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Thesis Outline

Chapter 1

Chapter 1 introduces the background to the thesis presented. Transition metal complexes with
favourable photophysical properties and flexible design have shown great potential as
multifunctional probes with applications in many fields extending from mealichemistry to
bioimaging and biosensing. Conjugation of Ru(ll)/ Os(Il) luminophores to signal peptides has
shown to successfully deliver the probes intracellularly and to specific organelles with complex
membrane structures such as the nucleus andhoitdcia. While conventional luminescence
microscopy methods are used for celldtanging, luminescence biosensing, can range from
simple fluorescence intensibased measurements using a plate reader to fluorescence lifetime
imaging microscopy (FLIM). Neessary to their application is achieving a balance between the

desired photophysical properties and biocompatibility of the probes.
Chapter 2

Chapter 2 presents a series of novel photostable Rg({genzCOOHXonjugates
(NLS,R8,MPP,PEG) studied inHO and HeLa cell lines. The peptidenjugates showed
counteriondependent permeability and high dark cytotoxicity, the origin of which is studied
in detail using mitochondrial depolarization and polycaspase activity assays. This work
demonstrates the impance ofstriking a balancébetween counterion selection, lipophilicity

and targeting ability in order to promote uptake but reduce overall probe toxicity.

Chapter 3

Chapter 3 describes an achiral Os(Il) complex, [Os(tpybenzCg®OHpnjugated to the
mitochondrial targeting peptide, MPP, at two conjugation sites. The novBIRFsconjugate
showed NIR emission coincident with the biological window and an interesting approach to
theranostics was proposed whereby switch in cell death mechanism (daiti)texireflected

by specific probe delocalisation observed via confocal microscopy.

Chapter 4

Chapter 4 extends the work from Chapter 3 by describing the preparation of polyarginine
conjugates of the achiral Os(Il) complex and their application as @phore probes for
imaging of 2D and 3D cell models. Comparative studies betweer{HQ4°" and [Os

viii



(Rs)2]*®* showed that cell permeability can be promoted via-cmmtiguous sequences of
arginine residues, but it is sequence dependent. THeR4bmNnjugite showed uptake in 2D
cells and in multicellular spheroids,-idepth penetration was observed with no evidence of

cytotoxicity rendering it suitable for 3D cell culture imaging.

Chapter 5

Chapter 5 presents the preparation and characterization of seletferenced ratiometric
Ru(ll)/ BODIPY nanoparticles. Single excitation at 480 nm resulted in dual emission
corresponding to the BODIPY and Ru(ll) particle component. The-lpéygine coated
particles were studied in two cancerous cell lines as oxggesors. The cells were exposed to
hypoxic conditions and the response of the particles was monitored using a platdasader

assay and xyamda (xyp) scanning microscopy.
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Figure 3.4 Confocal imaging: (A) OSMPP atincreasedoncentr ati on (50¢g M)
following 1 hr incubation in the absence of lights@n reveals nucleoli staining (B)-co
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Figure 3.5 Co- localization of O% MPP with MitoTracker Deep Red where: (A) Confocal
imaging of O8% MPP (red), MitoTracker (purple) and merged image (B) Fluorescence intensity
profiles obtained from the line pitd across the cell (Image J). The cells were also co
incubated with DRAQ7 and absence of nuclear staining confirms cells are.live......110

Figure 3.6: Phototoxicity of O$ MPP (30eM) in HelLa cells using excitation with 490nm and
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Figure 3.7 Relative Fluorescence Units obtained by MitoPT Assay (n=3) expressed as a
percentage of the negative control. HeLa and MCF 7 cells were exposed to DMSM(100

h) (negative control 2) andCCCP depolarizing agent (positive control). Experimental
populations were exposed to'@4PP under the conditions previously described. All samples
were incubated with MitoPT TMRE for 30 minutes at 37°C and washed. Aliquots were added
in a black 9éwell plate in triplicate and analysed by Tecan fluorescence plate reader set at 540
nm excitation and 574 nm emission. Healthy cells exhibited a high level of orange fluorescence
whereas metabolically stressed cells (positive control addMB¥P treated) exhibed a
reduced fluorescence signal indicating MMP depolarizatitustrated is the percentage cell
viability decline based on loss of mitochondrial membrane potential relative to #Hexposed
(negative control) cell POPUIALIONS..........uuuiiiiiiiiiii e 112

Figure 3.8 The percentage of cells showing caspase activity indicative of apoptosis obtained
by FLICA Assay (n=3). Both cell lines were exposed to DMSO as a second negative control
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Aliquots were analyzed in a black-9&ll plate by Tecan fluorescence plate reader set at 488
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Figure 4.1A) General chemical structure of Os{terpyridine based polyarginine conjugates
following amide coupling of R(n= 4, 8) to [Os(tpybenzCOOR¥* parent complex. B)
Absorbance and normalised emission spectra of(F2s]*°* (30 eM/ PBS buffer pH 7.4)
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under aerated and deaerated conditions&g#90 nm and excitation and emission slit widths

(0] 0 10 N o o O RO 130

Figure 4.2 Uptake and colocalization studies [@s-(R4)2]*%* in live A549 cells where the
osmium channel is shown in green. Cells were incubated in the absence of light ahth 30
[Os-(R4)2]1%* for A) 24 h and for BC) 48 h. Celocalization studies at 48 h wittysotracker

Green (50 nM) confirmed lysosomal confinement evident by the overlap of the D) osmium
channel with E) Lysotracker Green (orange)
0.69). A 490 nm white light laser was used to excite the conjugate and emission was collected
between 650 and 800 nm. LysoTracker Green was excited at 504 nm and emission was
(o0 F=Tod (=10 Jr= Lo I o1 o PP TPPPPPPP 133

Figure 4.3 Confocal luminescence images of [()2]*°"in CHO cells. Live cells were
incubated with 3GM [Os-(R4)2]°* for 24 h in the absence of light and-stained with
DRAQY7. (A-B) The distribution of the conjugate (in green) is shown in a group of cells co
stained with DRAQ?7 (in blue). @) Closeup inage of a single A549 cell shows nucleoli
staining. The 633 nm laser was used to excite DRAQ7 and emission was collected between
G301 T4 O T o o 135

Figure 4.4 Luminescence lifetime imaging [G&4)2]'°* at 30eM in live A549 cells. A)
Confocal image of a single cell following conjugate uptake at 24 h and B) lifetime distribution
in the expanded cytoplasmic region of the cell. C) PLIM aeqguifollowing uptake at 48 h.

The PLIM images were acquired using the 405 nm excitation laser line. The PLIM images of
the entire cell of B and C and corresponding emission decays are shown in the Supplementary
Information (Fig. S 18L9)......uuuuiiiii e s 136

Figure 4.53D reconstruction depth coding images of whole live HPAC spheroids treated with
[Os-(R4)]1°* at (A) 30eM / 24 h and (B) 10@M / 24 h. Confocal images were acquired at
different planes in the z direction throughout the spheroids (from the bottom te ahok
spheroid). A 490 nm white light laser was used to excite the conjugate and emission was
collected between 650 and 800 nm. Scale bar readsmOQ...............ccooeciiieereeeeinne 137

Figure 4.6 Z-stack images a single live HPAC spheroid-weated with [OgR4)2]*%* (100

€M/ 48 h) and cestained with DAPI (1&M). Each image corresponds to creestion from

the bottom to the upper part along thaxas. Representative cressctions are shown using
brightfield contrast as the background. Scale bar readsri08 490 nm white light laser was

used to excite theonjugate and emission was collected between 650 and 800 nm. The 405 nm

excitation laser was used to excite DAPI and emission was collected between 423 and 580 nm.
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Figure 4.7 Confocal images (2fprojection) of HPAC spheroid regions treated with(8%)2

at (A) 30eM/ 24 h, (B) 10eM /24 h and (C) 1086M / 48 h at 37 °C. The spheroids were co
stained with DAPI (1& Z) and (D-F) Overlay images with DAPI channel. A 490 nm white

light laser was used to excite the conjugate and emission was collected between 650 and 800
nm.. The 405 nm excitation laser was used to excite DAPI and emission was collected between
423 and 580 NMADX) ..ciiiiiiiiie ettt e e e et e e e e e ennnre e e e e e e s ssbeeeeeeeesasanennneees 139

Figure 4.8 Confocal images of a single live HPAC spheroid treated with(FQ]*°* (100

eM/ 48 h). A 490 nm white light Ber was used for excitation and emission was collected
between (AB5071 800 nm; Os(Il) channel and (B) 506670 nm; autofluorescence window.

Figure 5.1 (A) RuBDP response to change in oxygen concentration measussdoin/L
.Emission spectraf RUBDP NPs in PBS (pH 7.4) when excited at 480nm; both excitation and
emission slit widths set at 10 nm. (B) St&falmer Plot: the luminescence originating from

the ruthenium component decreases with increase in oxygen concentration whilst the BODIPY
reference probe is moderately affected (N =.3)u .. e 159

Figure 5.2 Confocal luminescence images of RuUBDP NP uptake agtBL? in live HeLa

cells. Cells were incubated in the absence of light for 4 h. (A) The RuBDP NPs were excited
using 480 nm white light laser and the emission for the Ru(ll) component was collected
between 569 nm and 850 nm. (B) Cells werstained with nuclear staimg probe, DAPI. (C)
Overlay of Ru(ll) channel with DAPI. (D) Overlay with brightfield............................. 162

Figure 5.3Widefield fluorescence images of HeLa cells-peated with RuBDP NPs (4%

mL™?) and monitored over time. Emission collected from the Ru(ll) wakatA) following
uptake of the particles and (B) at 4 h of incubation after NP uptake. The Ru(ll) component of
the NPs was excited at 470 nm using the GFP excitation filter.................cccccceennns 163

Figure 5.4 Cell Viability of HeLa, MCF 7 and CHO cells after 24 h exposure to RuBDP NPs
over a range of concentrations. Live cells were treated with the nanoparticles followed by
addition of Resazurin for 6 Wbsorbance readings at 570 nm with a background at 600 nm
were performed. Data were expressed as averaged percentages and compargedtedon
cells. PO 0. 0BO 0 .*0PO D* D0.0. 1 165
Figure 5.5 Co-localization of RUBDP NPs with late endosomal staining probe in live HeLa
cells where: confocal imaging of (A) RuBDP NPs atggsmLY/ 4 h (grea), (B) Rab7aGFP
(yellow), (C) overlay of RuBDP/Rab7@FP channels with the brightfield background. (D)
The fluorescence intensity profile of RuBDP NPs and Rd&bFB obtained from the line

profile across the cell is also shown (Imaged).........ccooeeviiiiiiiiccciiii e 167
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Figure 5.6 Confocal imaging of A549 cells treated with RuBDP NPs at4.mL for 4 h at

37°C. (A, C) Ru(ll) channel (569 850 nm) and (BD) BODIPY channel (50% 550 nm)

under normoxic and hypoxic conditions. (E) Confocal lamk#as¢an: emission spectra
collected between 495 nm and 795 nm following single excitation at 480 nm at normoxic and
hypoxic conditions where both the BODIPY and(R component emission maximum is
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Figure S2. 16'"H NMR spectrum of5) (600 MHz, MeOD + 1 drop of D) é é é é . All
Figure S2. 1MALDI QTOF of (5) Z=5, GgH13sN26011Ru Calc. 438.7969 Found 438.7983
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Figure S2. 19MALDI QTOF of (5) Z=3, G18H134N2601:Ru Calc. 730.6563 Found 730.6578
Figure S2. 20'"H NMR spectrum of6) (600 MHz, MeOD + 1 drop of D) é é ¢é é ...A13
Figure S2. 21 MALDI QTOF of (6) Z=5 Ci11H146CIN30013RUS Calc. 455.2027 Found

"""""""""""""""

Figure S2. 24HR-MS (MALDI-QTOF): Single Mass Analysi (7) indicating [M]+€ .A15
Figure S2. 25Chromatogram of thegment complex Ru(bigltrzbenzCOOH).CI- (Reverse
Phase C18, MeCN/Water 0.1 % TFA gradient, 554 nmB)é é é é é € € € € é é Alb6
Figure S2. 26Chromatogram of [Ru(bigjtrzbenzCONH-R8)** (5)- (100 % pure relative to
parent)-(Reverse Phas€18, MeCN/Water 0.1 % TF4radient, 554 nm¢ € é é é .. Al6
Figure S2. 27Chromatogram of Ru(bigltrzbenzCONH-PEG2).ClI - (100 % pure relative to
parent)- (Reverse Phas€18, MeCN/Water 0.1 % TFA gradient, 554 néng € é é ..A16
Figure S2. 28Chromatogram of [Ru(bigtrzbenzCONH-MPP)I** (6)- (98.5 % pure relative

to parent) (Reverse Phasg18, MeCN/Water 0.1 % TFA gradient, 554 nén§ € é .Al16
Figure S2. 29Chromatogram diRu(biq) 2(trzbenz-CONH-NLS)]>* (7)- (100 % pure relative

to parent) (Reverse Phase18, MeCN/Water 0.1 % TFA gradient, 554 nén§g é é A17
Figure S2. 30Photostability study of parent complex Ru(b{tjgbenzCOOH).Clin H20 (1

% viv DMSO), absorban@pectra measured at defined time intervals during continuous-photo
Figure S2. 31UV-vis absorption spectrum of parent complex in acetonitrile at neutral pH and
at acidic pH (1 % v/v perchloric acid). Picture (right) showing effect of pH on color of
Figure S2. 3Zonfocal images of HelLa cells treated with RUNLS (A,B) and RuR8 (C,D) (100
eM) for 3 h. Cells were washed twice with PBS prior to imaging. (Rubig emission shown in

green (A,C) has been increased for printing purposes). Transmission fluorescdbce (B
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Figure S2. 36Chemical structure of FAM/AD -FMK polycaspase indicator dy&.¢ é .A21

Figure S3. 1'H-NMR spectra of tpybenzCOOH in DMS@ (top) and TFAd, (bottom) 600
MHz.é éééééeéeéecéeéeeceeceeéeéeéeéeéeéeé e Bl
Figure S3. 2'H NMR of purified [Os(tpybenzCOOH)* in DMSO-ds, 400 MHz.é .. é B2
Figure S3. 3COSY spectrum of [Os(tpybenzCOQH) in MeCN-ds, 600 MHz.é .... é B3
Figure S3. 4'H NMR spectrum of GYIPP in MeOHds, 400 MHz with key regions in the
aromatic and aliphatic region highlighted.. ¢ é . é¢é . éé. éé . éé. ééB& eée. e
Figure S3. 5SHRMS (TOF ES+) of [Os(tpybenzCOOH'¢ . é é . ¢ ¢ . é é . €.€B5¢é
Figure S3. 6 HPLC chromatogram (above) and Mass Spectrum (below)'bMP® complex
following LC-MS analysis (RExactive). Conditions; gradient extended frb@ 90 % (Formic
Acid0.1%,80% MeCN . éé. éé. éée. eé. ée. eé. ée. eé .Bsé. ée. ¢
Figure S3. 7LC-MS analysis of O8VPP Zoomed m/z 45870 (RT 2123 min).é . ...éB6
Figure S3. 8LC-MS analysis of O8VPP Zoomed m/z 74754 (RT 2123 min)é . . é B7.
Figure S3. 9LC-MS analysis of O8VIPP Zoomed m/z 45868 (RT 2325 min).& . . éRB7.
Figure S3. 10LC-MS analysis of O8MPP Zoomed m/z 56666 (RT 2325 min). . é .B8
Figure S3. 11 Top: HPLC Chromatogram of ®sarent complex and ®8IPP conjugate
obtained RRC18 HPLC with MeCN mobile phase. Bottom three traces show traces using
gradient mobile phase detected at 280 r{aradient MeCN/ HO 0.1 % TFA gradient, 1ml
minY). Elution of O8MPP conjugate at 8.3 min (Channel 1: 280 nm and Channel 2: 490nm).
Diode array detection was used and the HPLGJ#Vspectrum of each peak was obtained
during O8 MPP analysis andisshownbeladv. ¢ é . é é. éé . éé . éé . éB9. é ¢é
Figure S3. 12HPLC UV-vis spectra obtained for peaks observed durinvP® HPLC
analysis illustrating the absence of a component with absorbance only in this t&gion as

the MLCT band at a longer wavelength confirms Osmaaardinated complex for each peak.
The distribution of peaks in the conjugate product is suspéotediginate from different
ionization states of theconjugaéeé . é €. éé. éé. éé. ¢ é . &&¢ & 810
Figure S3. 13 Absorbance spectrum of parent complex [Os(tpybenzC@®&H) in
acetonitrile solution (28M). € é . é €. ée . éé. éé. ¢éé. eééeééBla
Figure S3. 14Emission spectra of parent complex [Os(tpybenzCQPBHn acetonitrile (50

€M) under aerated and deaerated conditionsxglihs 10 nm / 10 nm). Solution was deaerated

using nitrogen gas and oxygen concentration was measured using PreSseicsoD Bll
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Figure S3. 15Absorbance spectra of parent complex [Os(tpybenzCQ&H30sM/ PBS pH

7.4) following continuous photoradiation with ARC Lamp 150 W for 3 h at Room
Temperaturé é . ¢ é. éé. éée. éé. éé. eé. éé. éée. eé. éBl2eé. é e .
Figure S3. 16 Emission Decays of parent complex [Os(tpybenzCO3H)n aerated and
deaerated acetonitrile (5 ); Residual plots for the exponenti#ting of both curves are

shown beloweachplot.. . . éé. éé. €éé. éé. éé. eé. eé. éBl3ée. eeé
Figure S3. 17Emission Decays of parent mplex [Os(tpybenzCOOH)" in aerated and
deaerated PBS pH 7.4 (89 ); The residual plots for the exponential fitting of both curves are
shownbelone é .... . éé. é. . é¢é. €é. éé. éé. éé. ¢cé. éeRl4ée. eé.
Figure S3. 18Emission decay of conjugate ¥O8IPP under aerated and deaerated conditions

(25 eM/ PBS pH 7.4); Residual Plots of the exponential fitting both curves are shown
belowé . . éé. éé. éé. eé. éée. e6é. ééeéeée.eé. ée.BlB. ée. éé
Figure S3. 19Cell Viability of HeLa and MCF 7 cellsfi@r 24 hr exposure to ®$/PP probe.

Live cells were treated with the probe followed by addition of Resazurin for 6 h. Absorbance

was read at 570 nm with background at 600 nm subtracted ¢=3¢ € é . € € . .éB46

Figure S3. 20Determination of EC50. HelLa cells were incubated in the presencé t1FR

(0.1ez to 150eM) for 24 h. Cell proliferation was assayed with Resaz(mi#B). The 1Go

value, the minimal amount of ®81PP required to inhibit 50 % viability of HeLa cells was
foundtobe 30.6tM.. é €. éé. ééeéeée. eé. éée. eéecéeeéé. . m7

Figure S3. 21Confocal Imaging studies of [Os(tpybenzCOGE) Cells were treated with
[Os(tpybenzCOOH)?* at 30eM for 2 h. (A) Osmium Channel: uptake of tharent complex

was not evident; (B) Background channels showing HelLa cells. Cells were excited with 490

nm WLL and emission was collected between 650nm and 850 @mé é .................. B17

Figure S3. 22Confocal microscopy of HelLa cells incubated witH ®PP at 3GeM for (A)

4 h, (B) 6 h and (C) 24 h in cell media at 37 °C in the absence of (gt) Overlay images

with the background channel. D4PP was excited using a 490 nm white light laser and
emission was collected between 650nm and 850néne . ¢ é . é é ¢ é €. é éBlg é .

Figure S3. 23 Confocal imaging of JsMPP in HeLa and MCF 7 cells at increased
concentrations; Uptake of €&MPP probe is evident but changes are observed in the
morphological features of celisdicative of celldeath. € € . é é . ..é&...................... B19

Figure S3. 24Co-staining with DRAQ?7 following O8VIPP30uM/2h; (A) Absence of nuclear

staining confirms cells are viable; observed in blue is the emission of MitoTracker Deep Red

due to ceexcitation of MitoTracker Deep Red at 633 nm. (B) Overlay of all cha@ne®d 9
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Figure S3. 25Control studies for the FLICA assay (n=3) in HeLa and MCF 7 cell Qadls
were cultivated at 3 x®@ells/well and were exposed to negative control 1 {neated) (B)
negative control 2 DMSQ@10 % v/v)(C) positive control (staurosporines / 3 h). Cells
were spiked with 30X FAMFLICA reagent (v/v ratio of 1:30) and incubated for 45 minutes
at 37 °C. Samples were analyzed in triplicate (3 P a black bottomed 9@ell plate
using Tecan Plate fluorescence plate reader set at 488 nntiercaad 520 nm emission.

. eé.ee. é....€eé.ee.e...¢ee.ée..eéée.ceBWe.e. eé

Figure S4. 1'H NMR analysis of [OgR4)2]!°* conjugate (MeOHl4/D-0, 600 MHz).......C1
Figure S4. 2COSY analysis of [O$Ra4)2]'°* conjugate (MeOHl/D20, 600 MHz)..........! C2
Figure S4. 3'H NMR analysis of [ORs)2]'®* conjugate (MeOHl#/D,0, 600 MHz).......C3
Figure S4. 4 L&MS/MS (Q Exactive) of bisoctaarginine Os(ll) conjugate (RT 2729.4

min), zoomednz, z=2, A) 490- 540 B) 1070 1190.........cuuvrriiiiiiiiieee e ceeeieeee e Cc4
Figure S4. 5LC-MS/MS (QExactive) of bistetraarginine Os(ll) conjugate (RT 27.629
min), zoomedm/z z=2, A) 4901 540 and B) 102L150..........cccceevrrrrrriiririimmmneereeeeeeennnndd C4

Figure S4. 6 RP-HPLC analysis of polyarginine Os(ll) conjugates relative to
[Os(tpybenzCOOH)?* parent complex (C18, MeCN#® (0.1 % TFA) gradient, PDA 490

Figure S4. 7Absorbance and emission spectra of-[Bs)2]'®* (Normalised toemay). Spectra
were recorded at 56M (PBS buffer pH 7.4/ 0.1 % DMSO) under aerated and deaerated
conditions with excitation and emission slit widths of 10 nmage490 nm.................... C6
Figure S4. 8Emission Decays of bisctaarginine Os(ll) conjugate, [@Rs)2]*®* (50¢ 2) in

A) aerated and B) deaerated PBS (pH 7.4). Residual plots for the exponential fitting of both
curves are shown below each plat...........cccuuiiiiiiiiieme e c7
Figure S4. 9Emission Decays of bitetraarginine Os(ll) conjugate, [@R4)2]*°* (30¢e ) in

A) aerated and B) deaerated PBS (pH).7Residual plots for the exponential fitting of both
curves are shown below each plat...........cccuiiiiiiiiiiee e C8
Figure S4. 10Emission decay of bitetraarginine Os(ll) conjugate, [@R4)2]*** (30¢ 2) in

PBS at 1 7.4 and pH 4.1 (using perchloric acid, 1 % v/v). The residual plot corresponds to
the exponential fitting of the decay at pH 4.1, but the decays and fits are indistinguiSBable.
Figure S4. 11Confocal images of (A,C) A549 and (B,D) CHO cells treated with parent
compound [Os(tpybenzCOOH3* at 100£M/ 24 h. Shown are the Os(ll) channel and overlay
with brightfield. The complex was excited usiagt90 nm white light laser and the emission

was collected between 650 aNd 800 M da ... e e eeee e enns C10
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Figure S4. 12Confocal images of (48) A549 and (GD) CHO cells treated with [GER8)]*8*

at 30eM/ 24 h (left) and 10@&M/ 24 h (right) and cestained with DRAQ7. Shown are the
overlay images of [G§R8)]*®* and DRAQ7 channel with brightfield. The 633 nm laser was
used to excite DRAQ7 and emission was collected betwe&ry6@5m....................... C11
Figure S4. 13Confocal fluorescencenages of A549 cells treated with (A) [@R4)2]*°* (30

€M/ 24 h) and cestained with (B) MitoTracker Deep Red (100 nM). (C) Overlay of the two
channels. The conjugate was excited using a 490 nm white light laser and the emission range
was set to betwee®50 and 800 nm. MitoTracked Deep Red was excited at 644 nm and
emission was collected between BBB0 NML.........cciiiiiieiiiiiiee e C12
Figure S4. 14Representative confocal images of A549 cells treated withe M®f [Os-
(R4)2]*°* and ©-stained with DRAQ7 (2M). (A) Os(ll) channel following 24 h incubation,

(B) overlay with DRAQ7 channel and brightfield, (C) Os(ll) channel following 48 h
incubation, (D) overlay with DRAQ7 channel and brightfield, (E) overlay with DRAQ7
channel and brigtfield of a wide region of cells. The 633 nm laser was used to excite DRAQ7
and emission was collected betweeni&E D NM..........cccciiiiiiiiiii e C12
Figure S4. 15Confocal images of £ uptake studies of [G&R4)2]*°* at 30eM/ 24 h where
(A-B) A549 and (GD) CHO cell line. Nauptake was observed as shown by the (R3]
channel (A, C) and overlay with brightfield images. The conjugate was excited using a 490 nm
white light laser and the emission range was set to between 650 and 800.nm........ C13
Figure S4. 16Representative confocal images of A549 cells treated withN8Mf [Os-
(R4)2]*°* for 48 h and cestained with DRAQ7 (blue). (A) Os(ll) channel, (B) Os(I)/DRAQ7
overlay and (C) overlay of channels with brightfield..............cccccooiimann. C13
Figure S4. 17Confocal images of A549 cells treated with {B%)2]°* (30eM/ 24 h) and ce
stained with DRAQ7. Shown are the overlay images of the (A) Os(ll) channel with DRAQ7
and (B) Os(I1)/DRAQ7 with brightfield following continuous irradiation (08A4/cn?) for 3

h. No photeinduced toxicity was evident as absence of nucéaining byDRAQ7 (blue)

confirmed Cell VIability..........ccoooiiiiiiiii e Ci4
Figure S4. 18Cell Viability assay performed for A549 and CHO cells treateth JOs
(R4)2]*%* probe at a range of concentrations for 24 h. (0=3)......ccovevveeeeevveeceeeeeenee Cl4

Figure S4. 19Representative lumiseent lifetime imaging microscopy and fits for [fOs
(R4)2]*°* (30 €M/ 24 h) in a live A549 cell. The decay was fitted to eewponential model
with lifetimes of 92.2 ns (67 %), 15.8 ns (25 %) and 2.02 ns (86%%)1.0336). The PLIM

image was acquirealy exciting at 405 nm and emission collected between 650 and 8®nm.
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Figure S4. 20Representative luminescent lifetime imaging microscopy of(R®]*°* (30

€M/ 48 h) in a live A549 cell. The decay was fitted to sexponential model withfetimes of

37.0 ns (54 %), 9.3 ns (32 %) and 1.88 ns (14 8b)= (0.9955). The PLIM image was
acquired by exciting at 405 nm and emission collected between 650 and 800nm..C16

Figure S4. 21Confocal images of representative live HPAC spheroid control samples. (A)
Os(Il) channel of nottreated control spheroid sample, (B) overlay of channel with brightfield,
(C) Os(l)/Brightfield overlay of spheroid incubated with parent complex
[Os(tpybenzCOOH)?* at 100eM/ 48 h (D) Os(Il)/Brightfield overlay of spheroid incubated
with bis-octaarginine [ORs)2]'®* at 100sM/ 48 h. A 490 nm white light laser was used for
excitation andemission for Os(Il) was set to 65B00 NM..............oevvviviiiiisiiceeereriinnnns C17

Figure S4. 22Z-stack images of a single live HPAC spheroid-peated with [OgRa4)2]*°*

for at 100eM/ 24 h. Each image corresponds to crssstion from the bottom (upper left
image) to the upper part lower right image) along ta&ig. Scale bar reads 26M. Os(ll)

was excited at 490 nm and emission was collected between 650 and 850 nm. Répeesenta
slices are shown using contrast BF as the background .(10X)............ccoovviicceeeeennn. C18

Figure S4. 23Z-stack images of a single live HPAC spheroid-peated with OgR4)2 (100

€M/ 24 h) and cestained with DAPI. Each image corresponds to esession from the bottom
(upper leftimage) to the upper part (lower right image) along tagig. Os(ll) was excited

at 490 nm and emission was collected between 650 and 850 nm. DAPI was excited at 405 nm
and emission was collected between 423 nm and 580 nm. Representative imagesrare show
using contrast brightfield as the background . Scale bar readsiq@0X)................... C19

Figure S4. 24HPAC spheroid viability was measured after 24 and 48 h. of incubation with
[OS-(Ra)2]*% @t L00EM. (NT2) ...t eeee ettt ememe st ee e aee e C20

Figure S4. 25Fixed slices of control HPAC spheroids treated only with DAPI dye. (A) Os(ll)
channel, (B) DAPI emission was collected between 423 nm and 580 nm. (C) Overlay with
o] 10| 11711 (o RO SUUUPPPUPRPRPRRRPN C20

Figure S4. 26Fixed cryosections of HPAC spheroids-reated with [OgRa4)2]'** at 100eM

/ 24 h anl costained with DAPI postixation. (A-B) Os(ll) emission channel from two
representative cryosections, (C)-staining with DAPI and (D) Os(ll)/DAPI overlay with
brightfield. A 490 nm white light laser was used to excite the conjugate and emission was
collected between 650 and 800 nm.. The 405 nm excitation laser was used to excite DAPI and
emission was collected between 423 and 580.10MM............cooiiiiimemnnineeee Cc21

Figure S4. 27 A) Confocal and B) Luminescence lifetime imaging of {8%)2]'°* in fixed

HPAC spheroid slice. The PLIM decay was fitted to-aXponential model with lifetimes of
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16.4 ns, and 3.2 ngX(= 1.0453). The PLIM image was acquired by exciting at 405 nm and

emission collected between 650 and SO0NM......c..vieei e C22

Figure S5. 1'H NMR of [Ru(dpp)(DMSO)CI, (1) in CDCI3 with aromatic region of interest

""""""""""""""""""

''''''''''''''''''''''''

,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure S5. 7H NMR of 2, 6 diethy 1, 3, 5, 7# tetramethy 8-(2-fluorophenyl) 6 methoxy 1,

5- naphthyridine4 , -4dfilluoroboradiazaindacen8QDIPY) in CDClz, 400 MHZ é é D7

Figure S5. 8HR-MS of 3in ESI (+) mode: (a) full range, (b) expansion of the isotope model
Figure S5. 9(A) SEM image (9.00 kV x 37.0k) (B) DLS intensity particle size distribution;
Zeta potetial was measured to be 25 + 1.37 mV and conductivity of 16.8¢né3} é .D9

Figure S5. 10Emission spectra of a new and sev@onthsuspension of RUBDP NPs in PBS
following excitation at 480 nm; excitation and emission slit widths set at 1@ ramé . D10
Figure S5. 11Absorbance and emission spectra of [Ru(dpp)(p¥ie) (bpy-benzCOOEL)F*

in MeCN at 15¢M. Emission spectra were recorded under aerated and deaerated conditions
following excitation at 460 nm; excitation and emission slit widths set at 8 réne é D10
Figure S5. 12Emission spectra of (A) coighell RUBODIPY particle(previously reported)

and (B) core ceencapsulated RuB® NPs- supernatant collected following swelling with
THF.é éé6éééééeéééécécécécéééeeéeeeéeée.éeé. D11
Figure S5. 13Emission Decays of pant complex [Ru(dpp)(pheNH2)(bpyArCOOE)F* in
aerated and deaerated acetonitrile 19); Residual plots for the exponential fitting of both
curves are shown beloweachploté ¢ € € é é é éééééééeéééééé. D12
Figure S5. 14Emission Decays of hBODIPY reference core component under (A) aerated
and (B) deaerated conditions of RuBDP NPs in PBS (pH 7.4); Residual plots for the

,,,,,,,,,

XXXii


file:///C:/Users/35387/Desktop/KSGkika/Projects/Thesis/Thesis%20KSG%202020/after%20viva/Thesis_after%20viva2.docx%23_Toc80462392
file:///C:/Users/35387/Desktop/KSGkika/Projects/Thesis/Thesis%20KSG%202020/after%20viva/Thesis_after%20viva2.docx%23_Toc80462392
file:///C:/Users/35387/Desktop/KSGkika/Projects/Thesis/Thesis%20KSG%202020/after%20viva/Thesis_after%20viva2.docx%23_Toc80462394
file:///C:/Users/35387/Desktop/KSGkika/Projects/Thesis/Thesis%20KSG%202020/after%20viva/Thesis_after%20viva2.docx%23_Toc80462396
file:///C:/Users/35387/Desktop/KSGkika/Projects/Thesis/Thesis%20KSG%202020/after%20viva/Thesis_after%20viva2.docx%23_Toc80462398
file:///C:/Users/35387/Desktop/KSGkika/Projects/Thesis/Thesis%20KSG%202020/after%20viva/Thesis_after%20viva2.docx%23_Toc80462398
file:///C:/Users/35387/Desktop/KSGkika/Projects/Thesis/Thesis%20KSG%202020/after%20viva/Thesis_after%20viva2.docx%23_Toc80462399
file:///C:/Users/35387/Desktop/KSGkika/Projects/Thesis/Thesis%20KSG%202020/after%20viva/Thesis_after%20viva2.docx%23_Toc80462399
file:///C:/Users/35387/Desktop/KSGkika/Projects/Thesis/Thesis%20KSG%202020/after%20viva/Thesis_after%20viva2.docx%23_Toc80462401
file:///C:/Users/35387/Desktop/KSGkika/Projects/Thesis/Thesis%20KSG%202020/after%20viva/Thesis_after%20viva2.docx%23_Toc80462401
file:///C:/Users/35387/Desktop/KSGkika/Projects/Thesis/Thesis%20KSG%202020/after%20viva/Thesis_after%20viva2.docx%23_Toc80462405
file:///C:/Users/35387/Desktop/KSGkika/Projects/Thesis/Thesis%20KSG%202020/after%20viva/Thesis_after%20viva2.docx%23_Toc80462405
file:///C:/Users/35387/Desktop/KSGkika/Projects/Thesis/Thesis%20KSG%202020/after%20viva/Thesis_after%20viva2.docx%23_Toc80462405
file:///C:/Users/35387/Desktop/KSGkika/Projects/Thesis/Thesis%20KSG%202020/after%20viva/Thesis_after%20viva2.docx%23_Toc80462406
file:///C:/Users/35387/Desktop/KSGkika/Projects/Thesis/Thesis%20KSG%202020/after%20viva/Thesis_after%20viva2.docx%23_Toc80462406
file:///C:/Users/35387/Desktop/KSGkika/Projects/Thesis/Thesis%20KSG%202020/after%20viva/Thesis_after%20viva2.docx%23_Toc80462406

Figure S5. 15Emission Decays of the Ru(ll)>8ensor core component under (A) aerated and
(B) deaerated conditions of RuUBDP NPs in PBS (pH 7.4); Residual plots for the exponential
Figure S5. 16HeLa cells were treated with RuBDP NPs (g@gomL?), incubated for 4 h &7

°C and excited using 480 nm white light lasg) Emission collected within 560 850 nm
corresponding to the [Ru(dpp)(ph#i2)(bpybenzCOOELtf] component and (B) Emission
Figure S5. 17Confocal luminescence images of RuBDP NPs in live HeLa cells where the
Ru(ll) emission channel and overlay are shown. Cells were incubated in the absence of light
with 4.5eg mL* nanoparticles over 24 h. RuBDP NPs were excited using 480 nm white light
laser and the emission was collected between 569 nm and 800 nm for the Ru(ll) dba6inel.
Figure S5. 18Uptake of RuBDP NPs in live CHO cells at variant concentrations and
incubation periods. (A) Absence of NP internalization ate4,5nL/ 4 h incubation, (B) co
staining with DAPI probe (3M), (C) Formation of NP aggregates atd@ mLY/ 24 h and

(D) Cell debris and cataining with DRAQ7 (2m) revealed compromised cells. The 633 nm
laser was used to excite DRAQ7 and emission was collected betwee®635m.é . D17

Figure S5. 19Confocal luminescence imaging of RUBDP NPs in live A549 cells showing
efficient uptake of particles under the same conditions ofg.BiL™/ 4 h in the absence of

light at37 °Ctime (63X oil immersion objective lensjA) RuBDP NPs were excited usingeth

480 nm white light laser and the emission was collected between 569 nm and 800 nm for the
Ru(ll) channel. (B) Overlay with brightfield and (C) Overlay cloge image showing
Figure S5. 20HeLa cells were treated with RuBDP NPs (4¢omL?1) and incubated for 4 h

at £C time (63X oil immersion objectivéens). Confocal imaging of RuBDP NPs (A)
Throughout the cells (C) At the cell surface@ Overlay images with brightfield. NPs were
excited using the 480 nm white light laser and emission was collected betwee80R60m.
eéeéeéeéeéeéeéeceeceecéeéeéeéeéeéeéece . D18
Figure S5. 21HeLa cells were treated with RuBDP NPs (4¢omL?1) and incubated for 4 h

at £C time (63X oil immersion objective lens). Confocal imaging of RE#BNPs (A)
Throughout the cells (C) At the cell surface@B Overlay images with brightfield. NPs were
excited using the 480 nm white light laser and emission was collected betwee80®68m.
eééeéeéeéeéeéeceéeceéeceecéeeéeéeéeéeéeéeéeée. DI
Figure S5. 22Co-localization study of RUBDP NPs with Late endosomal staining probe in live

A549 cells. (A) Confocal image of Ru(iparticle component (green) (B) RabG&P (yellow)
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and (C) The fluorescence intensity profile of RuBDP NPs and R@lb-Rashowing strongoe
localization between the particles and the-Erdosome staining dye. (ImageXd é € D20

Figure S5. 23Z-stack derived 3D Confocal Images oflogalization of RuBDP NPs with
lysosomal staining probe in live HeLa cells where: (A) RuBDP NPs (green), (B) LysoTracker
Deep Red (redpexc 647 nm, &em range: 6501 800 nm), (C) Merged image, (D) The
fluorescence intensity profiles obtained revealing partidbcalization of RuUBDP NPs with
Figure S5. 24Co-localization of RuBDP NPs with MitoTracker Deep Red in live HeLa cells.
(A-B) RuBDP (green) anMitoTracker Deep Red (red) merged images. (C) The fluorescence
intensity profile of RUBDP NPs and MitoTracker Deep red obtained from the line profile across
the cell (ImageJ) showed poor-toxalization between the particles and the mitochondria
stainingdye. MitoTracker Deep Red was excited using the 644 nm white light laser and
Figure S5. 25Phototoxicity of RuBIP®P NPs in HelLa cells using excitation with 480 nm over
time (63 x oil immersion objective lens). (A) Confocal imaging of NPs atg®L" at the 4

h timepoint, (C) overlay and absence of DRAQ7 confirm cell viability, (B) RuBDP NPs
following 2 h of continous irradiation, (D) overlay with DRAQ7 (blue) internalization
Figure S5. 26Confocal imaging of ldLa cells treated with RuBDP NPs at dgmL for 4 h

at 37C. Emission was collected corresponding to (A, C) Ru(l)seénsitive component and

(B, D) BODIPY reference probe under normoxic and hypoxic conditiorisé é é é D24

Figure S5. 27 Emission spectra of RuBDP NPs in PBS (pH 7.4) recorded at different
concentrations of oxygen on the ClarioStar Rllage reader. The excitation wavelength was
set to 480 nm with a detection range between 505 and 840 nm. Inset: Calibration ratiometric
plot of the BODIPY and Ruthenium emission intensities, at 516 nm and 632 nm respectively,
Figure S5. 28RuBDP NPs (4.2g mL?) internalized in A549 cells were excited480nm

and emission spectra between 505 and 840 nm were collected upon treatment with sodium
sulfite (5 mg mLY). The SterAVolmer equation obtained from the calibration plot above was

used to determine the ${0n cells following treatment with sodium sité using the ratiometric

,,,,,,,,,,,,,,,,,,,,,,
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Scheme 2.1Synthetic route to Ru(ll) bioconjugates (i) EtOHOH(2:1), reflux, 3 h (ii) m
dPEG2, HATU, DIPEA, DCM, rt 24 h (iii) NH-Ahx-peptide (ahxi aminohexyl linker),
PYBOP, DIPEA, DMF, It 24 Dan.eeee et e e e e e e e 8
Scheme 3.8Synthetic scheme for the preparation of ®P conjugate complex......... 104
Scheme 5.Route to synthesis of Ru(ll) tribieteroleptic polypyridyl complexd( O. sensor)

and preparation of sefeferenced nanopartiCles............ccoovvviviiiiccceiceeeii e 157
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Abbreviations
3D Threedimensional
Al72 Human glioblastoma cell line
A549 Human ung carcinoma cell line
AlF Apoptosisinducingfactor
Arg Arginine
ATP Adenosine triphosphate
CCCP Carbonylcyanide mchlorophenyl hydrazone
CHO Chinese hamster ovary cell line
CLSM Confocal Laser Scanning Microscopy
CPP Cell penetrating peptide
DAPI 4 6-Didnidino-2-Phenylindole
DLS Dynamic Light Scattering
DMSO Dimethyl Sulfoxide
DNA Deoxyribonucleic acid
dpp or dip 4,7-diphenyt1,10-phenanthroline

XXXV



Dppz

FAD
FCCP
FLIM
FRET
GFP
GSH
HPAC
HSA
HSPG
ICs0

icO2

IRF

K

L

LD

LE

M

MALDI -QTOF
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Karmel Sofia Gkika

Tailoring Ru(ll) and Os(ll) Luminophores to their application: frbrmimaging
and sensing to cytotoxic tools.

