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5. Discussion

Abstract

Advances in optical microscomyecontinually narrowing the chasm in
our appreciation of biological organisation between the molecular and
cellular levelsput many practical problemarestill limiting. Observation
is alwayslimited by therapiddynamics of ultrastructural modification§ o
intracellular componentsand often by cell motilityimaging of the
unicellular protist parasite of ornamental fiSipironucleus vorten$as
proved challengingAutofluorescence of nicotinamide nucleotides and
flavins in the 406680 nm region of theisible spectrumis the most
useful indicatoof cellular redox statand hence vitalityFluorophores
emittingin the red or neainfrared (i.e. phosphorsare lesslamaging
and more penetrative thamany routinely employed fluors. Mountants
containingfree radical scavengers minimise fluorophore photobleaching.
Two-photon excitation provides small focal spoincreased penetration,
minimises photon scattering andables extended observasobse of
guantum dots clarifies the competition between sodwl uptake and
exosomal extrusiorRapidmotility (161um/s)of the organism makes high
resolution of ultrastructurdifficult even at high scan speetlse of
voltagesensitive dyesleterminingiransmembrane potentials of plasma
membrane and hydrogenosaimodified mitochondria)s alsohindered
by intracellular motiorand controlled maesthesigerturbsmembrane
organisabn. Specificity of luminophore binding is alys questionable;
e.g. catimic lipophilic species widely used to measure membrane
potentials als@ntermembraneébounded neutral lipid dropléilled
organelles. This appears to be the case vortenswhere @herentAnti-
StokesRaman Scattering (CAR30)icro-spectroscopynequivocally
images the lattesindsimultaneous prodesspectral identification at

2840cmi. SecondaryHarmonicGeneratiorhighlights the highly ordered
structure of the flagella
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Coherent AntiStokes RmanScatteringmicro-spectroscopy
Second Harmonic Generation

1.Fluorescence andPhosphorescence

1.1 Fluorescence

Rapidadvances in understanding of microbial structure and function
rely onthe development of novéllorescenceechniques and the
implementation of new fluorescent probes. Whereas conventional
optical methods are diffraction limited to 200spatialresolution

for photons in the visible spectrum and only marginally better by
UV-mi croscopytrtesewutbsapér modd fi ca
100 nm range of observatidAluorescence imaging has greatly
extended understanding of cellular ultrastructure and dynamics
and advances in applications to fundamental biophysical problems
and molecular biology proceed apace.

The absorption of light and its emission by molecules as
fluorescence or phosphorescence mayepeasented as an energy
diagram(Fig. 1). Absorption ofphotonsoccursby transitions from
thesingletgroundstateS,, to the firstand second singlet electronic
states S; and S. Thisis followed in the case of a fluorescence
emitting moleculeby fast (~106'° s) internal conversiorti{ermal
equilibration). This time interval is too short for significant
movement of nucleitle FranckCondonprinciple). Emission then
occurs from this fluorescent stdig a return to tb ground state.

In a phosphoreent molecle intersystem crossovento a

forbidden and hencdong-lived, triplet state precedes emission.
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Fig. 1 Jablonski diagram for transitisnnvolved in fuorescence and
Phosphorescencé. Absorption of photons / energy. 2. Internal conversion. 3.
Non-radiative deactivation of;S4. Fluorescence emission. 5. Intersystem
crossing (3C T.). 6. Nonradiative deactivation of T 7. Phosphorescence
emission.

Thebasic principle®f the absrption and emission of radiati@me:



a. Only radiationshatare absorbed by a radiatisgstemare
effectivein producing chemical change (theaBhussDraper lav.

b. Only photons thaareabsorbed may give rise to emitted
fluorescence.

c. Thequantum efficiency is the ratio of quanta emitted as

fluorescence to the quanta absorbed.

d. Themaximumelectronictransition probability is into the

excited level corresponding to the maximum of the absorption

band.

e. Therefore thdluorescence excitation spectrum is almost

always identical to the absorption spectrum.

f. The fluorescence emission spectrurmdependent of the

exciting wavelength.

g. The fluorescence emission spectrcambea o6 mi r r ofr 1 n

thelowest energybsrption band.

h. The maximunof emission is at a longer wavelength thiaa t

observed absorption maximui@tokesLaw).

I. Lifetimes of emitted luminescence for fluorescerace
typically measured dsw values of<50nsandthosefor
phosphorescengange fromusec to manynsec.

