population distribution analysis of
lateral width(N), obtained from the colocahtion mapn L. The structures resolved ap could be fitted to a doubl&aussiardistribu-
tion while the structures at 18V of [1]Cl4 could not, indicating a population of colo@tig oljects with two different widths

In recent years, the use of transition metal complewses until it is bound to DNA or a lipophilic embrane, thus re-
imaging agents for specifliomolecules and structures have ducing signal to noise in imaging such structufes
been explored as they have many potential advantages over
conventional probes’?! A case in point has been the live
cell microscopy probe based on a dinucleal-Based cm-
plex 1**, Fig. 1, which does not emit in aqueous solution

This complex has multifunctional imaging modalities.
Sinceit also displays emission at near infrared wavelengths
minimizing its phototoxicity 1** it is well suited toCLSM,
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imagingthe structure of nuclear DNA within fixed and live
cell nuclei?* Thanks to its long lifetime when bound to
DNA, it is also a probe for the lifetime imaging misoo-

py?. Finally, its use is not restricted to opticalta@ues as

- along with its O% derivativé*?® - it is a convenient, easy

to handle, contrast agent for transmisséectron microso-

py, TEM. Given all these facts it struck us that complék

had excellent potential as a SR probe; particularly as recent
studies by the Keyes group have demonstrated th&t Ru
complexes tagged to cell penetrating peptide moieties are
nuclear STED probe2§ Since, SIM and STED offer ce
trasting advantage$’ we investigated the application df

for each technique and have found that it is weltesuito
both. These studies also reveal that since the subcellular lo-
calisation of the complex is concentration dependent it can
be used to image both mitochondria and DNA through either
technique. In particular, due to a unique combination of
binding selectivity and extreme photostability, it produces 3
D STED images of nuclear DNA at unprecedented tesol
tion.

Results and Discussion

Although the live cell uptake df** was originally invest
gated throughCLSM at high concentratiorf§ studies to
determine the minimum concentration t" required to
obtain clear nuclear uptake and vismafion were carried
out using conventional wide fielshicroscopy. These expe
iments involved exposing MCF7 breast cancer cell line to a
range of probe concentrations from 250 nM upward, showed
that rapid nuclear locaation occurs even a low concentra-
tions; for example, bright staining is observed within two
minutes of exposure at 1M concentration see Sl

Figure 3. TEM micrographs using 1JCl, by MCF7 cells
(treatment: 50QuM, 1 h) as the sole contrast agent. Progressiv
ly magnified mages clearly reveal localization within it
chondria.

Interestingly, at lower concentrations, emissive signal
were observed from the cytosol region Since lipopldhi-
ons- in which charge is distributed over large hydrophobic
surface area® often accumulate in mitochondffathe pG-
sibility that1** localizes in thes organelles at lower conte

trations was investigate@€o-staining was carried out using
Mito Tracker Red, MTR, which displays an emissiornt tisa
close to that ofl**, but an excitation wavelength that is well
separated from the complex, allowing bothlpe to be ad-
dressed separately.

A detailed colocatiation analysisvas carried ouat probe
concentratioa of 4 ' M and 18 I M. Examples ofthe col-
lected images and quantificatioshown in Fig.2, illustrate
thatstrong celocalization betweed*" and MTRis observed
at concentrations below EM, but dye overlap analyses
clearly indicate that with increasing concentrationd%the
metal complex starts to localize in the nucleus #siocon-
centrations above 18M, mitochondrial emission from the
probe is not discerned due to its more intense emission when
bound to DNA.The possibility, thaf** exclusively locakes
in the nucleus through a transport mechanism functioning at
higher probe concentrations was discounted through parallel
TEM studiesAt concentrations used to obtain the bright
nuclear staining of live cellmm CLSM (500uM), TEM im-
agesrevealed thafl** is still localized within mitehondria
At highest magnifications it is apparent that thenptex is
located in the intemembrane sz, not the central lumen
where mtDNA is locate®Figure 3. Although previous stir
ies have shown thdf"* displays low cytotoicity, more d-
tailed experiments also confirm that the complex does not
disruptmitochondrialmembrane potentiaBSee Sl.
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Figure 4: (A) Top: a comparison of wideld microscope (left)
and SIM image (right) produced by staining A2780 cells with
[1]Cl4 at concentration = 25M. Bottom: Emission intensity
maps along blue line of the images, showing enhanesolir