Thesis Abstract

Luminescentomplexef rutheniumand osmiunpossess marsttractive propertiefor their
application as cellular imaging/sensing probé&sthe case of Ru(ll) polypyridyl complexes,
such prop#ies include larg Stokes shift, longmissionlifetimes, good photostabilitand
versatile synthetic chemistryConjugation to cell penetrating and signal peptides has proven
to be a useful strategy in overcoming potential solubility isquresnoting ellularuptakeand
driving subcellular targeting.Presented in this thesis, are experimental findings on Ru(ll)
conjugates (peptide and npeptide) which highlight the@mportanceof balancing cell
membrane permeabilityipophilicity, and cytotoxicity.

Osgmium(ll) polypyridyl complexes share many of the photophysical advantages of the second
row metal luminophores. Although their emission quantum yield and lifetimes tend to be
lower, they exhibit emission maxima in the deep red to-Heapectral region and robust
thermalt and phote stability which is particularly important in the context of cell imagifg.

key aim of this thesis was to extend the application of luminescent Os(ll) peptide conjugates
as imaging probes particulafigward tissue imaging and sensing using confocal microscopy
and luminescence lifetime imaging-he experimental work presented here demonstrates the
first investigation of an Os(ll) probe for luminescence imaging of multicellular tumor spheroids
which mimic tie tumor tissue microenvironment.

Luminescent Ru(ll) complexes have long been studied as oxygen sensoestaimdresearch
areas such asxygen mappingy lifetime-based imaging, are well develope#fficient and
reliable oxygen probes which can quantiintracellular Q usinga luminescenceatiometric
signalare particularly useful, as they daa applied to conventional methods without the need
for specialised equipmentsing acoreshell approachanoveloxygen responsive Ru(lWyas
co-encapsulateavith a reference BODIPY dye into the core of polystyrene pastmbated
with poly-L-lysine. The particles were examined for their performaas®. sensorsn live
mammalian cells



Chapter 1: Introduc tion

1.1 Photophysical characteristics of a good luminophore for bioimaging

Luminescence imaging including particularly confocal fluorescence and FLIM methods, are
widely used techniques in biochemistry and molecular biology as they offer high contrast,
sensitivity, good resolution, and flexibility in choice of luminophore probee rapid
advancement in luminescence microscopy methods have increased the demand for novel
imaging probes with properties such as photostability and sensitive environmental

responsivity.

The ideal photophysical characteristics of a luminescent imauymige may vary depending
on the precise application of the probe and the imaging technique used. Indeed, a vast range of
probes have been developed for fluorescence/luminescence imaging including fluorescent

proteins, organic fluorophores, nanopartictpgantum dots and metal complexes.

Organic fluorophores such as rhodamine, AlexaFluor and Atto dyes have been used extensively
as contrast agents in fluorescence imaging as they exhibit high molecular brightness and
diverse synthetic versatility which af@vourable characteristics of a cellular imaging probe.
However, intrinsic drawbacks of organic fluorophores include undesired inner filter effects at
high optical densitiesselfquenching and poor photostability. The likelihood of dye-self
guenching iglecreased in compounds possessing a large Stokedasiydt gap between the

excitation and emission maxima).

Ideally, a dye for cellular or tissue luminescence imaging should emit in thnfreaed (NIR)
spectral region as it aids the avoidance of autofluorescence. Autofluorescence at short
excitation wavelengths occurs from naturally fluorescent moleculésnwiite cell and tissue
environment or medium and usually decays on the nanosecond timescale. Nicotinamide
adenine dinucleotide (NAD) and flavin adenine dinucleotide (FAD) are examples of intrinsic
biological fluorophores for which several studies on tfileiorescent properties have been

carried out'®

In the context of luminescence imaging but also therapy, a probe absorbing in the low energy
visible or NIR region is desired as this allows for deeper light tissue penetration and avoids
biological damagdrom continuous photarradiation into spectral regions where there is

absorbance by tissue.



The longlived luminescence of metal complexes allows for discrimination from $ikied
autofluorescence. Additionally, the lofiged excited state is suscédpeé to quenching thus
expanding their application from bioimaging to biosensing. Organic dyes on the contrary have
shortlived luminescence , typically< 10 ns, rendering them relatively unsuitable for
monitoring long lived molecular processes suchxagen diffusion since deactivation to the
ground state occurs on a much faster time scale than the molecular process itself. Transition
metal complexes have also shown good photostability, particularly in the case of osmium(ll)
polypyridyl luminophores, anMding photodecomposition and photobleaching effects. To date,
the coordination compounds of tree¢ond and third ropvd®- metals Ru(ll), Os(ll) otr(lll)

are amongst the most widely studied transition metal imaging probes.

Aside from their favourabletmtophysical properties, which are synthetically tunable, metal
complexes can also show aqueous solubility, cell permeability and uptake and can be driven to

subcellular structures as discussed in later sections.

The focus of this thesis will be to exaraihow transition metal luminophores of Ru(ll) and

Os(Il) can be tailored to their application, ranging from bioimaging/biosensing to therapy.

1.1.1 Principles of photophysics

The photophysical processes that occur upon electronic excitation of a molecukgpaezim

out by the Jablonski diagram, first proposed in 19BRyure 1.1schematically illustrates the
ground (), singlet ($) and triplet (&) state and their corresponding energy. Upon photon
excitation, following promotion to the excited statg)(Seactivation occurs through internal
conversion (IC), an isoenergetic crossover, to a vibrational level of equal energyicftats
followed by vibrational relaxation (VR) to the lowest vibrational level of the same state from
where the molecule can retuto its ground electronic stategf¥ia radiative (luminescence)

and norradiative (IC/VR) pathways. Vibrational relaxation (VR) describes the relaxation from

a vibrational state of an excited statg) (® a vibrational state of lower energy within t&e

prior to relaxation between the excited states. Luminescence is the general term used to
describe radiative decay pathways which includes fluorescence and phosphorescence.
Fluorescence is reshifted relative to the absorption band and phosphoreséeralerays
observed at longer wavelengths than fluorescence in condensed media. Fluorescence describes
the photon emission typically from the lowest singlet excited vibrational levelaondsoccurs

in the time range of 18 10%s. This process is shto be allowed as the excited and ground
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electron have the same spin multiplicity. In contrast, phosphorescence, the process of emission

from the triplet excited state to the ground state, is said to be forbiddenparaltel spins
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Figure 1.1 Jablonski Diagram collectively illustrating the photophysical phenomena upon

photon absorption (adapted from refererice).

and occursrom 10° s to the order of a few second®osphorescence involvastersystem
crossing (ISC), an isoenergetipin forbidderprocess which yields eéhange in multiplicity.

This spinrforbidden emission is particularly observed for complexes of heavier atoms, i.e
transition metals of the"2and 39 transition series andanthanidesas spirorbit coupling

blurs the distinction between spin statdere specifically, he spinorbit perturbative term in

the Hamiltonianoperatorthat describes the interaction afmolecule with the external
electromagnetic field, allows for spin forbidden transitions. This perturbation scales with the

fourth power of the atomic number of the atoms involved, meaning that it becomes more

important for moleculesonsisting oheavy abms

There are a number of quantitative characteristics that define the photophysical performance
of a probe including extinction coefficient, and quantum yield and emission lifetime which are
determined by the rate constants characteristic of a lumimesackecay. The luminescence
lifetime, U can bedefined as the average time a species occupies the excited state prior to
deactivation and return to the ground state. More specifically, it is the time taken for the

luminescence intensity to decay to "L its initial intensityor for the number of excited

molecules to decay to Hef the original population



Equation 1.1 and 1.2 mathematically describe the luminescence lifetime of a molecule:

1

i

[1.1]

Wherek, ; rate ofnon radiative decay(sk( ck s)ck; emissive rate often also labelledias
Nt =Nyl [1.2]
WhereN(t): population and timeandN, original population.

Quantum yield{i, is mathematically expressed as the ratio ohthreradiative decay constant
relative to the sum of rate decay constants (equation 1.3). In simple terms, it describes the
number of photons emitted relative to the number of photons absorbed. This relationship
depends largely on the molecular structuré plhotophysical processes that are favored upon
photon excitation and is also ditcrelated to the luminescence lifetime:

9 Knr _
u= mr— t* Kk, [13]

Another important photophysical characteristic of a probe is molecular brightness which is
defined as the product of molar extinction coefficiditand quantum yield(). Molecular
brightness is particularly important in the context of imaging as it can determine the sensitivity

and signato-noise ratio for luminescence detection.

A variety of molecular interactions such as excitdte reactions, photoinduced electron

transfer, energy transfer and collisional quenching can result in luminescence quenching.

The process of resonance energy trarsfeurs when the excitation energy of onefaphore
(donor) is transferred to a second fluorophore (acceptor) resulting typically in the generation
of an excited acceptor staféthe two mechanisms of energy transfer are Dexter energy transfer
and Forsterenergy transferPhotoinduced electron transfer (PEIGcurs when an electron
from the excited donor state is transferred to a ground state molecule (acdepéoriilter
effects caralso result in luminescence quenching howeverigshibe result of attenuation of

the excitation and/or the emission energy doés not involve changes in the excited state
lifetime of the fluorophoreStatic quenching may also occur wéehe fluorophore and

guencher interact in the ground state.



Collisional quenching occurs when theciged state fluorophore is deactivated to the ground
state upon contact with a molecltepwn as a quenchgn solution. In collisional quenching,
following diffusive encounter with the quencher, luminescence intensity and lifetime are both

guantitativéy reduced according to the Steviolmer equation:

I _G_ ”

BT KW 1kg\é= [1.4]

Wherel, and (} are the luminescence intensity and lifetime respectively in the absence of
guencherKg \is the SterAvolmer quenching constarj@Q] is the quencher concentration and

ky is the rate of quenching constant.

1.1.2 Tuning of photophysical properties of metal compexes

The photophysics and photochemistry of the metal complex [Ru{Bplyas thoroughly been
studied and it is often used as an example to describe the photophysical activity of Ru(ll)
complexes' 2 The ultraviolet spectrum of [Ru(bpg§j* is dominated by intense- " * ligand

bands and the broad MLCT transition in the visible region. Spin forbidden transitions become
more allowed with increase in the atomic number due to spin orbit coupling &MLeT
absorption transitions are observed for Ru(ll) and Os(ll) complexes. Upon photon absorption,
the singlettMLCT excited state is populated and undergoes rapid intersystem crigsig)g
populating a triplet MLCT YMLCT) excited stateln the case ofRu(bpy)]?*, deactivation

from the lowest excited MLCT state to the ground stsey in O, symmetry)is observed via
emission or nonradiative decay via thermally activaté#,) population of théMC state(®T1gq

in On symmetry)which can lead to ligand dissociatiofhe 3MC surface intersects the GS at

the minimum energy crossing point (MECB3 shown in figure 1.3. Enhanced ligand
dissociation viZMC population is observed for sterically strained complexes such as Ru(ll)
2,26 biquinoline (biq) complexes for exampife. Distortion into the octahedral geometry by
incorporating big ligands, lowers the energy of the dissocidW@ allowing its thermal

population following photoexcitation to tAMLCT, causing ligand dissociatio

Emi ssion of Ru(ll) compl exes o0& @udid@inm t he
Luminescence lifetimes are typically on the order of hundreds of nanoseconds with quantum
yields of 1i 5 % (e.g., [Ru(bpy)?*; (i = 0.04 in water (aerated)[57]
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Figure 1.2 Molecular orbital diagram for Mi_complexes in @symmetry({-bonding) The frontier

orbitals (dmetal and’-ligand orbitals) are highlighted. Possible electronic transitions incidde:

ligand centred (LC) (2) metéd- to-ligand charge transfer (MLCT), (3) ligatto-metal charge transfer
and (4) metal centred (MC).

It is important to note that a key advantage of Ir(lll) complexes over Ru(ll) polypyridyl
complexes is the facile mdabation of their photophysical properties (e gmission maximum,

molecular brightnegsthrough ligand modification. Their excited states contain contributions
from both®LC and®*MLCT andpermit greater photophysical tuning leading to complexes with

a diverse range of emission properties across the visible to NIR spectrum. Nonetheless,

modification of thell-donor or” -acceptor properties of Ru and Os complexes can be used to
tune these complexes, though less dramatically than for Ikl example, coordination of
strong”-acceptol i gands

stabilises d°

sbiguinblinea(lsiq), decra8es ligand field strength and
eshifts iintalsorpstion lared eemissiorgof Rufll) congpléXes.



Co-coordination of a strong-donor igand such as pyridyl,2,4triazolate (trz) is a means to
promote photostability, by raising the energy of W preventing thus thermal population
of this state and potential photodecompositfol?. Although Ru(ll) complexes are typically

weaker emittrs than Ir(lll)complexesthey tend to exhibit lower cytotoxicity upon uptake in

cells16:17

Shifting the emission towards the NIR can also be achieved by synthetically modifying the
metal centre of the complexsQI) polypyridyl complexes exhibit enggon typically centred
toward the NIR (>730 nm), which is advantageous in the context of bioimaging including
cellular and tissue imaging?? Os(Il) complexes share many of the same photophysical
properties with their ruthenium analogues, with some kffgrdnces. As depicted in the
energy level diagram (Fig. 1.3), the higher energy metal centred ¥&@ (ue to the
increased crystal field splitting and higher lying antibonding levels, is thermally

inaccessible from the emittifylLCT state in thecase of Os complexes.

r 3
IMLCT
MLCT
SMLCT
50
o
i3l
GS R
nuclear coordinates "
[Ru(bpy),]** [Os(bpy);]°

Figure 1.3 Schematic representation of tpetential energy surface diagrams of [Ru(kpy)and
[Os(bpy)])?* describing key photophysical processes #lodtrating greater separation &C from
SMLCT in the case of Os(ll) complex@seventing thermally activateztossingbetween the states as

opposed to [Ru(bpy?*.

Hence Os(Il) complexes are extremely phtatbke and their photophysics tend to show weak
temperature dependence in contrast to their ruthenium anafSgtiesvever, in comparison

to [Ru(bpy}]?*, the>MLCT excited state lifetime of Os(ll) is much shorter and quantum yields
are lower. The energy gap law applies to ruthenium and osmium complexes and predicts that

the nonradiative rate decay increases as the energy gap between the excited and ground state

8



decrease¥ Therefore, the low energy MLCT in the case of Os complexes leads to efficient

nonradiative decay.

Complexes of the [M(bpy)** type existas a mixture of optical and geometric isomers
including two enantiomeric forms if one of the-pyridine ligands carries a substituent.
Therefore, choosing a terfigandover bpyfor exampleallows for synthesis of achiral metal
complexes avoiding stereoisomerism issues. Theéehiy Ru(ll) complex [Ru(tpy)z]?*, is
shortlived and exhibits a significally weak emission at room temperature owing to the easily
quenchedMLCT.

In contrast[Os(tpy)2]?* exhibits an intense long lived luminescence at room temperature due

to the greatetMC/*MLCT energy gag>Subst i t uti on of posdgamds on 46
in [Ru(tpy)]?* with donor/acceptor moieties results in enhanced excited state properties.
Alternative bistridentate  complexes include [Ru(bgp) (where bgp = 2® i s( 86
quinolinyl)pyridine) which exhibit reghifted and londived luminescence at room

temperature(§a £3).%°

In addition to photophysical tuning, coordination of specific ligands allows for the design and
preparation of complexes it a responsive luminescence. For example, complefes
dipyrido[3,2a : 2-d{phedatjne (dppz) and derivatives exhibit no luminescence in agueous
solution but emission is switched on in hydrophobic environments such as upon DNA binding,
leadingtothed®i gn and devel opmentswift cahcomphipgpe?® of DN
Separate to environmental sensing, sensingrdd@vant species such as oxygen can be
achieved via coordination of the lipophilic diphenyl phenanthroline (dpp) ligand, for example,
which also allows for cellular uptake and targeting of lipid rich regtdds. Examples of

metal complexes for intrarganelle and oxygen sensing are detaileskestion 1.4

1.2 Microscopy Techniques
1.2.1 Confocal Laser Scanning Microscopy (CLSM)

In conventionh wide-field microscopy, a high intensity arc or filament lamp is used to
illuminate a sample. In this case, the entire sample is exposed to the light source leading to
issues such as phebdeaching. Confocal microscopy uses a laser excitation sourcsseftc

onto a small volume of the sample, and a detection pinhole which ensures that fluorescence
from outof-focus planes (i.¢ below or above the focal point of the sample vo)uise
eliminated and only fluorescence from the focal plane focuses ontdwateproviding thus



images with improved resolution, and greater détgiLuminescence from all focal planes of

the sample reaches the detection pinhole which blocksfdotus light from reaching the
detector, a photomultiplier tube (PMT). The ligic mirror reflects light below a certain
wavelength and the emission filter ensures that only specific fluorescence is transmitted to the
detector. At any time, only a single spot is detected and in order to create a 2D image, this spot

is moved in xand y direction over the sample¢anning using rotating scan mirrofé:34:3°

The principle of a confocal microscope is illustrated in Figure 1.4. The laser light at a specific
wavelength, is directed through an aperture and is focused on a speaifiofgbe sample. A

key advantage of CLSM is that 3D structural information of a sample can be obtained by
scanning in the xy and z direction thus acquiring images of different focal planes in the z

direction. Photobleaching remains a disadvantage irocahiicroscopy particularly when

Photomultiplier

Detector Aperture
(pinhole)

Dichroic

Mirror S
Lens Laser Source

Aperture

Objective
Lens

Upper Focus
— Focal Plane
Lower Focus

Figure 1.4 Diagram of a confocal microscope optical set up.

using organic fluorophore$. Additionally, it is important to note that a sufficient probe
guantum vyield isequired as use of a pinhole in confocal microscopy, means the amount of
light reaching the detector is reduced compared to widefield methods. As aforementioned,
metal luminophores exhibit characteristics such as good photostability, large Stokes shift and
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long-lived excited states, which overcome common challenges in confocal microscopy such as

autofluorescence, seffuenching and photbleaching.

1.2.2 Fluorescence/Phosphorescence Lifetime Imaging (FLIM/PLIM)

Fluorescence lifetime imaging microscopy (FLIM) is a quantitative imaging technique that can
be used for redime mapping of the cellular and tissue microenvironment including cell
functions and metabolic changes where the lifetime of a fluorophordusniéd by its local
environment. In FLIM, in contrast to intensiased imaging, the image is independent of
luminophore concentration reflecting only the emission lifetime distribution of the prbise.

is particularly helpful in the context of celaul studies where probe uptake in cells is often

unpredictable.

FLIM technigues are classified into tird@main (TD) and frequeneyomain (FD) techniques.

In FD-FLIM techniques the excitation light intensity is modulated or pulsed at a certain
frequency andhe fluorescence lifetime is derived from the modulation in intensity and the
phaseshift of the fluorescence with respect to the excitatiom. TD-FLIM techniques the
fluorescence decay can be measured using a multidimensionaidine¢éated single piton

counting (TCSPC) system, which is an extension of the classic TCSPC technique.

In the classic TCSPC method, short pulses of light excite the sample and single photon events
are collected over many cycles. The relative times between the laserti@xcaad
corresponding fluorescence photon arrival are recorded in a histégtaRullowing many
thousands of pulse cycles, the histogram of arrival times of photons to the detector builds up a
lifetime decay as shown in Figure 1IBCSPC relies on thpresumption that for low power,

high repetition rate (pulses p®r signals, the detection of more than one photon per laser pulse
period in a single detector is improbable. The detection rate in fact is typically 1 photon per

100 excitation pulse¥.

Similarly, in TCSPC FLIM used for imaging, the sample is scanned by a focused laser beam,
single photons are detected and the arrival times (t) of the photons with respect to the pulsed
excitation are recorded. A thremensional data array is built basetdtbe photon distribution

over x, y-, and t. This array represents the pixels of a 2D scan, the FLIM image, where each
pixel contains a fluorescence decay. The data obtained is analysed using a suitable exponential

decay model. In the case of a singbtibuting fluorophore, a morexponential model is

11



used. Biexponential or multexponential emission decays can occur in the case of multiple
fluorophores and also in cases where the fluorophore is imaged from a heterogeneous

environment where the fluophore lifetime is environmentally sensitive.

TCSPCFLIM delivers optimum photon efficiené¥“3, can resolve complex decay profiles

and is also compatible with confocal laser scanning and widefield micros€opes.

Optical Waveform
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Figure 1.5 Time-correlated single photon counting principle. The arrival of single photons following
excitation are detected with respect to the laser pulse and the histogram of the detectide tithes (

waveform of the opticalydse is constructedAdapted from®.

In the context of applying metal complex luminophores in lifetime imaging, the technique is
referred to asphosphorescencdifetime imaging (PLIM) as emission is formally a

phosphorescence.

As mentionedpreviously, the londived phosphorescence of metal complexes allows for
discrimination from shotlived excited states that may have beerexcited, and several

approaches can be used to achieve this.

12



The nanoparticle systeRUBODIPY consisting of a shotived BODIPY and a longelived
ruthenium(ll) component, was taken up by live CHO cells and luminescence lifetime imaging
was carried out. The emission decays from the acquired lifetime images were fit-to a bi
exponential model and each component wasndisished and mapped separately as shown in
Figure 1.6%

Figure 1.6 FLIM images ofRUBODIPY nanoparticles in live CHO cells whetfee lifetime mapping
of (A) encapsulategphenrAr-BODIPY-Br; and (B)surfacebound[Ru(bpy)(pherAr-COOH)F* are

shown #°

Discrimination between shelived and longetived components can also be achieved by using
time-gated imaging where a tingated delay is introduced after the laser exoitatand
detection is switched on after the delay (tigaed detection window). This is particularly
useful for improving contrast and removing autofluorescence background contributions from
shortlived endogenous fluorescent biomoleculeshe complex Bvironment of cells and
tissues In timeresolved emission imaging microscopy (TREM), the autofluorescence
occurring at early times can be gated out and emission lifetime of théivedgorobe can be

obtained.

Figure 1.7 shows an example of tpboton ime-gated imaging of tissue samples using a
cyclometallated platinum(ll) complé®. The PtL!Cl labelled tissue shows strong
autofluorescence in the absence of a time delay, similar to the unlabelled sample (Fig. 1.7a,b).
In contrast, after a time delay ®50 ns, intact cellular structures are observed from the Pt(ll)

emission, free from background emission. Lifetime mapping also revealed variations in the

13



emission lifetime of the complex depending on its localization. The lifetime of the complex
was approknately 1.7es when localized in the nucleus and approximately gls3vhen

localized in the cytoplasm and extracellular regions.

Time-gated detection can also be exploited in dyad or dinuclear systems. For example in the
case of edneterometallic complex, the lifetimes of the''Eand I differed by three orders of
magnitude allowing for timgated detection of each compon&ntwo-photon PLIM time

gated images showed that theb&rsed emission is no longer visible after a deiag0 €s

allowing for detection of the Ebased luminescence at longer timescales.

a) 0-50ns >50ns
i) i)

“*~ Unlabelled

time-gating

b
) No delay > 50 ns > 1500 ns

k I " 1.30;15 £ 0.1 ps
. |

+ 0.05 us

n l‘ .r170ps
"y

g 0 500 1000 1500 2000
Ops 4us Time (ns)

Figure 1.7 Autofluorescencdree imaging of skin tissue samples. (a) Intensity image of unlabelled
samples at i) %0 nsand ii) > 50 ns and (b) timgated images of tissue labelled wWiRtL *CI where i)
intensity image acquired at higher spatial resolution and ii) the corresponding lifetime distfibution.

While luminescence lifetime imaging is used to eliminate autoflgerese or to distinguish
between lifetimes of different fluorophores, the real beauty of the technique lays in
distinguishing lifetime changes relevant to a single fluorophore occupying different states of

interaction within its environment.
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For example, Uminophore lifetime can be influenced by pH, ions, oxygen and molecular
binding and following the first reported application of FLIM in cells in 189fhere have been
increasing reports of cellular and tissue fluorescence lifetime imaging monitoringeshia

pH #°, concentration of ions such as calcium{¢2P, oxygen levels$*>2and cellular viscosity
5354 Application of metal complex luminophores in luminescence lifetime imaging are

discussed throughout this thesis.

1.3 Cellular uptake and accumulation
1.3.1 Mechanisms of cellular and subcellular uptake

In order for a luminophore to enter the cytosol of the telyst transport from the surrounding
medium across the lipid bilayer of the cell membrane. Transport into the cell can be
accomplished via a number of mechanisms which can either be ategrggdent or

independent as shown in Figure 1°8.

Passive diffgion is an energindependent mechanism by which the molecule diffuses through
the membrane bilayer and into the cell. This mode of uptake is not cell type specific and thus

molecules internalized by passive diffusion find application across differest cell

Mostmammalian cells have a negative transmembrane potential (typiaalB0 to-70 mV)

as defined by the difference in electric charges across the cell membrane with respect to the
exterior environment® Therefore, uptake of positively charged qlexes can be driven by

the membrane potential. However, complex lipophilicity still plays a critical role in
overcoming the hydrophobicity of the bilayer core as discusssabisectiori.3.2.1.

During facilitated diffusionwhich is also energindepement uptake is mediated through
transport proteins. These proteins can act as (i) carrier proteins by binding to specific molecules
or (ii) channel proteins by forming pores in the membrane through which molecules of specific

size and charge can p&ss®

Active transport involves transporting molecules against their concentration gradient which
requires energy. Transmembrane proteins (ATPases) hydrolyze ATP while molecules are
simultaneously transported rendering the process epgndent® Endogtosis is also an

energydependent process and is typically used by cells to transport macromolecules and

nanoparticles.
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In endocytosis, the cell membrane engulfs the entrant species forming a mebdwrade
vesicle around it that is theéransported into the cell. A number of endocytic pathways exist
including phagocytosis, pinocytosis, and receptor mediated endodytddéexeptor mediated
endocytosis involves the recognition of molecules by specific receptors located on the surface

of the cell membrane.

Energy-independent Energy-Dependent

o 0 V¥V Ligand
(9]

Receptor Extracellular
ARG 3

Vesicle
Formation

Passive Facilitated Active Receptor-Mediated
Diffusion Diffusion Transport Endocytosis

Figure 1.8 Schematic illustration of the potential mechanisms by Wwhwlecules can enter cells
(adapted from referencéd) Passive and facilitated diffusion are enedgpendent processes whereas
active transport and endocytosis are enénggpendent. Here, receptmediated endocytosis is shown
as an example of an engtic pathway.

This mechanism of uptake has been exploited for the design and preparation of macromolecules
but also nanoparticles which specifically target diseased cells that overexpress key receptors
such as folate, transferrin and somatostatin at thebrane surface®' For example,
enhanced uptake of a somatostasirgeting Ru(ll) conjugate was observed in A549 cells
overexpressing somatostatin recepfdr¥he conjugate showed excellent photosensitized

toxicity with an IGo of 300eM in the absene of lightversusan 1Goof 13¢M upon irradiation.

Experimental methods to determine whether the mechanism of uptake requires energy or not
include low temperature uptake studies where °&, 4he cellular metabolic pathways are
switched off and activendocytosis is inhibite®?. Endocytic and metabolic inhibitors such as
oligomycin and 2Deoxy-p-glucose respectively may also be used alone or combined W@ith 4

studiesto block specific uptake pathwa$.

Following cellular uptake, subcellular targeting of organelles, such as the mitochondria, is

typically of interest in the context of bioimaging/sensing and therapy.
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The mitochondria comprise of two membranes,dierandinner mitochondrial membrane.

The latter is far less permeable allowing only very small molecules to cross intoathg

where mitochondrial DNA (mtDNA) and other biomolecules are contained. The inner
mitochondrial membrane folds into ridges known @asstae which house the protein
components for the electron transport chain (ETC) involved in ATP genefAitiamP
production is driven by membraf@sed proton pumps which generate an electrochemical
gradient. This transmembrane electrochemical gradient is known as mitochondrial membrane
potential (MMP), oG, and is typically between80 and-180 mV for healthy cells.
Depolarization of the inner membrane may result in loss of the MMP and release of pro
apoptotic proteins such as cytochrome c into the cyfdsolThe double membrane and

membrane potential of mitochondria introduce additional challenges to complex uptake.

The cell nucleus shares a similar structural complexity to the mitochondria. The nuclear
envelope is a double membrane sheet comprising ahtiex and outer nuclear memtane

which are merged at several sites generating nuclear Potstake of ions, and small
molecules is mediated through the nuclear pores containing a channel (~ 30 nm in diameter)
via passive diffusion. On the contrary, uptake of larger moleculesdsted through transport
receptors’ Alternative approaches to overcome nuclear and mitochondrial uptake challenges,

include the use of signal peptides discussestationl.3.2.2

Lysosomes and lipid droplets (LDs) are singlembrane (phospholipid molayer)
organelles. Differential organelle localisation can be achieved by simple tuning of the ligand
substituents as reported in the case of rhenium tetrazolato coniplexkeg conjugation to a

lipid chainthatcan facilitate entry to LD

1.3.2 Strategies for uptake of metal complexes

Cell membrane permeability is a key barrier to the widespread application of metal complexes
in cellular and tissue imaging. One approach to overcome this challenge, is the use of organic
solvents such as dimethyl sulfoxi@MSO) or detergents such as Trit#nto permeabilize

the cell membrane of mammalian cells. Permeabilizing agents act by disrupting the integrity
of the membrane lipid bilayer thus promoting entry of the compound into th& c&his
technique is widel used for organic fluorophorés’ and metal complexé$’” but it is not

always explicitly explained.
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For example, Zhangt. al. reported a lipophilic re@mitting iridium complex which was
dissolved in a 10% DMSO solution prior to injection into enfor hypoxic tumor imaginéf

The use of such high concentration of organic solvent was not addressed and neither were the
potential effects on cell viability or tissue health. Williaetsl.reported the first application

of MLCT-fluorescent rhenium eoplexes for cellular imaging. The study comprised of a
series of lipophilic and hydrophilic complexes showing moderate membrane permeabilities
based on their interactions with liposomes. Interestingly, for cellular studies, the complexes
were predissoled in 100% DMSO and then introduced to cells at a final concentration of 5%
DMSO. The authors do not discuss membrane permeabilization and although they report
toxicity and cell lysis at high concentrations of the complex, they do not correlate thasgsfind

with the high % DMSO used. Permeabilization techniques can cause irreversible damage to

the cell membrane and are particularly not suitable for tissuevavorapplications.

It is typical to use a small percentage (< 1 % v/v) of orgswlient to predissolve the complex

in order to solubilise it in aqueous solution for cellular administr&fi§h®'However, in some

cases where a solvent is used, it is difficult to differentiate the influence of compound properties
from the influencef the solvent on the cellular uptake. Hua@l have reported the cellular
uptake of cationic iridium(lll) pyridine complexes using a 2% DMSO sol#i8fiThe studies
however do not detail whether this percentage of DMSO mediates internalizatitvetber

the complexes are inherently cell permeable due to their charge or lipophilicity.

Transition metal complexes can be synthetically tuned, by altering the metal centre and/or the
coordinated ligands, in order to achieve a balance between limiyhéind charge which in

turn can promote cellular uptake. Uptake may also be influenced by complex solubility and
size. Improving the aqueous solubility of a complex can eliminate the need for a solvent or at
least reduce the percentage of solvent reduitels important to note that these properties may
also affect intracellular accumulation and potential cytotoxicity. Other approaches including
the use of nanocarriéfs®’, liposome&, dendrimer®, glycoconjugate$°2, lipophilic moieties

such agriphenylphosphonium (TPB)and cell penetrating peptides (CPR&j8have also

been shown to increase solubility and improve membrane permeability thus facilitating reliable

uptake of complexes within cells for a range of applications.
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1.3.2.1 Striking a lalance: lipophilicity, charge, size and counterion

Efficient molecular cellular penetration and uptake is strongly influenced by the lipophilicity,
charge and size of the comp®é’” The negatively charged cell membrane favours the uptake

of cationic sgcies and lipophilic cations tend to more efficiently permeate the lipid membrane.
Early studies by Puckett and Barton on a series of dipyridophenazine (dppz) complexes of
ruthenium showed that increasing ligand lipophilicity promotes efficient uptakanmmalian

cells. The lipophilic diphenyphenanthroline Ru(ll) complexRu(dipydppzf* (where dip =
4,7-diphenytl,10phenanthroline) was readily transported into HeLa cells in comparison to
the bisbipyridine complex, [Ru(bpyiippzf*.6#%8 The uptakef [Ru(dipxdppzf* in cells was

not inhibited upon treatment with metabolic inhibitors, indicating that an efiedgpendent
mechanism of uptake was in place. Similar to other lipophilic cations such as rhodamine
12399109 ptake of the complex was influenced by changes to the cell membrane potential and
thus a passive diffusion mode of entry was proposed. It should be noted that the Ru complex
was introduced to cells from a concentrated DMSO stock and as aforementeteetjming

the precise influence of compound lipophilicigrsussolvent impact on uptake can be

challenging.

Gunnlaugsson and amorkers reported the incorporation of two TAP ligands (TAP=1,4,5,8
traazaphenanthrene) yielding the water sol(iRi&TAP)2(dppz)]>* complex which showed
cytoplasmic staining in HeLa ceff8! While the nature of the ancillary ligands is important,
chemical modifications to the dppz ligand itself can also influence the lipophilicity and
consequently cellular uptake and lozation of the compleX??1% Increase in lipophilicity

but also in dark cytotoxicity was observed for Ru(ll)-pieen and biSF AP complexes

coordinated to a hydrophobic alkylamide phen ligghid.

Coordination to cyclometalated ligands has b&®own to enhance lipophilicity and improve
cellular uptake for iridium and ruthenium compleXx&st%’For example, exchanging they
ligand in[Ru(bpy)2(dppz)]?* for the cyclometalating-phenylpyridine phpy) ligand, yielded
a lipophilic and cell permdxée Ru(ll) complex®® However, such enhanced lipophilicity due
to cyclometallation can promote toxicity'°and importantly, cyclometallation can lead to

excited state deactivation in the case of Ru(ll) compl&Xes.

The intracellular environment neists of numerous and complex membranous structures and
organelles, such as the previously described mitochondria and nucleus, which have unique

membrane barriers. The importance of lipophili@harge balance in cellular uptake and
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accumulation, was ghlighted in a study by Glazer andamrkers on the uptake of two Ru(ll)
complexes differing in their charge but coordinated to the highly lipoptipitigand2° The
complexes were successfully internalized by A549 cells whigedipophilic[Ru(dip) 3]?* (log

P= +1.8) accumulated at the mitochondria and lysosomes while the anionic and less lipophilic
[Ru((SO3)2-dip)3]* (log P= -2.2) localized in the cytosol angas mitochondrial excluding
(Figure 1.9). Studies on the uptake mechanism of these complexes would have contributed
towards understanding the effect of charge/Pdalance on interactions with the cell
membrane. Both complexes showed photluced toxidy but interestingly the mitochondrial

accumulating complex also showed dark toxicity with agy B@tween 0.62 and 3.2H.

Several studies have been reported on uptake of iridium(lll) complexes by tuning the

chargel/lipophilicity balancg 1214 Also, it is important to consider the molecular size of a

SOy

e ¢

Figure 1.9 Cellular staining of A549 cells following uptake of the positively charged and lipophilic
[Ru(dip) 5]** complex (left) or the anionifRu((SOs)2-dip)s]* (right). Incorporation of six sulfonic
acids (SQ) into the dip ligands altered the subcellular l@zlon properties of the complex rendering

it mitochondrial excluding. Here, Ru(ll) emission is shown in red and Mitotracker Green FM (in green)
andHoechst(in blue)are used as estaining dyes to visualize the mitochondria and nucleus (adapted

from reference¥”.
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complex or its capability for aggregation as this may hinder efficient cellular uptake as reported
by Lo et.al!'® Examples of metal complexes and their corresponding estimateahoiGo
values are listed in Table 1.1 in order to highlight how synthetic modificatibtisee metal
centre or coordinated ligandsin alter these propertidsigure 1.10 illustrates éhchemical

structures of such coordinated ligands.