The propertie®f compounds useful famagingapplications
include:

a. Ease of penetration of the cell wall/toplasmicandorganelle
membranes (dependenon lipophilicity, size and charge)

b. Persistencéresistance to photobleachirigss on washing of
cells, oractive extrusion)DABCO (1, 4diazobicyclo [2. 22.]
octane) a quencher of singlet oxygen, protects against free
radicals and act®t hserwnséaadavVet
mounting medium is commonly used.

c. Uniform distributionin the solvent, without aggregation, or
precipitation.

d. Well-definedandefficient characteristics of photon absorption
and emission (i.ehigh values ofbsorption coefficients and
favourablequantum yields) within theambientintracellular pH
and ioniccompositionof the cytosol and subsequent to binding
to membranes and ganelles.



e. Minimal invasive effects on metabolic processes over short
exposure times.

f. Minimal toxicity as measured by vitalitye@., intracellular or
whole cell motility) or viability (growth and reproduction).

1.2 Phosphorescence

Many phosphorescent luminophod$er superior properties to
those of fluorescent prob€Soogan et al., 2010, Lloyd et &2012)
these include:

a. Broad peaks of emission thoughout the visible and near IR.

b. Long luminescencdfetimes tenths ofisecto milliseconds

c. Luminescence quantum yields in excess of 0.5.

d. LargeStokes shifts: often exceeding 5000

e. Favourable chemical, photochemical, thermal and metabolic

stabilities.

2.Spironucleus vortensthe organism

Spironucleus vortens an aerotolerant microaerophilic protozoan
inhabitant of ornamental fish, most often symbiotically occurring in
the intestinal tract of healthy fish (Poynton & Morrison, 1990
Poyntonet al., 19952004. Under stressful environmehta
circumstanceglloyd and Williams, 1993).g, elevated
temperaturesr low dissolved @, (Lloyd et al., 1993 loyd 2002
Lloyd and Williams, 201} this organism becomes parasitic,
causing a systemic infection leading to host pathophysiology,
morbidity and mortality. These symptoms are associated with skin
lesions and probablghole-in-the-headdisease in cichlids (Paull &
Matthews, 2001).

Other related speci€Sterud, 1998, Sterud and Poynton, 199@)

of worldwide distribution, and although alebgreat economic
importance still not completely defined taxonomicdiard et al.,
2007;Denikina et al., 2016, 2012019. S. barkhanugSterud et al.,
1997, 1998)is a nonpathogenic commensalhereassS.



salmonicidais ahighly infectious speciedgrgensen & Sterud,
2006, RoxstromLindquist et al., 2014grgenseset al., 2011),
causing huge economic losses in wild and farmed food fish (trout
and salmon)The pathogenicity of this latter species appears to be
potentiatedby O, as it has been shown that this induceremgulates
a host of enzymes enabling the spread of asgasfrom the gut to
peripheraland moreaerobig tissuesf the fish(Stairs et al., 2019).
Also infectedare crustaceans and shellfisalcold, temperate and
tropical regions, as well as amphibiagsdlegans Brugerolleet al.,
1980). Other hexamitidare often frediving (Biagini et al., 1997b),
or infect mammals, birds and reptil@rugerolleet al.,1980,
Williams et al., 2011

Uncovering the suoellular structure, physiology and biochemistry
of S. vortenss a model organism will allow a better understanding
of complex intracellular organisation, and may help lead to
identification of potential therapeutic agents for prevention
treatment and limitation of the spread of infection.

S. vortendas 6 anterior locomotory flagella, one and a half times
the body length, plus two longposteriatrailing ones, twice the
body lengthRestriction of the forward propulsive motility (steered
mainly by the posteria flagella) can be reversibly achieved by
280mM chloral hydrate (2,25Richloroethanél,1-diol); recovery on
washing away this anaesthetic takes about 20min. Otherwise
aqueous nmayl cellulose (10% wi/v) or a thixotropic gel (Lloyd et
al., 2015) is useful to diminish swimming speeds.

S. vortensandS. salmoniciddoave bothbeen shown to have
hydrogenosome@illet et al., 2013 JerlstromHultqgvist et al.,

2013. In this respect iy resemble many other microaerophilic
protists inhabiting low @environments. Thus those fréeing in
anaerobic sediments (Biagini et al.,1997and als@assymbiotic
partnergYarlett et al., 1981Ellis et al., 1991Millet et al., 2010a
Lantsman et al., 200&r parasitic species of intestinal or
urinogenital tracts (Lindmark and Muller, 1978aul et al., 1990
havehydrogenosomed hesemitochondrialderived organelles
(Horner et al., 199@iagini et al.,19973 areautofluorescent ox-
active organelles (Millet et al., 20t3heyhave flavinand iron
sulphurbased electron transport chains (Chapman et al., 1986b
Cammack et al. 2003They aredevoid of cytochromes and the
energy transducing mechanisms characteristic of their exoduy