tion in SIM. (B) Single colour SIM imaging of chromatin within
nuclei A2780 cells usingl]Cl, (concentration = 5uM). (C)
Dual colour SIM imaging of MCF7 cells usingj]Cl, at conce-
tration = 25uM and the mitochondrial stain, MTRL pM).
Pseudo colohas been employed in all the images, Scale bar: 10

pm.
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Figure 5: Super resolution STED microscopy diCl, stained MCF7 compared to deconvolutéel SM using aHyVolution, employing
0.5 airy units pinhole aperturemagesA - G: Mitochordria staining at M [1]Cl,4, HyVolution images shown in greaeteconvolved 4)
STED image in redH), merged image is shown {€). White squared insets i, are magnified ir{i, ii, iii) Enhancement of the resel
tion by STED can be observed in the conepamerged dCLSM/STED images. Quantification of the resblveaged by dCLSM and
STED is shown inl) - G), Gaussian peak fits of the population distribution of the lateidthyD, F) and sphericitfE, G) of mitochon-
dria. Mitochondria revealed by STEDere smaller than 5Am in width, STED also revealed more a distribution of sphericifylatied
towards higher values. Intensity profile diagrams of the lirrasvd in C showing STED resolution improvemeate shown irl, 2, 3
Lines in red and green shd@8TED and dCLSM respectivelimagesH, STED and HyVolutiorcomparisorimages ohucleus stained by
[1]Cl4 and the merged imadd), white squared insets are magnifiediiri) and the comparativV6 TED and HyVolutionrtensity profile
for the white lines drawn id are shown i1, 2)

Taken together, the optical microscopy and TEM studies Having established that*" is a concentratiodependent
demonstrate that, at low concentrations, comgféiocaliz- probe for both mitochondria and nuclear DNA using conven-
es in mitochondria, but at higher concentrationgien bird- tional optical microscopy, its use as a SR probe was initially
ing to this intraellular target is saturatedthe probe also explored using SIM. Unfortunately, at the low concentra-
binds to nuclear DNA. A similar concentration dependent tions required to obtain mitochondrial localization, thesemi
uptake profile is observed for the natural product krerbe sion from1*" is not bright enough to obtain high quality-i
ine® high-resolution CLSMbased Airyscan microscopy ages. Howevesstriking results are obtained whéfi is used
also supports these findingsSeeESI. at concentrations above po/.
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The low photobleaching and bright nucleus localised
emission ofl™* is ideally suited to SIM imaging, particularly
as images could be collected using the existing Akxar
647 channel of the Delta Vision OMEIM system, revda
ing details of chromatin structure illustrated by the images
and intensity maps ifig. 4A and B To dissect the dyma-

ics of cellular processes, simultaneous imaging of separate

organelles and other cell structures at-diffsaction resolu-
tion is often required; this goal can be accomplished by two
colour SR microscopy. Therefore, we also explored the use
of 1** as a cestain in 2GSIM. The spectral properties of the
complex suggested that it is well suited for use with a range
of commercial probes; to establish its pai@nin this co-

text we investigated the Mito Tracker series. Severahme

bers of the series such as Mito Tracker Green proved to be

insufficiently stable for SIM as when exposed to the light
and acquisition cycle required for imaging, considerable
photobleaching occurre®see Sl. Indeed, in our hands, Mito
Tracker Red, MTR, was the only memimdrthis serieghat
was compatible with the demands of SIM conditions. How-
ever, the combination df*" at concentrations above 181

and MTR resulted in minimum eocalization, producing
detailed 2CGSIM images of both chromatin and mitochondria
in MCF7 cellsbFig 4C.