Another strategy to promote cell uptake is the incorporation of poly(ethyleneglycol) (PEG)
groups into the complex structure. This approach also improves aqueous soluidityg. ce
workers have reportedfficient cell membrane permeation of Ir(HHPEG conjugates and
interestingly, the PE@onjugates showed reduced cytotoxicity in comparison to thefREeG
counterparts!®!The long PEG chains likely protect the Ir(lll) complexes from nonspecific

intracellular interactions with proteins, DNA, and organelles.

Table 1.1 Lipophilicity and cytotoxicity of metal complexes upon synthetic modifications

Compound log Pow@! ICso0(eM) [CellLine] | Reference
Propidium iodide -5.10 - 119
Hoechst 33342 -4.10to +4.70 - 119
[Ru(phen)s]?* -0.33 268.0 [MCF7]! 120
[Ru(bpy)s)®* -0.41 341.5 [MCF7]®! 120
[Ru(pic)s]?* +2.67 66.0 [MCFR7]P! 120
[Ru(bpy)2(dppz)F* -2.50 159.9 [Hela] 108
[Ru(dip)2(dppz)F* +1.30 - 62
[Ru(dip)2(dppzNH2]2* -0.27 >100 [HeLaf” 104
[Ru(dip)2(dppzCH20H)]?* -0.62 Cell impermeable [HeLa 104

[Ru(bpy)@hpy)(dppz)l*

phpy = 2phenylpyridine

[Os(phen)z(phpy]* +2.43 0.4 [A172]") 121
[Ir (phen)(C~N)2]*

where N*C = 2(p-tolyl)pyridine

+1.00 0.6 [HeLa] 108

+0.63 1.68 [HeLal 122

[l ipophilicity, log Pow, Was estimated by the partition coefficient of each compound in octanol/water.
Propidium iodide and Hoechst are both commercially availatganic nucleic acid dyes where the
first is permeant only to damaged/dead cells and the latter is cell permeakj@ald€s for the metal
complexes were determined based on incubation periods of 24 h unless stated otherwiSet@/here
72 h.
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Another approach to enhance solubility and promote cellular uptake includes simply selecting
an appropriate soluble counterion. Zttual. reported the use of pentachlorophenol (PCP) for
the efficient transport of an otherwise cell impermeable comipfekhis strategy allowed for

high contrast imaging of chromosomal DNA by selectively targeting each enantiomer of

[Ru(bpy)2(dppz)]?* to the nucleus without structural modification of the intercalating probe.

Here, the bisipyridine, [Ru(bpy)(dppz)f* complex was shown to passively diffuse across
the membrane of several mammalian cell lines via an ion pairing mechahisms propsed

that a neutral lipophilic adducipn pair, was formed between the hydrophilic cationic Ru
complex and the anionic pentachlorophenolate which permits penetration through the cell
membrane. This was confirmed for an analogous Ru complex using scrgital X-ray
diffraction which showed the formation of the ion d&u(phen)s]?* [PCP]-.

_ /N
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bpy biq
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= /\\N ) "
/ N
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N | —N \N /
N
ip phen (R = H) 2- phenylquinoline

dpp or dip (R =Ph)
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Q
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“ |
tphhz phpy 2-(p-tolyl)pyridine

Figure 1.10Key ligandsused as building blocKsr the design of metalomplees.
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1.3.2.2 Bioconjugation to cell penetrating and signal peptides

The ability of cationic peptide sequences to cross the cell membrane and facilitate uptake of
small molecules was first demonstrated in 1965 by Ryser and Hancodkevgationic amino
acid- mediatedenhanced uptake of albumin followed by studies on conjugation ofLpoly

lysine to albumin and horseradish peroxidksé?*

The most studied cell penetrating peptide is likely the arginine rich-Tfvtransduction
protein (RKKRRQRRR) frommmunodeficiency virus'?>126 Homopolymers of arginine
(polyarginines) have shown superior cellular uptake compared to other cationic analogues such
as ornithine and histiding/ With studies showing no strict requirement for side chain length
or backbme chirality D-Arg vsL-Arg), it was concluded that the guanidinium head groups of
arginine units are structural features crucial for cellular uptake. Battah first reported
peptidefacilitated cellular uptake of rhodium complexXé$Cargo transduion occurs for
arginine sequences of Argr R,, where n= 6 11 residues with octaarginine (Ajgand
nonaarginine (Arg being most efficiently transportel. e y egsoGpsreported the efficient
transport of an otherwise céthpermeable Ru(ll) polypyrid complex,[Ru(bpy)2(pic)]?* via
conjugation to octaargininé. The general conjugation strategy in the grdopolves
incorporation of a carboxylic acid group in the metal complex which can be exploited for amide
couplingwith an amineterminated peptide sequenicethe presence of a suitable coupling
reagent such as PyBOP (benzotriazoll-yloxy-tripyrrolidinophcsphonium
hexafluorophosphalé The conjugate was fountb passively transport into myeloma cells
within 12 min. Additionally, studies showed that Ay lower conjugates are not effective in
promoting metal complex permeatiowenderet al. reported Bnilar decrease in uptake

efficiency of shorter polyarginineg?®

Octaargininedriven cellular uptake has been reported for a range of complexes differing in
their metal centre and coordinated liganégure 1.1 illustrates the dye distribution of key
examples of octaarginine conjugates of Ir(lll), Ru(ll) and OsQdnjugation to Argrendered

all three complexes membrane permeable in aqueous solution without the requirement for
permeabilization. A H and oxygen sensitive iridium(lll) complex was prepared by

coordinating two cyclometalated ligands (2,4-difluorophenyl)pyridine; dfpp) to an Ir(lll)

There are numerous coupling reactions suitable for peptide conjugations which i
crosslinkers, cleavable systems or dclic
the scope of this thesis and so the reader is directed to the followinggloctnjugate Techniquges
Elsevier, 2013.
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centre along with the pic(COOH) ligand, -(2carboxylphenyl)imidazo[4;5
f][1,10]phenanthroline, carrgg a terminal carboxyl moiety permitting amide coupling to an

octaarginine sequence in order to improve aqueous soluBility.

Uptake of the[lr(dfpp) 2(picCONH)Rsg]°* conjugateby SP2 and CHO cells was observed
within 15 minutes of incubation Cytotoxicity studies showed that both the Ir(lll) parent
complex and conjugate were cytotoxic towards these cell lines but interestingly, the conjugate
showed increased toxicity with an ofsk®f 35eM (SP2 cell line) and 54.4M (CHO cell

line).

—CONH-Ahx-Rg

]

" “~CONH-Ahx-Rg

[Ir(dfpp)(picCONH)Rs]** [Ru(bpy)z(phen-Ar-Rg)]1* [Os(bpy)a(pic-Rg)]'*

Figure 1.11 Confocal luminescence imaging of live mammalian cells incubated with octaarginine
conjugates of Ir(lll), Ru(ll) and Os(Il). A)4R8 in CHO cells at 76M / 15 min incubation , B) RiR8

in HeLa cells at 7@&M / 4 h incubation and C) GR8 in CHO cells atGeM / 2 h incubation in the
absence of light at 37C.16:130.131

The cytotoxic character of iridium complexes has been reported in a number of8tidiés

and it is likely that increased cytotoxicity is the result of rapid uptake and wide digtnitmiti

the conjugate within cells. In fact, it has been noted that cell viability may be affected by the
precision of conjugate localization. For example, when conjugated to octaarginine, the
[Ru(bpy)2(phen-Ar-COOH)]?* complex distributed throughout thetaplasm and exhibited
increased toxicity towards HelLa cells with ansd&@ 50 eM, whereas when conjugated to
precision peptide signals which drive and restrict confinement of the complex to specific
organelles (e.gendoplasmic reticulumyeduced toxicity was observed &C 200e£M).1%0

Low cytotoxicity towards CHO cells was reported for an osmium(ll) octaarginine conjugate,
[Os(bpy)2(pic-Rs)19*13! The conjugate showed rapid internalization into the cytoplasm of
CHO cells, similar to its ruthenium analogue, followed by partial mitochondrial and lysosomal

localization.
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There have been multiple pathways and mechanisms proposed by which polyarginines
permeate the cell membrane. Although there are a number of sthdieseport that
polyarginines can promote permeation through a passive mech&Hism through local
changes at the membrdffe the key pathway in live cells appears to be ATP activated
endocytosi§®. Polyarginine interactions with cell surface lipidad formation of neutral
complexes that transport across the bilayer have also been reported as well as surface

attachment through interactions with heparan sulfate proteoglycans (HSP®).

Penetratin a cationic peptide sequen@QIKIWFQNRRMKWKK) corresponding to the R

helix of the Antennapedia homeodomain, is capable of crossing lipid bilayers thus acting as a
cell penetrating peptidé! Studies have shown that the uptake mechanism involves direct
interaction of the peptide with membrane lipids and does not involve vesicle disruption or pore
formation!4?143Peptide conjugation denetratinto [Ru(bpyk-pherAr-COOHP allowed for

delivery of the complex to the endoplasmic reticulum in live HeLa ¢&ls.

Although cell penetrating peptides such as polyarginines can facilitate efficient cell
permeability, specific organelle targeting of imaging probes or therapeutic agents can be
achievedusing signal peptides. Signal peptides can be naturally derived or designed sequences

which are recognized by proteins in organelle membranes.

Nuclear localising signal (NLS) peptides are typically derived from transcription factors and
can cross the cellar membrane and enter the nuclear envelope. To date, NLS sequences which
have been derived from transcription factors inclinsB, TCF:U TFIE-b , -@and
SV40144146 Sydies by Ragiret al, demonstrated that the NLS peptiddQRKRQKLMP,
derived fran NFeB, was most effective in promoting nuclear penetratféiBased on this
finding, K e y eamdceworkers exploitedFaB transcription factor bioconjugation for the
efficient and selective nuclear uptake of Ru(ll) compléXéghe lipophilic characteof the

metal complex remains important in the distribution of the complex as demonstrated in this
study. In the case of the more hydrophilRu(bpy)2(pip-NLS)]®*, nuclear staining was
observed whereas the dppsed complefRu(dpp)2(pic-NLS)]¢*showed accumulation to the
nucleolus. Higkresolution imaging of chromosomal DNA was achieved using-dpgpa NLS
conjugate[Ru(dppz)(bpy)(bpy-Ar -NLS)]6+.130.147

With aim to extend the application of RMLS conjugates toward theranostics, a Rtljls

TAP (TAP =1,4,5,8 tetraazaphenanthrene) complex capable of photoactivated toxicity upon
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DNA binding was presentéd® Ru-TAP-NLS was targeted specifically to the nucleilive

HelLa and CHO cells and in the absence of light and under imaging conditions the cells remain

A) . B)
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Sepe s Ru(N~N),-pic-NLS
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L

Figure 1.12 Chemical structures of NL-8riven nuclear targeting Ru(ll) complexes and representative
images of their corresponding application in mammalian cells.[RA)Xbpy)(pic-NLS)]®* and
[Ru(dpp)2(pic-NLS)]®* showed nuclei and nucleolus staining respectitaB). Confocal (i) and STED

(i) images of [Ru(dppz)(bpy)(bpy-Ar-NLS)]®* nuclear and chromosomal DNA stainiti§.C)
Following DNA binding ofRu-TAP-NLS in live HelLa cells, continuous photoirradiation of selected

cells resulted in cellular damage as indicatgddRAQ 7 nuclear staining in bldé&
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viable. Following nuclear uptake and DNA binding, evident by the extinguishing emission of
the complex, increased photoirradiation of selected cells induced cellular destruction attributed

to DNA oxidation by photoiduced electron transfer between guanine and the Ru(Il) complex.

In a recent study by Po. al, an alternative nuclear localisation sequeRZRAKRVKLD

was conjugated to a cyclometallated iridium(lIl) compfé%.The cMyc NLS is derived from

the human @Myc protein and is essential for nuclear localisation of the préteionfocal
imaging and cestaining studies with Hoechst 33342 revealed that in contrast to theeptide

Ir(111) complex, which showed cgplasmic staining, the conjugateGMYC, showed nuclear
localisation facilitated by the NLS sequence. However, it is important to note-tDstYIC

did not show preferential nuclear localisation as cytoplasmic staining was also observed.
Interestingly no cytotoxicity was observed for the NicBnjugate for concentrations up to 100

eM, in contrast to th@on-peptide analogue which was cytotoxic 4©20 eM).14°

Similar to nuclear penetration, mitochondrial penetration is also challenging owingriog¢he i

mitochondrial membrane, a barrier limiting diffusive transport.

Mitochondriapenetrating peptides (MPPs) have been employed for the specific targeting of
mitochondria with aim to study the complex processes associated with these organelles. Kelley
et al carried out a detailed iterative study on synthetic peptide sequences relating to signal
sequences effective in promoting mitochondrial targeting of fluorescent probes/drug
analogues. Amongst the most effective of sequences was-aanin® acid sequence,
FrFKFrFK, containingD-arginine and hydrophobic residué@$.K e y egsodpghen exploited
conjugation to FrFKFrFK and the acetybcked sequence, FrFKFrFK(Ac), to effectively and
selectively drive monoand dinuclear Ru(ll) complexes to the mitochordit®>'4” The
application of mitochondrigargeted probes in live mammalian cells for bioimaging/sensing
and therapy are discussedsectionl.4.1.

It is important to highlight that these studies collectively have shown that conjugation to signal

peptides can drivdifferentmetal complexes specifically to the same organelle.

1.4 Metal complexes as luminescent imaging/sensing probes and therapeutic agen

As mentioned irsection 1.3 a number of strategies have been reported to achieve reliable

cellular uptake and specific organelle targeting of metal complexes. Bioconjugation to cell
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penetrating peptides is a strategy that has proven to providerdftieltular uptake and precise

targeting of metal complexes in cells without the use of permeabilization agents.

Early examples of peptide driven metal complexes in confocal imaging include studies carried
out by Barton and cworkers. Studies on rldaum(lll) 5,6-chrysenequinone diimine (chrysi)

and ruthenium(ll) dipyridgohenazine (dppz) complexes found that conjugation to octaarginine
enhances cellular uptake and interestingly attachment of a fluorescein moiety, in the case of
the Ru(ll}dppz complex, lads to nuclear localizatiod®*>® In order to reduce nonspecific

DNA binding owing to the highly charged R8, a shorter peptide sequRne&, (where r=
D-arginine), was conjugated toRu(dppz) complex achieving cellular uptake and nuclear
accumulatiorabove a threshold concentration of 00 in complete mediaRigure 1.13).1%*

HN NH,  HN NHZ

ixgxﬁm

]2+ e HzNﬁ§

N’ ‘N
Ru-RrRK

Figure 1.13 Distribution of Ru(dppz)-RrRK in HelLa cells. Confocal imaging showed cytoplasmic

and nuclear staining of cells treated with £80for 2 h. Scale bar = 16M. 154

A study byK e y egsodpsllustrated the multimodal imaging potential of peptidked Ru(ll)
complexes by studying theekular uptake of [Ru(dppziPICJ?* parent complex and
octaarginine conjugafé.Using CLSM, emission was observed for cells treated with either
parent or conjugate. However, complementary resonance Raman intensity mapping revealed
that only the conjugatéransferred across the cell membrane while the parent complex

accumulated in the outer membrane of cells.

Complexes of ruthenium have been explored in detail for their interactiomudtkic acid
material$® 158 mitochondrid®®1%%and application iphotodynamic therapy (PDT§Y ¢ and
photochemotherapy (PCT)"1%°. By eliminating the reduction step of Bicomplexes, Rt
compounds can be activated via ligand exchange and/or photoirradiztioplexes of other

redox active metals such as Ce,d&nd Rh can promote oxidative DNA damage. Metadlsed
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artificial metallo nucleases (AMNSs), such as [Cu(1;pb@nanthroline)?*, have also been
studied for their potential in DNA binding and oxidatigf1"*

The overall potential of transition metabmplexes for photodynamic therapy has been
particularly highlighted by a recent breakthrough with the first Ru(fdlypyridyl
photosensitizer{LD1433) for PDT to reach human clinical trials, developed by McFarland

et al.1®! Photoirradiation of thémidazophenanthroline Ru(ll), rafRu(dmb)(IP-3T)]Cl.

(where IP =imidazo[4/][1,10]-p henant hr ol i ne, 3T = -donkthyp mop hor
2 , -ldpMiidine) results in'O sensitization and electron transfer owing to its Hingd °IL and

SMLCT excited state and has been shown to promote single and double strand DNA cleavage
with enhanced activity in the presence of glutathione (GSH).

While the primary focs of this thesis is ruthenium(ll) and osmium(ll) polypyridyl complexes,

it is important to note that iridium(I§116178179 gnd rhenium(BE complexes have been
widely explored as luminophores in live cell imaging. Due to the lipophilic character of
iridium(lll) complexes, intracellular localization tends to be 13pecific by showing nuclear
excluding cytoplasmic accumulation and staining of hydrophobic organelles such as the

endoplasmic reticulum, Golgi apparatus or mitochorftri&’

Specific mitochondrial accumulation in HeLa cells was achieved for a series of iridium(lll)
complexes,[Ir(N~C) 2(phenSe)} by incorporating carbonyim-chlorophenylhydrazone, an
oxidation phosphorylation uncoupler (Figure 4).48* The complexes showed imise
phosphorescence, good photostability and exhibited resistance to the loss in mitochondrial
membrane potential. The application of luminescent iridium nanoparticles in bioimaging has

also been reporté#-®3and has been extended towards multiphdfetirne imaging®

Briefly, following the breakthrough with cisplatin for cancer treatment in 1878 and the
approval of carboplatin and oxaliplatin in 1992 and 2002 respectively, compounds of similar
structure with other metals were investigated. Some of thé &mically developed
complexes include: KP10i%, NKP1339 (IF 139)%1% and NAMI-A%1%  Although
initially a very promising anticancer agent and firsttfased compound to enter clinical trials,

NAMI -A proved to not be effective as a solo drug or as a combinedtrug.

Initial efforts involving the preparation of Os analogues of theb&sed antiproliferative
compounds showed mainly modest cytotoxic actift}?’ and relative inertness towards
ligand substitution resulting in poor hydrolysis or inactive hydroxido species under

physiological condition$?’
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Figure 1.14 Confocal images of iridium complex¢s(N~C) 2(phenSe)j (8-11) illustrating green,

yellow, orange and red phosphorescence respectifelif

Osmium complexes share many of the photophysical advantages of their ruthenium(ll)
analogues but initial studies focused on their application as antiproliferative compounds in
cancer therap3?918°,

Dyson and Sandleat alhave worked extensively on tdesign and development of Ru@hd
Os(ll) d®-arenehalf-s andwi c8t bpl ancompl exes f & Fmedicin
example, Sadleet al. reported a series abdido Od p-cymene arene complexX€% which

exhibited dark toxicity againsitreast cancer cells through a route which does not involve DNA

binding; in contrast to other ®and Rl arene compound§8189.201

A heterodinuclear compleXysir, containing iridium was the first to incorporate osmium(ll)

in a luminescent cell imagingrobe?°? The lipophilicity of the iridium(l) moiety facilitated
transport of the duaémissive probestm534 and 721 nm) across the cell membrane of MCF

7 cells where cytoplasmic and nucleolus staining was observed. Solution titrations with bovine
serumalbumin (BSA) and RNA revealed a ratiometric emission response between the Os and

Ir moieties(Figure 1.15)

Considering these interactions, it would have been interesting to report on cell viability and
potential antiproliferative effects of Oslr in order to explore the full capability of the complex.
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Figure 1.15 Chemical structure dDslr dinuclear complex and confocal images of uptake in MCF

cells. Following 1 h incubation &7 °C, cytoplasmic staining is evident by the dual emission
corresponding to the iridium (green) and osmium (red) channel. Nucknmgtwas observed at 2 h
incubation. The luminescence intensity profile at cytoplasmic and nucleolus regions revealed extensive

accumulatiorOslr in cells.?%?

K e y egsodpgeported the first application of an osmium(ll) polypyridyl complex in live cell
imaging by strategically conjugating an octaarginine sequence to an otherwise cell
impermeable osmium(ll) compléX! The octaarginine conjugatgDs(bpy)(pic-R8)]1°*
exhibited NIR emissioneax 726 nm), robust photostability and a short luminescence lifetime
of 33 ns, independent of variations in oxygen and temperature conditions. The osmium
conjugate showed similar low cytotoxicity to its ruthenium(ll) analogue lempbtudies in

live cells using confocal and luminescence.

PLIM studies showed that the emissiliietime of [Ru(bpy)2(pic-R8)]'°* decreased from
approximately 540 ns in the cytoplasm to 453 ns in the cell membrane of SP2 cells, attributed
to higher solullity of oxygenin the cell membrane.Although the emission lifetime of
[Os(bpyx(pic-R8)}%" was not sensitive to oxygen, changes were observed in response to the
cellular environment (Figure 16} and cell membrane composition of two mammalian cell

|ines74,131

31



N/
/\
\ 7\ 7

Figure 1.16 Phosphorescence lifetime imaging of (®s(bpy):(pic-R8)]*** (70eM / 24 h)and (B)
[Ru(bpy)2(pic-R8)]*°* (350 ¢ z/ 15 min)in live SP2 cells. The false colour images and intensity
mapping highlight the differences in emission lifetime of the luminophore pending on its localization
in the cell. The emission lifetime of the osmium(Il) conjugate was 18.8 £ 0.6 ns at the cellamemb
and 14.5 + 0.5 ns in the cytoplasfit.

The application of osmium complexes in bioimaging but also theranostics has since received
considerable attentiol¥ 2% Zhang and cavorkers carried out comparative studies on the
photophysics and cellular irgeng of a red emitting Ru(ll) complex and a NIR emitting Os(I1)
complex?®* The two complexes, differing only in the metal centre, showed unique localization

in live A549 cells. Lysosomal accumulation was observed for the osmium complex whereas
the ruthenim complex showed mitochondrial staining. Interestingly, the Os(ll) complex
showed increased phototoxicity at 633 Arargetingcellular organellesr biomolecules and
selectivelytriggering cell death while monitoring the process are key objectivesrahthetics.

This offers the advantage of determining dose requirements for probe uptake and accumulation

without inducing toxicity unless it is photaggered

Elliott and coworkers presented a triazebased Os(Il) compleOs(pytz)s]?* (pytz = 1-
benzyt4-(pyrid-2-yl)-1,2,3triazole), which showed endosomal and lysosomal uptake in EJ
bladder and HeLa cancer cel®§ The complex showed low dark and light toxicity rendering
it suitable for luminescence imaging (Figure7).1However, it is impodnt to note that the
emission range565 615 nm) of he complex did not coincide ideally with the biological
window. Interestingly, derivatives of the same triazZOkIl) complex have recently found

application as photoinduced antimicrobial agéPts.
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Complexes of Rh(lIF?® and Zn(11Y°82°°have also been applied in bioimaging, but to a lesser
extent. Pt(I)/Pt(IV) compounds have historically found application mainly in therapy as
anticancer agemt®?1but recently have been studied in the contéxnaging“°?12213 Due

to their attractive photophysical properties including good photostability, transition metal
complexes have also recently been applied to sigsetution imaging techniques including
Stimulated Emission Depletion (STED) Microsgognd Structured illumination microscopy
(SIM).130.214.215

Figure 1.17 Chemical structures diOs(pytz)s]?* luminophore and confocal images showing the
distribution of the complex (yellow) in EJ bladder carcinoma cégiBs(pytz)]?* (yellow) was found

localize in endosomes and lysosomes. Scale barem2°

Overall, the application of metal complexes has extended from luminescent bioimaging to
intracellular sensing but also therapy bridging the fields of bioimaging with medicinal
chemistry.

1.4.1 Mitochondrial targeted complexes

The intracellular environment consists of organelles, biomolecules and analytes with
significant interest which are attractive for targeting. In parallel, the same targets of interest
can pave the way fdhe design and development of novel therapeutic metalded agents.
This section presents key examples of mitochondigleting metal complexes with

application in biosensing and therapy.

Mitochondria are key organelles involved in the energy metbadiind ATP production of
eukaryotic cells. Critically involved in apoptosis initiation, oxidative metabolism, and reactive
oxygen species (ROS) production, the role of mitochondria extends far beyond that of being
fithe poweth o u soé the cell. Mitochondal dysfunctions are associated with several

conditions and diseases including inflammatory diseases such asZ&i@ancer cells exhibit
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changes in energy metabolism and ROS production, increased transmembrane potential and
upregulation of preapoptoic proteins?’?1® Therefore, m depth understanding of the
complexity of mitochondrial functions, dysfunctions, and physiological changes is of great

biomedical importance.

Targeting luminescent metal complexes to the mitochondria has received cablsider
attention from the perspective of imaging and sensing for monitoring mitochondrial health in
understanding biochemical processes. Mitochondrial assessment by means of luminescence
imaging can be useful also from the perspective of drug discovergrfmted therapy and of

studying the overall activity of mitochondrial effectéts.

A mitochondrial localizing Ru(ll) MPP conjugate, reported Kye y e graus showed
dynamic response to changes in local oxygen concentrations and to elevated levets/ef rea
oxygen species, using luminescence intensity and lifetime imadMgThe dinuclear
ruthenium(ll) probe was bridged across a mitochondrial penetrating peptide yielding
[(Ru(bpy)2)2(phen-MPP-phen]’*. Following exposure of HelLa cells to Antimycin A, a
mitochondrial uncoupler agent, PLIM studies showed that the emission life¢ of
[(Ru(bpykphenrAr).-MPPJ]"* in live HeLa cells quenched from approximately 525 ns to 228
ns, as shown in Figure BAMonitoring changes in oxygen/ROS levels at the mitochondria is
valuableto understanding disease state and disease progressiaditiorato ROS, reactive
nitrogen species (RNS) also play a crucial role in biological systems. For example,
peroxynitrite (ONOO), is the product of a reaction between nitric oxide (NO) free radicals and
superoxide and at abnormal levels saduce oxidéive changes inintracellular molecules
including DNA and protein§® A mitochondriallocalised ruthenium(ll) complegyanine
(Ru-Cy5) scaffold was used for sensing and imaging of ONi@dive Hela cells??! The
energy transfer based probe was prapd by incorporating a Ru(ll) complex as the energy
donor and Cy5 as the energy acceptor. Following cellular uptake and mitochondrial
localization, the emission of Cy5 was decreased, in the presence of QBO® result of
oxidative cleavage of the polethine bridge which interrupts the energy transfer between
Ru(ll) and Cy5. The R«€Ly5 system showed low cytotoxicity, efficient mitochondrial
accumulation, and good selectivity for ONQ©Over other reactive species

In a recent publication, precisidargeting of mitochondrial DNA in live HelLa cells was

achieved using an MPP driven lighwitching RU- dppz complexX?? Titration studies with
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ctDNA showed that the DNA binding ability, mediated by dppz intercalation, of the parent
complex, isretained for the Ridppz MPP conjugate.

Additionally, an increased binding constant was reported, which was attributed to electrostatic
interactions between the polycationic sequence of MPP and the anionic DNA backbone.
Confocal laser scanning microsgoghowed rapid cellular uptake [6fu(dppz)(bpy)(bpy-Ar -
MPP)]>*in live HeLa cells and localization to mitochondrial ssthuctures was confirmed

using luminescence lifetime imaging (Figure9).1

~228ns @

Figure 1.18 Luminescence lifetime imaging fRu(bpy)2)(phen-MPP-phen]*in live HeLa cells, in
response to Antimycin A treatment. PLIM was carried out following (A) incubation with Ru(ll)
conjugate at 7@M for 2 h in the absence 6§ht, and treatment with Antimycin A (20¢p/ mL) for

(B) 10 min and (C) 100 mir>?

Importantly, although the conjugate showed low cytotoxicity in the dark and under imaging
conditions, facilitating thus mtDNA visualization, phetwluced toxicity wa®bserved under
continuous and intense irradiation, facilitating thus controllable initiation of cell death. A
previously reported ruthenitcontaininghuman serum albumitHAS) nanotransporter which
targeted the mitochondria, exhibited enhané®d quantum yields and also demonstrated
efficient photeinduced cytotoxicity, mediated by local ROS product®h.
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Luminescent transition metal complexes accumulating in the mitochondria have recently been
combined with superesolution microscopy techniqués the visualization of the dynamics

of these organelles in living cells. For example mitochondrial images otlitdrction
resolutions were presented using-SDED for a highly photostable dinuclear Ru(ll) complex

214 and an iridium(ll) complex waspplied using SIM to image mitochondriad( 8 0 n m

resolution)and monitor mitochondrifysosome contact and fusion eveffts.

[suJownopyisey

R = [NH-ahx-FrFKFrFK(Ac)]3*
Ru-MPP

\

Figure 1.19 Precision targetefRu(dppz)(bpy)(bpy-Ar -MPP)]>* (10 €M / 2 h) light-switching probe
in mitochondria of live HelLa cells. (A) Confocal image with inset showing a close up of the
mitochondria cestained with MitoTracker Deep Red (red) and (B) Luminescence lifetime distribution

of the conjugaté®?

A recently r@orted dinuclear RURE complex was found to initially localize in the
mitochondria and lysosomes of live MQFcells before rapidly migrating to the nucléés.
The photostability and low phototoxicity of the complex permitted visualization of this
organelle migration at super resolutions using STED microscopyie okygen sensitive

PEGylated Ir(lll) complex was also used for SIM and-phmton microscopy?®

As mentioned iridium(lll) complexes often tend to localize in the mitochondria due to their
caionic charge and lipophilic character. Photostable cationic complexes of iridium(lll) found
application in the context of bioimaging/sensing by tracking mitochondrial dynamics and

morphological changes during apoptd$fs.
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Intracellular targeting to thenitochondria has been exploited in the context of therapy to
promote PDTinduced cell deathA series of Ru(ll) mitochondriaccumulating complexes
(RuL1-RuL4) exhibiting high*O, quantum yields and high twghoton absorption (TPA) cross
sections, were shan to trigger cell death upon twghoton activation. In comparison to ene
photon PDT, 2HPDT resulted in superior inhibition towar@® multicellular spheroids with

an 1Gso of 1.9eM.228 Rutheniumglucose conjugates have also been reported for mitochendria
targeted 2hotodynamic therap$f® Two-photon excitation allows for in depth penetration

of such cellular models resulting in generation of singlet oxygen at a deeper level in the

multilayer of cells. This is crucial for efficient PDT anticancer agents.

Elliot and ceworkers presented a mitochondrial accumulating osmium(ll) complex,
[Os(btzpy)2]?* (btzpy = 2,6bis(1-phenyt1,2,3triazok4-yl)pyridine) (Figure 120) which also
showed mnificant potential as a photosensitiz& The compound exhibited high quantum

y i e lenfE 9.8%) susceptible to oxygen quenching with a good quantum vyield for singlet
oxygen sen®O)tEb7®wati on (4 (

Figure 1.20 Confocal images diOs(btzpy)]?* (green) localizing at the mitochondria of osteosarcoma

cells as confirmed by estaining with Mitoview (red)Scale bar = 26m. 2%

Generation otO; at the mitochondria or the nucleus is more damaging to cells than if generated
in cytoplasmic media ornelosomes thus rendering the complex an attractive candidate for

photodynamic therapy (PDT). The complex showed low dark toxicity with IC50 =NIOth

the case of osmiuwhased photosensitizers, a major advantage includes enabling activation
with tissuepenetrating NIR light. This was demonstrated by a series of panchromatic Os(Il)

biq complexes applied towardsvitro andin vivo studies>*°

Phospheescent cyclometalated Ir(lll) polypyridine complexes showing mitochondrial
accumulation and exhibiting high phetaduced cytotoxicity under ofghoton''”?3'and two

photon excitatioff?> have been reported. The principle of photodynamic therapy oelitise
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sufficient dosage of three crucial elements: light, the photosensitizer (PS), and oxygen.
Although there are examples of complexes which exhibit strong jindiced cytotoxicity
even at hypoxic conditiorf$¥ 2 the pooroxygenated tumor environmeoften limits theiin

vivo application.

A recent study described the application of an Ir(lll) anthraquinone complex as a
mitochondriallocalized andoxygenrindependentphotosensitizef®’ Here, the Ir(lll)
complex,Ir4, exhibits hypoxiagnduced redction and switckon emission (Fig. 1I4), and

upon twephoton excitation (TPE), the reduced form of the complek;red, triggers
formation of carbosradicals (Fig. 1.2B), leading to loss of mitochondrial membrane potential
and cell death (photocytotimity index (PI) = 27.7F*" In vivo studies also highlighted the
promising twephoton PDT efficacy olr4 .

Reductase

- »-
Hypoxia

0xygen concentration

+ DCFH-DA o

Figure 1.21 Mitochondriatlocalized Ir(lll) complex undergoes hypoxiaduced reduction triggering
ROS formation under TPEA) Two-photon excitation confocal images of A549 cells treated kth
(5eM) under varying oxygen concentrations (from hypoxic to normoxiclitmns). (B) Hypoxic A549
cells were prereated withr4/ Ir4 -red and a ROS indicator dye (DCHBIA). Confocal images were
collected from 0 to 100 s following twghoton 6= = 730 nm) irradiation and pheinduced ROS

formation was evident by the DCHBIA staining shown in green. Scale bar =20?%’
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An alternative approach to designing metal complexes as therapeutic agents was presented by
Mao and ceworkers?®® In this reent study, a mitochondrtargetedrhenium() complex
containing an iron chelating agent was examined for its ability to attenuate both mitochondrial
metabolism and iron homeostasis (Fig.2L.Zhe Re(l) complexDFX-Re3 (where DFX =
deferasirox chelator), accumulated iron to the mitochondria which caused production of

reactive oxygen species thus affecting the methylation levels of DNA, RNA, and histone.

Modifying methylation levels of DNA,RNA and histone (epigenetic modifications)attect
chromatin state and gene transcription which can influence gene expression and induce
immunogenic apoptosis as part of a unique therapeutic strafeD¥X-Re showed potent
anticancer activity in vivo, triggered by Re(l), and low systematic ityxic

Fond WA
OC‘W"'Re"N‘\N\y =N : N — I <!l B mitochondria
ont” ‘ \N N\bOH — I cytoplasm nucleus
= / \ K
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Figure 1.22 Chemical structure and cellular studies of mitochondaajetedFX-Re3complex. Ce

staining studies with MitoTracker Deep Red (150 nm) showed thatR&3X(5¢M / 2 h)localized at

the mitochondria of MDAVIB-231 cells. The accumulation of iron in cellular compartments was
measured using IGMIS. The content of Fe in mitochondria increases producing reactive oxygen
species. Generation of mitochondrial ROS following tresit of cells with DFXRe3 (5¢M / 4 h) was
confirmed by the intense f 1| uor e s-dcblorafleresoein) a ROS

localized at the mitochondr?&?

In the context of therapysaMeierMencheset al.mention in their detailed reviean structure
activity relationships for anticancer compoulidsgreat challenges lay in realizing that DNA

may not be the main target of metal complex therapeutic agents and their mechanisms of action
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may not be comparable to cisplatin as they are unegmepounds with distinct chemical

properties leading to diverse modes of action.

In summary the mitochondriatargeted complexeslescribed in this sectiomenerally
combineal a high degree of lipophilicity with a cationic charge and potentially additional
hydrophobic residues. The cationic charge provides an electrostatic driving force for transport
across both the cellular and outer mitochondrial membrane and the residues/high lipophilicity
allow partitioning through thehydrophobicinner mitochondrial membne Complexes
exhibiting high molecular brightness, red to NIR emission, good photostability and low to
moderate cytotoxicity have found applicatias imaging probes for confocal, PLIM or super
resolution studiesvhereas complexes triggering ROS productor exhibiting high quantum

yields for singlet oxygen generation have been explored as photosensitizers.

1.5 Oxygen sensing

A key characteristic of ruthenium(Il) and iridium(lll) complexes is their lbwgd luminescent

triplet excited state which: 1) sabe used in timgated imaging to eliminate background
scattering effects or autofluorescence and 2) is susceptible to oxygen quenching. Molecular
oxygen (Q) is a weltknown quencher, and the luminescence intensity and lifetime are both
guantitatively reluced in the presence of @ccording to the Stefdolmer equation described

in section 1.1.1Therefore, one can reliably monitor the luminescence lifetime or intensity

changes in response to fluctuations in the oxygen environment.

The energies of the eited states of oxygen are lower than the energies of the excited states of
most metal complexes which makes quenching via energy transfer favourable. Energy transfer
from the luminophore in its triplet excited state to ground state oxy§eh i6 followed by
nonradiative deactivation of the complex, to the ground state and formation of singlet oxygen
(*0) as a biproductO, sensing luminophores have a characteristic lifetiave intensity

based response to oxygen concentrationcatibration gperiments are typically carried out

to establish the instrumental response to the luminophore signal is measured over a range of

oxygen concentrations.

For this reason,quencheephosphorescencéased @ sensors have been applied for
intracellular oxygen(icOz) sensing and most common dyes include Platinum@hd

Palladium(ll} porphyrins and complexes of Ru(ll) and Ir(lll).
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There are several methods for monitoring and measuring dissolved oxygen in biological
systems some of which include Clagpe Q electrode¥’, electron paramagnetic resonance
(EPR) probe€! and microelectrodes or needle prat¢&*®. However, overall, there is a
demand for less invasive techniques fors@nsing. For example, although traditionally the
Clark electrode has beattilized for monitoring oxygef?’ the electrode itself consumes
oxygen during the @measurements and also introduces a source of contamination in cellular

studies.

There are a number of examples of emissive probes which have been applied for oxygen
sersing using lifetimeor intensitybased methods. As mentioned, a key advantage of lifetime
sensing is that lifetime is independent of probe concentration. Phosphorescence lifetime
imaging/sensing however is rather a specialist technique and requires et eguipment

which is not always readily available in a biological laboratory. On the contrary, intensity
based sensing can be performed using conventional instrumentation such as a fluorescence
microscope or plate reader. Additionally, issues concernimgsarement artifacts and
accuracy of the obtained intensity signal can be addressed by incorporating a reference signal
which will be discussed igectionl.5.1. Choice of Q sensing method may also rely on the
sample itself. For example, using a conventional plate reader, inteasigyl measurements
permit parallel analysis of monolayer cells exposed to various conditions in a single experiment
while also carrying out sevénepetitions. For thredimensional cell models or tissue samples,
PLIM is typically the method of choice as it allows visualization of spatiatli€tribution

throughout the sample.

Complexes of ruthenium(ll) have demonstratedceiiulo oxygen respoe& ?* and
mitochondrial or nuclear targeted Ru(ll) conjugates have enabletimeainonitoring ofocal
oxygen fluctuations in live cells using emission intensity or lifetime imatpg® Although
limited by their photostability iridium(lll) complexehave shown promising in vitro and in
vivo O, mapping with low cytotoxicity against 2D cell monolay&%2%°. Notably, azebased

Ir(111) complexes applied for hypoxia imaging in 3D multicellular spheroids, exhibited an
inhibition effect on the spherdgidafter one day of treatmeiit Although this effect occurred
outside the experimental imaging window, it remains an important factor to their application

in solid tumor imaging

Phosphorescent Pt{dland Pd(l}porphyrins are also amongst populag €&nsors with
lifetimes ranging from 4G 100¢s and 400° 1000¢s respectively?® Papkovsky and co
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workers have worked extensively on PHl&nd Pd(I}porphyrin probes which show good
photostability and quenching by oxyg&i2%°® Although promising asellular G sensors,

these probes tend to aggregate andspmcifically bind to cellular components.