precursors. Instead they have unusual bactiék(Biagini et al.,
2003, Yarlett et al., 19948nzymatic components (e.g. hydrogenase
and pyruvate ferredoxin reductasé).Giardia intestinalis

mitosomes serve instead of hydrogenosomes, asfesbar
evolutionary diminished mitochondria derived organelldsyd et

al., 2002;Tovar et al., 2003). These featureslongside their @
scavenging mechanisp@ovide useful growth inhibitory targets
(e.g.,by5d6ni troi mi daz oPR0k2s,and §ilid | i ams
derived compounds, Millet et al., 201,0Williams et al., 2014;
Leitsch et al., 2018 Phagocytosis of quantum dots 8yvortens
provides a glimpse into the process of uptake and subeellula
organisation by the organismowwever, it is important to

differentiate these endocytotic vesiclssme of whichappear
similarin sizeto hydrogenosomes

3. Live cell imaging

3.1 Autofluorescence

Reduced nicotinamide adenine dinucleotiNADH) is the

Obel | wet her 6of midoorganieand asxvellsas od thee s
cells of higher organisms they infd€@hanceet al., 196§, andis

thus a key indicator of the vitality of health as vadla widely used
di agnostic of nutri endepridagop,r i vat.
oxidativestressvitality, or viability of microbial single organisms
or populationsExcitation of fluorescencef the reduced coenzyme
at 366+ 20 nm is optimaland bluegreen emissionccursat 450 +
30 nm When combined with measurementoridized
flavoproteingandincluding flavin adenine dinucleotide, i.&AD)

(I ex460 £5nm,| em520+ 20nm),andthencalibrating with known
standardsa redox indexmay becalculatedusing concentration
based redox ratios

Fp/(Fp +NADH) and NADH/Fp+NADH



Theseratios haveburgeming applications in human physiological
assessments, biomedl diagnoses ahtreatments (Li, et al2009,
Xu et al, 2013.

In S. vortenghe hydrogenosomes are the most prominerd site
autofluorescencdue to oxidized flavin emissiqifrig. 2. The
emission intensities of bothe reducedicotinamide anaxidized
flavin coenzymes oscillat@ith a period of about 50 min washed
whole-cdl suspensions stirred undamgas phase of air (C. F.
Williams and M. A. Aon, unpublisheWilliams, 2013).The cytosol
also provides a widely distributed diffuse backgrowunith a broad

emissionat between 470nm and 688 (Fig. 2 Millet, 2010; Millet et
al., 2013).



Fig. 2Comparisorof the autofluorescence spectra,@58nm) of bright
spherical inclusions i. vortengRegions Of Interest 1, 2, and @nd
background areas within the cytas@Ols 4 and), andextracellular

medium (ROI6). Ordinate: fluorescence emission intensity arbitrary units;
abscissa: wavelength 4B683nm. Lanbda scans were performed at 10nm
intervals. Leica TCS SPROBS Confocal Microscope, X100 objective, using



a 458nm Ar lon laser line at 61% output intengiyllet, 2010; Millet et al.,,
2013).

3.2 Quantum @t endocytosis and exocytosis

Phagocytosis ddtreptavidincoated 15nndiam.cadmium selenide
guantum dot$50ng/ml)by S. vortengprovidesimages(l «x 405+

5nm,| «x585+ 20nm)of the processsof activeuptake aggregation
into larger clustersandextrusion ofparticlesby the organisnfFig.

3) (Millet, 2010).

Initial uptake occurs within 2 s of incubation and is restricted to the
region of flagellar pockets. Flow cytometry provided quantitative
confirmation of the kinetics of these proces$ést all intestinal
diplomonaddave this apacity(Millet et al., 2011, Lloyd and
Williams. 2014) thus for instanc&iardia intestinalis aparasite of
the human upper intestine, can only perform pinocyfosiaptake

of soluble compoundselying on the host to supply pdigested
nutrients(LIoyd and Harris, 2002; Lloyd and Williams, 2014 S.
vortens distribution to numerous peripherally situated small
vacuoles then occurs, followed by concentration in larger vacuoles
before extrusion ova period of 20 minlngestion of larger
particles;e.g.fluorescent beads (~1um diameten)jive rod-shaped
bacteria (0.2 x $im), did not occur. Transient labelling of large
endocytotic vesicleby quantum dots enables differentiation from
the similany-sizedlipid droplets anchydrogenosomes




Fig. 3. Sampling after presentation of quantum dotS.tgortensafter (a) 2 s,

(b) 10 min and (c) 20 min of endocytdsisocytosis Each sample was fixed

in 3% (v/v) formaldehyde sotion immediately on collectio(Millet, 2010).
Individual and clusters (tiny, very bright) quantum dots can just be discerned
especially in (a).