The high quality of the SIM images over extendedecs|
tion periods confirmed the photostability of the dye. Since
emission from the bound complex lieng lived (180 ns)
which increaseshe probability of stimulated ensi®nand it
displays a large Stoke Shift which minimizes self
quenching even at high dye loadiagd provides Ospectral
widthOfor emission, excitation, andepletion®” - the use of
1*" as a STED probe was then iniigated. Initial studies,
carried out using conditions reported Ru(ll) peptide co-
jugated’ - in whicha 660 nm depletion beam was used
proved to be unsuccessful. Such observations usually ind
cate photoecitation into a dark stateTo address this issue,
depletion using a 775 nm beam into the low energy edge
the probeOs broad emission was carriedlouhis second
set of conditions, STED images were successfully obtained
and- using concentrations df"* as low as 1M - SR ima-
ing of mitochondria could now be @amplishedb Fig 5 A-

G. Satisfyingly- andconsistent with the wide field and SIM
studies- a higher treatment concentrations the probe- pr
duced striking images of chrotia DNA with the improved
resolution clearly shown in comparative Intensity pgofil
diagram BFigure 5 H and.J

Thanks to thdow phototoxicityof the dyewe also found
that it was suitedo use in livecell STED imaging Using
concentratios used in our previouELSM studieson live
cell imaging we obtained excellequality imagessuch as
those show in Fig..6

While conventbnal STED provides highesolution in
two-dimensions, resolving the relative spatial arrangements
of complex subcellular structures in thh@ienensions is vital
in fully determining morphologies and often provides-fu
damental insights into biological fumeh. This need has led
to the development and implementation of-SDED3***
however successful implementation of this technology r
quires highly photestable luminophoré3 as the optical
sectioning procedures used to gener@BESTED images
require a probe that can withstand prolonged exposure to

optically demandingcondtions which often lead tphoto-
bleaching of conventional probes

Figure 6.: Images of livecell staining by 500uM [1]Cly:
HyVolution (dCLSM)(A), 3D STED(B) and STED(C); Mag-
nified insets(i-iii) and fluorescence intensity profiles franii
is shown inset

Sincethe most notable feareof 1** in terms ofits optical
propertie is its extreme stability under prolonged laseu-ll
minationits use in 3D STED was also investigate@ratify-
ingly, thanks toits superlative photostahily and minimal
photobleachingprobel* use as a STED luminophore facil
tated the generation @D-images of nuclear chromatiner
quiring laser exposures of up to an hour) veixtellentreso-
lution in all three plane (XY resolutions” 35 nm and
150nm in theZ-axis) as illustrated by the images shown in
Fig 7.

Conclusions

Membrane permeable compldX’, which can be used to
image mitochondria and the nucleus through optical reicro
copy - is a probe for both SIM and STED. SIM images of
chromatin are obtained at probe concentrations abové/R5
and it can be used for 268IM with a commercial probe. It is
also a STED probe in both fixed and live cells and due to its
very high photostability, 3BBTED images below 40 nm
resolutions can be collected.



Figure 7: A. 3D HyVolution (dCLSM) and 3ESTED individual plane comparisdor XY, XZ, YZ planesthe white squared insets are
magnified next to the imagés ii). B. 3D-STED Super resolved reconstruction of the whole nucleisme (full 3D volume, out of 156
planes), where each single plane was imaged at the highestit] X S8TED reshition (3D STED). Merged dCLSM and STED reeo
structed 3D surface rendered images in green and red colour respectiweds &viding the volume in quadrants (XY, XZdawZz).
White squared insets reveal the super resolved awusteucture in the Z plang ii) and in the XY plane (iii) as seen in the viesrh the
top, and in the XY (i) plane, and Z plane (ii) as seen in the view from the bottom

This complexcan be synthesized on a multigram scale and  target othecellular structures are already knaq¥rhis class

images subcellular structures withdaiborious attachment to of compounds offers excellent potential as versatile probes
targeting moieties or the use of taggFP fusion protein for SRM and related techniques. Studies to addrhesset
constructs. issues are underway and will fothe basis of future reports

Given that this probe displays a large Stokes Simft
near infrared emission it is offers great potential for mult
colour STED imaging® Furthermore, since derivatives that
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