The solubility of such probes in water and targeting ability can be improved by conjugation to
protein cargos, PEG chains or eptinetrating peptides?261263 The emergence of
nanotechnology has led to the development of several Nge1@ors which comprise of : 1)

the @ probe alone 2) as part of arBter resonance energy transfer (FRET) pair or 3) combined
with a reference probe which does not iegjerosscommunication>26#268 Key advantages

of a particle system include biocompatibility, flexibility in design, tunable targeting ability and
relative ease of fabrication. Additionally, nanoparticles typically exhibit increased brightness
due to leing composed of more luminophores per particle. Some of the challenges however
are often met at cellular applications and relate to difficulties in uptake, endosomal trapping,

and cytotoxicity.

An important consideration for the application of metamplexes as ©sensors is the
generation of singlet oxygen as a result of quenching by oxygen which can lead to oxidative
damage of cellular components or even cell death particuld@y i6 generated at the nucleus

or mitochondria"269270 wWhile this phenomenon has found application in theranostics, it is

not ideal in the context of 3ensing where low cytotoxicity is desired.

Overall practicatonsiderations for an ic@ensor include oxygen responsivity, photostability,
cell uptake efficacy, mekular brightness, biocompatibility, cytotoxicity, and subcellular

targeting ability where desired.
1.5.1 The ratiometric approach: from molecular dyads to nanesensors

As mentioned, intensithased sensing can be performed using conventional equipment,
howeveran important limitation is that the intensity signal can be influenced by other factors
beyond the target analyteor examplephysiochemical issues such as photodamage, probe
leaching and interaction with other species within the cellular environmamtinduence
emission intensity. Additionally, intensity can be affected by the excitation source or detector
drift and sensitivity. Importantly, in intracellular oxygen sensing, emission intensity can also

be affected by inhomogeneous probe distributwthin the cell.

A useful solution to this issue ratiometric sensingThe ratiometric approach to reliable O

sensing, involves referencing the-grobe emission signal against a stable emission from a
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dye which does not respond to oxygen but is egsaibject tdluctuations in other parameters
which may influence intensity. Therefore, the ratiometric intensity sigmdif¢time) can be

used for Q quantification.Figure 1.3 shows an example of an iridiurcoumarinratiometric
probe, C343-Pros-BTP.2>* Upon excitation at 405 nm, energy transfer from the coumarin
moiety (C343) to the iridium (BTP) moiety occurs resulting in emission from both components

at 480 nm and >610 nm respectively.

C343 . BTP
(Fluorophore) (Phosphor)
C343-Pros-BTP

Figure 1.23 Ratiometric FRET molecular prob€343-Pros-BTP, consisting of coumarin 343 as an
oxygeninsensitive fluorophore, a linker and an iridiumi@dicator phosphot*

The phosphorescence emission signal of iridium is quehbly oxygen and the ratio of the
emission from both moieties exhibits an @ependent response both in solution and in live
Hela cellsFor FRET pairs it is necessary to ensure that electron transfer and/or reverse energy

transfer does not occur; thisafien a synthetic and photophysical challenge.

In an alternative approack e y egsoapsreported a dual emitting molecular dyad which
combined an oxygen responsive ruthenium probe and a BODIPY referenéé dyere,
mediated by the large Ru(ll) Stokskift, both indicator and reference dye can be excited at
the same single wavelength and emit at different and distinguishable wavelengths without the
need for crossommunication between the dyes. Although the dyad was used for quantitative
ratiometric Q sensing in organic media, switdff of the BODIPY emission in agueous
conditions, precluded its use for ig@atiometric sensing in live cellsTo expand the
application of the ruthenium(HBODIPY dyad towards oxygen sensing in agueous media and
in mammalian cellK e y egmdppresented a ratiometric cesbell nanosensoRuBODIPY

NP, where tha8ODIPY reference probe was confined to a polystgrcore, offering protection

and a stable reference signal, and the ruthenium probe was conjugated to-thsipoishell

exterior, allowing direct exposure to the environment anadacessibility’’?> Figure 1.2
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illustrates the concept of moving from raolecular dyad toward a coeshell particle.
Ratiometric sensing particles have been described in the literatwarfous systent$? 2’
and optical PEBBLE (Probe Encapsulate By Biologically Localized Embedding) séffsors
278 put very few reportedanosensors rely on-@xcitation of the dyes rather than FRET.

In the RUBODIPY particlesystemthe O, indicator and reference dye are spatially separated
into their respective domainghus limiting any potential crossommunication and are
simultaneously excited at a single wavelengithe nanoparticles showed good ratiometric
response to oxygen in agpus media with a rate of quenching of 7.52 x 108 $1 The
emission intensity ratiometric data showed moderately good linearty (R9525) over a
biologically relevant @range. The particles were found to strongly bind to the membrane of

cells but without pretreatment with a cationic surfactant they were impermeable.

Following surfactant mediated uptake of RUBODIPY NPs in CHO cells, PLIM stsloeged
that the emission lifetime of the BODIPY dye, as expected, was unaffected by the surrounding
intracellular environment in contrast to the ruthenium probe demonstrating the potential of the

coreshell approach to designing new ratiometric nanotools.

fluorescent
probe in
hydrophobic
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Figure 1.24 A) Dual emittingruthenium(l1)/BODIPY molecular dyad. Following uptake of the dyad in
CHO cells, confocal imaging shows emission only from the ruthenium moiety as the BODIPY emission
is extinguished in aqueous environment. B) The -stiedl RuBODIPY nanoparticles showed

ratiometric G responsivity in agueous media and in céls??
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1.5.2 Molecular oxygen sensing in 3D cell models

In cancer disease, the oxygen consumption is imbalanced between healthy and diseased cells
leading to an overall reduction in oxygen concentratidselow normal levels which is known
ashypoxia Hypoxia is a characteristic feature of the microenvironment of most solid tumours
and so, monitoring, and quantifying tissue cell oxygenation is of great importance in
understanding diseased states, vamatio celitissue metabolism and drug treatment efficacy.

The application of metal complexes fop €ensing has focused largely on conventional 2D
monolayer cell cultures and while valuable information can be obtained from these studies,
threedimension&(3D) cell models such as cell aggregates , spheroids and organoids provide
a more physiologically relevant tumor microenvironnEéfe Multicellular tumour
spheroids (MCTS) are prepared by culturing cancer cells in sadioerent environment,
stimulaing them to aggregate together and form tightly packed layers of&efé?®* The
outermost layers of cells consume media nutrients by diffusion and discard waste whereas the
cells towards the centre of the spheroid are nutrient deficient and deteinvaste products.
Consequently, this leads to formation of spheroid regions with nutrient and metabolite
deficiency, low pH and variation in Zoncentratiorf®>28¢ The size of 3D MCTS can be
tailored and is typically in the range of 100500 em.28"28 |n the context of studying
metallodrug efficacy, 3D models often show differences in drug respadmse compared to

2D monolayerg®9 291

Confocal microscopy is capable of high resolution optical sectioning of 3D cultures and the
recent emergence of advanced microscopy techniques such as multiphoton microscopy has
opened a horizon of opportunities for use of 3D cell models in imaging/searsintherapy.

For example, as the optimal tissue penetration window is/000 nm, t wo phot on
can overcome the barrier absorption in the UV/Vis of metal complexes. This has been

exploited particularly in 2FPDT using Ru(ll) complexes as debed in1.4.161:228

Metal complexes fulfil many of the requirements necessary for bioimaging and sensing, not
only of monolayer but also of 3D cell cultures. As aforementioned, metal complexes can offer
photostability, synthetically tunable emission todsathe NIR coinciding with the biological
window and longived luminescence allowing for phosphorescence lifetime imaging/sensing
and discrimination from shatived autofluorescence. PLIM allows for spatial mapping of O

which is ideal for complex 3D sie model$®?
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Although Pt(ll) -porphyrin probes have been employed for Pidbked spheroid £sensing

292293 their uptake in cell monolayers and 3D cell models is often a hurdle. To overcome uptake
issues, Dmitriev, Papkovsky and-swmrkers have deveped celipenetrating ratiometric
nanoparticles, NanODand MM2 for oxygenation mapping in neurospheres and tumour
spheroids.232%42%Both NanO2 and MM2nanoparticle materials are embedded with a
photostable, @sensitve reporter dye Ptd5,10,15,26&etrakis(2,3,4,5,6pentaflorophenyl)
porphyrin (PtTFPP). The MM2 probes contain a second fluorophore, ;anséhnsitive
reference, poly(0,9lioctylfluorene (PFO), which acts as a 1P and 2P light harvesting antennae
and FRET donor and allows for ratiometand multiphoton imaging. Clickssembled
Palladium(ll}porphyrin nanoconjugates have also been reported for NIR mapping of oxygen

distribution in 3D microenvironmenf&:2%

In order to further improve uptake and particularly probe distributionhiersjds, Papkovsky

and ceworkers developed small molecule PtPFPP probes containing saccharide ¥¥&ctors.

A)

B)

Resting

B
B

Figure 1.25 A) Phosphorescence images compaianO2 and Pt-Glc neurosphere staining.. B)
PLIM oxygen mapping of P&lc (2.5eM / 16 h)in pheochromocytoma (PC12) multicellular spheroid

aggregates at resting conditions and upon addition of FCER )£

The hydrophilic glucose conjugatet-Glc accumulated in neurospheres and showed in depth
staining with a more uniform distribution than the particésedNanO2 sensor as shown in
Fig.1.5A. Although the PGIc probe was used for PLIM xGmaging for multicellular
aggregates (Fig.15B), it is important to note that PtPFPP in this case lacks shielding and is
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susceptibleo influences from the intracellular environment. In addition, in comparison to

NanO2, the saccharide conjugates exhibited decreased brightness in 2D cell studies.

The interactionof complexes of Ru(ll), Os(Il) and Ir(lll) with 3D cell models is mainly
reported in the context of therafi??362%0.2%130 \yhjle very few reports focus on evaluating
Ru(I1)3%3% and Ir(111) 25225338 complexes for their klepth staining of spheids for imaging.
Recently, two iridium(lll) complexes, (btg)(acacDM) (Ir -1) and (btpOH)slr (Ir -2) (btp =
benzothienylpyridine, acac = acetylacetone) were studieih foivo PLIM Oz mapping®®

Both complexes were efficiently taken up by human ewltal adenocarcinoma (H29) cell
monolayers and 3D spheroids. Phosphorescence lifetime imaging facilitated mapping of the
oxygen distribution in HI29 spheroids while also monitoring @uctuations upon metabolic
stimulation with an uncoupling agent (Fi@.2A). Furthermorelr -1 allowed for PLIM
visualization of the oxygen concentration gradient in hepatic tissue and lobules stimulated by

ammonia (Fig. 1.8B).

Ir-1 + FCCP
0 min 7 min 10 min 25 min 40 min
- . .}
T (us) 4.6
B) 10 min 40 min
' -~ *NH.CI (0 min)
’ 50 ——————r—— v+
i i
| rY .RL 4
w 4.0 s ®RO
-t | L S
w30} gt i1
¢ ‘ %
| -t " . : P 3
20l u
0 10 20 30 40 50 60 70

—-_— T 7 T = Time (min)
2.5 T,/ Hs 45 2.2 T,/ us 33

Figure 1.26 PLIM O, mapping studies of (btgj(acacDM); Ir-1in HT-29 cell spheroids and hepatic
lobules. A) Variation in PLIM ofr -17 stained HT29 spheroids upon metabolic stimulation with FCCP
(1eM). B) PLIM images of hepatic lobules stained witkl and following NHCI administration. The
graph illustrates the vation of averagé -1 lifetime over time of ROIs in the peripheral and periportal

regions3®
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Overall, a key challenge in the application of metal complexes in 3D cell culture imaging and
also therapy, remains their capability to penetrate deeply and uniformly in 3D cell models and

tissue.
1.6 Conclusions

Over the last decades, the application of h&enplexes has rapidly extended across various
fields including cellular imaging, intracellular sensing and theranostics. The beauty of metal
complexes is that they can be tailored to their application by tuning their photophysical
properties (e.g moleular brightness, emission maxijnaghrough modification othe metal

centre and/othe coordinated ligands, and by conjugating appropriate cargos which facilitate
cellular uptake and intracellular targeting. Furthermore, their design can also bel tailore
meet the criteria of the technique used for their application whether that is phosphorescence

lifetime imaging microscopy or luminescence intensiised sensing using a plate reader.

Challenges are often met when targeting organelles with complebrare structures such

as the mitochondriaK e y egsoGpshas focused extensively on the development of peptide
conjugated metal complexes which show efficient cellular uptake and precise organelle
targeting ability. The research described in this tHesisses omed to neatinfrared emitting
complexes of ruthenium(ll) and osmium(ll) and the application of their respective cell

penetrating conjugates in cells.

Chapter2 describes the interaction of a series pbiotostable andNIR emitting Ru(ll)
biquinoline conjugates with live HeLa and CHO cells with respect to their permeability,
targeting ability and cytotoxicity. Here, the importance of counterion selection in cellular
uptake is highlighted. The peptide conjugates showed high cytotoxicity, the @frigzhich

was investigated using caspase and mitochondrial depolarization assays. PEGylation of the
complex increased hydrophilicity and reduced cytotoxicity significantly while retaining cell

permeability.

An achiral Os(ll) bisterpyridine complex [OstpybenzCOOH)?* is the protagonist of
Chapter3 and 4 in this work. Chaptei3 describes the full synthetic, spectroscopic, and
electrochemical characterization of the Os(Il) parent complex. Owing to its favourable
photophysical properties, including rattuphotostability and NIfemission, the Os(ll)
complex was conjugated to two mitochondrial penetrating peptides (MMPs) and examined in

2D adherent cell monolayers using confocal microscopy.
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Adherent cell monolayer studiesn provide valuable informatioat the single cell level
However, in order to gain true insight into the complexity of tumor biology, one must look at
a threedimensional cell model, such as spheroids, which represents a more physiologically
relevant tumor microenvironment. There are reports of Ru(ll) arfd) @emplexesapplied

in 3D cell culturesparticularly in the context of theraplgut only limited studies focusn
strategically drivingn-depth penetrationf the probesor luminescence imagingndsensing.
Conjugation to octaarginine has been usefatilitate uptake of several metal complexes. In
Chapte#, theapproach of conjugating polyarginine sequences of varying lengths to the achiral
Os(Il) complex for indepth penetration of 3D spheroids was investigated. The conjugates

were studied in 2[and 3D cell cultures usingpnfocal and lifetime imaging

This study highlights the potential of extending the application of analogous cell penetrating
peptidedriven metal complexes from adherent cell monolayers toward 3D cell models and

even tissue imagg/sensing or therapy.

Chapter5 focuses on investigating the oxygen response of ratiometric nanoparticles in
mammalian cells using two techniques, namely a conventional plate -tesessel assay and
confocal lambdag) scanning microscopy. The pelylysine decorated polystyrene particles
consist of a novel oxygen sensitive ruthenium(ll) compleRu(dpp)(phen
NH2)(bpybenzCOOECL]], and a reference BODIPY dye which are-encapsulated in the

particle core.
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2.1 Abstract

A  photostable  Ru(2;Biquinoline}(3-(2-pyridyl)-5-(4-carboxyphenyhl,2,4triazolate)
(Ru(bigk(trzbenzCOOH)) complex that exhibits néafrared (NIR) emission centred at 786

nm is reported. The parent complex was conjugated via amide coupling tepareathating
peptide sequence oetaginine (R8), and two signal peptide sequences; the nuoksdizing
sequence (NLS) VQRKRQKLMP and the mitochondria penetrating peptide (MPP)
FrEKFrFK(Ac) (r = D isomer of arginine, Ac = terminal lysine amine acetyl blocked). Notably,
none of the peptide conjugates were-pelfmeable as chloride salts but effiti@nd rapid
membrane permeation was observed post ion exchange with perchlorate counterion. Also,
surprisingly, all three peptide conjugates exhibited potent dark cytotoxicity in both CHO and
HeLa cell lines. The peptide conjugates induce cell death ghr@u caspase dependent
apoptotic pathway. At the minimum concentration of dye (approxM}prequired for cell
imaging, only 20% of the cells were viable after a 24 h incubation period. To overcome
cytotoxicity, the parent complex was PEGylated; thisvdiigcally decreased cytotoxicity,
where 50 % of cells were viable even at 1M concentration after 24 h. Confocal
luminescence microscopy indicated that all four bioconjugates, peptides in perchlorate form
and polyethylene glycol (PEG) in chloride formere rapidly internalized within the cell.
However, interestingly the precise localisation by the signal peptides observed in related
complexes was not observed here and the peptide conjugates were unsuitable as luminescent
probes for cell microscopy due their high cell toxicity. The poor targeting of signal peptides

in this instance is attributed to the high lipophilicity of the metal centre.

2.2 Introduction

Over recent years, we and others have reported a number of ruthenium(ll) polypyridyl
luminophoressuitable as probes for imaging and sensing within the cellular envirodrhent.
The focus orruthenium(ll) luminophores is driven by a range of attractive properties they
possess for microscopy including their versatile synthetic chemistry, large stokes shift,
environmentakensitivity,and long emission lifetimes. However, compared to, for example
Ir(111) luminophores, Ru(ll) polypyridyls are generally less optically tuneable, thus most
reports focus on complexes that emit within the optical window between 600 to 7060 nm.
Although such red emission is useful, and can for example, facilitatadgog with reduced
autofluorescence background , ideally NIR probes with emission that coincides with the

biological optical window (70®50 nm) offer the best advantage in terms of minimising the
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effects of autofluorescence and light scattefifyn particular, NIR light is more penetrative
through biological samples than visible lighThis becomes more important where probes are
applied to luminescence imaging of tissues and spheroidscl(@ers of cells). Os(ll)
polypyridyl luminophores are pnaising probes for NIR microscopy as they typically emit
within the biological window, often within the range of 700 nm to 850 nm. Indeed, we have
demonstrated Os(ll) complexes with low cytotoxicity, suitable for imaging, promoted
particularly by their robst photostability? However, when targeted to mitochondria, perhaps
due to their relatively low redox potentials and greater lipophilicity they can show greater

toxicity than their Ru(ll) analogués$.

To date, however, there have been no examples oeNiiRing Ru(ll) complexes applied to

cell imaging likely because there are two challenges associated with Ru(ll) NIR emitters. The
first is that the most common approach for extending Ru emission to the NIR is to apply strong
“-acceptor ligands, such asch as 2,dipyrazine or 2,2biquinoline (biq) to the ruthenium
centre!*>Ho we v e r , -aicceptos ligands arg codrdinated alone or in combination with
modests-donor ligands such as 2#pyridine, the resulting reduced splitting of the metal
ligand field renders the dissociative triplet metal centred stst€)(thermally accessible at
room temperature. The effect is exacerbated undeicéitamaging conditions which are
under elevated temperature conditions, typicallyC, and evident abgand dechelation or
increased nomadiative decay/reduced emission quantum yi&ldhis can be exploited for
therapeutic applications as demonstrated by Glezal, Bonnetet al. and others who have

used the photolability of Ru(Hpiquinoline conplexes in light activated anticancer
therapeutics”*®However, for the purpose of cell imaging, photostability is essential. To offset
photolability in Ru(Il}biquinoline complexes and engender photostabilitycaardination of

a st rdonordigantsuch as a pyridyl,2,4triazolate can raise the energy of #C in
compl e x es vacceplor ligands prevgnting thermal population of this state under

warmer biological conditions to yield photostable NIR emitting luminophidres.

The secondsisue in driving probes to the NIR spectral range is the energy gap law, that predicts
that as the energy gap between the exciieidre the metal to ligand charge tran€¥L.CT),

and ground Sstate decreases, the A@dliative decay rate incread®3 he energy gap law has
been shown to apply to ruthenium and osmium luminopHér&kis is much more challenging

to overcome, and frequently limits the quantum yields and lifetimes of NIR emitting metal
complex luminophores to stl0 ns. An exciting alteative approach to driving Ru(ll)

emission to NIR was recently described by Zaccheroni, Hanan and Campanga where strong
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donor ligands were combined with terpyridiliiee ligands that coordinated with large bite
angles to yield Ru(ll) complexes with emmsiextended to a remarkable 900 nm with room

temperature lifetimes close to or above 108%ns.

In addition to photostability, metal complexes applied to imaging or as phototherapeutics must
be able to permeate the cell membrane of live cells and depeowliagplication, may be
required to target specific cell organelles i.e. mitochondria, nucleus or important cellular
components such as DNA? Generally, Ru(ll) complexes are poorly membrane permeable,
and so several strategies have been explored tevachkell uptake. Simple but effective
approaches have included the judicial selection of counterion which influences not only
solubility but can promote cell uptake of the metal complex. For example, pentachlorophenol
has been shown to facilitate membrapermeation of previously impermeable metal
complexes through an ion pairing mechanfémartonet al studied the effect of altering the
lipophilicity of ancillary ligands, concluding that cellular uptake of metal complex cargo was
higher with arincrease in ligand lipophilicity® Similarly, there are a number of examples of
iridium complexes that target the mitochondria due to the fine tuning of the charge/lipophilicity
balance of these complexes, avoiding the need for a mitochondrial targeting lgke
triphenylphosphiné®?’ Selective targeting of cell organelles can be due to innate properties of
the metal complex structure demonstrated by the [(pRefpphz)Ru(phen) (phen = 1,10
phenanthroline, tpphz = tetrapyrido[3a2",3-c:3"",2"-h:2""",3""~j]phenazine) complex that

has been shown to selectively localise in the nucleus of live cells and intercalate witf DNA.
Bioconjugation to the fluorophore has been employed widely in our research group to study
relevant cellular structures. [C@enetrating peptides have been conjugated to facilitate cell
uptake of metal complex cargo and signal peptide sequences have been shown to be highly
effective in driving localisation to the mitochondria or nucleus while the addition of a

cholesterol grop to a fluorophore has been shown to target lipid dropiéts.

Finally, cytotoxicity of an imaging probe is an important consideration. Metal complexes have
been widely implicated as initiators of different apoptotic pathways.Several cellular
processes and changes occur during initiation of cell death including caspase activtion,
loss of mitochondrial membrane potentiand production of reactive oxygen species and ATP
depletion®® Although caspasadependent processes of cell death Hasen describetf;*
caspasalependent apoptosis is considered the major mechanism by which cells are eliminated
in a tightly regulated and efficient manriér.Caspases are specific proteases divided into

initiator and effector caspases involved in @ibn and execution of the process of
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programmed cell death.Caspas@lependent apoptosis can be induced via the intrinsic or
extrinsic apoptotic pathway. In short, the intrinsic pathway involves the release of cytochrome
c into the cytosol from the mitbondria under cellular stress whereas the extrinsic pathway
involves triggering of cell surface death recepfdr€ytochrome c released in the intrinsic
pathway interacts with proaspase 9 (apoptosome) leading to activation of cagsffse
Overall, bothpathways involve caspase cascade activation which leads to degradation of
intracellular components and cell death. It is important to note that active caspases are also
involved in norapoptotic cellular processésand therefore it was also of interéstexamine

the mitochondrial environment since mitochondrial damage is key to activation of caspases in

the intrinsic apoptotic pathway.

Herein, we report on a NIR emitting and photostable Ru(ll) biquinoline complex and its three
cargo carrying peptide oqugates. The peptides exploited have shown previously to be highly
effective in driving related complexes to organeff.We observe that the conjugates are

cell permeable while the parent complex is not, and unlike previous reports, the conjates ar
not directed to organelles and show high dark cytotoxicity. We examine the origin of this
unexpected level of toxicity and applying PEG as a vector the complex remains cell permeable

but is much less toxic and capable of acting as an imaging probe.

2.3 Experimental
2.3.1 Materials

Peptides (> 95%) were procured from Celtek Peptides, TN, USA. Discrete metR&@ >

amine, mdPEG>, was purchased form Quanta Biodesign. All other materials were obtained
from Sigma Aldrich and were used without further purificatia-pyridinyl amidrazon¥, 3-
(2-pyridyl)-5-(5-methylphenyB1,2,4triazole®® and [Ru(big)Cl2]** were synthesised by
reported literature procedures. Ru(ll) complex synthesis took place under nitrogen and in the
dark. Caution perchlorate salts of metaimgpbexes can be explosive so therefore must be

handled with care and synthesised in small quantities.
2.3.2 Instrumentation

H NMR spectra were recorded on either 400 MHz or 600 MHz Bruker spectrometer. The
spectra were processed using Bruker Topspin NddRware and calibrated to published
solvent peakS. High Resolution Mass Spectrometry (HWS) was performed at the
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Chemistry and Chemical Biology Laboratory, University College Dublin (parent complexes);

or the Mass Spectrometry Unit, Trinity College Dnlor the Mass Spectrometry Facility, NUI
Maynooth (peptide conjugates). Fluorescence lifetime measurements were carried out using a
PicoQuant FluoTime 100 Compact FLS TCSPC system using a 450 nm pulsed laser source
generated from a PicoQuant PDL8BMox

2.3.3 Synthesis

2.3.3.1 3-(2-pyridyl)-5-(4-carboxyphenyHl, 2 4triazole (trzbenzCOOH) (2)

3-(2-pyridyl)-5-(4-methylphenyB1,2,4triazole (240 mg, 0.926 mmol), potassium
permanganate (293 mg, 1.85 mmol) and sodium hydroxide (30 mg, 0.75mmol) were heated at
reflux for 14 h in 10 ml of water. The reaction mixture was cooled to room temperature and
then filtered. The filtered solid was washed with deionized water. Concentrated aqueous HCI
was added dropwise to the filtrate under continuous stirring producing a volisniviote
precipitate. The precipitate was filtered, and the solids washed with deionised water. The

product was dried at 4%C overnight. 200 mg of a white powder was obtained.

Yield 74 % *H NMR (600 MHz, DMSQds) (ppm) 15.01 (s, 1H), 13.08 (Br. S, 1H)78 (d,

1H, J= 3.66 Hz), 8.28.14 (m, 3H), 8.147.99 (m, 3H), 7.54 (m, 1H¥C NMR (600 MHz,
DMSO-de) (ppm) 167.02, 166.68, 149.59, 146.29, 137.98, 134.49, 131.19, 129.93, 129.47,
125.95, 125.20, 121.52. HRS (ESFQTOF) m/z: calculated for GH1iN4Oz [M + H]*
267.0882 Found 267.0876

2.3.3.2 Parent complex [Ru(bigftrzbenzCOOH)|" (3)

[Ru(biq)Cl2] (433 mg, 0.57 mmol) and-@-pyridyl)-5-(4-carboxyphenyHl,2,4triazole (199

mg, 0.68 mmol) were heated at reflux for 3 h in 30 ml of ethanol/water (2:1 v/vjedbigon
mixture was reduced to approx. 15 mlvacuo Precipitation of the metal complex was
achieved by adding the concentrated reaction mixture dropwise to a saturated aqué&tdgs NH
solution. The resulting precipitate was filtered, and the solids weshed with deionised
water. The crude reaction product was purified using column chromatography with silica gel
and a mobile phase consisting of 90/10/1 MeCpO+H20% w/v KNOs (aq). The purple band

was isolated. The volume of this fraction was reducegtacuoand added dropwise to a
saturated aqueous NMIPFs solution. The precipitate formed was filtered and the solids were
washed with deionised water. The purple solid obtained was recrystallised from acidified
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water/acetone mixture (5:1 v/v). The fikker solids were washed with copious amounts of
deionised water and then diethyl ether. The filtered solids were dissolved in a minimum amount
of acetonitrile. The resulting solution was added dropwise to a saturated solution of aqueous
NH4PFs. The resultingourple precipitate was filtered. The filtered solids were washed with
deionised water and then diethyl ether. The purple solid was dried under vacuum. 353 mg of a

purple powder was obtained.

(3) Yield 48 % 'H NMR (600 MHz, MeCNds) (ppm) 14.07 (s, 1HP.83 (s, 1H), 9.07 (d, 1H,
J=18.94 Hz), 9.01 (d, 1H, J=8.94 Hz), 8.97 (d, 1H, J=8.94 Hz), 8.88 (d, 1H, J=8.94 Hz), 8.84
(d, 1H, J=8.94 Hz), 8.80 (d, 1H, J=9.66 Hz), 83&9 (m, 2H), 8.17 (d, 1H, J=4.14 Hz), 8.13

(d, 2H, J= 8.94 Hz), 8.08.04 (m, #), 7.887.82 (m, 4H), 7.76 (t, 1H, J= 7.68 Hz, 1.5 Hz),
7.547.50 (m, 2H), 7.4%.32 (m, 4H), 7.15 (d, 1H, J= 9.24 Hz), 7-0®2 (m, 2H), 6.9%.88

(m, 3H), 6.82 (t, 1H, J= 8.04 Hz, 1.68 HZJC NMR (600 MHz MeCNds) (ppm) 166.77,
163.90, 162.09, 161.96160.75, 152.92, 152.72, 152.46, 150.74, 150.69, 140.56, 140.11,
139.94, 139.84, 139.57, 133.30, 132.74, 131.71, 131.64, 131.36, 130.43, 130.28, 130.16,
130.07, 129.94, 129.89, 129.76, 129.66, 129.55, 129.45, 128.24, 127.67, 127.09, 126.99,
126.79, 126.26123.53, 123.06, 122.25, 122.19, 121.50.-MB (MALDI-QTOF) m/z:
calculated for €Hz3sNgO2 [M T PFg]* 879.1770 Found 879.1774

2.3.3.3 Synthesis of Ru(ll) bioconjugates

2.3.3.3.1 [Ru(biq)(trzbenzCONH-PEG2)]* (4)

Ru(bigyp(trzbenzCOOH).P& (42 mg, 0.0359 mmol), N Diisopropylethylamine (DIPEA)
(64pL, 0.46 mmol) and-fbis(dimethylamino)methylenelH-1,2,3triazolo[4,5b]pyridinium

3-oxid hexafluorophosphate (HATU) (20 mg, 0.0538 mmol) were dissolved in 3 ml of
dichloromethane (DCM). 30 mof m-dPEG2-NH2 (0.0538 mmol) was dissolved in 2 ml of
DCM and the resulting solution was added to the reaction vessel. The reaction mixture was
stirred at room temperature for 24 h. The reaction mixture was then diluted with 20 ml of DCM
and washed threanes with 20 ml portions of deionised water. The organic phase was isolated
and dried with magnesium sulphate. The magnesium sulphate was removed by filtering the
solution. DCM was removeth vacuoand a purple tacky solid was obtained. Counterion
metastais from hexafluorophosphate salt to the chloride salt was achieved by dissolving
complex in methanol and adding Amberlite 900 IRA chloride exchange resin. The suspension
was stirred for 24 h and then filtered to remove exchange resin. Removal of solvaatio

provided the chloride salt of the bioconjugate.
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Reverse phase HPLC (PDAD 550nm) Purity vs. parenta68 NMR (600 MHz, Acetone

ds) (ppm) 9.30 (1H, d, 8.6 Hz), 9.21 (1H, d, J= 8.9 Hz), 9.11 (1H, d, J= 8.7 Hz), 9.03 (1H, d,
J=8.7 Hz), 8.98 (1H,,dI= 8.9 Hz), 8.94 (1H, d, J= 8.7 Hz), 8.60 (1H, d, J= 8.9 Hz), 8.51 (1H,

d, J= 8.7 Hz), 8.22 (1H, d, J= 8.2 Hz), 8.09 (1H, d, J= 8.2 Hz); B®H (2H, m), 7.947.83

(5H, m), 7.757.69 (2H, m), 7.63 (1H, t, J=7.4), 7.52 (1H, t, J= 7.4 Hz), 7.46 (1B @&.9

Hz), 7.417.27 (6H, m), 7.07 (1H, t, J= 7.8 Hz), 7-6108 (2H, m), 6.92 (1H, t, J= 7.7 H2z),

6.77 (1H, t, J= 7.8 Hz), 3.68.51 (45H, m), 3.48.43 (2H, m), 3.30 (1H, s), 3.2524 (3H, m)

13C NMR (600 MHz Acetonals) (ppm) 167.24, 164.98, 164.4662.67, 162.23, 160.95,
152.97, 152.89, 152.57, 151.31, 150.83, 150.68, 139.58, 139.06, 139.01, 136.70, 134.95,
132.85, 132.14, 131.22, 131.10, 130.41, 130.22, 130.15, 130.00, 129.87, 129.64, 129.40,
129.34, 129.28, 129.17, 129.03, 128.22, 128.08, 121.28%,33, 126.47, 126.11, 124.90,
122.87,122.11, 121.98, 121.42, 120.11, 79.32, 72.70, 71.32, 71.24, 71.11, 71.07, 70.37, 58.86,
40.58. HRMS (MALDI-QTOF) m/z: GsHgiNoO13Ru [M-PFs]* Calc. 1420.5258 Found
1420.5232

2.3.3.3.2 General peptide conjugation procedure

Ru(biq)2(trzbenzCOOH).P& (1  equiv.), 20 mg of peptide (2 equiv.)N,N-
diisopropylethylamine (DIPEA) (10 equiv.) andbenzotriazolel-yl-oxy-tris-pyrrolidino-
phosphonium hexafluorophosphate (PyBOP) (4 equiv.) were dissolved in 700uL of
dimethylformamide (DMF). The reaction mixture was stirred for 24 h at room temperature.
The conjugate was then precipitated by adding saturated aqueaB$sNidlution dropwise

under continuous stirring until precipitation occurs. The precipitate waélltand the solids

were washed with deionised water and then diethyl ether. The filtered solids were dissolved in
a minimum amount of acetone and added dropwise to a saturated tetrabutylammonium chloride
(TBAC) / acetone solution precipitating the chla@idalt of the peptide conjugate. The
precipitate formed was filtered and washed with copious amounts of acetone and then diethyl

ether.

Counterion metathesis from chloride to perchlorate was achieved by dissolving the complex in
a minimum amount of methahand adding resulting the solution dropwise to a saturated
agueous solution of lithium perchlorate. The precipitate formed was filtered and washed with
water and then diethyl ether. The perchlorate salt was isolated. Caution perchlorate salts can

be expbsive.
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2.3.3.3.3 [Ru(big)k(trzbenzCONH-R8)** (5)

Reverse phase HPLC (PDAD 550nm) Purity vs. paren€4.061 NMR (600 MHz, MeODBd,4

+ 1 drop of RO) (ppm) 9.19 (d, 2H); 9.68.88 (m, 4H); 8.51 (t,2H); 8.16 (d, 1H); 8.05 (d,
1H); 7.9%7.78 (m, 5H); 7.767.50 (m, 4H) 7.387.19 (m, 8H); 7.0%6.73 (m, 5H); 4.32 (m,
8H); 3.39 (m, 2H); 3.32 (m, 8H); 3.23 (m, 14H); 2.35 (m, 2H); LH\WB (M, 33H). HRVS
(MALDI -QTOF) m/z: GoaH147N42010RU [M - 2H*]™* Calc. 320.8761 Found 320.8758

2.3.3.3.4 [Ru(big)(trzbenzCONHMPP)]** (6)

Reverg phase HPLC (PDAD 550nm) Purity vs. parent 98.5H NMR (600 MHz, MeOD
ds + 1 drop of BO) (ppm) 9.219.03 (m, 2H); 9.088.73 (m, 5H); 8.548.30 (m, 2H); 8.14 (m,
1H); 8.057.87 (m, 4H); 7.877.67 (m, 5H); 7.65.52 (m, 3H); 7.47 (m, 1H); 7.38.04 (m,
23H); 7.036.76 (m, 5H); 6.67 (m, 1H); 4.583.86 (m, 7H); 3.48.33 (m, 2H); 3.24.08 (m,
5H); 3.072.70 (m, 7H); 2.32.13 (m, 2H); 1.96L.79 (m, 3H); 1.79.55 (m, 21H). HRVS
(MALDI -QTOF) m/z: GigH138N26011RU [M + 1H]>* Calc. 438.7969 Found 438.7983

2.3.3.3.5 [Ru(biq)(trzbenzCONH-NLS)P* (7)

Reverse phase HPLC (PDAD 550nm) Purity vs. paren€4.0® NMR (600 MHz, MeODd4
+ 1 drop of RO) (ppm) 9.198.74 (m, 6H); 8.58.31 (m, 2H); 8.1&.88 (m, 4H); 7.85.41
(m, 8H); 7.397.11 (m, 7H); 7.086.57 (m,5H); 4.433.80 (m, 7H); 3.738.33 (m, 5H); 3.26
2.76 (m, 8H); 2.72.16 (m, 8H); 2.10.54 (m, 38H). HRMS (MALDI-QTOF) m/z:
C111H146CIN30013RUS [M-(H30)]°* Calc. 455.2027 Found 455.2125

2.3.4 Photophysical Measurements

UV-vis spectra were recorded on a Jagmrgophotometer. Emission Spectra were recorded

on a Varian Cary Eclipse fluorescence spectrophotometer with excitation and emission slit
widths stated. Lifetime decay plots were analysed using PicoQuant NanoHarp software. The
goodness of each fit to expential decay kinetics was assessed using tailfit criteria (where 0.9

> 62 < 1.1). Al | analyses were carried out

background correction was applied prior to measurement.
2.3.5 Cyclic voltammetry

Cyclic voltammetry was performed on a CHI 900 electrochemical analyzer. Anhydrous
acetonitrile was used as solvent with tetrabutylammonium hexafluorophosphate fBAPF
M) as the supporting electrolyte. Solutions were purged witifoK 30 minutes prior to

74



experiment. A three electrode electrochemical cell comprising Agréfgrence electrode,
glassy carbon working electrode and Rire counter electrode was used and solution

contained 1mM of the metal complex.
2.3.6 Cell Culture

Two cell lines were studied; Gtese hamster ovarian (CHKL), an adherent mammalian cell

line and Hela cells, a cervical cancer cell line. The media used to culture the cells was
Dul beccods modi fied Eagl-BRow@ CHOeatlis amd DMEMME M) / F
supplemented with % L-glutamine and MEM noressential amino acids for HeLa cells. Both

were supplemented with 20 foetal bovine serum and% penicillini streptomycin and grown

at 37°C with 5% CO,. Cells were harvested or split at @confluency using 0.2% trypsin

for 5 minutes aB7 °C.
2.3.7 Cytotoxicity studies

Cells were seeded in 98ell plates (Sarstedt flddottom cell + culture plate) at 1 x “fbr
CHO and HelLa cells in 100 pL media for 24 h at@#vith 5% CO,. The Ru(ll}biquinoline
conjugates;  Ru(bigftrzbenzCONHNLS)  (RuNLS), Ru(big}(trzbenzCONHMPP)
(RUMPP), Ru(big)trzbenzCONHR8) (RuR8), Ru(big(trzbenzCONHPEG) (RUuPEG),
were added for 24 h at 3T with 5% CO,. Final metal complex conjugate concentrations
were 150, 100, 75, 50, 25, 10, 5 and 1 pM.