3.3 Routinely employed fluorophores

Diplomonad genera are characterised by the presenagretip
nuclei, and irSpironucleuspp. these are close to the anterior pole
of the spherical to pyriforni.0-20 nm x 510 nm) organisns. DAPI

( 46adiamino-2-phenylindole)Fig. 4a),or Hoechst 33342 are the
fluorophores of choice for live calhagingof nuclei the latter

being less toxic

Opticalimaging of organelles i8. vorten$as been problematic due
to issues wittlihe rapid swimmingnotility of the organismand
intracellular cytoplasmic organelle motiory€losig. Also several
types @ sub-cellular componentare ofsimilar sizes to
hydrogenosomes (500 niml um diametey (Fig.4b-e).

Also the specificity of luminophore binding is often questionable;
thusmany cationic lipophilic species.(g, the carbocyanine probe,
DioCe(3); Lloyd et al., 1996, 2018), Mito Tracker Greem
rhodamine 12@MVillet, 2010), widely used to measure mitochondrial
transmembrane electrochemical potentialso bind to the
lipoproteins of other cytoplasmic and vacuategmbranegMillet,

2010, Millet et al. 2013)These fluorophores also enter membrane
boundneutral lipid droplets and partition into their conteffisy. 4f).
Tetramethylrhodamine ethyl (or methyl) esters are more specific for
hydrogenosomal uptake (Wdims et al., 2013a). An alternative is
the tetrazolium salt CTC {éyana2, 3-di-(p-tolyl) tetrazolium CI)
with permeant properties (Sockert et al., 2048y with a redox
potential appropriate for reduction to a red fluorest@mbhazan
product by flaviamediated electron transport.



Lipid TOX

Fig. 4. Live cellfluorescenceémaging ofS.vortensusing2% (w/v) chloral
hydrate solution to restrichotility and intracellular motion, anareactive
oxygen species scavenger (DABCO) to minimize photobleaching. (a) DAPI
(DNA, RNA, in paired nuclei); (b) CTC: tetrazolium reduction product

in hydrogenosome@ fluorescent formazan); (BJomarskiphase comast
transmission image; (d) overlay of a, b an@e¢ TMRE: tetramethyl
rhodamine ethyl ester f@j , hydrogenosomaransmembrane
electrochemical potentigff). Lipid TOX™



3.4 Some newly designed and applied luminophores

Fluorescenpropargyifunctionalised 1,8haphthalimide cojugates
usedas cellular imaging agenitsdicate that the uptake and
intracellular localization of these probes both in human osteoarthritic
cells and irS. vortenss dictated by the specific natiof the
naphthalimide structurd.@ngdonJones et al., 20}4Gold(l)
coordinate complexeof these system®tained the visible
fluorescencevia inramolecular chargéransfer of the 1,8
naphthiamide ligand and their potential for labeling HEK (huma
embryonic kidney) cells andl. vortenaising confocal microscopy
wasdemonstratedFig. 5). Favourably low toxicitiesgmission
maxima ca. 540nnlifetimes up to ca.10ngndwith quantum yields
>50% further indicate their usefulneagthis contex{Langdon
Jones et al., 20)5

Fig. 5. Images ofarge form ofS.vortensincubated with Ré.2and TMRE
showing (clockwise from top left): green fluorescence frorl R =
488nm;| e

=515nm); red fluorescence from TMRE. = 543nmj| en



=600nm); overlaid images showing-tmralisation;Nomarskiphase
transmission image. (Langddones et al., 2014)

A series ofrelatedpicolyl-functionalisedluorescent 1,8
naphthalimide ligand@.) can becoordinated to Re(tp

give fluorescent cationic complexes, with thadino
derivativesagainexhibiting intramolecular chargeansfer in the
visible spectrumBoth the entry into and intracellular localization in
fissionyeast of selected

complexesveredependentiponthe specifics of

theligandstructure (LangdonJones et al., 2017D).

The synthesis and luminescent propentiea series ofelated
cationicdihydroimidazoliniumfunctionalisedL,8

naphthalimide have also been investigated. Th#aerophorescan
bedeprotonatedo act as Nheterocyclic carbengonors for
coordination to Au(l). Both theationicpro-ligands and theharge
neutralAu(l) complexes prove to be useful imaging agents (Fig. 6.,
Groves et al., 2019)Thesespeciexanalsobe appliedo FLIM

studies as their lifetimes are modified by the presence of coordinated
Au(l) thereby validating the integrity of the metejand complex
when present in the cell. In F§y.(Groves et al., 2019%ne
predominant fitted lifetime of 1tis determined intcllularly is

much longer than that obtained spectroscopically (1.1ns), suggesting
that the Au(l)complex may dissociate under the ambient conditions
within the carcinoma cell.

In further developmentsighly
conjugatedazonafidenspiredanthracend ,9-dicarboximide
fluorophores have also been developed (Langhtores et al.,
2017a)In a similar fashion, these fluorophores
werefunctionalisedwith adipicolylaminechelate, providing a
coordination site for a metal ion (in this case Refhjdl imparting a
cationic charge upon the prold&ese compounds show anticancer
propertiesagainst a variety of cell lindcOVO, A549, PC3,
MCF7), but are not as potent agents for chemotherapy as that
of azonafidethe lead compound of the seri€sitically, the study
demonstrated the viability of ttethracend,9-dicarboximide
fluorophore in aell imaging contextwvith MCF7 and fission yeast.



These species fluoresaeca.500 nm with lifetimes up t&6 ns, as
well as showing concentration dependentssionbehavioudikely
driven by aggregation.

Endoplasmic

. Golgi complex Lysosomes
reticulum

[HL3]PF,

[AuCI(L3)]

Fig.6. Cultured Human MGF cells (breast adenocarcinoma) incubated with*]PiEs(top)
and [AuCI(L®)] (bottom). Representative superimposed images where yellange
signifies colocalisation (from left to right) with endoplasmic reticulum, Golgi and
lysosomalkpecific fluorophores respectivelote $rong lysosomal cdocalisation
(Groves et al., 2019).
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Fig. 7a. Top: Normalised emission spectra of selected complexeextcite

405 nm (recorded in aerated acejoBottom Time resolved measurements

showing the comparative decay profiles for ligand JJ?Es (red) and

complex [AuCI(L3)] (blue) against the instrument response (green).

b. FLIM images of MCF7 cells incubated ith [HL3®|PFs (left), and

[AUCI(L )] (right) using pulsed excitation at 440nm.

Fitted parameters (leftfz =9.2ns(77%), T2 = 3.4ns(20%), T3 = 0.4ns (3%);
(right): 11 = 11.1s(68%). T2 = 3.9ns(25%), T3 = 0.5ns(7%)

(Grovesetal., 2019).

3.5 Phosphorescent probes



There is special importance and interest in-EBvergy emission IR
probes as the depth of penetration into cells and tissues is increased
and photochemical damage diminished over thahofter
wavelengths (Lloyd et al., 2012
Late transitior(oftend®)-metal complexes, especially as their
polypyridyl complexes, have been extensivelyptged in
biological imaging: henium(l) (Amoroso et al., 2007, 2088Lo et
al, 200&), rutheniun{ll) (Lo et al., 2008), and ridium(lll) (Yu et
al., 2008) have been prominent in many applications

A series of rheniunflac-tricarbonylbisimine complexes of
varying charges and lipophilicities were tested as suitable for use as
luminophores iryeasts andmammalian cells. Uptake and
photochemical stability were in general good, and steonh
toxicity was negligible so that grousrdles for acceptability as
usefulphosphors were established
Luminescent, water soluble gold nanoparticles functionalized with
SMLCT emitting rhenium complexesetain emission to a greater
extent than many other preparations employing organic tetrats,
thereby showing promise for useshioimaging applications
(Hallett et al., 2009
An exceptionallyinterestingdevelopmen{Coogan et al., 2009)
related tahis work resulted in the formation of a molecular cationic
oOvessel 0, tothecpiaplasme membramden empty, but
enabled to carry metal ions thigiuthe limiting cytoplasmic
membranes of MCF cell§orp-Greenwood et al., 2011¢.0-
localisation withSYTO®RNASelect, dluorescent marker for
nucleoli demonstrated the transporttbé complex with silver ions
wi t hi SleepgingTe 0§ a n intelthisspeeific compartment of
the nucleiPotential for bimodal luminescencadiamaging is
indicated.