The Alamar blueassay (Promocell GmbH) was used to measure cell viability by the addition
of 10 pL resazurin reagent and cells were incubated for 6 h &€ Bvthe dark. Absorbance

was measured using a Tecan 96 well plate reader at 570 nm and 600 nm (corrected for
background). Cell viability is presented as a percentadgg ¢ompared to control cells not

exposed to Ru(lpiquinoline (Rubiq) conjugates.

2.3.8 Confocal microscopy: RUNLS

(counterstaining with Carboxyfluoroscein Fluorochrorhabeled Inhibitors of Caspases
(FAM-FLICA) and Deep Red AnthraquinoneDRAQ7)

CHO cells were seeded at 1551 cells in 35 mm glasbottom culture dishes (Ibidi,
Germany) 1.5 mL total volume and left for 24 h at 37 °C wit&BCO,. RUNLS probe was
added to the cells (18M / phosphate buffered saline (PBS)) and incubated for 13 &C.
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The cells were countestained with FAMFLICA (15¢l of 30 X FLICA) polycaspase inhibitor
andDRAQY7 (3 eM) to assess cell death in CHO celtzlls were washed with supplemented
PBS (1.1ImM MgCl> and 0.9 mM CaG) and imaged directly using a Leica TSP DMi8 confocal
microscope (10% oil immersion objectivéens) with a heated stage. RUNLS was excited using

a 568 nm white light laser and the emission range was set #80880m. FAMFLICA probe

was excited using the 490 nm white light laser and emission was collected between 520 and
535 nm.The 633 nm laser &as used to excitBRAQ7 and emission was collected between
650-800 nm.

2.3.9 Caspase Activity

The Caspase Assay experiments were carried out on HeLa and CHO cells according to
manufacturerdéds instructions (I mmunoCRBemistry
10° cells/well and were spiked with 30X FARLICA reagent (v/v ratio of 1:30) and incubated

for 45 minutes aB7 °C. Control populations were prepared for each cell line: untreated
population (negative control 1), DMSO (20v/v, negativecontrol2 and st aurospor
3 h (positive control). Experimental populations were exposed to Rubamjugates at
concentrations indicated by cytotoxicity studies. Samples were subsequently spiked with 30X
FAM-VAD-FLICA? for 45 minutes at 37C. The loss of nomdherent cells during washing

was accounted for by spinning down the overlay media and recombining the washed cell pellets
with the overlay buffer prior to analysis. Samples were analysed in triplgaté O 0) inaal

black bottomed 96vell plate using Tecan Plate fluorescence plate reader set at 488 nm
excitation and 520 nm emission. Polycaspase activity was monitored by the increase of relative
fluorescence units (RFU) of the green fluorescent signal in tbptagc cell populations.

Unbound FLICA diffuses out of the cell and is removed during the wash steps. Data were
guantified and expressed as the percentage of apoptotic cells based on the positive control cell

populations.

IFAM-VAD-FLICA is a polycapase indicator dye which consists of a short recognition pej
sequence (VAD) and a fluoromethyl ketone moiety that binds to all active caspases. Th
commercially available dyes which can detect specific caspases such as-taspaseample by
consisting of a different short amino acid sequentéAD). The structure of FAMVAD-FLICA
is shown in Appendix A.
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2.3.10 Mitochondrial Depolarization Assay

The Mitochondrial Membrane Potential (MitoPT) Assay was carried out on HeLa and CHO
cellsaccordingtomnuf act urerdos instructionsliCcls/I | pop
mL and MitoPT spiked suspensions &»1c el | s/ mL in 100l / well a
The following control populations were prepared for each cell line: negative control 1
(untreated), negative control 2 DMSO (P4bv/v) and positive control Carbonyl cyanide m
chlorophenyl hydrazone (CCCIRJ0 €M / 1 h). Experimental populations were exposed to
Rubigconjugates at the concentrations indicated by the FLICA assay. Samples were
subsequently incubated with MitoPT Trimethylrhodamine ethyl ester (TMRE) dye for 40
minutes at37 °C and washed. Aligots were analysed in triplicat8 1 00 ¢ | ) I n a
bottomed 96well plate using Tecan Plate fluorescence plate reader set at 540nm excitation and

574 nm emission. The amount of orange fluorescence from TMRE was measured as an
indication of metabolially stressed cells and mitochondrial depolarization. Data were
guantified and expressed as the percentage of TMRE fluorescence signal indicative of the loss

of mitochondrial membrane potential relative to the control cell populations.

2.4 Results and discussn
2.4.1 Synthesis and characterisation

The synthetic route to preparation of the Ru(ll) complex and conjugates is described in scheme
2.1. The triazole ligand was synthesised with a sterically bulky group at the 5 position of the
triazole core. The rationaleehind this approach was to promote the selective metal
coordination of the triazole via the N2 position over the'NZhis strategy typically results in

>90 % of the N2 isomer forming with less than 5 % of the N4 isomer obtained. The removal
of the N4isomer is achieved through recrystallisation after column chromatography of the
crude reaction product. The N4 isomer was not isolated in a pure form due to small amounts
formed and difficulty in removing the residual N2 bound isor@enjugation of vectarto the

parent comple8 was achieved through amide coupling reaction between the carboxylic acid
functionality of the metal complex and an amino group of the relevant vector. Structure and
purity of the parent complex and conjugates confirmedrb)NMR, LC massspectrometry

and HPLC with a photodiode array detector (PDAD) (see Sl for spectra and chromatograms).
Minimum purity of the bioconjugatet7 was 98 % based on HPLC analysis.
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Scheme2.1 Synthetic route to Ru(ll) bioconjugates (i) EtOHMH(2:1), reflux, 3h (i) m-dPEG,,
HATU, DIPEA, DCM, rt 24 h (iii)) NBH-Ahx-peptide (ahx aminohexyl linker), PyBOP, DIPEA, DMF,

rt 24 h.

2.4.2 Photophysics and electrochemistry

The parentomplex emits as expected, in the NIR spectral region in both water and acetonitrile.

Spectra are shown in Fig.1.2 The photophysical data for all the compounds reported are

summarized in Table 1. In neutral solution, including the biological media used here, the

triazole is expected to be in the anionic triazolate form. Under these conditions, the parent

complex exhibitsa metal to ligand charge transféM{CT) centred at 568 nm in both

acetonitrile and water. The quantum yield of the parent complex in water is 0.0005 which is

lower than the quantum yield of the conjugates which range from 0100@®07. A similar

’Contrast to lassical lightswitch complexes such as [Ru(bpy/phdppzf* which are nom
emissive inaqueous environmeibiut exhibit emission in organic media or when bound to D!
This arises from two low lyingMLCT states localized on the dpfigand and accessibility is
strongly reliant on the polarity and hydrogen bonding capability of the solvent.
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effed has been noted for Ru(ll) polypyridyl peptide conjugates previously and is thought to
originate from protection afforded to the complexes by the peptides/PEG chain against
emission quenching by dissolved oxygen. In addition, the carboxylic acid furlitjiafahe

parent may be a factor compared to the amide of the conjugate.

2 250
1.8 —— Water Abs MeCN Abs
16 200
- = = Water Em. MeCNEm -
14 2
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Figure 2.1 Absorbance and emission profile of parent complex, [RufbighztrzCOOH)}", at 20 uM
concentration (1 % v/ivDMSO) inavt er and acetonitr i heeandslEwidthist at i on

20 nm for emission measurement.

The emission lifetimes of the parent and the conjugates are similar in water. The differing
photophysical properties of the anionic triazolate species amdpto the neutral triazole
species was studied in acetonitrile because of more favourable solubility. A solution of the
parent compleqRu(bigk(trzbenzCOOH), in acetonitrile was acidified by adding perchloric

acid (1% v/v) to protonate the triazole. This resulted in a hypsochromic shift ifMhET
absorption band from 568 nm to 541 nmax and
from 800 nm to 746&im (ESIFig. . 31). These changes were accompanied by a restuict

the emission lifetime of the complex from 266 ns to 134Sueh hypsochromic shifts and
reduction in lifetime have been reported on protonation of Ru(ll) triazolate complexes
previously and ar e -danbricapaciby oftthe mkal ligand¥ This leads d u ¢ e d
to a reduction in ligand field splitting rendering théC more thermally accessible and thus
enhanced ncenadiative decay of the excited state and increased photolability. Protonation of
the triazole is expected to occur below4#land so as described, the anionic form will persist

under imaging conditions except potentially in acidic region such as the lysosomes.
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The electrochemistry of the parent complex in acetonitrile is showigir2.2 The complex
exhibits a reversible adlic process at k3= 1.159V assigned to the Ru(ll)/Ru(lll) couple and
cathodic processes#t765V,-0.986V and1.151V which are attributed to ligand reductions.
The oxidation potential is approximately 100mV lower than comparable [Ru]bpy)related

complexes attributed to the impact of the strergdpnating capacity of the triazolate..
Table 2.1 Summary of photophysical data of parent complex and conjugates.

> absofbB)yam U
Compound Solvent U jum
nm x 100M2*cm?) nm (ng

[Ru(big) 2(trzbenzCOOH)]** (3) MeCN 264 (8.15), 339 (4.84) 800 266+  0.0007+
568 (0.90) 4 3.0x10°
MeCN / 1% 263,319,541 746 134+ -
viv HCIO,
o 265 (4.98), 341 (3.46) 786 159+  0.0005+
? 568(0.72 4 2.6x100
[Ru(big) 2(trz -CONH-PEG12)]* 165+  0.0007+
H.0 264,336,560 789
4) 8  4.6x10°
. 152+  0.0007+
[Ru(big) 2(trz-CONH-R8)]** (5) H.0 264,336,560 786
2 2.2x10°
_ 146+  0.0006+
[Ru(big) 2(trz -CONH-MPP)]** (6) H.0 264,337,563 793
2 1.4x10°
_ 145+  0.0006+
[Ru(big) 2(trz -CONH-NLS)]** (7) H.0 264,337,564 790
5 2.2x10°

All measurements performed at room temperature. Deionised water used. All solutions con
%v/ v DMSO. Lifetime data collected i n?<tl.i0i
Quantum yields measured in aerated solvents using [Ry[Bm8 standaréf:
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Figure 2.2 Cyclic Voltammetry (cycled 4 times) of 1 mM Ru(bifiizbenzCOOH).PFHn MeCN with
0.1 M NBuwPFs. Potentials are reported versus the Ag/fgjerence electrode. Scan rate: 0.05 V/s.

2.4.3 Photostability

Photostability of the parent complex was evaluated in deionised water by irradiating the
complex in solution using a 150 mW Xenon Arc
the absorbance spectra at regular time intervals. After 2 h of continwaaliation the complex

showed photodegradation of less thavh & intensity of thetMLCT transition (ESIFig. S2.

30). This is consistent with photostability reported for related triazolate coordinated-Ru(ll)
biquinoline complexes confirming the balancesefl o n o r -acceptbr ligand properties

promotes stabilizatiot:

2.4.4 Counterion selection

The counterion can have profound impact both on solubility and also on the cell uptake of
metal complexe$*®2Notably, we observed that none of the three peptidgugates, RuRS,
RuMPP and RuNLS, were taken up by live cells (CHO and HeLa cell lines) when the
counterion for these complexes was the chloride anion. This observation contrasts with
previously reported studies where such dependence was not observediréistcd was
observed that exchanging the chloride counterion with perchlorate facilitated the uptake of the
peptide conjugates. The origin of this differencanslear,but we speculate that solubility of

the conjugates with chloride counterion in tie# culture media may be lowéF® Additionally,
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we tentatively suggest that the perchlorate counterion is less prone to exchange with other
anions present in the cell culture media for instance the phosphate anion. The RUPEG conjugate
was studied in ctd with the chloride counterion as this complex exhibited far superior aqueous
solubility than the parent complex or the peptide conjugates. The selection of either a chloride
or perchlorate counterion is not believed to have a substantial effect ondtoxicyty profile

of the relevant metal complex. This is based on previous peptide conjugated ruthenium
complexes studied in live cells where whether in either the chloride/perchlorate salt both
exhibited low levels of dark cytotoxicifff:>®> Our previos results also indicate that

cytotoxicity in the case of the biquinoline complex arises primarily from the metal complex.

2.4.5 Cell Imaging

The parent complex was poorly soluble in cell culture media and precipitation of the complex
was visible which hinderetthe uptake of the complex. The conjugation of peptides/PEG to the
parent complex increased aqueous solubility compared to the parent. The four Ru(ll)
bioconjugates exhibited relatively weak emission in cells compared to previously reported
Ru(ll) bioconjugates, which made Iuminescent microscopy imaging comparatively
challenging® No discernible localisation of the Ru(ll) bioconjugates within the cell was
observed from the luminescent imaging. This is a surprising result given the effectiveness of
the MPP ad NLS signal peptides in driving ruthenium polypyridyl complexes to mitochondria
and nucleué®>3The RuR8 and RUPEG complexes as expected, showed no organelle specific
localisation in live cells. Géocalisation studies with relevant organelle stains to determine
cellular localisation of the Rubiq conjugates was hindered by the weak emission fiRuabihe
probes, but it is evident froaig. 2.3A which is representative of the distribution of all the
conjugates, that they distribute widely throughout the cytoplasm and do not appear to be
nuclear excluding. CHO cells were treated with RUNLS aM%nd incubated for 1 h in the
absence of light &7 °C. As shown inFig. 2.3A, weak emission intensity from the RuUNLS
channel did not allow for determination of the precise localization of the probe. The cells were
spiked with FAMFLICA probe which showedven at this concentration apoptotic effects
induced by the RUNLS probe. Active caspases indicative of apoptosis is shown in digen in
2.3B.
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Figure23Conf oc al |l mages of | ive CHO cells treated wi
and spiked with FAMFLICA probe demonstrating caspase activity of cells triggered by RuUNLS. (A)

Cells were irradiated at 568 nm and emission was collected betw@amt8nd 800 nm. (B) FAM

FLICA channel showing active caspases excited at 490 nm. (C) Overlay of (B) with brightfield image.
(Scale bar = 2&m)

2.4.6 Cytotoxicity studies

Given the notable differences both in uptake and distribution of these probes compared to other

ruthenium polypyridyl complexes appended to the same peptides sequences we have reported
on, we wanted to understand what effect the Rubiq conjugates have aglls. Cytotoxicity

studies were carried out using the Resazurin (Alamar Blue) assay to assess the viability of CHO

and Hela cells after 24 h exposure. A range of concentrations of each of the conjugates from

071 150 uM were added to the cells and wigreubated in the absence of light @4 h.Fig.

24 shows the viability of the cells in response to the Rubiqg conjugates as a function of

concentration.

All three of the Rubiqg peptide conjugates exhibit significant cytotoxicity in both cell lines at
conentrations as low as 5 pM. There are some interesting differences between cell lines in
terms of dose dependence. For Hela, cytotoxicity is dose dependent to approximately 50 pM
where it essentially stabilizes. In CHO cells, remarkably, the behaviourres gamplex; the
cytotoxicity is observed to be dose dependent in all peptide conjugates up to 25 puM; at 50 uM
the viability actually rises dramatically and then falls again in a dose dependent manner. This
is especially dramatic in RuMPP, where at 25 pMjagate the viability has dropped to about

5% but rises at 50 uM to 800 % and remains similarly high at 75 uM before falling at higher
concentrations. A similar effect was noted recently in osmium(ll) polypyridyl peptide
conjugates where such a switahviability at higher dye concentration was linked to a change

in uptake mechanism where it was evident from imaging that localisation to the mitochondria
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was reduced at higher concentrations. The same effect may be at play here however it is not
clear flom imaging because of the wide distribution of the dye and its weak emission if this is
the casé® The effect being dependent on cell type suggests that biochemical differences in
the cells are important. Interestingly as well, the octaarginine corjwgdtibits highest
cytotoxicity to CHO cells, with an I£g of less than 1 uM. 163 was similar for all three peptides

in Hela and confocal imaging showed that after only 3 h exposure HeLa cells treated with RUR8
appear to be in distress, and cell debrislwaseen throughout the sample, indicating that cells
have undergonapoptosis (ESFig S2. 32)

In attempt to reduce the cytotoxicity of the Rubiq complex, a PEGylated derivative of the parent
complex was prepared®EGylation was expected also to increase aqueous solubility and
increase uptake. And, indeedfg. 2.4 shows, the RUPEG conjugate wagHicantly less

toxic towards both HeLa and CHO cells in comparisotine peptide conjugates. Cell viability
remained above 506 over the range of RUPEG concentrations exploredA1150eM). The
PEGylation of metal complexes particularly iridium qaexes as reported by Let al. has

been shown previously to significantly reduce the cytotoxicity of the complex in livet&ls.

It has been hypothesised that the long uncharged PEG chain hinders the metal complex from
interacting with intracellularibmolecules and/or organelles. Therefore, based on comparative
toxicity data, it appears that the toxicity stems from the combination of the highly charged
peptide attached to the relatively lipophilic Rubiq complex resulting in a toxic effect across

bothcell lines studied.
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Figure 2.4 Viability of CHO (A) and HelLa (B) cells after 24 h exposure to Rubiq bioconjugates. Live
cells were treated with the conjugates followed by addition of Resazurin for 6 h. Absorbance was read
at 570 nm with background at 600 nm subtracted (n=3).
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Previously where Ru(Il)biquinoline complexes has been studied in cell lines as potential PDT
agents they are typically less toxic in the dark requiring light to instigate a toxic effect. For
example, Gasseet al. reported IGo value of 47.3 pM for cancer cells poased to
[Ru(bpy)(biq)]?* in the absence of light, which is considerably less toxic than the peptide
conjugates reported hete€The low level of dark cytotoxicity of Ru(bpybiq) compared to
related compounds in this study, suggests that the peptadea fky role in toxic effect. This

may be a direct effect or a consequence of greater absolute amount of complex internalized
when the celpenetrating sequence attached. Thus, it is notable, that despite similar uptake, the
RUPEG complex shows relativdtyw cytotoxicity. Overall, our results suggest that the metal
centre and the peptides exert a unique mode of action when combined to trigger cell death
which may be related to the conjugated sequence and localization of the probes in the cellular
envirorment. To investigate the origin of the cytotoxicity, the FAUICA caspase assay
(ImmunoChemistry Technologies, LLC) was used. This assay detects if cell death is occurring
via apoptosis by fluorescently marking active caspase enzymes that are presamt duri

apoptosis, the results of which are discussed below.
247 Cel |l death mechanism: caspase activation

To gain greater insight into the mechanism behind the evident cytotoxicity of the Rubiq
conjugates, polycaspase activity on probe exposureewasined using the FANFLICA
assay. The FLICA reagent (FAMAD-FMK) consists of a recognition peptide sequence
Valine- Arginine-Aspartate (VAD) and a fluoromethyl ketone (FMK) that covalently binds to
active caspase to give a green fluorescence from ttaehad carboxyfluoroscein (FAM)

moiety>8

Here, CHO and HelLa cells were exposed to the conjugates over the range of concentrations
indicated by the cytotoxicity studies. A positive control was prepared by treating both cell
lines with staurosporine, amkwn caspas@ducing agent?°°And, for a negative control both

cell lines unexposed to any reagent and to DMS®% /v were examined. Results of the

FLICA caspase activity assay for both cells lines are showiyg. 2.5.

RuMPP and RuR&timulated relatively moderate caspase activity with higher activity
observed for the CHO cell line compared to HelLa. The difference can be attributed to the nature
of the celllines wherein HeLa are a cancer line and CHO are not, as it is established that
specific defects in apoptosis pathways allow mammalian cancer cells to escape programmed

cell death leading to resistance to apopttfiSRuR8 exhibited a concentration dependent
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caspase activation. RuR8 ateld / 1 h triggered caspase activation 6192 of CHO cells and
only 15% of HelLa cells. At an increased concentration of 40D/ 1 h, 40% of CHO cells
and 30% of HelLa cells revealed caspase activity. Similar activity to RUR&MO 1 hwas
observed for RUMPP at low and increased concentsatimdependent of incubation time. It

may be related to the mitochondtageting peptide attached to the Rubage.

Interestingly, the most marked increase in caspase activity was observed for CHO cells treated
with RUNLS even at 18M / 1 h, the caspasactivity was equivalent to that stimulated by
Staurosporine. The nuclear localizing signal (NLS) peptide sequence has been previously
employed for targeting a Riap complex to the nucleus of HeLa and CHO ¢&l&he Ru(ll}

tap-NLS conjugate was fourtd be moderately toxic towards HeL a cells even at concentrations
up to 200eM. In addition, the conjugate was found to distribute throughout the cytoplasm
within 3 h of incubation at 106M and nuclear localization was observed at the 5 h timeframe.

In this case, Ribig-NLS induced apoptotic effects at the low concentration @ 5vithin 1

h of incubationCHO and HelLa cells exposed to RUPEG showed negligible caspase activity
(comparable to the control populations) up to probe concentrations of 100uM.

Ru-NLS
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Experimental Conditions

Figure 2.5 The percentage of cells showing caspase activity indicative of apoptosis obtained by FAM
FLICA Assay (n=3).

Experi ment al popul ations wer e ebxXp2ohsRUNLSt o Ru |
15eM /1 h, RuR8 and RUPEG at §¢8 /1 h and 10@M / 1 h. All samples were incubated
with 30X FLICA reagent for 45 minutes 8% °C followed by two washing steps and- re
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suspension of spun down pellets. Aliquots were analyzed in a blagklBglate using &ecan
fluorescence plate reader set at 488 nm excitation and 520 nm emission. Healthy cells exhibited
minimal green fluorescence whereas apoptotic cells due to caspase activity exhibited an

increased green fluorescence signal; expressed as a percelatiggeteethe positive control.

Fig 2.6. shows the effect of RUNLS on CHO cells which induces caspase activation leading to
cell death.Fig. 2.6 (A) illustrates caspase activity and-st@ining withDRAQ7 (B) reveals
damaged cells. Th&hite arrows in the overlay image (C) highlight healthy cells (absence of

nuclear staining) and no active caspases (absence of FLICA probe).

The instigation of mitochondrial dysfunction due to the bioconjugates was invedtigging

a mitochondrial depolarization assay to determine what, if any, role this plays in the toxicity
profile of the compounds. The mitochondrial depolarization assay applies a positively charged,
cell-permeant rhodamireased dye, TMRE, which localigén active mitochondri¢ The
mitochondrial membrane potential (MMP) is monitored by the orange fluorescence signal of
the dye as it is retained in healthy mitochondria. A decreased fluorescence signal is observed

upon loss in MMP as TMRE is no longetaimed by depolarized or inactive mitochondria.

Active Caspases (FLICA)

Figure 2.6 Confocal Imaging of CHO cells treated with RUNLS ateM and incubated for 1 hour in
the absence of light followed by addition of the FAMICA dye. (A) Caspase activity (green) was
detected using a band pass filter (excitation 490, emissiofb320m). (B) Nuclear staining with
DRAQ7 (3 eM) revealed damagedbmpromised celldDRAQ7 was excited at 33 nm and emission
was collected between 65850 nm. (C) The overlay with the brightfield image showed viable cells

with no caspase activity.

As described, RUPEG showed minimal caspase activity in CHO and HelLa/loié#SRUNLS
induced extensive caspase activity particularly in CHO cells while moderate caspase activity
was stimulated for both cell lines upon exposure to RUMPP and RuR8. Thus, using the MitoPT
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TMRE assay, we examined the impact of the conjugates egraysignal peptide sequence,

RUMPP and RuNLS, and ndgoxic RUPEG on the mitochondrial membrane potential.

CHO and Hela cells were treated with different doses of Rednugates for 1 h and 2 h
followed by staining with TMRE. Untreated control popwat showed a high percentage of
TMRE stained cells whereas the positive control cells exposed to CCCP, a depolarizing agent
acting by increasing mitochondrial proton permealStijtghowed a reduced percentage of
TMRE stained cells.

In both CHO and HelLa&ells, RUMPP at increased concentrationrs §M / 1 h) caused a
marked decrease in the TMRE signal indicative of mitochondrial depolariz&ign2(7).
RUNLS and RuUuPEG under these conditions did not disturb the mitochondrial amembr
potentialsignificantly as the TMRE signal remained above approximate®s.9hterestingly,

at a lower concentration (E3/ /1 h) a larger effect was observed for RUNLS on both cell lines
compared to RuMPP and RUPEG.
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Figure 2.7 Relative Fluorescence Units (RFU) obtained by MitoPT Assay (n=3); HeLa and CHO cells
were exposed to DMSO (20v/v) (negative control 2) and CCCP depolarizing agent (positive control).
Experimental populations were expostedthe Rubiq conjugates under the conditions previously
described. All samples were incubated with MitoPT TMRE for 40 minutes at 37°C and washed.
Aliquots were added in a black @&l plate in triplicate and analyzed by Tecan fluorescence plate
reader seait 540 nm excitation and 574 nm emission. Healthy cells exhibited a high level of orange
fluorescence whereas metabolically stressed cells (positive control) exhibited a reduced fluorescence
signal indicating MMP depolarization. lllustrated is the remati"MRE fluorescence signal as a
percentage representative of the loss of mitochondrial membrane potential with respect te the non

exposed (negative control) cell populations.
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We might have expected RUMPP to cause a greater effect if the MPP targetimgeegeie
driving the complex to the mitochondria. Therefore; it is likely that RUNLS causes greater
damage by targeting the nucleus and triggering signalling to the mitochondria. Mitonuclear
communication involves the signalling from nucleus to mitochan@nd vice versa) upon

cellular stress in order to maintain cellular function and homeo&t&sis.

It was observed for the cell populations exposed to RUNLS @viifer an additional hour of
incubation, that the TMRE signal increased. Studies hawersitioat if caspase activity is
blocked, mitochondria may 4generate their mitochondrial membrane potential despite
cytochrome leakad®. It is important to note that mitochondrial depolarization may occur
without progression to immediate cell death. latfa group of apoptosis regulator proteins
(B-cell lymphoma 2 (BeR) family), working at the mitochondrial level, may prevent
mitochondrial degradation and thus prevent apopfésiherefore the increased signal
observed following an additional hour of incubation of RUNLS aNI5may be indicative of
repaired mitochondria. Conversely, RUMPP in HelLa cells revealed increased loss of TMRE
signal at 15¢eM / 2 h suggesting that RuMPPasn lead to an irreversible mitochondrial
dysfunction. In summary, RUNLS causes significant mitochondrial depolarization initially but
pPdm seems to recover whereas RUMPP causes
mitochondrial outer membrane permegaition, which may be related to the MidPgeting

ability of the probe and accumulation in the negatively charged mitochondria. It is worth noting
that these Rubiq peptide driven complexes vary from the previously reported mitochondria
and nucleartargded complexes by our group. The newly synthesized RUMPP and RuNLS
conjugates induce rapid mitochondrial depolarization within 1 to 2 h incubation whereas more
hydrophilic derivatives, whose parents were water soluble as chloride or perchlorate salts could
be employed for imaging and photoinduced targeted therapy in HelLa cellsldt/7Z5h and
100eM / 3 h respectively without exhibiting substantial dark toxi¢:tsf.

In contrast, the RUPEG conjugate did not affect the mitochondria membrane pot&ateVat

or 15¢M following 1 h incubation and only a small degree of depolarization was observed
following 15eM / 2 h incubation. It may be attributed to two characteristics of the conjugate:
1) the norspecific PEG pendant attached and 2) the low cateaoge which does not favour
accumulation in the mitochondrial structures. Further, although permitting uptake, as
previously discussed the PEG chain is believed to impede metal complex interaction with cell

organelles which is supported by this work.
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2.5 Condusions

A novel and highly photostable Ru@bquinoline complex3 exhibiting emission in the NIR
window centred at 786 nm has been developed. Com3pd&as membrane impermeable and
insoluble in aqueous media. The parent com@ewas successfully conjated to three
different cell penetrating peptide sequences and was also PEGylated. All four new conjugates
4-7 showed aqueous solubility. The counterion was found to dramatically influence uptake of
the peptide conjugates none of the conjugates with idelazounterions were membrane
permeable. Whereas the perchlorate analogues were readily permeable. The PEGylated
conjugate showed good uptake as a chloride salt. All four conjugates distributed widely
throughout the cell, the nuclear and mitochondriginal peptide conjugates seemed to
penetrate these organelles but were not specifically targeting. Despite the high thermal and
photochemical stability, the peptide conjugates showed high cytotoxicity with IC50 as low as
1 uM. Although dose dependent atver concentrations, we observe that for CHO cells a rise

in viability occurs at higher concentrations of the peptide conjugates. These effects are not
observed in the PEGylated complex which shows only modest cytotoxicity across all
concentrations exploredor the peptide conjugates caspase and mitochondrial depolarization
assays indicate that the cytotoxicity is through initiation of apoptosis likely through

mitochondrial depolarization.

The data presented demonstrate that inlabite Ru(ll) complexeshe complex and peptide

together drive cytotoxicity. We speculate that the poorer specific organelle targeting and higher
toxicity of these conjugates compared to other related Ru(ll) polypyridyl is due to the higher
lipophilicity of the biquinoline complex PEGyl ation of the compl ex

and aqueous solubility and dramatically reduces cytotoxicity whilst retaining permeability.

2.6 Supporting Material

Supporting information associated with this chapter caoloed inAppendix A.
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3.1 Abstract

A symmetric osmium(ll) [big 4(©4carboxyphenyl? , 2 0 :-tépyridiBed] Gvas prepared

and conjugated to two mitochondriargeting peptide sequences; FrFKFrFK (r-af@inine).

The parent and conjugate complexes showed strong nearadfemissionent r ed at am
745 nm that was modestly oxygen dependent in the case of the parent and oxygen independent
in the case of the conjugate, attributed in the latter case, surprisingly, to a shorter emission
lifetime of the conjugate compared to the parentnf@gal fluorescence imaging of siilze

HelLa and MCF 7 cells showed the parent complex was cell impermeable whereas the conjugate
was rapidly internalised into the cell and distributed in a concentration dependent manner. At
concentrations below approxitedy 30eM, the conjugate localised to the mitochondria of both

cell types where it was observed to trigger apoptosis induced by the collapse of the
mitochondrial membrane potential ). At concentrations exceeding&@ol the conjugate

was similarly inernalised rapidly but distributed throughout the cell, including to the nucleus
and nucleolus. At these concentrations, it was observed to precipitate a -chegpastent
apoptotic pathway. The combination of concentration dependent organelle targettg, NI
emission coincident with the biological window, and distribution dependent cytotoxicity offers

an interesting approach to theranostics with the possibility of eliciting site dependent

therapeutic effect whilst monitoring the therapeutic effect with lestgence imaging.

3.2 Introduction

Mitochondria are the centres of cellular metabolism and like the nucleus are repositories for
DNA in eukaryotic cells. Mitochondrial dysfunction, which often arises from mutation to
mitochondrial DNA, is associated with nuroas disease states including inflammatory
diseases and cancer. Consequently, molecular targeting to the mitochondrial has attracted
significant attention, both in the fields of imaging/sensing and in the field of medicinal
chemistry/therapeutics! Cancer cells differ from normal cells in terms of their energy
metabolism, ATP production, reactive oxygen species levels and present many dysfunctions.
Therefore, targeted agents may be driven to interact with species that are upregulated in cancer
cdl mitochondria to achieve preferential targeting of cancer cells or accumulate within the
organelle matrix environment depending on compound design and overall charge. A key role
of mitochondria is ATP production driven by a membraased proton pump wdh generates

an electrochemical gradient. This tramsmembr

is between80 and-180 mV. Depolarization of the inner membrane of the mitochondrion

96



typical ly r engduétdreleasernfptoteisggeriogfapopgid}is. Small molecules
such as silver(l) complexes, pancratistatin alkaloid or rhodamine 123 are known to penetrate
the mitochondria where they induce apoptosis via depolarization of the mitochondrial
membrane potential (MMP) Metallo-anticarcer therapeutic agents have attracted interest
since the breakthrough with cisplatin and DNA interaction in £97&\Ithough cisplatin is

used in cancer treatment, it is inevitably limited by resistance phenomena and several side
effects such as nephromand neuretoxicity owing to the mode of action of the driig.
Ruthenium(lll) compounds of similar structure to cisplatin have been investigated for their
anticancer activity including some that have been clinically developed: KRI0KP1339

(IT- 1391%1 and NAMI-A?%2  Although more inert toward ligand substitution, osmium
based compounds have been shown to induce cell death via several pathways including
inhibitory activity against kinasé4'° endoplasmic reticulum stress and DNA dam&gtand

redox dependent activation in targeted mitochondria of ovarian cancefdaltsk by Sadler,

Dyson and Keppler and their respective groups have revealed the potent antiproliferative
activity of organometallic osmium complexe$:?°More receriy,?! the capability of osmium
polypyridyl complexes in imaging and in phototherapy has started to be exfléPethese
studies emphasize that along with-Ramplexes, osmium structures can also offer additional
coordination chemistry and rich redoxdgohotochemistry leading to alternative pathways for
inducing antiproliferative effectd:”® We have focused on the development of peptide
conjugated metal complexes capable of organelle selective tar§&tinghe importance of
efficient localizationfor multimodal use of transitiemetal complexes has been highlighted

by MD Ward in a recent publication concerning mitochontargeted Ir(1ll) complexe¥
Luminescent mitochondrial or nuclearargeting metal complexes can act as -tiva¢
imaging/senieig probes and as therapeutic/theranostic agéts? Although emission
guantum vyields are frequently lowegsmium polypyridyl complexes share many
photophysical advantages with their ruthen(ll) analogues with the additional benefits of

NIR emissim maxima in spectral region coincident with the biological optical window and
they exhibit outstanding photostabilitfConsequentlythey may be good alternatives to their
ruthenium analogues as imaging probes because of their photostébilitydate here have

been no examples of terpyridibased ruthenium or osmium complexes applied in the context

of cell imaging or therapy although such complexes have structural advantages compared to
tris(bidentate) ligand bound complexes as they do not form &emers. While
stereoisomerism tends not to affect photophysical properties they can, in the biological context,

affect recognition, which in turn can affect cytotoxicity as exemplified recently by Keene et
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al2®> Furthermore, terpy ligands offer stepwisgordination permitting spatial separation of
functionality at the 4 positions. In contrast to other polypyridyl ligands, terpysizised
osmium complexes tend to be more luminescent than their ruthenium analogues. For example,
whereas prototype [Rufigy)]?* barely emits at room temperature [Os(tes[y) emits
relatively strong® This has been attributed to relatively weak ligand field strength of tpy, that
facilitates population oftMC states from the MLCT states at room temperature. This leads t
rapid nonradiative decay and relatively poor photostability, which in the context of the cellular
environment, will be exacerbated at temperatures typically used for cell culture. Hanan,
Campagna and eweorkers, have each reported clever strategies fopraving the
photophysical properties of Ru(ll) terpy complexes through extension and rigidification of the
terpy ligand”3® Nonetheless, in contrast to biscoordinated ligand systems, osmium
terpyridine complexes offer significant advantages over th#ienium analogues in terms of
quantum yield, photostability and emission waveledfjtiVe previously reported that in
Ruthenium and Os(ll) triigand systems coordinated to polyarginines, Os(ll) showed superior
uptake/permeability, and notably lowetaipxicity than their ruthenium analogues. We were
interested to explore the performance of Os(ll)terpy complexes in this regard to understand if
they can be driven to organelles using peptides exploited in ruthenium complexes and also to
exploit the symmatric nature of the terplke ligands to conjugate two peptides to a single

complex.

Herein, we report on the preparation of a symmesigium(ll)- terpyridine conjugated to two
mitochondrial targeting peptide®$§(tpybenzAhx-MPP)Y]®* We examined its photophysical
behavior, uptake and toxicity in live cells and compared behavior to its pareatconjugate
shows precision targeting to the mitochondria was relatively cytot®kieeffect of the O%

MPP probe on the mitochondrial mbrane potential was studied in HeLa and MCF 7 cells
and was found to be cytotoxic. Interestingly, however, the mechanism of cytotoxicity changed
with concentration as distribution of the probe changélis to our knowledge is the first
metal complex bang two mitochondrial penetrating peptides (MPP) to be studied in cells and

first MPP-driven Os(ll) complex.
3.3 Materials and Methods
3.3.1 Materials

All chemicals and reagents, cell culture media and corresponding components were purchased

from Sigma Aldrich (Irednd) and were used as received. The MPP peptide sequence was
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purchased from Celtek Peptides, Franklin, USAl&@mlising dyes were purchased from Life

Sciences and Resazurin agent from PromoKine.
3.3.2 Instrumentation

'H and 3C NMR spectra were recorded on 804MHz Bruker Spectrophotometer and
processed and calibrated against solvent peaks using Bruker Topspin (v2.1) software. High
Resolution LCMS with ESI was performed at the Mass Spectrometry Facility, NUI Maynooth.
Thin layer chromatography (TLC) was perfaed on glass silica gel (Merck, 2&@ thickness)

or C18 plates (Sorbent Technologies, 260thickness).Analytical HPLC was performed on

a Varian 946L.C with a Photometric Diode Array (PDA) detector for peak detection
monitoring 280 nm and 490 nm channels. Gradient elution was applied, ustby . TFA

in MeCN and deionised water using HICHROM C18 owtu(4.6x 250 mm). The mobile

phase was of HPLC grade quality, filtered and purged with nitrogen prior to use. Prior to
sample injection, samples were filtered (8 pore size)Typical chromatographic rutimes

were 1520 minutes at a flowrate ofrl/min.