Photoemissive lantnide ions (e.g., complexes of
europium(lll), terbium(lil) and smarium (111) are visibly
luminescent (Eliseevand Bunzl, 2010),whilst neodynium(lIl),
whilst erbium(lll) , andytterbiun(lil) show neafIR
phosphorescence (Faulkner et al., 20B)e tuneable example of a
redto-near IR emitting luminophore is a platim trimethyl



bipyridyl thiolate(Steel et al., 2015gxhibiting an unusuahter-
ligand dharge Transfer (ILCT) transition

absorbance emission
ET

ligand / antenna Ln(lll)

1 i vibronic levels
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S L
0
ligand / antenna Ln(lll)

Fig. 8 A simplified model for sensitized lanthanide luminesceand,energyevel

diagram for aremissive chromophorappended lanthanide complex sensitized via a
ligand-centred triplet excited state (abs = absorbance, fluor = fluorescence, phos =
phosphorescence, ISC=intersystem crossing , ET= energy transfer (Amoroso & Pope,
2015).

Transition medl luminophoreswith well establishedavourable
physical properties and chemical stability currently abobotias
indicated (above)or practical useas cellular imaging reagents
mustalsobetaken up into cells, show defined intracellular



localizations, be minimally perturbing to metabolism, and to long
term cdl viability. Imaging agents Is@d on thdéac-

{Re(CO)s} bipyridine corehave proven highly amenable to
controlled manipulatioiBalashgham et al., 20)lespecially when
linked through functionalized alkyl chaifBalasinghanet al.,

2012.

NearIR emitting lanthanide complexes servebathwatersoluble
metation modulated luminescent probesd magnetic resonance
contrast agents (Fig,. Andrews et al., 2011), and thus promise
useful as bmodal applications in biology.
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1eq
2eq
S5eq
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wavelength / nm wavelength / nm

Fig. 9. Steady state emission spectra forlE(10° M) in the presencefo
(clockwise from top left) of Cly Zn'!, Hg', and Cd. Recorded in buffered
water, pH7.4 (Andrewset al.,2011).

DNA- rhenium dppadindingcomplexes can be appended through
the axial pyridindoy a range of substituted pyngis These
complexesan gain organelle specific localization (i.e., in
mitochondria or in nuclei) whileetaining their intense
phosphorescence (Fernandéareiraet al, 201(,b), e.g., in HeLa
cells (Thorp-Greenwood et al., 201Z,00gan & Fernandelloreirg,



2014 .Nucleoli canbesimilarly targeted (Thortsreenwood et al.,
2011).



(i) Lysosomal localisation pattern

Colocalisation experiment of
(EuL;.)Cl; (50pM, 4h) and the
commercial available
LysoTraker Dye in CHO cells.
(a) Europium luminescence, (b)
Dye fluorescence, (c) overlaid

image.

Colocalisation  experiment of
(EuLsp)Cl; (50pM, 4h) and the
commercial available Mito-Traker
Dye in CHO cells. (a) Europium
luminescence, (b) Dye
fluorescence, (c)overlaid image.

Colocalisation experiment of
(EuLg)Cl; (50pM, 4h) and the
commercial available Mito-
Traker and Lyso-Traker
Dyes in CHO cells. (a)
Europium luminescence, (b)
Dyes fluorescence, ()
overlaid image.

Colocalisation experiment
of (EuLy)Cl;  (50pM,
4h)(R1 =CO2Et, R2 =
CH2Ph) and the
commercial available
SYTO-RNA dye in CHO
cells. (a) Europium
luminescence, (b) Dyes
fluorescence, (c) overlaid
SYTO-RNA image.

Fig. 1Q Fluorescence microscopy of several lanthanide probes colocalised
with corresponding commercially available probesisualize specific sub
cellular localisationsNew & Parker, 2009Coogan & Fernandelloreira,
2014.



A systematic studwas carred out orthe role of hydrophobicity of
amphiphilic rhenium bipyridyl complexdsearing axial substituted
imidazole or thiazole ligandsn their cellularuptake andhe
subsequentiability of organisms. The fissioyeast
Schizosaccharomyces pombardS. vortenactedas mode
organisms (Hallett et al2018. In both cell types access the
nuclear compartmentgas promoted with increasing

lipophilicity, whereas increased chain lengths gave greater toxicities.
Complexesf the most lipophilic ligands coulabtentiallybe
adapted for use as radimagingagentge.g., as°"Tc(l) analogues
while still being useful using confocal microscapycellular
imagingstudies.

Zirconium andhafnium metallocene dihalides based an@e
polyphenyl cyclopentadienes with a large Stokessaiftl good
room temperaturstability with emission from triplet statese also
promising cell imaging compounds (Pritchard et al., 2013)
Incubation withMCF-7 human adenocarcinongave images
showing incorporation into peripheral extraclear organelles and
satisfactory maintenance of cellular integrity indezHow toxicity
Application of phosphorescence imagingtovortensas proved
useful inthe selection of complexes fskely permeable derivatives
with toxicity characteristics with emission well separated from
routinely employed fluorescent probes, thereby enabling co
localisation studiesThe extended phosphorescenttiifees (i.e. us
rather than & for fluorescence) adsprovides for further
discriminationfrom or identity withintracellular localization of
fluorescenprobesemployed as established markerskioown
organellesAn example of a luminescent-Fb water soluble
cyclometalated conjugatehen excited at 35%n showsmaximal
emissionat 997nm witha lifetime 0f902ns that was attributed to
the Yb(lIl) ion. The Pt(ll) complex part of the molecule showed a
correspondingdifetime of 50nsat 619nm(Stacey et al., 20157 his
PtYb dimetallicspecies was successfully applied to cell imaging
using fission yeast.

The highly sensitive quenching of phosphorescence-byytien

has been extensively exploited as a method for measurement of O
concentrations withitissues, body fluids and cells,t this

approach is hampered by sensitivity of emission to ambient



conditions of pH, ionic composition and local hydrophobicity. To
minimize these perturbing effectgmoparticle®f diameter 45nm,
containingpolyacrylamideembedded [Ru(dpp(S8a)3)]Cl. , were
electroporated intmodelyeastsor into cultured mammalian cells
(Coogan et al., 20)0Reversible quenchingf 3MLCT
phosphorescence as measured at 650nm was obskenmnvegl
anaerobieaerobic transitions

Fig. 11 Two-photon excited laser scanning microscope images of
nanoparticle encapsulated fRoordinate complex electroporated into
Spironucleus vortend he scale bar = 10um (Lloyd et al., 2014)

Controlled conditions oflectroporatiorof nanoparticle$340V,

900 pF, 20@hms in a 2mm path lengtmjto cellsgives reasonable
preservation of ultrastructure and function, thus the motlity
Svortens and also the NAD(P)H content bbthyeastand
cardiomyogtes all survive the procedures of the technique
(Williams et al., 2012pLIoyd et al, 2014).Two-photon excitation
at 900nm was used to image organisms and cells in this study



whereby phosphorescence lifetimes were correlated with
intracellular @ concentrations.

Further examplesf novel lumnophores are provided below kings.
12-14): Jones and Pope (2009; Jones et al., 2011, 2012); Felton et al.,
2008.
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Fig. 12 Steady state emission spectralforL2 (red, Yb; blue Nd; light

green Er) measured in fD usingl «« = 450nm. Spectra offset for clarity,
Jones and Pog2009).
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Fig. 13. Comparative luminescence decay profiles eMR"" where M =K,
Zn**, Fe*, C&*, Li". Inset: wavelength dependent lifetime decays of][2M
in an ionic mixture. Data fits and residuals are omitted for cldfgjton et al.,
(2008).
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Fig. 14. NearIR emission spectrum of He8-Yb](PF6) recorded in BD (| ex=
410nm). Inset corresponding lifetime decay at 980nmy(D QJones et al.,
2012)



4. Imaging of fixed organisms

4.1 C&* binding sites

Major roles for calcium in cellular structural integrity as well as in
metabolic and signaling functions make bound'@ms useful
markers for optidamicroscopicainvestigations Gerenter &
AdamVisi, 2001, Gerenler et al., 2005, 2012, 2017).

Calcium ions and channels are necessary for a wide variety of basic
transport functions associated with intracellular and extracellular
compartmentatiofEvans, 206, Campbell, 2017)Thus, as well as
their vital roles in mitochondrial, endoplasmic retiom, endosomal,
Golgi and ectosomal functions, they also participate in the control
cell division cycle progression cytokinesis, and differentiation
(Senatore et al., 2016% well as motilitDoerner et al., 2015).
They also act withimitochondria (Carafli & Krebs, 2016), and
hydrogenosomegiHumphreys et al., 1994, 199&nd agplethora of
specialized organelles for life in highly specialized, variable, and
sometimes stressful environments. Examples of the latter are
manifest in gravitaxigHader & Hanmersbach, 2017mineral
nucleation(Omelon et al., 2013, Liu et al. 201&)d
acidocalcisomefDocampo et al., 2013 he ubiquity of bound
calcium inS. vorten@and its persistence after formalin or ethanol
fixation in cellular structureBave promptedur extensive usef X-
Rhod, 5F, AM a fluorogerfirst employecdby Gerender & Adam-

Visi (200]) as an outstandingly revealing agent of the morpholog
of this protist.