Electronic absorption spectra were acquired on a Jasco V670 UV/vis NIR spectrophotometer
using a quartz cuvette with a pathlength of 1 cm. Fluorescence spectra were collected on a
Varian Cary Eclipse Fluorescence Spectrofluorometer with backgroomection. All
photophysical measurements were performed at room temperature (293 K). Luminescent
lifetime data were acquired up to 10,000 counts using a Time Correlated Single Photon
Counting (TCSPC) system by PicoQuant with laser excitation sourc@rad.3Vieasurements

were performed in triplicate and PicoQuant NanoHarp software was used for data analysis and

fitting.
3.3.3 Preparation of 4-(4-carboxyphenyl)}2 , 2 Njtepyridngj, (tpybenzCOOH)

4-formylbenzoic acid (179 mg, 1.2 mmol) was dissolved in stinCHOH (8 ml) followed

by the addition of Acetylpyridine (289 mg, 2.4 mmol). The mixture was allowed to stir for 5
minutes followed by the slow addition of & potassium hydroxide (7.ghl) and conc.
ammonium hydroxide (0.6) resulting in a bright gren solution which turned yellow over
time. The mixture was allowed to stand at room temperature for 3 days. The yellow/white
emulsion that formed was filtered off and washed with cold chloroform Z2nl) and cold
methanol/water (1:1) to yield a whiteggluct which was suspended in methanol/water (80:20)
and sonicated at 35 °C until a yellow solution was obtained. The solution was transferred to a

large beaker and acidified to pH 2 by addition of 1M hydrochloric acid while stirring for 10
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minutes. Theasulting white precipitate was collected by vacuum filtration, rinsed with ice
water and allowed to dry overnight yielding pure white solids of tpybenzCOOH (297mg, 73
%)

IH NMR (400MHz, TFAd): U (ppm) 9.20 (dd, 2H, J= 5.2Hz), 8.98 (d, 2H, J= 0.8Hz), 8.90
8.85 (s, dd, 4H, J*), 8.42 (dd, 2H, J= 1.2Hz, 9.2Hz), 8.28 (dd, 2H, J = 6.4Hz), 8.04 (dd, 2H, J
= 1.2, 9.6Hz)13C NMR (600MHz, TFAd): 154.44, 148.33, 147.49, 146.65, 142.49, 140.64,
131.46, 18.63, 128.21, 127.36.

3.3.4 Preparation of [Os(4(4-carboxyphenyl)-2,2:6,2terpyridine) 2][PFg]2,
[Os(tpybenzCOOHY][PFé]2

To a suspension of tpybenzCOOH (2th@, 0.615mmol) in deaerated hot ethylene glycol (20

ml) was added Os&BH-O (91.2mg, 0.308nmol), ard the reaction was allowed to reflux for

4 daysunder N. Reaction progress was monitored using TLC (MeCpO/E0 % KNOsg;
80:20:1). Following cooling at room temperature, a saturated aqueous solutiosRFsMids

added. The dark precipitate was filtered and washed with water and dried with diethyl ether.
Column chromatography on silica using the aforementioned mobile phase gave a dark maroon
solid (100mg, 27.3%)

'H NMR (400MHz, DMSGQdg): U (ppm) 9.55 (4H,s), 9.10 (4H, d, J=7.2Hz), 8.60 (4H,
J=6.8Hz), 8.318.36 (m, 4H), 7.96 (q, 4H, 7.6Hz), 7.46 (4H, d, J= 5.6Hz), 7.23 (q, 4H, 6Hz).
HR-MS(ESFTOF) m/z: calculated for £H30NsO4Os [M?*]: 449.0966; found: 449.0529.

3.3.5 Preparation of Os(ll) bis-peptide conjugates

3.3.5.1 [Os(tpybenzAhxMPP)2].2(CH), O<' MPP

[Os(tpybenzCOOH)][PFe]2 (4.46 mg, 1equiv.) was weighed out directly into a glass vial
followed by the addition of PyBOP (15.6mg,e8uiv.), DIPEA(40 equiv.)) and qualitative
transfer of MPP peptide (269, 4equiv.) with DMF (700¢l). The mixture was allowed to stir

at room temperature in dark overnight.

The reaction mixture was added dropwise to stirring saturatedPidHaq) to obtain dark
brown solids that were collected via vacuum filtration, washed water and dried with
diethyl ether. The solids were dissolved in minimal acetone and added to a
tetrabutylammonium chloridacetone solution in order to obtain the chloride salt of the

conjugate. The solids were washed with plentiful acetone and dtiedli&thyl ether yielding
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Os' MPP. Purity of the conjugate relative to the parent complex was confirmed by analytical
Reverse PhagdPLC and HighResolution LCMS.

IH NMR (600MHz, MeOHda): ti (ppm) 9.35 (s, 4H), 8.89 (d, 4H), 8.40 (s, 8H), 87288 (m,
7H), 7.46 (m, 4H), 7.22 (m, 40H), 483831 (m, 31H), 3.22.81 (m, 20H), 2.32.12 (s, 47H),
2.081.06 (m, 64H). HRMS (+>MALDI m/z calculated for @oH230N420220s indicative of
[M-MPP*+CI: 739.7249, found: 739.4184.

3.3.6 Photophysical Methods

Stock solutionsi mM) of theOs(Il) parent and conjugate compound were prepared in MeCN
or DMSO respectively and diluted in PBS for the preparation of working solutions. For oxygen
measurements, the wamng solutions were purged with Nitrogen for 15minutes foadeated
conditions and were allowed to-aerate over time. The {p emol L™t was measured using a
PreSense Oxygen probe. The emission spectra and lifetimes were recorgesdtataded and
de-aerated condition®hotostability studiesere performed using a faiooled 150 W Orwell
XenonArc lampon solutions of Ogomplex in PB$H 7.4. All photophysical studies were

carried out at room temperature.

Luminescence quantum yield)(was determined using the relative method by comparing with

the luminescence intensity of [Ru(bglf) as the standard sample using the following eqnatio

U sample= Us t a nld aTd X I

WhereA is the absorbance at the excitation wavelength, F is the area under the corrected
emission spectrum and n is ttedractive index of the solvent.

3.3.7 Cyclic Voltammetry

A CH 660 electrochemical analyzer was used to record cyclic voltammetry (CV). Stock
solution of the complex was prepared asi¥l/ 0.1 M TBAPF (supporting electrolyte) in
anhydrous acetonitrile. The electrochemical cell wsellg/AgCl reference electrode, Rtire

counter and glassy carbon working electrode. CV measurements were performed in triplicate

using positive scan polarity and®/ s scan rate.
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3.3.8 Cell culture

Minimum Essential Medium Eagle (MEME); supplemented with®d@oetal bovine serum

and 1% penicillin/ streptomycin and 4Glutamine (2mM) was used as Hela cell culture

medi a. Dul beccods Modi fi ed EaithiO2 fddtaldavimem ( DME
serum, 1% penicillin/ streptomycin and{Glutamine (2nM) was used to culture the MCF 7

cell line. Cells were grown &7 °C with 5% CO, and harvested or split at 98 confluency

(using 1X Trypsin for 5 min &7 °C).

3.3.9 Cytotoxicity

HelLa cells were seeded in a-9¢ell plate in 10| media at 16cells/ well for 24h at37 °C
under 5% CO,. Os' MPP was added in triplicate at the following final concentrations: 150,
100, 50, 25, 10, 1 and 0% . Control samples were prepared witBoland 0.5% DMSO.
Following 24 h incubation of the complex, 4Dof Resazurin reagent was added to each well
andincubated for h in the dark aB7 °C. The Alamar Blue assay was used to estimate viable
cells based on the absorbance measured ah®7@ith a background measured at 600

using a Tecan 9@ell plate reader. The cytotoxicity study was carried otrtijpticate.
3.3.10 Confocal luminescent Imaging

HeLa cells were seeded at .3 cells in 35mm glasbottom culture dishes (Ibidi, Germany)

of 2mL total volume. Cells were allowed to grow for4&t37 °C at 5% CO,. The growth
medium was removed, and specific concentration of the complex was added and allowed to
incubate for 4 at37 °C at 5% CO in the dark. The dye/media solution was removed, and
cells were washed with supplemented PBS M MgCl> and 0.9mM CaCb). For live cell
imaging, cells were directly imaged using a Leica TSP DMi8 confocal microscope (100X oll
immersbn objective lens) with a heated stag8atC. Os' MPP was excited using a 490 nm
white light laser and the emission range was set to 650 and 8@RAQ7, a nuclear staining

dye was added (8M) to distinguish intact live cells from permeabilizedAdeells. The 633

nm laser was used to exciiBRAQ7 and enission was collected between 6380nm.
MitoTracker Deep Red, a cell permeable probe used to selectively stain mitochondria, was

excited at 644nm and emission was collected betweer BBHm.
3.3.11 Mitochondrial Depolarization Assay

The MitoPT TMRE AssaysiifimunoChemistry Technologies) were carried out on HelLa and
MCF 7 cells. Cell populations were cultivated ax51® cells/ mL and MitoPT spiked
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suspensions of3>x 1P cells/mL in 100¢!/ well aliquots were prepared. The following control
populations wer prepared for each cell ling:) negative control 1 (netreated) (B) negative
control 2 DMSO (10&M/ 1 h), (C) positive control CCCP(20 M/ 1 h). Experimental
populations were exposed to'@8PP at concentrations and incubation periods indicated by
confocal imaging. Samples were subsequently incubated with MitoPT TMRE dye for 30
minutes at37 °C and washed. Aliquots were analyzed in triplic&8ex(100 €l) in a black
bottomed 96well plate ughg Tecan Plate fluorescence plate reader set at 540nm excitation and
574 nm emission. The amount of orange fluorescence from TMRE was measured as an
indication of metabolically stressed cells and mitochondrial depolarization. Data were
guantified and gxressed as the percentage cell viability decline based on loss of mitochondrial

membrane potential relative to the control cell populations.
3.3.12 Caspase Activity

Polycaspase FAMFLICA assays (ImmunoChemistry Technologies) were carried out on HeLa
and MCF 7 cells. Cells were cultivatecBat 10° cells/well. The following control populations
were prepared for each cell line: negative control 1-nested) (B) negative control 2 DMSO
(100eM/ 1 h) (C) positive control (staurosporinee / 3 h). Experimental populations were
exposed to SMPP at specific concentration and incubation times based on confocal imaging
findings. Samples were subsequently spiked with 30X FAMCA? for 45 minutes aB7 °C.

The loss of noradherent cells during washing was accounted for by spinning down th&yover
media and recombining the washed cell pellets with the overlay buffer prior to analysis.
Samples were analyzed in triplicaBex100¢l) in a black bottomed 9@vell plate using Tecan
Plate fluorescence plate reader set at 488 nm excitation and 58mission. Poly caspase
activity was monitored by the increase of relative fluorescence units (RFU) of the green
fluorescent signal in the apoptotic cell populations. Data were quantified and expressed as the

percentage of apoptotic cells based on théigesontrol cell populations.

ICCCP is a lipiesoluble compound that enters intact mitochondria in its protonated feleases
a proton thus becoming anionic and crosses the mitochondrial membrane again lea
uncoupling of the proton gradient and overall disruption of ATP generation.

2FAM-VAD-FLICA is a polycaspase indicator dye which consists of a short recogpiiatide
sequence (VAD) and a fluoromethyl ketone moiety that binds to all active caspases. Th
commercially available dyes which can detect specific caspases such as-taspaseample by
consisting of a different short amino acid sequeX64AD) .
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3.4 Results and discussion
3.4.1 Synthesis

We exploited a tridentate, terpyridibased ligand to facilitate the synthesis of an achiral
Os(Il) parent complex which, with carboxyl termini, allow for the-tomjugation of the
complex without the formation of multiple isomers. The synthetic route, and the molecular
structures of the ligands and complex are summarized in ScBémelpybenzCOOH was
prepared accordingto modificatiors from previously reported synthes&<? And,
[Os(tpybenzCOOH)?* was synthesized by modifying a procedure reported for the synthesis
of another tridentate Os(tjomplex*® Peptide conjugation to [Os(tpybenzCOGJ) was
accomplished by amide coupling aided by PyBOP/DIPEA to yield bisconjugated [Os(tpybenz
Ahx-MPPY]®* 2634 The MPP sequence used is @rBino acid mitochondrial localization
sequenc&r FKFr FK (r = D

0sCl; 3H,0

(i) tpybenzCOOH (2.2 equiv);
Ethylene Glycol; N,

8+

(i) MPP(4equiv), PyBOP (8eq), HN gN o
DIPEA (40eq); DMF, stir RT, N O O HN\QQ
24 h in dark 3 H\}

N

H

Scheme3.1 Synthetic scheme for the preparation of ®P conjugate complex.

arginine) original*®whri emomwtee dh avye Keolulnay t ®t ba
driving metal c ompn emietso cthdohédir & msniamena ( K an
residues provide positive charge WMNWR pheny]l

spectroscopy, Mass spectrometry and HPLC analysis confirmed the structure and purity of the
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parent complex angeptide conjugate. RRPLC in absence of gradient confirmed formation

of the complex and conjugate with well resolved peaks with retention time of 2.33 min for the
parent complex and 3.13 min for the conjugate with no evidence for free peptide @techrea
parent in the latter case (ESI). With gradient elution, using/®wv TFA in MeCN and
deionised water (Table 1) the retention time of the peptide conjugate was extended to 8.30 min
but showed band broadening with peak splitting tentatively atttbttd ionpairing. The
corresponding chromatograms and UV/vis spectra, collected using diode array detection,
confirm the band only contains metal complex, with no evidence for free peptide or unreacted

starting complex (shown in the ESI).
3.4.2 Photophysics ancElectrochemistry

The absorbance and emission spectra of the peptide conjugd#RB®ssshown inFig. 3.1,
analogous optical/photophysical behaviour was observed in the parent complex
[Os(tpybenzCOOH)?* (ES| A) .  J-hpyben@dGOOH (*) metal to ligand charge
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Figure 3.1 Absorbance and emission spectra ofMMBP. Spectra were recorded atR® (PBS Buffe
pH 7.4) under aerated and deaerated conditions with excitation and emissiadtsitof 10nm ar

emission excitation wavelength of 490 nm.

transfer transitions are observedatx490 nm tMLCT) and 663 nm3MLCT). Excitation at

490 nm into the singlet transition of the parent complex results in a relatively intense emission
centered at 750 nm, and in aerated acetonitrile the quantum yield was determined as 0.0115 *
0.0012. Under aerated conditions, the pareomplexexhibits a lifetime 0fL29.9 £ 0.2 nsn

agueous PBS (pH 7.4) which is increaseild8.3 + 0.3 n®n deaeration at room temperature.

The photophysical data for the parent are consistent with those reported for a related phenyl

105



derivative[Os(pttpy)z]?* albeit with redshifted emission maxima and modification to lifetime
attributed to the carboxylate substitution of the phenylterpyridine ligand$iEne. peptide
conjugate, O5sMPP exhibits moneexponential emission decay but, surprisingdygdmewhat
shorterlived than the parent complex with a lifetime of 94.1 +1s4h air saturated PBS that

increases only to 110 + 0.5 ns upon deaeration and a quantum yield of 0 0805

The emission spectra were also compared under air saturatagpan deaerated conditions

under nitrogen. As shown, corresponding to the lifetime data, the emission intensity of the

conjugate does not respond significantly to change ig. [Cable 3.1 summarizes the

photophysical properties of the parent and conjugate compéx.behaviour contrasts with

our previous reports on ruthenium polypyridyl peptide conjugates, including complexes bound

to the same MPP sequencé.There, the lifetime of erssion invariably increased in the

peptide conjugate compared to the parent. The origin of the decrease with the osmium complex

is unclear, as the thermodynamics of electron transfer seem to preclude quenching so the effect

may be due to steric strain exaton the terpy ligand in the conjugate, that increases non

radiative decay. Nonetheless, the effect is relatively weak, and the osmium peptide conjugate

remains sufficiently luminescent for imaging, without the complication of being a significant

generabr of singlet oxygen.As photostability is an important issue in bioimaging, this was
evaluated for [Os(tpybenzCOO#R" in PBS buffer by monitoring its absorbance spectrum
during visible irradiation. Following 3 hours continuous irradiation by a 150 mo/Naap

(using a >400 nm cut off filter) lessthanp hot odegr adat i onThisad

Table 3.1 Summary of photophysical properties of Os(@mplexes in MeCN and PBS under

aerated and deaerated conditions.

aws( U) / Uns+ SD
Compound Solvent &em/NM
nm (x 10* Mt cm?) Aerated Deeerated
[Os(tpybenzCOOH)”  CHCN  4040.83),490(254), 750 120+ 0.2 | 194.6.1+0.7
6420.51),670(0.61)
PBS 418(1.90), ®52.67), 745 129.9+0.2| 183.3+0.3
648(1.32),6791.54)
[Os(tpybenzAhx- PBS 4180.26),5050.47), 746 94.1+0.4 | 110+05
MPPY]8*+ 6480.14),6790.15)

106

occu



renders théMC state thermally inaccessible for Os(Il) complexes in contrast to their Ru(ll)
analogues, particularly those of terpyridine complexes, that, as described tend to exhibit poor

photophysical properties and photoinstability.

Electrochemistry of the parecdmplex is showm Fig. 3.2. The complex shows webehaved
electrochemistry with a reversible anodic process attribtatetle O4/0Os" oxidation at &>

656 mV versus Ag/AgCI in C¥CN/ nBuNPFs. The observed photostability, large stokes shift
and malest Q quenching, marked these compounds as potentially attractive for cellular
imaging applications. Imparticular, since in comparison to another reported Os(ll) mono
conjugate, applied to cell imaging, the quantum yield of this conjugatgngicantly higher

(G =0.0025 + 0.0008%°

15 T y T y T T T T T T T

10 +

Current (nA)

E =0.656V
pa

-10

T T T T T T T T T T
0 200 400 600 800 1000
Potential (mV) vs Ag/AgCI

Figure 3.2 Cyclic Voltammogram (n=3) of M [Os(tpybenzCOOH)?*. Sample in deaerated GEN
containing 0.IM nBwNPFs. Scan rate 5tV s?.

3.4.3 Cell Uptake studies

The uptake of [Os(tpybenzCOO#HH" and O8 MPP were evaluated in two cell lines: HelLa
and MCF, as a function of conjugate concentration bettveerange M and 50cM. While

the parent complex does not permeate the cell membranss this concentration range (see
E S | Adpeptide conjugate is taken up by the cells at@within 1 to 2 hours incubation in
the absence of lighE(g. 3.3). Within 2hr incubation, highljocalized emission was observed
from small structures thught to be the mitochondria. The distribution of the dye remained

unchanged over the next 1 to 2 hours but as showvi#igin3.3, by 4 hours, morphological
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changes to the cells were evident including plasma memiabbing and retraction of
pseudopods, ticating cell death by apoptosis. During this process, the probe started to leach
from the mitochondria and at cell death (confirmed by DRAQ7 assay), the probe was evident
in the cytoplasm attributed to loss of integrity of the mitochondrial membrandighier
concentrationsHig. 3.4, 50 eM) the uptake dynamics and distribution were significantly
different. Uptake was far more rapid and complete in under 1 hour. ConfosediZ shows

(Fig. 3.4A) that at higher concentrations'@8PP was no longer confined to the mitochondria

but present throughout the cytoplasm where it had penetrated the nuclear envelope and
localised in the nucleoli. DRAQ7 was applied to cells prancubated with the osmium

conjugate to assess cell viability.

Os'MPP 30uM

Control

MERGE

Figure 3.3 Confocal luminescence images of*®sPP in live HeLa cells where the conjugate and
overlay channel are shown. Cells were incubated in the absence of light veith 8. 60 min, 120

min and 4 h. The biMPP complex was excited using 490 nm white light laser and the emission was
collected bateen 590 and 800nm.

DRAQY7 is a farred fluorescent probe which only stains the nuclei of damaged or dead cells.
As shown inFig. 3.4B, nucleistaining in blue shows th&RAQ7 has entered the nuclei of
essentially all cells indicating extensive cell dedtptake of the dye and cell blebbing was
observed when cells were incubated with complex abov&Vi0 This was surprising given

the stability of the probe and lack of oxygen dependent emission. As they may offer therapeutic
prospects we carried ontore detailed investigation into the origin of the cytotoxicity.
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Figure 3.4 Confocal imaging: (A)OSMPP at i ncreased concentration
1 hr incubation in the absence of lightscan reveals nucleoli staining (B)-aiaining with DRAQ7

and (C) overlay. image.
3.4.4 Os' MPP : Co- localization with MitoTracker Deep Red in live HeLa cells

Co-localization with MitoTracker Deep Red confirmed the' ®¥P probe localized at the
mitochondria at concentrations below&@/ 2 h. Fig. 3.5 shows separate and stipgrosed
images of O§MPP and MitoTracker Deep Red and the corresponding line profile scanning in
the xy direction (B). Absence of nuclear istag by DRAQ7 (ES 1) éonfirms viability of the

cells. The line profile across the cell and the corresponding fluorescence intensity profile
confirms celocalisation of the osmium conjugate and MitoTracker Deep Red in Hela cells
(Fig. 3.5B). In a previouglreported [Os(bpyjpic-args)]'°* conjugate, partial localization in

both mitochondria and lysosomes in CHO cells was obséPvacaddition, it was observed

that the conjugate penetrated the nuclear envelope of SP2 myeloma and CHO cells via a photo
or thermally activated process. In contrast, we observed strong confinement of the dye below
30¢M to the mitochondriand distribution does not change under irradiation.

Distribution is found to change over extended intervals where coincident DRRtNQ7
permeation, the probe is found to leach into the cytoplstaround the nuclear envelope,
potentially the endoplasmic reticulum (ERNhereas this is the first , mitochondrial directed
osmium luminophore to be reported, RutheniMifAP conjugates previously reported have
shown mitochondrial confinement following 2 h incubatiéf. The concentration dependent
uptake observed here wagt seen in comparable ruthenium complexes which exhibited only

moderate toxicity in the dark following 24 h exposure over a range of concentrations. For
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example, HelLa cells were tolerant to the MBtRIged dinucleaRu(ll) at 75¢M over periods
of 4-6 hof imaging and in the case of theBppz, cell death was induced only under intense
photoirradiation.

(A)

Os''"MPP MitoTracker Red

C
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Figure 3.5 Co- localization of O% MPP with MitoTracker Deep Red where: (A) Confocal imaging of
0Os' MPP (red), MitoTracker (purple) and merged image (B) Fluorescence intensity profiles obtained
from the line profile across the cell (Image J). The cells were aksocabated with DRAQ7 rad
absence of nuclear staining confirms cells are live.

3.4.5 0Os' MPP cytotoxic effects: photeinduced or intracellular triggered process?

3.4.5.1 Os'MPP : Photatoxicity studies in live HeLa cells

Given the phototoxicity of MP{Ru complexes, phototoxicity was assed in order to
understand if the morphological changes observed during confocal imaging originated from
photoinduced effects. In cells piacubated with 3@M Os' MPP, single cells were selected

and irradiated over time with increasing lagewer (from 0.ZW to 0.9eW).

As shown in Fig. 3.6, no DRAQ7 was found to enter the nuclei of individual cells following
continuous irradiation for 20 minutes at 490 nm. This confirmed that the is cytotoxicity is not
light induced. This is not surprisirgjven the remarkable photostability of the complex and

weak oxygen dependence.
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Os'' MPP

DRAQ7
(co-emission of
MitoTracker Red)

Figure 3.6: Phototoxicity of O$MPP (30eM) in HeLa cells using excitation with 490nm and scanning
using increasethser power. (A, D) Normal imaging conditions (10 % laser power) before scanning,
(B, E) after 10 minutes scanning at 30 % laser power and (C, F) additional 20 minutes scanning at 50
% laser power; Observed in blue is the emission of MitoTracker Deefliretb ceexcitation of

MitoTracker Deep Red at 633 nm.

3.4.5.2 Cytotoxicity

The viability of mammalian cells treated with'@4PP was assessed by incubating HeLa and
separately, MCF 7 cells, with the conjugate in the absence of light overnigiht@t Cell

death was investigated using the Alamar Blue viability assay. Reduction of resazurin dye to
resorufin is used as a direct indicator of metabolically active cells. Both HeLa and MCF 7 cell
lines presented poor tolerance to thé PP at concentrationbave 4eM ( see ESI A) .
coincides with the confocal imaging studies wherei 400 eM of dye induced cell death
within 60 min incubation. HelLa cells were shown to be more tolera@st®PP at lower
concentrations (80eM), with an G value of 30.6EM, in comparison to MCF 7 cells where
viability of 35 % was observed upon incubati with the probe. These findings confirm that
cell death is triggered by ®MPP in a dose dependent manner that seems to follow the trend

observed in the concentration dependent uptleevaluated the mitocondrial potential and
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caspase activity to dierstand if the cytotoxicity observed originates at the mitochondria and

if this switches at higher concentration.
3.4.6 Mitochondrial depolarization assay (Mito PT TMRE) and Caspase Activity

In healthy cells, an electrochemical potential is generated acrossttothiondrial membrane

due to the redox activity of the mitochondrial electron transport éA&laring apoptosis, the

loss of mitochondrial membrane potential (MMP) coincides with the opening of the
mitochondrial permeability transition pores, leading to the release of cytochrome c into the
cytosol, which in turn triggers other downstream eventghm apoptotic cascaddhe
mitochondrial membrane potential of cells can be assessed using the MitoPT TMRE assay.
This assay uses a lipophilic and highly soluble rhodathased dye, TMRE, that penetrates

live cells and accumulates within healthy mitoctioa exhibiting fluorescence upon
excitation. With loss of mitochondriab G, TMRE is released into the cytosol resulting in a
reduced fluorescence signal. Therefore, TMRE dye is used to detect apoptotic cell populations
and to assess the mitochondrial nbeame potential under varying conditidi$® Wwe
performedMitoPT TMRE assay on HeLa and MCF 7 cells. Cell populations were prepared
and then exposed to the assay conditi@S( A) .

100

80

CCCP
*

Os-MPP

TMRE Fluorescence
(% of control cells)

20

\ A \ 2 \
Negatve oon“:egawe CONJDP siive GO g w2

Experimental Conditions
Figure 3.7 Relative Fluorescence Units obtained by MitoPT Assay (n=3) expressed as a percentage of
the negative control. HeLa and MCF 7 cells were exposed to DMSCeM0OQ h) (negative control
2) and CCCP depolarizing agent (positive control). Experimpofallations were exposed to'®G4PP
under the conditions previously described. All samples were incubated with MitoPT TMRE for 30
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minutes at 37°C and washed. Aliquots were added in a blaslkeB@late in triplicate and analysed by
Tecan fluorescence ptareader set at 540 nm excitation and 574 nm emission. Healthy cells exhibited
a high level of orange fluorescence whereas metabolically stressed cells (positive contr8IMRE Os
treated) exhibited a reduced fluorescence signal indicating MMP degadiani lllustrated is the
percentage cell viability decline based on loss of mitochondrial membrane potential relative te the non

exposed (negative control) cell populations.

Two negative controls were prepared: a-+eaposed cell population and a cellpptation
exposed to DMSOA positive control was also prepared by exposing the cells to CCCP, an
agent known to cause mitochondrial depolarization. Experimental cell populations were
exposed to A'sMPP at a low concentration, 304/ 2 h at 37°C, where cafocal imaging
confirmed mitochondrial targeting and at at a higher concentratiomMODh at 37°C, where

imaging and cytotoxicity studies showed wide probe distribution and poor cell viability.

Following exposure to the experimentahditions, cdlpopulations were spiked with MitoPT

dye and incubated for 30 minutas37 °C. Fig. 3.7 summarizes the results of the assay. As
expected, the percentage of viable cells decresiggificantly upon exposure to the CCCP
agent, validating the assdyecreased cell viability was also observed for the population of
cells exposed to 3VIPP 30eM/ 2 hindicating that cells were undergoing metabolic or
apoptotic stress that can be attributed to collapse of the mitochondrial potential. Confocal
imaging under these conditions had shown mitochondrial targeting and initiation of blebbing
but that cls were still viable according t®ORAQ7 co-staining. Over extended exposure
collapse of the mitochondrial membrane potential gradually leads to irreversible mitochondrial
damage triggering cell death and thus leakage of tHeMP¥P probe from the cells.
Interestingly, consistent with concentration dependent localization observed from confocal
imaging, although some mitochondrial depolarization was also evident for cells exposkd to Os
MPP at 10eM/ 1 h, thenumber of apoptotic celldue tocollapsedmp G, was significantly

lower for O¢ MPP 100eM/ 1 h than for 3&M/ 2 h. Therefore, we conclude that the altered
localization of the probe at increased concentrations elicits the cytotoxic effect from a

mechanism different to that observed at lower comagahs.

Mitochondrial apoptotic effectors released upon mitochondrial depolarization can be triggered
outside the mitochondria by initiation of a cascade of caspase activation leading to apoptosis.
Given that the cytotoxicity is greater at higi@s' MPP concentrations but that mitochondrial

depolarization, coincident with localization of 'D8PP to the mitochondria is more prevalent
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at lower concentrationse examined the caspase activity induction ability dfl@BP in cells

using the FLICA assalp evaluate caspase activity as a function of probe concentration.

3.4.7 Caspase Activation assay

In the caspase assay applied here, caspase activity is monitored via the green fluorescence
signal from the FLICA probe, a carboxyfluoroscein fluorophore wittu@aomethyl ketone
unit that bonds covalently to an active caspase enzyme. Unbound FLICA diffuses out of the

cell and is removed during the wash steps prior to analysis.

Experimental populations were prepared where staurospoknewn for caspase
activation?® was used to induce caspase activity (positive control) in both cell lines. Identical
conditions of O$MPP concentration and incubation times were used here as for the MitoPT
Assay. As shown ifrig. 3.8, O¢ MPP at 3CeM/ 2 hstimulated caspase activity in the MCF

7 cell line which correspondwith the confocal imaging which showed that imaging of
mitochondrial targeting was possible for HeLa cells without cell damage whereas MCF 7 cells
showed higher sensitivity to the OdPP omplex. In addition, a higher apoptotic percentage
was observed for the 1@M/ 1 h probe incubation. Therefore, according to the MitoPT and
FLICA assays findings, at ®$MPP concentrations exceeding 4Bl thereis a moderate
release of apoptotic factors owing to collapseypdd, but localization of the probe in other
regions of the cell triggers activation of caspase enzymes leading to apoptosis. At lower
concentrations (36M/ 2 h), when the complex localizes thie mitochondria, this stimulates

the release of mitochondrial apoptotic effectors, owing to depolarization of MMP, and caspase

activity is observed to a lesser extent.

It is plausible that this causes initiation of the mitochondjigtinsic) apoptotic pathway
leading to cell death but allows for confocal imaging of the mitochondrial structures between
2 to 3 h incubation period. In contrast, increased concentrations of the conjugate lead to rapid
uptake and wide distribution of ti@s' MPP probe, in both HeLa and MCF 7 cells, which leads

to mitonuclear communication and in turn, release of mitochondrial apoptotic effectors and
caspase cascade activattdf! Related RU polypyridyl complexes have been rerouted from
nuclear DNA tomitochondrial targeting by controlling the delivery and uptake mechanism of
the probe¥ thus highlighting the potential of these complexes in achieving change in activity
based on cellular delivery and localisation.
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Figure 3.8 The percentage of cells showing caspase activity indicative of apoptosis obtained by FLICA
Assay (n=3).Both cell lines were exposed to DMSO as a second negative control (S.I) and
Staurosporine as the positive control. Expental populations were exposed td ®P at30sM/ 2

h and 100eM/ 1 h. All samples were incubated with 30X FLICA reagent for 45 minute37a®
followed by two washing steps andsaspension of spun down pellets. Aliquots were analyzed in a
black 96well plate by Tecan fluorescence plate reader set at 488 nm excitation and 520 nm emission.
Healthy cells exhibited minimal green fluorescence whereas apoptotic cells due to caspase activity

exhibited a green fluorescence signal.

3.5 Conclusions

A novel achial Os(Il) complex [Os(tpybenzCOOHf* was synthesized and characterised.
Bisconjugation of a mitochondrial penetrating peptide (MPP) to both conjugatable sites of the
parent complex was achieved by amide coupling reaction. Both parent and conjugate exhibited
relatively intense NIRemission hat coincides well with the biological window. Excellent
photostability and good quantum yield rendered the probe attractive for cellular imaging
application. However, rather unusually, the conjugate showed modest reduction of its emission
lifetime and quatum yield compared to the parent.

Cell uptake studies were explored in live HeLa and MCF 7 cells. While the parent complex
was cell impermeable, confocal imaging andlamalisation studies with MitoTracker Deep
Red showed that the BMPP Os(ll) systemis membrane permeable and targets the
mitochondria at concentrations below&@. With increased concentration, 'OdPP showed

rapid uptake and wider distribution including penetration of the nuclear envelope and
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localisation in the nucleoli structuresxtBnsive cell death was confirmed wibbRAQ7
staining. Photocytotoxicity studies did not show any evidence for phdtmwed cytotoxic
effects. Loss in TMRE signal indicating mitochondrial depolarization was observed'at Os
MPP 30eM/ 2 hwhere the probkcalises solely at the mitochondria, caspase activity at these
conditions was moderate with increased activity observed in MCF 7 over HelLa cells. At higher
concentrations (106M/ 1 h), the MitoPT and FLICA assays showed increased caspase activity
and bwer degree of mitochondrial depolarization indicating a switch in cell death mechanism
with delocalisation of the probe.

3.6 Supporting Material
Supplementary data associated with this chapter can be fodmpgpéandix B.
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4.1 Abstract

The preparation of two polyarginine conjugates of the compBes(ll) [bis-(4N{4-
carboxyphenyh2, 23N\gnjterpyridine)] [Os(Rn)2]** (n = 4 and 8; x = 10 and 18) is reported, to
explore whether the R8 peptide sequence that promotes cell uptake requires a contiguous amino
acid sequence for membrane permeation or ifdarsbe accomplished in a linearly bridged
structure with the additive effect of shorter peptide sequences. The conjugates exhibit NIR
emission centered at 754 nm and essentially oxyggamsitive emission with a lifetime of 89

ns in phosphatbuffered sahe. The uptake, distribution, and cytotoxicity of the parent
complex and peptide derivatives were compared in 2D cell monolayers and @ditheasional

(3D) multicellular tumor spheroid (MCTS) model. Whereas, theobtaarginine sequences
wereimpermeable to cells and spheroids, and thadtiaarginine conjugate showed excellent
cellular uptake and accumulation in two 2D monolayer cell lines and remarkable in depth
penetration of 3D MCTSs of pancreatic cancer cells. Overall, the data indicatesell
permeability can be promoted via noontiguous sequences of arginine residues bridged

across the metal centre.
4,2 Introduction

Metal complex luminophores, most widely, phosphors, have emerged in the past decade as
feasible alternatives to organiluorophores for intracellular imaging and sensidg The
attractive photophysical properties of such complexes have been widely reported, and for
complexes of ruthenium for example, these include good photostability, long emission
lifetimes and Stokeshifted emission in the red spectral regithWhile the emission maxima

of complexes ofir(lll) and Ru(ll) can be tuned toward the NIR, it can be synthetically
challenging and such tuning may compromise photostability, exacerbated in the physiologic
condtions of temperature and buffered media, as well as emission quariélai'®
Conversely, asium(ll) polypyridyl exhibit similar advantages to Ru(ll) for imaging but with

the addition benefits of outstanding photostability and dedpo NIR emissiom the 700

850 nm spectral region, making them attractive candidates, in particular for tissue imaging
(although still prone to the impact of the energy gap law).

Although Os(ll) polypyridyl complexes have to date, been much less explored for imaging

applications than Ir or Ru, they are gaining increasing f&ttrs

Another advantage is that such complexes have long lifetimes in comparison to organic

puorophores. Os (1 1) compl exes wusually exhi
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Ru(ll) aralogues and thus show low oxygen sensitivity. With lower oxidation potentials than
ruthenium analogues, osmium complexes may also show sensitivity to other redox species
without interference from oxygen. Typically, molecular weight, charge, and lipophilici
mitigate against the membrane permeability ahiosn(ll) polypyridyl complexes, providing

a barrier to ircellulo applications butne rationabpproach to improve the efficacy of cellular
uptake is to conjugate to short cationic peptides classifiedlggenetrating peptides (CPPSs).

The ability of cationic peptide sequences to cross the cell membrane and facilitate the uptake
of small molecules was first demonstrated in 1965 by Ryser and Hancock with the cationic
amino acid mediated enhanced uptaleatbumin, followed by studies on conjugation of poly
L-lysine to albumin and horseradish peroxid®sé The most studied CPP is likely the
arginine rich HIV-Tat transduction protein (RKKRRQRRR) from immunodeficiency virus
that has been widely shown édficiently cross lipid bilayer$®® Indeed, homopolymers of
arginine (polyarginines) have shown superior cellular uptake compared to other cationic
analogus?® The detailsof the mechanism by which oligoarginines permeate the membrane
remain under imestigation. The key pathway in live cells appears to be-AdiRated
endocytoss 2 but there are also a number of studies that show that polyarginine can promote
permeation through a passive mecharfi$and they havebeen shown in artificiahembranes

to induce leakiness arndpologicalchangest the membrané? Polyarginine interactions with

cell surface lipids and formation of neutral complexes that transport across the bilayer have
also been reported as well as surface attachment thrategyladtions with heparan sulfate
proteoglycas?#28 Cargo transduction seems to occur fdrlbArg residues, with octaarginine
(Arg8 or R8) and nonarginine (Arg9) being most efficiently transporfédVe and others

have reported that R5 or sequencelwir Arg residues are not CRPsvhereas R8 is very

effective at promoting metal complex permeafidn

Barton and Brunner first reported the cellular uptake of caagrying peptide rhodium
complexes! Our group reported the efficient octaargindhéven transport of an otherwise
cell-impermeable Ru(ll) polypyridyl compound, [Ru(bpiic)]?*, and its application in
luminescence imaginty Puckett and Barton also reported the uptake of niting(Il)-dppz
(dipyrido[3,2a : 2-djphedhddjne) complexegsonjugated to octaargin€> Nonaarginine
sequences containing phenylalanine residues have shown to enhance the cellular uptake of
metallocene derivatig®® Shorter polymers of arginine, below Arg6, are less efficient in
cellular uptake, whereas longeslymers have shown unpredictable uptake can eveaxert

toxic effecs.23%3* Sadler and cavorkers reportedmproved uptake of a permeable Os(Il)
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arene complex upon conjugation to R5 and R8 with the latter showing increased accumulation
and toxicity.3® The monoarginine conjugate, however, showed a similar uptakbeto
unfunctionalizegarent complex. Therefore, while there is a clear correlation betwebaiR
lengths and cellular uptake for metal complexes, the attachment of cationccamaimesidues

below 5 or above 9 does not guarantee uptake in a predictable manner.

Our group exploited the use of nepecific and targeted CPPs to efficiently drive metal
complexes across the cell membrane and target specific organelles orgadrgfésFor
example, the lighswitching Rl complex with dppz conjugated to a nuclear localization signal
sequence was highly effective in selectively driving the complex to the nucleus for imaging of
chromosomal DNA using stimulated emission depletioRE[3) microscopy® whereas the
Ru-dppz conjugate bearing a mitochondrial targeting peptide localized at the mitochondria,
confirmed by Raman spectroscopy and luminescence lifetimaging? We recently
demonstrated that polyarginines are equally effectivgoromoting the uptake of Os(ll)
polypyridyl complexes where R8 conjugatedOs(bpy)(pic)]?* (bpy = 2,2bipyridyl, pic =
2(4-carboxylphenyl) imidazo[4,5{]1,10]phenanthroline) facilitated the uptake of the highly

photostable and NIR emitting complexmammalian cell ling!?