4.1.1 Fluorescence measurementS ofortens
suspensions afterg@ncubation with XRhod, 5F, AM

In Figurel5 (A) Fluorescence emission spectrum typic8l. of
vortenspre-incubated with 5vM X-Rhod, 5F, AM for 1 h at 3C.

(B) Additions of 1 mM EDTA, k (C&*) = 0.4nM gave typical

intensity decreases that accompany fluorescence emission transients



in these suspensions. Three successive additionsrd¥l Zdalat
(Bayer, BAY al040, Nifedipine), a dihydropyridinetype calcium
channel (also a nespecific voltag-gateddependent calcium

channel inhibitor, McDonald et al., 1994) gave further decreases in
fluorescence. Restoration of emission occurred on addition of 2
successive additions of 1 mM Ca@lllowed by a gradual increase,
indicating that incomplete irdcellular hydrolysis of the acetyl
methoxyfluorophore derivative during pfi@cubation. The

organisms were still fully motile at the end of this experiment and 1
day later.

X-rhod 5F in S. vortens.
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Fig. 15 (A) The fluorescencemission spectrumaf S. vortensuspensions
after preincubation with >)Rhod, 5F, AMare shown. (BEffects of EDTA,
C&* channel inhibitorand C&* additiors.

4.1.2 Confocal microscopy of €abinding sites irS. vortens

The presence of hydroxgpatite (calcium hydroxy phosphate)
granules in mitochondria has been noted for more than 60 years, and
two classes of mitochondria identified in a wide variety of
organisms characterized by their different calcioimding

properties (Carafoli & Lehninger, 1971) The first group includes
those from many vertebrate tissues, with a specific extremely high
affinity carrier for, and a rapid respiratory response t¢ &ad
accompanying rapid cation uptake and proton ejection, whereas the
second group exhibit low affinity for €a and respiratoryesponses
and ion transport are slow or effectively absent. Mitochondria from
yeast most resemble the second category (Carafoli et al., 1970).
These and subsequent investigations also concluded that yeast
mitochondria lack a specific €acarrier and thathe physiological
significance of transport at high-( uM) concentations is

uncertain (Lloyd, 1974

In trichomonads, the hydrogenosomes (Chapman et al.a1986
Humphreys et al., 1994, 1998) as in thosH@&wcalimastix frontalis

a rumen fungus (Biagi et al., 1997c) antfletopus contortusa
sediment dwelling freshwater ciliate (Biagini et al., 1997d) have
accumulated stored €aas distinct granules.

Calcium specific antibodbinding has indicated that annexinsSof
salmonicidaare related to alphgiardins Weiland et al., 2005,
Wenman et al., 1993) but evolved with beteeserved type Il
calcium coordination sites (Einarrson et al., 2016). Two annexins
bind to phospholipids in a calciudependent fashion but with
individual specificities. Superesolution and confocal microscopy



of epitopetaggedS. salmonicidannexins revealed localization to
distinct parts of the cytoskeleton and ecetmbrane. The
ultrastructural details of the localization of several annexigre
determined by proximity labeling and transmission electron
microscopy.Two annexins localized to a novel cytoskeletal
structure in the anterior of the cell. These results also showed that
the annexin gene family is expanded in diplomonadd,that these
group Eannexins are associated mostly with cytoskeletal and
membrane structures #1 salmonis

Fig. 16. Anaesthetise&. vortensfter incubationn growth mediumafter
1.5hpreincubation with XRhod, 5F, AM andstill showingslight flagellar
movementsCalcium binding sites in numeroosganelles andidely
distributedvery small vacuoles.



Fig. 17. Surfae-rendered 3D optical images$ fixed andwashedSpironucleus
vortensgenerated from a-plane section stack (meaactionthickness 0.4m),
after uptake and desterification oX-Rhod 5F, AM for 1.5 h; theplus 1mM
CaCkt, followed byl.0mM EDTA andixation in 3% formaldehyde in PBS.
This showsa group of organisms each wiiHateral and 2 posterior flagella
and the arrangement of thé flagella ina singleorganism about to divide, the
latter organism was used tongeate the data seen in Figut8. Colour

coding (green) reveals the surface structure, and organelles (red) having the
highest internatesidualCa* concentrations i.e., tr@mallerhydrogenosomes
and larger lipid droplets and more diffuse nuclear phosphelipird
membranes.



Fig. 18.Surface characteristics of the same group of organisms fixed and
fluorophore treated exactly as in Rig, but only coded for surface features