While 2D monolayer studies can provide valuable information at the single cell level for a
given cell line, threedimensional (3D) cell models such as cell aggregates and spheroid
structures provide a more physiologically relevtumor tissue microenvironme 44 The
multi-cellular layering of cells within spheroids leads to the formation of nutrient and oxygen
gradients with hypoxic/necrotic regions tow
permeation of a givespecies in vivo than in 2D cell culture where low cell density, lack of
diffusion gradients, and cedubstrate interactions impact bete#® 4’ 3D cell models are of

growing importance in drug discovery and toxicity testing. Their application requires
luminescent probes that can deeply permeate the tumor spheroid and also probes capable of
sensing within this environment. I't has bee
permeation of 2D models does not guarantee permeation of 3D models asigritisiant

di fferences in the extent of permea®ion and

Conjugation to polyarginines has been used to facilitate the uptake ofrgachdlll)-based
contrast agents for magnetic resonance imadftw} In addtion, although polyarginines have

been shown to be highly effective in promoting cellular uptake of transition metal
luminophores, there have been no studies to date on whether this promotion extends to 3D cell
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models. The importance of tumor penetratisralso crucial in the context of therapy by
metallodrugs and photodynamic therapy agents as drug response in 3D cell models may differ

when compared to 2D monolay&fs®

A number of norpeptidic approaches to promote metal complexes in spheroid models have
been reported recently. In the context of therapy, a dinuclear-phistaing Ru' (TAP), (TAP

= 1,4,5,8tetraazaphenanthrene) complex was reported, slhyowidepth photanduced cell

death of melanoma spheroids using 4wmton excitation®® Pt(ll)-porphyrin probes have
been employed for 2D and cell spheroid imaging particularly in the context of
phosphorescendeased oxygen sensifgHaycock et al. ngorted the use of a smatiolecule
platinum(l) complex for oxygen mapping of melanoma spheroids using-pbioéon
phosphorescence lifetime imaging microscopy (PLif#ore recentlytwo Ir(Ill) complexes

were studiedfor in vivo PLIM Oz mapping®® Papkovsky, Dmitriev, and eworkers have
reported metalloluminophores with long emissive states ranging from-ahyrin probes

to click-assembled Pd(Hporphyrin nanoconjugates for NIR mapping of oxygen distribution

in 3D microenvironment® ¢! Efficient cellular uptake of rather large porphyrins is often
problematic in 2D monolayers and 3D models. While nanoparticles can provide a route for
spontaneous or targeted cellular uptake, this strategy requires expertise in syaridesi®n
cellular ugake is unpredictable. For example, desthie targetingcapability of transferrin
conjugated gold nanoparticles, limited penetration was obsenadliitellular spheroid8?

Herein, we investigate whether R8 is as effective in driving permeation atimsidIR
emitting luminophore in 3D tumor spheroids as it is in 2D cell monolayers. We recently
reported the successful conjugation of two mitochondrial penetrating peptides (MPPs) to an

achiral osnium(ll) terpyridine complex®

The conjugate showed relagly intense emission in the NIR and excellent photostability,
making it suitable for tissue imaging. The advantage of this complex is that it does not form
isomers and crucially it has conjugation points at the opposing apices of the complex, thus
creatingessentially a linear arrangement of the conjugation sites bridged by the metal. Here,
the Os(Il) parent coplex [Os(tpybenzCOOH)?* was conjugated to two polyarginine chains

of varying lengths (R4 and R8), and we explore whether the optimal R8 reqaoe8guous

peptide structurdéor uptakeor whether it can be accomplished itr&dged structure with a
shorter peptide sequence. We report on the cellular uptake and localization in a cancerous and

non cancerous cell line using confocal and lifetimegmng. Forthe firsttime, we investigate
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the ability of the peptide conjugates to penetrate 3D cell models in pancreatic cancer
multicellular tumor spheroids (MCTSs). To our knowledge, this is the first study of a

polyargininedriven osnium(ll) conjugate used for 3D spheroid imaging.
4.3 Experimental
4.3.1 Materials

All chemicals and reagents, cell culture media, @rdespondingomponentsverepurchased
from SigmaAldrich (Ireland)andwere usedasreceived without further purification. Fetal
bovineseaum (FBS), heatinactivated waspurchasedrom Biosciences Limited. Polyarginine
sequences R8 and R4 €5 %) wereprocured from Celtek Peptides, TN, USA. Resazurin
reagent wapurchased from PromoKine, andlozalizing dyes were purchasédm Thermo

FisherScientific.
4.3.2 Instrumentation

H and COSY NMR spectrawere recordedat 600MHz usinga Bruker spectrometeranda
deuteratedsolventwasusedfor homonucleatock. The spectra werprocesse@nd calibrated
against solvent peaks using Bruker Topspin software (v3.6.2). High- resolution mass
spectrometry(HR-MS) was performedat the massspectrometryFacility, NUI Maynooth.
Analytical HPLC was performean a Varian 940-LC with a photometricdiodearray(PDA)
detectorwith peak monitoring at 280 and 490 nm channelsGradientelution was applied
usinga 0.1 % v/v TFA in the MeCN/watermixture. The mobile phasevasof HPLC-grade
guality andwas filteredand purgedwith nitrogenprior to use.Prior to sample injectionthe
sampleswerefiltered (0.8 em pore size). The typical chromatographioun time was 20 min

ata pow rateof 1 mL min'Z,
4.3.3 Synthesis

The [Os(tpybenzCOOH)?* parent complex was prepared according to the synthetic
procedurereportedin theliterature?®® The generalprocedurefor the preparationof Os(I1)
bioconjugatess describedbelow. The purity and characterizatiordata areincluded in the
Supportinginformation.

4.3.3.1 Preparation of Os(ll) bioconjugatef)s-(Rn)2]** (n= 4, 8; x= 10, 18)

[Os(tpybenzCOOH)?* (1 ewuiv.), 20 mg of peptide (4 eq), DIPEA (20 equiv.) PyBOP (8
equiv.) were dissolved in 700uL of DMF. The reaction mixture was stirred for 24 h at room
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temperatee. The mixture was added dropwise to saturategPR¢{ag.) to obtain dark brown

solids which were collecteda vacuum filtration, washed with water and diethyl ether. The
solids were dissolved in acetone and added dropwise to a TBAC/asetotien to obtain the
chloride salt of the peptide conjugate. The solids were washed copious amounts of acetone
and diethyl ether yielding [O&Rn)2]*" (n= 4, 8; x = 10, 18).

4.3.3.1.1 [Os-(Re)2] 8+

'H NMR (600 MHz, MeOHd4/D20): ti (ppm) 9.31 (s, 4H), 8.86 (d, 4H8.44 8.35 (m, 8H),

7.85 (q, 4H), 7.39 (d, 4H), 7.19 (q, 4H), 5.22 (m, 9H), 4.44 (m, 18H), 3.88 (m, 3H), 3.42 (m,
9H), 3.22 (m, 9H), 3.10 (m, 3H), 2.96 (m, 2H), 2.82 (s, 1H), 2.18 (m, 2H), 1.99 (m, 7H), 1.70
1.09 (m, 76H), 0.96 (m, 2H), 0.82 (m, IHHIR-MS(ESFTOF) m/z: calculated for £H262N
7402005 [M-bisR&* - CI'] 1188.7296, Found 1187.7218.

4.3.3.1.2 [Os-(R4)]**
IH NMR (600 MHz, MeOHd«/D,0): Ui (ppm)9.34 (s, 4H), 8.88 (d, 4H), 8.48.38 (m, 8H),

7.90 (q, 4H), 7.45 (d, 4H), 7.23 (g, 4H), 5.22 (mH), 4.49 (m, 10H), 3.93 (m, 5H), 3.75
3.3.65 (m, 7H), 3.38 (m, 1H), 3.2799 (m, 6H), 2.27 (M, 1H), 2.03 (M, 2H), 18705 (m,
36H), 0.91 (m, 1H), 0.85 (m, 6H). HRS(ESFTOF) m/z: calculated for GsH15N430120s
[M-bisR£* + 8H*+CI 493.0596, Found9B.1205.

4.3.4 Photophysical Measurements

All absorbance measurementere performedon a Jascov670 Spectrophotometgdasco
SpectraManager v2 software). Emission spectra were obtained using a ZamarkEclipse
Fluorescencespectrophotometer (Varian Cary EclipSeftware v1.1). The excitation and
emission slit widths were set to i@ unless stated otherwise. Lifetime measurements were
performedon a PicoQuanFluoTimel00FLS TCSPCsystemusinga 450 nmpulsedlaser
(PicoQuantPDL800-B) andan externalThurlby Thandar Instruments TGP110 10 MHz
pulse generator. Luminescence lifetime data were acquired up to 10,000 counts, and decay
curves were analyzed using PicoQuant Fluofit software andittailatisticalmodelling
(tail-fit criteria; 0.9 <6® < 1.1). The samples wede-aerated by solutiepurging with nitrogen

for 20 min. All lifetime measurements were performed in triplicate at room temperature (293
K) andarereportedasmeanz SD. Luminescence quantum yield)(was determined using

the relative method by comparing with the luminescence intensity of [Ru]bpgs the

standard sample using the following equation:
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Usampte= Us t a nld aT X

Where A isthe absorbance at the excitation wavelength, F is the area under the corrected
emission spectrum and n is the refractive index of the solvent.

4.3.5 Monolayer cell and 3D spheroid celtultures

Two cell lineswerestudied:anadherentnammaliarcell line, Chinesenamsteovarian (CHO

K1), and a lung carcinoma cancer cell line (AS4Bu | beccods modi fied Ez¢
(DMEM)/Hams F12 was usedor CHO cellsand DMEM for A549 cells. Both mediawere
supplemented with 186 FBS and 1% penicillin-streptomycin. Theells were grown at 37

°C with 5 % CO; and sukcultured at 90%c onpuency .

The human pancreatic cancer cell line (HPAC) was cultur&lldoo Roswell Park Memorial
Institute medium supplemented with % FBS at 37 °C with 5% CO,. HPAC cells were
seeded at 2.5 x §Gells/well of 96well roundbottom plates preoated with polyHema(poly-
2-hydroxyethyl methacrylate, Sigma). Cells were allowed todmepactandform 3D spheroid

structuresafter 72 h.
4.3.6 Cytotoxicity studies

The Alamar blue assay (Promocell GmbH) was used to assess the cell viability of A549 and
CHO cells treated with the [QR4)2]'°* probe. The cells were seeded in9éll plates (flat
bottomedculture teated) at 10cells per well for 24 h &7°C with 5 % CO,. The probe was
added at concentrations: 150, 100, 75, 50, 35, 25, 15, 10, 5eMdtd incubated for 24 h

prior to the addition of the Resazurin reagent (¥9v/v) for 7 h at37 °C in the dsence of

light. Absorbance readings were carried out at 570 nm and 600 nm (corrected for background
subtraction) using a CLARIOstar (plus) (v 5.70) plate reader. The viability assay was

performed in triplicate for each cell line.
4.3.7 Confocal laserscanning microscopy (CLSM)

Uptake studies were carried out for A549 and CHO cell lines. Cells were seeded at 1.5 x 10
cells in 35 mm glass bottom culture dishes (Ibidi, Germany). Cells were allowed to grow for
24 h at 37C with 5 % CO,. The growthmedium was removed, and specific concentration of
[Os(Rn)2]*" (n= 4, 8; x= 10, 18") was added and allowed to incubate for 24 h and 48 h at 37
°Cat 5 % CO2 in the dark. The dye/media solution was removed, and cells were washed twice

with supplemented PB(1.1 mM MgCiand 0.9 mM CagG). Cells were directly imaged using
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a Leica TSP DMi8 confocal microscop&3K oil immersion objective lens unless stated

otherwise) with a heated stage at°87

[Os-(Rn)2]** (n= 4, 8; x= 10, 18") was excited using a 49@rwhite light laser and the emission
range was set to between 650 and 800 znpm. DRA
to distinguish intact live cells from permeabilized/dead cells. The 633 nm laser was used to
exciteDRAQ7 and emission was collectdetween 635/50 nm. For colocalization studies
MitoTracker Deep Red (100 nM) and LysoTracker Green (50 nM) were used to selectively

stain mitochondria and lysosomes respectively . MitoTracker Deep Red was excited at 644 nm

and emission was collecteétiveen 656720 nm and LysoTracker Green was excited at 504

nm and emission was collected at 511 nm.
4.3.8 Phototoxicity

DRAQ7was added to live A549 cells treated with {(B)2]1°* (30&M/ 24 h). A group of cells
was selected for continuous irradiation using 490 nm excitation £{0\@én). Emission was
collected between 650 and 800 nm [@s-(R4)2]'°*. The 633 nm laser was used to excite
DRAQ7 and emission was collected betweeni@®® nm. hiswas repeated for an untreated

control sample exposed to continuous irradiation and staineRIKQ?7.
4.3.9 Spheroid Treatment with Os-compounds

Spheroids were treated with [QR4)2]*°" at 30eM for 24 h and 10@M for 24 h and 48 h.
Controlspheroids were treatedth parent complex [Os(tpybenzCOGH) and [Os(Rs)2]*8*

at 100eM for 48 h. Nontreated spheroids were also prepared as a negative control. Spheroids
were cestained with DAPI at 16M for 90 minutes. Each spheroid was collectagividually

and embedded in collagen in eigiell chamber slides, incubated for 90 minutes and observed

under confocal microscopy.
4.3.10 Preparation of fixed spheroid sections

HPAC spheroids were treated with [(R4)2]'°" at 100 uM for 48 h. The spheroids rge
collected, washed with PBS, and fixed if6/NBF (neutral buffered formalin) for 30 minutes.
The spheroids were then washed with PBS again and transferred i#ip20%6 and 30%
sucrose in PBS at’€ overnight until spheroids sank to the bottom. Spiusrwere placed in
optimal cutting temperature (OCT) embedding matrix gel in a histology mold and placed at
80 °C overnight. Spheroids were cut into 5 pm sections using a cryostat. Sections were co
stained with DAPI. The slides were observed under cahfogaroscopy.
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4.3.11 Confocal microscopy of HPAC spheroids

For imaging, HPAC spheroids were plated in collagen treatedliBchamber slides. HPAC
spheroids were directly imaged from thev8ll chamber using a Leica TSP DMi8 confocal
microscope (1R dry and 4X oil immersion objective). Zcanning was used to acquire images
across the -axis of the spheroid sample. On average,- &0 images were acquired at
approximately &=m apart. 3D Z-stack images were used for spheroid reconstructions and 2D
prgection images are also reported. The Os(ll) parent and bioconjugates were excited using a
490 nm white light laser and the emission range was set to between 650 and 800 nm (a false
red colour was used for the Os(ll) channdDAPI was excited at 405 niend emission was
collected between 423 nm and 580 nm.

4.3.12 Evaluation of spheroid viability

The 3D spheroid viability was evaluated using Alamar Blue. Briefly, 2% cells were
seeded in each well of a 96 well round bottom platecpeged with polyHema. he cells were
allowed to grow and form spheroids for 72 h. Spheroids were then treated witR4e)¥*

at 100eM for 24 h and 48 h. Alamar Blue reagent at a concentration &b ias added to

each well and incubated for 5 h at 3. Fluorescence was easured at 535/590
excitation/emission wavelengths on a plate reader (Biotek) using Gen4 software. Background
fluorescence was calculated by using a blank consisting of medium only. Percentage viability

was calculated relative to untreated controls.
4.3.13 Phosplorescence Lifetime Imaging Microscopy (PLIM)

Live A549 cells or HPAC spheroids were prepared and treated wittRQ$°" as described
previously. Luminescence lifetime imaging was carried out using a PicoQuant 100 system
attached to Leica TSP invertddNli8) confocal microscope using aX®r 40X oil immersion
objective. Each sample was acquired for 120 s with ax3822 resolution using the 405 nm.

Data was analysed using PicoQuant Symphotime software.
4.4 Results and Discussion

4.4.1 Preparation and Characterization of the bistetra and bis- octa arginine Os(ll)

conjugates.

We reported recently on the preparation and photsipalycharacteristics of the achiral Os(ll)
parent complex [Os(tpybenzCOOH)?*, usedin this study?®* For an osmium polypyridyl
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complex, it exhibits a comparatively high emission quantum yield and in particular, as
described, has the advantage fribim perspective of the current application of a linear structure
with bilateral conjugation sites, offering the possibility to extend a linear peptide sequence
bridged by the metal center. The tridentate ligand structure also avoids the complexity of the

possibility of preparation of isomers.
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Figure 4.1 A) General chemical structure of Os{tbrpyridine based polyarginine conjugates follov
amide coupling of R(n= 4, 8) to [Os(tpybenzCOOHK}* parent complex. B) Absorbance
normalised emission spectra of [(%:)2]1°* (30 eM/ PBS buffer pH 7.4) under aerated and deae

conditions witheexc 490 nm and excitation and emission slit widths of 10 nm.

Here, we explore the impact of polyarginine chains of different lengths to each carboxyl termini
of the Os(Il) complex, to understand in such an arrangement, if the octaarginine sequence we
have observed to be so efficient in driving related metal complex®ss the cell membrane

and into the cytoplasm require that the arginine residues are contiguous and if longer arginine
chains further improve the uptake. A comparative study on multivalent antimicrobial peptides
reported enhanced antimicrobial activity divalent metallocene conjugat®s The general
chemical structure of the conjugates, {®s)2]*" (n= 4, 8; x= 10, 18, is shown in Figure

4.1A. Each polyarginine chain was composed of four or eighrd@residues. Studies have

shown thatnternalization is not stereospecific as bothaRd L-Arg enter cells efficiently°

Bis-octaarginine and bitetraarginine conjugation to the carboxyl termini of
[Os(tpybenzCOOH)?* was achieved via amide coupling using PyBOP/DIPEA following the
procedues reported previousf)* The structure and purity of the conjugates were confirmed
by 1H and COSY NMR, reversphase HPLC (PDA 490 nm), and higésolution LC mass
spectrometry. Both polyarginine conjugates showed very similar photophysical popertie
PBS (pH 7.4) to the parent complex and Osll MPP previously rep8rfEide absorbance and

emission spectraf §Os-(R4)2]*°* (30 M) are shown in Figurd.1B. The emission maximum
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centered at 754 nm coincides well with the biological window andefulls situated outside

of the range of cellular autofluorescen [Os(Ra4)2]'°* and [Os(Rs)2]'8* in aerated PBS (pH

7.4) exhibited luminescence lifetimes of 89.6 £ 5.3 ns and 89.2 * 6.1 ns respectively, which,
as for their related MPP conjugates, wenty modestly affected by deaeratidiogrs 103 +

6.9 ns andbsrs 108.6 + 11.1 ns).

4.4.2 Uptake studies of [Os(Rn)2]** conjugates

As reported previously, the parent complex without peptide is cell membrane impermeable.
Uptake of the Os(lIpis-octaarginine conjugate was studied in live A549 lung carcinoma and
a non cancerous CHO cell line. Surprisingly, confocal laser scanning microscopy (CLSM)
revealed that bisonjugation to octaarginine did not facilitate transport of the contpl€ke
conjugate remained as impermeable to the cell membrane as the@s({i®ntomplex at 30

ez | 24 eM/24 m(Bigurd 8401). As expected, in absence of any permeation, A549
and CHO cells remained healthy as confirmed bgtaming withDRAQ7, adye which stains

the nucleus of damaged/dead cells.

As previously mentioned, evidence suggests that cargo cellular uptake is enhanced with an
increase in arginine chain length for polyarginine CPPs. However, whereas it has been widely
observed that R8 oR9 provides optimal uptake, the inhibition of uptake with longer
polyarginine chains has also been noted. For example, Sugiura et al. noted, consistent with our
data, that puorescently | abeled R8 was effic
R16 was nof’ Studies have also shown that the cellular uptake ability of oligoarginine
conjugates depends on the total number of Arg residues and not necessarily on the exact
arginine sequenc&® As the chain length increases, the uptake behavior exdess
predictable. For example, studies found that R15 conjugation showed superior uptake to R20
R30 and R75 proved to be toxic toward c&lisLong peptides of lysine have also shown
cellular toxic effecs.”® Thereasorfor reduceduptakeby longer arginine chains is not entirely

clear as the mechanisof argininemediated uptake is still debated. If translocatiothéskey
mechanismit may be thatthe longerchainlengths, associate too strongly with the membrane

or do not cause thepproprate degree of curvature at the cell membrane or areppropriate

length to span the membrane in endocytosis. tiotablethat longterm incubation with the
complex did nottause cytotoxicity, confirmed by the absence of DRAQ7 fthennucleus,

indicating that membrane destabilization by thiesg R chainscanbe excluded.
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As reported previously, R8 promotes the uptake of RuCm{t) polypyridyl complexes across

live cell membranes, s@e then conjugated two R4 chains to each terminus afcimgplex.

In contrast to [O%Rs)2]*®*, [Os-(R4)2]1°* was rapidly and efficiently internalized into live A549

and CHO cell s at 30 eM following 244h incukt
emission from the cytoplasm was evident at 24 h and by 48 h as punctuate staining. Previously
reported ruthenium octaarginine conjugates have generally been founaucddss excluding

with nonspecific distribution throughout the cytoplad#i® Uptake of an osmium polypyridyl
phenanthroline imidazole complex conjugated Rs, [Os(bpy)(pic-arg)]*®* showed
comparable uptake to its ruthenium analogue, although utii&eRu analogue, nuclear
penetration of the osmium complex was observed in CHO cells particularly under
photoirradiation.11 The increased lipophilic character of the osmium complex compared to its

ruthenium analogue was suggested as a reason for itenpeteneation.

Given thepunctate distribution of the complex at later time pointgstablishdistributionof
[Os-(R4)2]1%*, co-localization studies were carriedut using Lysotracker Green for the
lysosomesandMitoTrackerDeepRedfor the mitochondria. Stainingvith DRAQ7 was used
to i denti fy dama goefficientvalliebf$.56 redealdtenly maleratetos
localizatiorwith MitoTracker Deep Red at 3M/24 h, suggesting that titese conditions, the

conjugate enters but is nexclusivelylocalizedat the mitochondria(Figure S1. 13).

As shown in Figur&.2D-F, the punctuate staining of [OdR4)2]'°* (green) at 3@M/48

h co-localizedwith Lysotracker Green (orange) confirming localization of ¢bejugate in
lysosomal structures. Trafficking the lysosomes ofllV-TAT and octaarginine following
uptake has beewrported previously and has been linked to an endocytic uptageanisni*

A similar uptake and distribution in A549 cells were observed when incubated for 24 h at
higher complex concentrations of 18 [Os-(Ra4)2]°* (Figure St. 14) Uptake of[Os-
(R4)2]*°* was also studied in a narancerous CHO cell line. As shown in Figdt8A,B, CHO

cellstreated witHOs-(R4)2]*°"at 30 eM and incubated for 24 h showed extensive cytoplasmic
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and nucleoli staining. In this case, nuclear penetration did not concerncagphitbermally

activated process as penetration was observed following incub&fios-(R4)2]°*in the dark.

The [Os-(R4)2]*°" conjugate exhibited temperature dependent uptake as cell permeation of

Figure 4.2 Uptake and colocalization studies of f()2]*°" in live A549 cells where the osmit

channel is shown in green. Cells were incubated in the absence of light \gith BDs-(R4)2]°* for

A) 24 h and for BC) 48 h. Celocalization studies at 48 h wittysotracker Greens0 nM) confirmec
lysosomal confinment evident by the overlap of the D) osmium channel with E) Lysotracker
(orange) in the F) overl ay A#9 angwhite(ightdesar was o

to excite the conjugate and emission was collected between 650 and 80gsamracker Green w

excited at 504 nm and emission was collected at 511 nm.

A549 and CHO cells was inhibited atCG suggesting that an activated process, such as
endocytosis, is involved for cellulantry (Figure 8. 15). Previously reported octaarginine
conjugates of metal complex cargo have been shown to be internalized via an activated

membrane transport procesg? 3

Co-staining studies using DRAQ7 confirmed that the A549 cells remained viable after both 24
h and 48 h treatment with the conjugate aeBD(Figure St. 16). The absence of DRAQ7
from the cell nuclei of A549 cells treated with the conjugate agf@eh concentration of 100
eM/24 h confirmed that naell deathwas induced at this higher concentration (Figude S
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14A,B). After extending the incubation time for 160 [Os-(R4)2]*°* to 48 h, some DRAQ7
staining was evident, indicating modegtotoxic effects at extended incubations and higher
probe concentration (Figure4S14C-E). In order to assess potential photduced toxic
effects, a group of A549 cells, pretreated Wirs-(Ra4)2]'* (30 eM/24 h) and stained with
DRAQ7, was continuously irradiated usi#g0 nm excitatiorfat 0.84sW/cnv, approximately

3 times higher than the imaging intensity). Under these conditions, no DR#&37ound to

enter cell nuclei following 3 h of irradiation, confirmirtigat the osmium conjugate is ron
photocytotoxic under these conditions (Figude ). We attributethis to theinsensitivity of

the excited state of this species to molecular oxygen. It is not quenched by O2 and thus does
not generate cytotoxic singlekygen under irradiation, and the low excitsthte oxidation
potential of the complex limits photoredox reactions with DNA or protein constituents. The
extentof nucleolistainingof [Os-(R4)2]°* and cellular damagie CHO cells following 24 h

of incubation at 3@M, was evident byhe entryof DRAQ7 (blue) in several cell nuclei (Figure
4.3C,D). The viability of A549 and CHO cells treated wii®s-(R4)2]*°* was assessed by
incubating the conjugate overnight at concentration® dp0eM at37 °C with 5% v/v CO,

using the Alamar Blue assay (Figuré. $8).

The reduction of the resazurin reagent to resorufin was used to directly nasbuability.
The conjugate was found to be remarkably-tepqic toward A549 cellgvith anlCso exceeding
150 eM and cell viability was above 726 up to 100eM. [Os-(R4)2]1°* was found to be
somewhat more toxic to CHO cells where viability decreased td&«@bove 3=M with an
ICsod 7 51.11eMNit is likely that thecytotoxicity in CHO cells is the result of wider
distribution of the conjugate in this cell line, which is evident by confocal imaging where
cytoplasmic staining and nucleoli staining were observdde previously reported
[Os(tpybenzCOOH)?* complex conjugated to two MPPs exhibited a concentration
dependent localization and cytotox icity toward HeLa and MCF 7 cells withsad IC 8M.*°
However, here conjugation of the Os(Il) complex tteo tetraargininechains leads to
significantly decresed toxicity likely owing to the preferential cytoplasmic staining of the
conjugate. Overall[Os-(R4)2]'°* is not photocytotoxicand thedark toxicity of the bis
tetraarginine Os(lIxonjugate toward549 and CHO cell lines is low and comparable to the

reported ruthenium and osmium octaarginine compatintds
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Figure 4.3 Confocal luminescence images of f(i)2]%*in CHO cells. Live cells were incubated v
30eM [Os-(R4)2]*°* for 24 h in the absence of light andstined with DRAQ7. (AB) The distributio
of the conjugate (in green) is shown in a group of celistamed with DRAQ7 (in blue). (©) Closeu,

image of a single A549 cell shows nucleoli stainiipe 633 nm laser was used to excite DRAQ7

emission was collected between 6350 nm.

In addition, [Os(R4)2]*°* was less toxic than the octaarginine conjugate
[Ir(dfpp)2(picCHONH)(Args]®* with ICso values of 54.1 and 38M against CHO and SP2
cells, respectively® The relatively long emission lifetimes of the metal complexes render them
potentiallyuseful agprobes for mapping of the environment of live cells using luminescence
lifetime imaging. ©r example, Ir(lll) and Ru(ll) polypyridyl complexes have been employed
as Q sensors using PLIM studié$°>°>3PLIM was carried out here to investigate the emission

lifetime of the conjugate in the environment of live cells.

Figure 44 shows the falseolour images of the lifetime distributions of tkes(ll) probe in

A549 <cells at 30 €z following uptake at 24 |
the conjugate was found to vary with localization, attributed to environmental effects. When
takenup in the cytoplasm and partially confined in mitochondria at 24 h, the lifetimes fit to a
tri-exponential decay with a very short compor(€tthat was present under all circumstances

of 2 ns and attributed to backgrousndc at t er / r epect ance. The domirr

(67 %) of the decayld, was measured as 92.2 ns + 2.9 ns with a second compotiéetirog,
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3, recorded as 15.8 + 1.5 ns (25. Notably, when confined to the lysosomes and the
surrounding cytoplas at 30 eM/48 h, the [Og(Ra4)2]*°* conjugate exhibited significantly
reduced lifetimes of 37 £ 1.8 ns (3¢ and 9.3 + 0.6 ns (3%). Although O2insensitive, the
conjugate is expected to respond to redotive species in the sudellular environment, but

response on the basis of the pH of the lysoscanebeexcluded as the emission lifetime of
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Figure 4.4 Luminescence lifetime imaging [G&4)2]'°* at 30eM in live A549 cells. A) Confocal image

of a single cell following conjugate uptake at 24 h and B) lifetime distribution in the expanded
cytoplasmic region of the cell. C) PLIM acquired following uptake at 48 h. The PLIM images were
acquired using the 405 nm excitation laser line. The PLIM imagé#secéntire cell of B and C and
corresponding emission decays are shown in the Supplementary Information (FO)S 18

the parent complex in aqueous solution (pH 4.1) showed no response to acidic pH (#igure S
10). The oxidation potential of osmium tigpically 300 mV lower than comparable Ru
analogues, and for the parent complex here, the oxidation potential is 656 mV versus
Ag/AgCIL.* The lysosome is an acidic organelle with a rich cocktail of rexbtive species
including metalloenzymes and thiols likely to quench and thus modulate the estated
lifetime of this complex. The absence of €&nsitivity but potential redox sensitivity to other
species offers an advantage of Os polypyridyl complexes over ruthenium ananiridi
complexes in imaging, offering opportunitiesnonitor localizatiorand metabolic changes in

cells or tissues without interference from oxygen.

4.4.3 Confocal imaging of HPAC spheroids

The excellent membrane permeability of this-tetraarginine Os(ll) conjugate, its low
photocytotoxicity, and NIR emissi®uggests itsuitability as a probe for tissue imaging, and
to date, there have been no applications of Os luminophores applied as 3D multicellular

spheroids imaging probes. ttever, as noted, multicellular spheroids present a very different
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microenvironment. Thus, we investigated their penetration into 3D MCTSs. 3D cell spheroids
are prepared by culturing cancer cells in a-adherent environment, which promotes the

formationof aggregates of cell layerg'4°

We performed studies on MCTSs composed of HPACs grown intlaltrattachment well
plates for 3 days. The spheroids were incubatedtivit[Os-(R4)]'°* conjugate aB0 and100

eM for 24 and 48 h each. For comparisdredbility of the Os(ll) parent complex and the-bis
octaarginine conjugatefOs-(Rs)2]*®*, to penetrate 3D spheroids was also assessed by
incubating with the compounds at 1€1d for 48 h. In the latter cases, no spheroid penetration
or accumulation was observed for either parent cobtaarginine compound, consistent with

studies on 2D cell monolayers (Figuré. 31).

100 pm

Figure 4.5 3D reconstruction depth coding images of whole live HPARegoids treated with [Os
(R4)]*°*at (A) 30eM / 24 h and (B) 10@M / 24 h. Confocal images were acquired at different planes

in the z direction throughout the spheroids (from the bottom to above each spheroid). A 490 nm white
light laser was used to excite the conjugate and emission was collected between 650 an&8alenm.

bar reads 106m.

Conversely, confocal luminescence microscopy studies revealed that ttetrdasginine
conjugate readily permeates the HPAC spheroids. It is important to note that the probes that
the probes are incubated with the live sphenoidgqueous buffer/media without application of

a permeant such as detergent or solvent. As shown in the 3D reconstruction depth coding
images, spheroid penetration was evident following incubation[@&#{R4)]°* at 30sM / 24

h, although staining ahe centre of the spheroid, at 72 &b, was not observed at this
concentration (Figurd 5A). However, by increasing complex concentration to €l 24 h
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extensiveprobe penetration and distribution to the core of the spheroid was actiéyecd:
4 5B).

Hambley et. al. reported on the depth of penetration of a series of platinum complexes in cancer
cell spheroids observing it was inversely proportional to the rate of cellular Gptikelikely

that rapid accumulation of the probe at 8@ results inpenetration and accumulation of
complex at the first few cell layers, leaving insufficient concentration of probe to measurably
diffuse to the center of the MCTS at lower concentrations. Fetbgk images are shown in

the Supporting Information (Figur&s. 22-$4. 23).

Figure 4.6 Z-stack images a single live HPAC spheroid-peated with [OgR4)2]°* (100eM/ 48 h)

and cestained with DAPI (1&M). Each image corresponds to cresxtion from the bottom to the
upper part along the-axis. Representative crosections are shown using brightfield contrast as the
background. Scale bar reads B00. A 490 nm white light laser was used to excite theugate and
emission was collected between 650 and 800Tia.405 nm excitation laser was used to excite DAPI

and emission was collected between 423 and 580 nm.

Figure4.6 shows representativestack images of a single live HPAC spheroid treated with
[Os-(R4)2]1°* at 100eM for 48 h. Emission from the conjugate (in red) is observed throughout
cell layers and deep into the spheroid core. A nuclear localizing dye, DAPI (in blue), was used

as a cestaining contrast dye.
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Figure4.7 shows the extent of preldistribution in spheroid regions following incubation with
[Os-(R4)2]'°*, where uniform cytoplasmic staining, that is mainly nuclear excluding,
observed at 10@M/24 h and 48 h. Furthermore, following treatment with the tetraarginine
conjugate, the Vie spheroids were examined for morphological changes by comparing with
nornttreated (control) spheroids, and the viability assay showed no evidence of toxicity (Figure
$4.24).

Figure 4.7 Confocal images (2iprojection) of HPAC spheroid regions treated with(Rg. at (A) 30

eM/ 24 h, (B) 10&M /24 h and (C) 106M / 48 h at 37C. The spheroids were «tained with DAPI

(10¢ 2) and (D-F) Overlay images with DAPI channel. A 490 nm white light laser was used to excite
the conjugate and emission was collected between 650 and 80therd05 nm excitation laser was

used to excite DAPI and emission was collected between 423 and 5800®in.

A key advantage of Os(Il) polypyridyl complexes is that they exhibit NIR emission well
resolved from the autopuorescence window. E
nicotinamide adenine dinucleotide (NAINADH) and flaving occurs mainly athorter light
wavelengths (350550 nm); t hu s ; I n detecting pbuorophores
autopuorescence c a"MOe(Ra)]¥ @xhibits gn erhigsibntnmeaxineuch o u t
centered at 750 nm and the emission collected here between 63W0amt 8orresponding to

the Os(Il) channel (Figure4.8A) avoids any background signal from biological

aut opuor es c48B)c lurthérdreg asrshown in the above PLIM imagdkes,
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relativelylong lifetimes of these probes also enable fadlscrimination o€ontributions

froma ut op u o midaimealatac e

A

50 pym 50 ym

Figure 4.8 Confocal images of a single live HPAC spheroid treated with(2)s]°* (100eM/ 48 h).
A 490 nm white light laser was used for excitation and emission was collected betwé&801A00
nm; Os(ll) channebnd (B) 5001 570 nm; autofluorescence windo¥C) Os(ll)/autofluorescence

channel overlay.

To further evaluatethe distribution of the conjugateinside the spheroids, fixed cryosections

of HPAC spheroids that were ptecated with [Os-(R4)2]°* (100 M) when live were
prepared and i maged. imdghaseonfirmahe fvidecdssttibutipruobthee s ¢ e n ¢
conjugate throughout the spheroid (Figuréds25-$4. 26). Punctuate staining and overlap with

DAPI dye in the fixed samples suggeseferential acemulationof the conjugate at certain

regions and some nuclear penetration and localization. The latter was not noted in the live
pancreatic spheroid samples. However, it is important to note that the process of fixation has a
profound impact on the cellar structures and can alter the distribution of probes within cells.

Indeed, redistribution of norarginine modi fi ed puorescent dyes wa

where nucleolus migration was observéd

Furthermore, as shown in the PLIM image of punetustining offOs-(R4)2]*°* in fixed

HPAC spheroids (Figure4S27), the lifetime distribution is very uniform. Here, the decay
conforms to a bexponential fit where the osmium conjugate shows only a scuytgoonent
decaywith a lifetime of 16.4 ns, which is shdited than in solutior(U& 89.6 + 5.3 nsput
comparable to the lifetimes recorded in the 2D monolayer cell studies. However the lifetime of
[Os-(R4)2]*°*and its uniformity are likely teeflect thesample fixgéion, which causes extensive
crosslinking of protein structures into a gel state within the.€ef?
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4.5 Conclusions

Using an achiral Os(ll) bisterpyridinylcoordinatedcomplex withlinearbilateralconjugation
sites,we demonstrat¢hat assemblpf polyarginine at opposing ends of the strucexbibits

an additive effect in terms of cargo cellular permeationWhereas the parent complex is
completely impermeable to lie® and 3D cells, the octaarginine conjugate prepared as two
tetraargininamoietiesconjugatedo theterminiof the Os centreshowsexcellentpermeability

and behavesn an analogous way to previously reported octaarginine derivat¥eslated
complexes.In contrast,when two octaargininepeptidesare appendedo the termini, the

conjugate isendereccompletelyimpermeablao the 2D and3D cell cultures.

The [0s(Ra4)2]°* conjugate exhibited exceptionally low cytotoxicity and photocytotoxicity
and an emission maximum at 754 nm coinciding with the biologicatiow. The [Os-
(Ra)2]*%* emission is essentially oxygémsensitive but exhibits a relatively lotiged
emission lifetime of approximately 8% in PBS that facilitates its use in phosphorescence
lifetime imaging. Uptake was found to be efficient it e@tll lines explored, but the distribution
varied with cell typeand wherdOs-(Ra4)2]°* accessed the lysosome its emission lifetime was
significantly reduced likely attributed to emission quenching rexltive species in that
organelle. We examined thpplication of conjugates in imaging a multilayer pancreatic cancer

cell model; to our knowledge, this is the first example of an Os luminophore applied to imaging

of 3D multicellular spheroids. While the parent complex §De-(Rs)2]*®* conjugate were
found to be impermeable, widespread ardepth staining into the 3DMCTS was achieved
with [Os-(Ra4)2]*°* without any impact on cellular function. The emission collected was well

out side the autopuor es cenc especirumduitable fordisseer d

imaging. Our data demonstrate that the efficiency of octaarginine as a permeant does not

require contiguous arrangement of the amino acids but shows that the sequence can be bridged

at the luminophore termini. This approach rbaymore broadly applicable and could pave the

way to novel compounds that combine shorter peptide sequences such as signal and CPP

sequences and could also address issues in peptide synthesis concerning cumulative lower

yields with longer peptides. Thisork also illustrates the value of nagtotoxic osmium

derivatives as probes for studying the MCTS environment.
4.6 Supporting Material

Supporting information associated with this chapter caolned inAppendix C.
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5.1 Abstract

Oxygen is a crucial reagent in many biochemical processes within living cells and its
corcentration can be an effective marker in disease, particularly in cancer where tissue hypoxia
has been shown to indicate tumour growth. Probes that can reflect oxygen concentration and
distribution using ratiometric signal can be applied to a range okotional methods without

the need for specialised equipment are particularly useful. The preparatiorcatidlmstudy

of luminescent ratiometric coighell nanoparticles is presented. Here, a new lipophilic and
oxygen responsive Ru(ll) tdseteroleptt polypyridyl complex is ceencapsulated with a
reference BODIPY dye into the core of pdlylysine coated polystyrene particles.-Care
encapsulation ensures oxygen response but reduces impact of the environment on both probes.
Single wavelength excitatn of the particles, suspended in aqueous buffer, at 480 nm triggers
well-resolved dual emission from both dyes with peak maxima at 515 nm and 618 nm. A robust
ratiometric oxygen response is observed from water, with a linear dynamic range of 3.6 to 262
€M which matches well to typical biological ranges. The uptake of RuBDP NPs was found to
be cell line dependent but in cancerous cell lines the particles were strongly permeable with
late endosomal and partial lysosomalstaining observed within 3 to 4 tuis eventually

leading to extensive staining of the cytoplasm-l@alisation of the ruthenium and BODIPY
emission confirm that the particles remain intaetétiulo with no indication of dye leaching.

The ratiometric @sensing response of the pasiincellulo was demonstrated using a plate
based assay and by confocal xy& scanning of

5.2 Introduction

Molecular oxygen (@) plays a central role in the biochemistry of mammalian cells including

in oxidative phosphorgltion, production of reactive oxygen species and hypoxia respénse.
Hypoxia, a reduction in tissue oxygen concentration below normal levels, is associated with a
number of disease states including tissue injury and metastasis in cancer. It has also been
identified as a marker of radiotherapeutic resistance in cancer disérageed, recently, the

Nobel Prize in Physiology and Medicine was awarded for the discoveries made on the
molecular response and adaptation of cells to oxygen availabiRgliade and quantitative
oxygen sensors with redime responsivity that can be deployed within the cellular
environment, are of significant biomedical value, including for prognosis and tHf&tapy.
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Although there are a number of examples of very effectivg@xgensing luminescent probes
reported for iAcell sensing, they primarily focus on phosphorescence lifetime imaging which
is a rather specialist technigtié! Whereas for widest application, probes that are amenable to
instrumentation such as fluorescenmicroscopy and plate reader assays that are widely
available within biology laboratories are ideally required. Such applications require that
sensing and mapping of intracellular, ®e based on intensity rather than lifetime

measurement&13

Luminescent metal complexes are attractive probes for sensingiofli@e cells due to the
following characteristics: (1) facile photophysical tuning by metal cemteRu(ll) or Ir(lll)

or ligand substitutiotf 18, (2) red emission that coincides weith the photobiological optical
window (6507 950 nm) and avoids interfering autofluorescence from biological media, (3)
good quantum yield, (4) lorlived, tripletbased excited statese( hundreds ns t® 3 €s),

that provides oxygen sensitivity anainche exploited in timgating to eliminate backgrourie

and (5) the ability to incorporate ligand functionalities for post modification such as the
attachment of targeting vectdi$2°253° The latter has been instrumental in overcoming a key
limitation in application of metal complex oxygen probes in cellular imaging. Metal complexes
because of their mass, charge and relative hydrophilicity, are typically not cell membrane
permeable, but coupling to cargo carrying moieties can promote permeatiolingetizdir
application in monitoring of oxygen levels even at the level of specific cellular organelles as
reported in the case of the nucktargeting Ru(ll) bisopy (bpy =2 , -Bigyridine) complex3!

A significant drawback of intensipased measuremifor sensing is that even for probes with
excellent responsivity, selectivity and large linear range, the intensity of emission is influenced
by many parameters beyond the target analyte. These include technical issues around stability
of the excitationsource, detector drift, stray light, and physiochemical issues such as,
photodamage, leaching of probe or interaction with other species within the cellular
environment, for example protein or membrane. Also, if the probe is inhomogeneously
distributed wihin the sensing environment this will affect intensity which is a key issue in

cells.

Ratiometric sensing where probe signal is referenced to a stable emission from a species that
does not respond to environment, but will be equally subjdkidtuatiors in the light source

intensity ordetectorsensitivity etc.,is a useful solution to this issé@3® Suchratiometric
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response to Phave beerdemonstrated both in molecular protfe€ and in particlebased

sensorg®49

In practice, irratiometric sensing it is important to ensure that both probe and reference signal
can be generated with a single excitation source. One approach taken has been to excite the
reference indirectly through energy transfer from thar@icator which is diretty excited.

Usually achieved by a Foérster Resonance Energy Transfer (FRET), the extent of energy
transfer is itself influenced by quenching and so the ratiometric signal is modulated by
molecular oxyge® Such FRET based ratiometric probes can bdergihg to build, as it can

be difficult to ensure that competing photophysical or photochemical processes that can be
influenced by the environment, such as photoinduced electron transfer quenching, do not
occur?! Although this FRET based approach hasnprily been demonstrated in molecular

species, it has also been demonstrated in conjugated polymer nanoparifcles.

An alternative, and more direct approach, is to build structures in vidatth signal and
reference luminophores are both excited atdhime wavelength, but that emit at different and
distinguishable wavelengths. This is a challenge for purely organic fluorophores but is feasible
where probe or reference is Stokes shifted; thus, metal complex luminophores are attractive for
use in suchystemsWe recently demonstrated this approach in a ruthefs@DIPY probe
reference dyad used as a ratiometric probe for oxygen sensing iagneaus media.
Negligible electronic crostalk between the photoactive moieties is an essential criteriagor th

approach?

While molecular species have been widely explored in ratiometric sensing, there are particular
advantages to encapsulating sensing species in particles, particularly for sensing within
heterogenous environments, such as in the living lcelielation to gaseous species such as
oxygen, particles can isolate the sensor and reference from any confounding environmental
impact the cellular interior may have on the photophysics of the probe and reference. Particles
also can be very stable, mayoprote uptake through endocytosis and can, depending on
materials, show low cytotoxicity relative to molecular spet4dRatiometric particlebased
approaches frequently involve incorporation of both thesensitive component and reference
probe in a sigle system for buitn correction of the @respons&®®? Examples include
ratiometric dualwavelength emission at 800 nm and 670 nm reported for single excitation of
polystyrene nanoparticles doped with Pd miegmphenylporphyrin and D835 reference

dye resulted® Kopelman and cevorkersreported ratiometric nanosensors incorporating an
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O--insensitive reference dye such as Alexa 647 with theebsitive and NIR emitting Pd
tetra (4-carboxyphenyl) tetrabenzoporphyrin dendriffferPapkovskyet al. incorporated a
phosphorescentBensor dye, PtTFPP, apdly(9,9-dioctylfluorene) (PFO) reference dye also
acting as a FRET donor, in a single nanoparticle system for multimedan@ing®

However, there are relatively few examplésatiometric nanopatrticle sensors that have been
applied to produce quantitative intensity based ratiomekygen sensitivity in liveeells and
none to our knowledge that use directeowitation of the probe and reference rather than
FRET.

We recently exploited the ratiometric partidd@sed approach using a caeteell particle
design, where the Ru(ll) component was conjugated to thelymihe shell as oxygen sensor
and BODIPY reference was spatially isolated to the polystyrene particleespectively*

These polymebased particles showed excellent photostability and good ratiometric response
to oxygen in aqueous media. However, withouttpeatment with a cationic surfactant, the
particles were impermeable to the cell membrane. Furttrernwith the metal complex
luminophore located at the exterior of the complex, it is difficult to distinguish environmental

impact, on the complex photophysics e.g. from membrane, protein, from that of oxygen.

Conversely, nanopatrticles, polyriegised carers, and liposomes have been used to facilitate
uptake and accumulation of ruthenium probes within cells particularly for photodynamic
therapy application$> %8 Incorporation of ruthenium complexes into nanoparticles can also
improve their photophysicairoperties, by increasing their luminescence quantum yield for

example 5970

Here, using a simplified approach, we describe fabrication of asb@leratiometric sensor in
which both oxygen sensor and reference dye are encapsulated within the parécland
demonstrate that by isolating the sensor complex to the particle copelyke-lysine shell
promotes efficient live cell uptake of the nanoparticles. This approach eliminates the need for
a membrane permeabilizing reagent and simultaneoustyifsgrotection of the probe as well

as reference, resulting in a sedferenced oxygen responsive signal that can be observed within

live cells.

We demonstrate for thérst time, using confocal microscopy and lamb&g $canning,
emission spectra ratnetric oxygen response twrmoxic and oxygen deprived (hypoxia)
conditions inA549 lung carcinoma and HelLa cel/e also demonstrate that this probe is

suitable for use in assays with a conventional plate reader.
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5.3 Experimental
5.3.1 Materials

All chemicals and reagents, cell culture media and corresponding components were purchased
from Sigma Aldrich (Ireland) and were used as receivedoCalising dyes were purchased

from Bio-Sciences and Resazurin agent from PromoKine.
5.3.2 Synthesis

The BODIPY refeence probe was synthesised as described previtusRu(ll) parent
complex was synthesized by modifying the reported synthetic route for preparation of
(tris)heteroleptidRu(ll) compounds via an oxalate rodtecis- Ru(DMSOXCI."%"3precursor

(1) and ligands phefNH.'4, bpybenzCOOF? were synthesised according to literature
procedures. The synthesis of the intermediate ruthenium comp(®r&)ss described in the

supplementary information.

5.3.2.1 Preparation of Ru(ll) parent complex, [Ru(dpp)(pHeH2)(bpybenzCOOEL)][PE] 2

4)
[Ru(dpp)(pherNH2)(0x)] (22.1 mg, 0.031 mmol) was dissolved in acetonitrile (2 mL) prior to
the addition of 1 M perchloric acid (2 mL). The mixture was heated to reflux overnight. The
red-brown solution was cooled on an ice batid added in 3 mL stirring water. The -Ru
intermediate precipitate was collected and transferred to a hot mixture of bpybenzCOOEt
(0.031 mmol) in ethylene glycol (3 mL). Following overnight reflux, the mixture was cooled
to RT and was added to stirring aque ammonium hexafluorophosphate. The deep red solids
were collected via vacuum filtration, washed with water and diethyl ether. Purification was
carried out by performing column chromatography on silica gel using 80:20:1 (MeQNzBl
% w/v KNO3). Reprecipitation of product fractions yielded a mixture of geometric isomers of
the Ru(ll) complex as vivid red solids. Yield isomer mixture: 27.6 mg #2 *H NMR (600
MHz, MeCN-ds) U (ppm): 8.888.78 (dd, 2 H), 8.358.30 (d, 1 H), 8.28.14 (m, 7 H), 8.13
8.07 (m,1 H), 8.047.94 (m, 3 H) 7.9F.83 (m, 1 H), 7.81 7.69 (m, 3 H), 7.68 7.49 (m, 13
H), 7.48i 7.31 (m, 2 H), 7.24 7.18 (d, 1 H) 5.58 (s, 1 H) 4.404.34 (q, 2H), 1.41 1.35 (t,
3H).
13C NMR (600 MHz, MeCNds) U (ppm): 165.05, 151.69, 151.56, 147.69, 143.98, 135.13,
133.14, 129.59, 129.26, 129.21, 129.09, 128.54, 128.31, 127.15, 127.10, 126.97, 125.44,
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125.16, 124.27, 123.46, 102.75. HS (ESFTOF) m/z: calculated for £sH41N7O-Ru [M-
2PFK] *: 466.6177; found: 86.6657.

5.3.2.2 Preparation of poly(styrene) narsiructures and characterization

A triblock copolymer poly(styrenb-Ubenzyloxycarbonyl -Lysine-b-FmocL-lysine) PSs-
PZLLes+-PFLLs was prepared as previously describeBor the first deprotection step of the
Fmoc group, the triblock copolymer (0.8 g) was dissolved mI®MF. To this 2 ml of
piperidine was added and the solution stirred for 2 h at reonperature. The resulting
polymer was recovereda precipitation n diethyl ether. The copolymer was therdresolved
in chloroform and precipitated in diethyl ether three times apnthted as a white powder
(yield: 0.700Q).

To 80 mg of this copolymer the rutheniwwamplex4 (10 mg, 0.082 mmol) was added and
the mixure exposed to A protecting group deprotection procedure by slowly addisglution

of HBr (33 wt. % in aceticacid) 0.3 mL) at 0°C to a solution of the copolymer and ligaimd
trifluoroacetic acid @ mL).! After 4 h, the diblockcopolymer/ligand mixture wasrecipitated

in diethyl ether The precipitate was washed several times with diethyl etheafserddrying,
was dissolved in DDI water andialyzed against DDI water using Spectra/Por dialysis
membranes (MWCO, 3.5 kDa) for h2at roomtemperature. The product was lyophilized and

isolated as an orange powder (yid@:mg).

The miniemulsion polymerization of a 95/5 (v/v) solution of styrene/divinyl benzene (DVB)
and BODIPY were carried out inl® mL two-neck reactor equipped with a reflux condenser,
nitrogen inlet and magnetic stirrer. In a typical reaction, the dibloclolgo@r PSs
PLyssg/Ru(l)(4)2 mixture @0 mg) was added to the reactor under an inert atmosphere and
dissolved id.5mL degassed distilled water. A styrene/DVB monomer solutict®(§) was
deoxygenated separately for 20 min by bubbling nitrogen thraughe BODIPY dye (A5

mg) was dissolved in this solution and injected into the reactor. The reaction mixture was left
undermaxstir (1400 rpm)for 5 min, while being kepdvn an ice bath. The reaction flask was
transferred to a heated oil bath (1@ and adeoxygenated initiator solutiob fng of potassium

persulfate irD.5mL of water) wasnjected to start the polymerization. The reaction was left to

The HBITFA step may be omitted for the encapsulation of lipophilic dyes but is necessary
aiming to isolate the carboxyl complemadogue to th@article exterior. See reference [6dr this
particle preparation approach.
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proceed for 4 hours after whithe resulting latex was dialyzed against DDI for 48 hours using
Specta/Por dialysisnembranes (MWCO, 3.5 kDa).

5.3.3 Instrumentation

'H NMR, 3C NMR and COSY spectra were recorded on a 600 MHz Bruker
Spectrophotometer (unless stated otherwise) and processed and calibrated against solvent
peaks using Bruker Topspin (v2.1) sadine. High Resolution Mass Spectrometry (HIRS)

with Electrospray lonization in positive mode @kVaters Micromass LCT system was carried

out at the Mass Spectrometry Facility in University College Dublin. Thin layer chromatography
(TLC) was performed onlgss silica gel (Merck, 256m thickness) or C18 plates (Sorbent

Technologies, 256m thickness).

Electronic absorption spectra were acquired on a Jasco V670 UV/vis NIR spectrophotometer
using a quartz cuvette with a pathlength of 1 cm. Fluorescenceaspeaie collected on a
Varian Cary Eclipse Fluorescence Spectrofluorometer with background correction.
Luminescent lifetime data were acquired up to 10, 000 counts using a Time Correlated Single
Photon Counting (TCSPC) system by PicoQuant with laser a@wcitgource a 450 nm.
PicoQuant NanoHarp and TimeHarp software were used for data analysis and Theng.
emission spectra and lifetimes were collected also under deaerated condiibns.
photophysical measurements were performed at room temperatur&)(298 in triplicate

(n=3). Luminescence quantum yieldi)(was determined using the relative method by
comparing with the luminescence intensity of [Ru(lg]fy)as the standard sample using the

following equation:

Usample=Us t a nld X I

Where A isthe absorbance at the excitation wavelength, F is theusmder the corrected
emission spectrum and n is the refractive index of the solvent.

Delsa Nano C Submicron Particle Size and Zeta Potential Particle Analyzer with the standard
size cell accessory were used for Dynamic Light Scattering (DLS) and zetaigoten
measurements. Scanning Electron Microscopy was carried out stitédlci S3400Variable
Pressur&SEM.

RuBDP NPs were sonicated for 20 minutes at room temperature prior to characterization or

cell culture studies.
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5.3.4 Oxygen Calibration Studies

RuBDP NP were dissolved in PBS (pH 7.4) at 0.%lw/v. Following purging of the solution

with nitrogen for 20 minutes at room temperature, the solution was allowedé¢oaie whilst
recording emission spectra at various oxygen concentrations measwpwlih using a
PreSense Oxygen Probe. The emission spectra were collected with an excitation and emission

slit width of 10 nm. Oxygen calibration curves were constructed (n=3).
5.3.5 Plate readerbased ratiometric O; response assay

For the assessment of oxyggrenching in a plate readeased assay, samples of RuUBDP NPs
(4.5eg mLY) were dispensed in 1@0 aliquots into three wells of a 98ell plate and treated

with sodium sulfite (NgSOs; 5 mg mLY). The emission spectra of RuBDP NPs were recorded
using a CARIOstar (plus) (v 5.70) plate reader with excitation at 480 nm and emission range
of 505 nm to 840 nm. The concentration of oxygen was monitored and measanadl/fin

using a PreSense Oxygen Probe and an Oxygen calibration curve was constructed.

A549 ells were seeded at1®e | | s/ wel | i n BOOundetowheC@Di.a f or
RuBDP NPs were added at Yu4ptThekeals veee theniwashexn s | .
with PBS & 2) prior to exposuréo sodium sulfite (5 mg mit). The intracellular NP ratiometric

response to changing oxygen concentration followingSiatreatmentwas monitored by

recording theemission spectra using a CLARIOstar (plus) (v 5.70) plate reader with excitation

at 480 nmand emission range of 505 nm to 840 nm.
5.3.6 Cell Culture

Minimum Essential Medium Eagle (MEME) supplemented with%d ®etal bovine serum

(FBS), 1 % penicillin/ streptomycin and{Glutamine (2mM) was used as Hela cell culture

media. MEME supplemented with WOFBS, 2mM L-Glutamine and % Non-essential amino

acids was used to subculture MCF%FBSamwll|l s. H
Glutamine (2mM) was used to subculture A549 cells. CHO Cell culture media was composed

of 12 Ham/ DMEM media (1:1pupplemented with 106 FBS and 1 % penicillin/
streptomycin. Cells were grown at 3T with 5 % CO, and harvested or split at 906

confluency using 1X Trypsin. PBS was supplemented with 1.1mM pay@l 0.9mM CaGl
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5.3.7 RuBDP NP uptake

CHO, HeLa and A549 cells were seeded at<11%8P cells in 35 mm glasbottom culture dish
(Ibidi, Germany) of 1.5 mL total volume and cultured for 2 day&7aC with 5 % CO». The
growth medium was removed and RuBDP NPs were added atg4mL. Following 4 h
incubation the cells were washed with sieppented PBS three times and imaged directly using

a Leica TSP DMi8 confocal microscope (100 X oil immersion objective lens unless stated
otherwise) with a heated stage at €7 and a Q CO, chamber was used for the oxygen
mapping studiesRuBDP NPs were excited using a 480 nm white light laser and the emission
range was set to 505 to 550 nm for the BODIPY component and 569 to 850 nmRaoi(ihe
componentDRAQ7 was added (8M) to distingiish live cells from damaged/ permeabilized
cells. The 633 nm laser was used to eXoRAQ7 and emission was collected between 635

900 nm The timelapse series was carried out using a Nikon Ti2 fluorescence microscope (100

X oil immersion objective les) with a heated stage &t °C and 5 % v/v CQO.
5.3.8 Cytotoxicity assay

HelLa, CHO, MCF 7, A549 cells were seeded separately inwa 86 | plate in 100
10* cells/ well for 24 h aB7 °C under 5% CO,. RuBDP NPs were added at concentrations
betweerD.9 and 10@g mLtin triplicate wells. Control samples were prepared with RBS.

Following 24 h incubation of the nanopatrticles, Resazurin reagent was added to each well (10
el/ well) and incubated for B in the dark aB7 °C. The Alamar blue assay was used to estimate
viable cells based on the absorbance measured at 570nm with a background measurement at
600nm using a Tecan plate reader. The assay was performed at n=3. Comparisons between the
data weramade using twavay ANOVA Post hoc Tukey analysis at 3% confidence level.

Differences between tested groups were considered statistically signifiea@tif0 . 0 5 .

5.3.9 Co-localisation studies

Commercially available dyes DAPI, LysoTracker Deep Red (Invitrogen), R@bPa
(CellLight BacMam 2.0, Invitrogen) and MitoTracker Deep Red were usedlmcadisation
studies for the determination of the localisation of RuBDP NPs following cell uptaké&ddu
staining DAPI dye was added aeB! and incubated for 20 min prior to imaging. DAPI was
excited using the 405 nm laser and emission was collected betweeb8@85m. LysoTracker
Deep Red, used for staining of lysosomes, was added at 50 nM anatatctdr 75 min prior

to imaging 6exc 647 nm,2emrange: 650 800 nm). Rab7&FP, used to stain late endosomes,

155



was added to the cell dish and incubated overnight &C3fior to addition of RUBDP NPs.
Rab7aGFP was excited using a 488 nm white ligtgdr and emission was collected between
490 nmi' 540 nm. MitoTracker Deep Red (25 nM) was incubated for 40 min prior to imaging
and was excited at 644 nm with emission collected betweeni 6800 nm. Following
incubation, dye/growth medium was removed, eglts were washed with supplemented PBS

prior to imaging. Fluorescence intensity profiles were obtained using ImageJ.
5.4 Results and discussion
5.4.1 Synthesis

The synthetic route to the metal complex, reference probe and the oxygen sensor core shell
nanopartiets are summarized in Schefdd. The oxygen insensitive BODIPY reference
compound; 2, 6 diethyll, 3, 5, 7 tetramethyl 8- (2-fluorophenyl)i 6 methoxy 1,5
naphthyridine4 , - ddlubroboradiazaindacene was prepared as reported previdusly.

In aneffort to improve the photophysical response of the Ru(ll) oxygen sensor, we prepared a
novel trisheteroleptic complex; [Ru(dpp)(phéiHy)(bpybenzCOOELH. Ru(ll) complexes
comprising of 4,7dipheny}1,10 phenanthroline (dpp) ligands have been showaresitely,

to promote sensitivity to £°8! The bpybenzCOOEt was selected as a codigiand along

with diphenyl phenanthroline to incredg®philicity to facilitate the PS core encapsulation.

This trisheterolepticRu(ll) polypyridyl sensor was syrglised in high yield via an oxalate
intermediate(3) to form the trisheterolepticRu(ll) complex(4), through a method adapted

from one previously reported by (.

'H NMR, 13C NMR, COSY and Mass Spectrometry were used to confirm the structure and
purity of the resulting complexH NMR showed the expected inequivalence of dpp and-phen
NHo, arising from thecis- configuration of the bidentate complex, across the signals in the
aromatic region of thtH NMR spectrum. The ester moiety of bpybenzCOOEt was confirmed
present from the characteristic quartet and triplet signals in the aliphatic regiorttéf™NIMR
spectrum integrating to 2 H and 3 H at 4.36 ppm and 1.34 ppm respec@eipling
interaction between these protons was confirmed by COSY analysis. HRMS confirmed a mass
cluster with Ru isotope pattern that corresponded td PR * (m/z calculated: 466.6177;
found: 466.6657).

The Ru(ll) polypyridyl complex was eencagsulated with the ©insensitive BODIPY
reference probe, into the nanoparticle core for-redfrenced ratiometric luminescence

response to oxygen. The rationale for this approach was that wehaapsulation into a core
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shell structure, probe and redace are both protected from any environmental effects which
may interfere with the ratiometric response signal. The shell offering spatial separation between
probes and environment, and the high oxygen permeability of polystyrene along with the
enhancedO; sensitivity of dppcoordinated Ru(ll) would permit a stable and selectige O
access to the sensor. Importantly, the exterior of the particle is free for surface modifications
such as coating with poll-lysine.

Adopting a modified synthesis, the paeswere prepared by miniemulsion polymerisation of
styrene/divinyl benzene (DVB) using an amphiphilic diblock copolymer poly(styvdne
lysine) (PSs-PLLeg) as a surfactant?8283 The lipophilicity of both BODIPY and Ru(ll)
complex allowed for their cencapsulation into the negpolar crosdinked polystyrene core at

the miniemulsion step, yielding RuBDP NPs. Physical anchoring of the amphiphilic surfactant
rendered the NP surfabgdrophilic.
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Schemeb.1 Route to synthesis of Ru(ll) trideteroleptic polypyridyl complex4( O, sensor) and
preparation of selfeferenced nanoparticles.

Dynamic light scattering (DLS) was carried out to determine the size, zeta potential and
conductivity of the RuBDP NPs in PBS (pH 7.4). The diameter of the particles was measured
as 98.2 £ 1.09 nrand the average zeta potential measured wais++1.37 mV. The positive

charge on the particles can be attributed the polylysine polymer. The spherical shape and size
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uniformity of the nanoparticles was confirmed by SEM imaging u8d&d kV x 37.0k (Fig
S5. 9).

The magnitude of the zeta potential indicates that the particles form a stable dispersion in
agueous buffered solution and indeed it was confirmed that there was no decomposition or
precipitate formation over seven months period of the parirclegsspension. In addition, the

absolute emission intensity and ratio of Ru(ll) to BDP emission remained unchanged over this

time window (Fig. 8. 10), indicating that there was no leaching of the probes from patrticle.

In a separate study, to confirm Itioa of the probes within the particle, we soaked the particles

in THF as a swelling agent and evaluated fluorescence spectroscopy of the supernatant
following centrifugation of the particles. (Fi§b.11). Wecompared then the supernatant from
similarly treatment of our previously reported csreell RuBODIPY particles, in which Ru is

bound to particle surface and BODIPY to cdfeFrom the latter we observed release of the
ruthenium from the particle outer shell under these conditions, whereas with-toeeco
encapsulated particles we did not observe any release of ruthenium to the supernatant. This we
conclude confirms Ru is ctined to the PS core, where PS crliskage prevents leaching of

the sensor from the core due to size exclusion. Whereas, in both cases, BODIPY, which is

smaller, was observed to release on particle swelling.

5.4.2 Photophysical Characterisation of RuBDP nanoaprticles

The photophysical properties of the paremthenium complex was first characterised in
acetonitrile, Table 1. [Ru(dpp)(phéiH2)(bpybenzCOOEL]], exhibits a metal to ligand
charge transfertfILCT) transition centreemax 460 nm (Fig. S. 12). And, when excited at
dmax, €Xxhibits a broad intense emission with a maximum at 622 nm. Ru(dpp)(phen
NH2)(bpybenzCOOETtf| emission shows strong oxygen sensitivity in acetonitrile. The
guantum yield oft was measured in aerated am@eérated acetonitrile as 0.01#8.0003 and
0.0291+ 0.0003 respective)yusing [Ru(bpyi]®" as the reference stand&fd.The parent
complex exhibits monoexponential luminescent decay in acetonitrile with a liféfig&72

ns under air saturated conditions (Fig. $3). The BODIPY derivative was selected as
reference in this study because control studies in solutiirmed lack of quenching or other
interactions that might predict cretdk in the particle. Indeed, as shown below, photophysical
properties of the particle confirm probe and reference do not cross talk to any significant extent.

Furthermore, both rbenium and BODIPY derivatives can be simultaneously excited at 480
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nm. Iteration of the ratios of probe and reference under this excitation wavelength were carried
out in solution to ensure appropriate relative scale of signal and a ratio of 1:2 (BOD{F)Y/Ru

for particle preparation was used then in all particle preparation.

The photophysics of the RuBDP NPs were examined in aqueous PBS solution, pH 7.4, as this
was the medium used for biological studies. The photophysical characteristics of the particles
correlate well with the solution phase behaviof the constituent luminophores. The RuBDP
particles exhibited dual, well resolved emission signals with maxima of 618 nm and 515 nm
attributed to the ruthenium probe aBODIPY referenceWhile the relative emission intensity

of each (Ru and BODIPYluminophore varies with excitation wavelength, the emission of
both probe and reference was retained with no evidence for cross talk. 480 nm was used as
excitation throughout subsequent measurements as this gave dual emission with appropriate

relative inensity of probe and reference FiglA.
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Figure 5.1 (A) RuBDP response to change in oxygen concentration measugeabin'L .Emissiol
spectra of RuBDP NPs in PBS (H1) when excited at 480nm; both excitation and emission slit v
set at 10 nm. (B) Sterviolmer Plot: the luminescence originating from the ruthenium comp
decreases with increase in oxygen concentration whilst the BODIPY reference probe is aty
affected (n = 3).

As shown in Figur®.1B the emission intensity of the NP encapsul&edl) varies linearly

with [O2] whereas, as expected, the emission intensity of the BODIPY reference probe remains,
within experimental errorconstant. Calibrating oxygen concentration in the contacting
solution using a PreSense Oxygen Probe the emission intensity data was fit to the Stern
Volmer equation (Eqn. 19 (Fig. 5.1B) where the ratiometric intensity data shows good
linearity (R = 0.9802).

|
— =KsyO, + 1 (1)



Ks = kgl (2)
The Stern Volmer quenching constang(K was obtained from the slope of the Stern Volmer
fit (--) and k, the rate of quenching was found to be 42%¢ M? stin PBS (pH 7.4),
according to Eqn. 2 (wher is the lifetime in the absence of oxygen). While the O
permeability of polystyrene is hift the kq is lower than metal complex reportedafution,
and this is likely attributed to some impedance of tifieigion of oxygen in the PS core or

inaccessibility of some metal complex te @ encapsulatian

The linear dynamic range for ratiometric signal, from the RuBDP particles was measured as
3.6 and 26Z2M O., which coincides well with the £range anticipiged invitro studies (O

250 eM)13, spanning oxygen concentrations ranges indicative of hypoxia. Although the
magnitude of signal change in response to oxygen is not as large as reported for molecular
systems such as porphyrin or iridilwoordination compounds, such species typically show
high singlet oxygen yields and/or cytotoxicity, compared to the nanoparticle encapsulated
complexes reported here, that show limited toxicity even under extended photoirradiation, as

discussed vide infrgf 20

Table 5.1 Photophysical data of particle dye constituents and RuBDP*NPs.

o L'jlum ¢
o a k o e o b Udeaeratedb/
Compound Solvent Uaerated” / NS aerated
nm / nm ns
deaerated

[Ru(dpp)(phen-NHz)(bpy- MeCN 460 626 371.9+53 599.4+7.3 0.0173

benzCOOEL)] % (4) 0.0003
0.0291+
0.0004

BODIPY dye MeCN 498 512  3.85+0.03 - -

RuBDP NPs BODIPY-core PBS (pH 480 515 3.87+0.01 - -
Ru(ll)}-core  7.4) 618 523.0+12.1 708.9 +10.2

&l All measurements were performed at room temperatiRercentage relative amplitudes are given
in parenthese€! [Ru(bpy)]?* was used as a reference standard.

The emission decay of the RuBDP particles was collected under aerated and deaerated
conditions. Emission decay from the particles was found to fit to a dual exponential kinetics.
In air saturated PBS (fP262 emol/ L) lifetimes of 523.0 £ 12.1 ns and 3.87 £ 0.01 ns were
recorded corresponding to the amplitude averaged lifetiRai@f) and BODIPYcomponent,
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respectively. Upon deaeration gJ@3.6emol/ L) the emission lifetime of tHeu(ll) component
of the deay increasedo 708.9 + 10.2 nsvhile the BODIPY lifetime remained unchanged
(Fig. . 14- S5.15). The photophysical data for tRei(Il)-parent compound, BODIPY core
and RuBDP NPs are summarized in Tdhle

5.4.3 Cell Studies

Having confirmed theRuBDP NP stability in PBS, ratiometric signal and oxygen

responsiveness, we next investigated the permeability of the NPs to live cells.

5.4.4 Uptake studies in live HeLa, CHO and A549 cell line

The cell uptake of RUBDP nanoparticles was assessed acrosd sewesmtrations in live

HelLa cells over time by incubating the nanoparticles in the absence of [gRjht@ivith 5%

v/iv CQ,. Uptake of the nanoparticles at 4§ mL? into the cytoplasm is observed to have
commenced after 3 h. By 4 h the particles are dispersed throughout the cytoplasm. Critically,
in contrast to our previously reported nanoparticle system, uptake was spontaneous and did not
require facilitation by sekent or surfactarft* The cationic polylysine shell of the particles

likely promotes interaction with cell membrane. This is in contrast to the previously reported
particles, where it would seem that when ruthenium complex was appended to the particle
exterior this inhibited uptak®

Consistent with solution studies, 480 nm was used as excitation wavelength in cell imaging to
excite both probe and reference. Figusel® shows the images collected from two channels
with range of 505 550 nm and 569 850 nm, coincident with the BODIPY reference and
Ru(ll) probe respectively. The spatial coincidence of the two signals confirms the particles are
present and that dual emission is observed from each luminophore under this excitation
wavelength. The spat coincidence of each emission signal also confirms that the particle

cores are intact.

Co-staining with nuclear staining probe, DAPI, revealed that the RUBDP NPs are excluded
from the nucleus but accumulate in the nuclear peripheral environmenb.@jigCrossing of
the nuclear membrane in live cells typically requires interaction with the nuclear pore complex

via a small nuclear localization signal (NLS) or via significantly smaller particle®%$e.
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While nuclear targeting is often desirable iugl delivery/therapeutic applications, nuclear
exclusion is preferable for monitoring of oxygen levels in other cellular compartments involved

in ATP production and cellular metaboli$h.

Figure 5.2 Confocal luminescence images of RuBDP NP uptake atgdL in live HeLa cells. Cells

were incubated in the absence of light for 4 h. (A) The RuBDP NPs were excited using 480 nm white
light laser and the emission for tRei(ll) component was collected between 569 nm and 850 nm. (B)
Cells were cestained with nuclear staining probe, DAPI. (C) Overlay of Ru(ll) channel with DAPI.
(D) Overlay with brightfield.

Confocal imaging indicated that HelLa cells remain viable followpogt incubation with

RuBDP NPs for 24 h at 45 mL ! with no evidence for cytotoxicity despite wide cytoplasmic
distribution over extended windows (Fig5.9l7). A timelapse study was carried out to
investigate the fate of RUBDP NPs in live Halddls following uptake. Hela cells were treated
with RuBDP NPs at the ilmad) forquptakeo(Righ8A) and ns ( 4

were monitored over time using a widefield fluorescence microscope.

Emission from the Ru(ll) channel was acquiredrgvl0 minutes overnight on a heated stage
(37°C) under an atmosphere ofbv/v CO,. As shown in Figur®.3, emission intensity from
the particles increased sharply following 4 h of incubation &8B). This was also observed
by confocal microscopy fdHelLa cells prdareated at the same conditions and imaged post 4 h
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of initial incubation. The precise origin of this increase in emission intensity signal from the
Ru(ll)-component is unknown so far but we tentatively attribute it to endosomal eschpe of t
particles from late stage endosome, where acidity of the environment may impact the Ru

intensity.

Contributions from proteolysis of the shell over extended windows in the lysosome, are
unlikely given the relatively low partitioning into the lysosome atsb continuous co
localisation of the BODIPY and Ru emission signal over the extended range of time scales

indicates that irrespective of origin, the particle core rematast.

Figure 5.3 Widefield fluorescence images of HelLa cells-pemated with RuBDP NPs (4&g mL?)
and monitored over time. Emission collected from the Ru(ll) channel (A) following uptake of the
particles and (B) at 4 h of incubation afiéP uptake. The Ru(ll) component of the NPs was excited at

470 nm using the GFP excitation filter.

Furthermore, comparison with behaviour of the related nanoparticle where Ru was
immobilised at the protein surface, persistence dbcalisation indicagd that the particle is

not proteolyzed ircellulo under imaging conditions. Future studies will focus on assessing

promotion of particleelease from late endosomal structures into other cellular compartments

and organelles such as the mitochondriauifese modified structure$

RuBDP uptake in a necancerous cell line was also studied. Here, CHO cells were incubated
with RuBDP NPs under the same conditions gg5mL ! for 4 h), however interestingly, at

this concentration, in contrast to HeLa and the other cancer cell lines studied vide infra, there
was no evidence of nanoparticle uptake. Rather the particles adhered to the cell membrane
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exterior (Fig. S. 18). Incubabn of CHO cells with increased concentration ofefPmL?

NPs for 24 h did lead to particle uptake and-spacific distribution within the cytoplasm (Fig.
S5.18C). However, in addition, at this concentration, cell debris was observed and by confocal
imaging onDRAQ?7 staining damaged CHO cells were evident.

The contrasting uptake between CHO and HelLa is interesting and we speculate may be due to
the differences widely noted between cancerous angtancer cell line8” 1% This includes
differences m pathways for endocytodid as well as the composition of the cell membrane
which can differ significantly in terms of lipid composition, membrane fluidity and lipid
rafts192103Cancer cells are characterized by a highly negative surface chargeedpesare

of phosphatidylserine (PS) at the outer membt&h®>

In order to investigate further, uptake studies were also carried out for a second cancerous cell
line, the human lung carcinoma A549 cell line. A549 cells were treated with RuBDP NPs at
4.5 eg mL? and incubated aB7 °C and 5% CQ,. Similar to HelLa cells the RuBDP
nanoparticles were internalized withimd3 of incubation and the same punctuate staining was

observed throughout the cytoplasm (Fi§. 39).

5.4.5 Cytotoxicity

The Alamar Blue (Resazurin) Viability assay was used to evaluate the cytotoxicity of RuBDP
NPs between 0.9 and 169 mL?! in HeLa, A549 and CHO cells over 24 h in the absence of
light at 37 °C. It was found that HeLa and A549 cell lines were remarkably tolerant to the
particles up to @g mL* (Fig. 5.4) which is twice the working concentration of 4§ mL*

used in our confocal imaging studies. AbovegdmL? viability varied depending on theell

line. This may be attributed to the particle uptake mechanism and localization.

The results for the cancer lines, correspond well with the cell imaging where no cell death was
observed at 4.5g mL!and decrease in cell viability is observed fax @HO cell line above

9 eg mL1. As mentioned previously, no particle uptake was observed for CHO cells at the
working concentration and nespecific distribution within the cytoplasm could be observed
post incubation at high particle concentrationg@yZnL™?). In addition, HeLa cells show good

tolerance with 73% of cells still viable up to 22.5g mL 1.
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Figure 5.4 Cell Viability of HeLa, MCF 7 and CHO cells after 24 h exposure to RuBDP NPs over a
range of concentrations. Live cells were treated with the nanoparticles followed by addition of
Resazurin for 6 h. Absorbance readings at 570 nm with a background at 6@renperformed. Data
were expressed as averaged percentages and compareetteatemcells. ® 0. 0BO 0 *0 *,
** PO 0.0001.

RuBDP NPs were found to be more toxic towards A549 cells at these concentrations with an
ICs0 between 18 and 22&g/ mL. Decrease in viability of A549 cells in comparison to HelLa
cells may be attributed to an increased rate of nanopatrticle uptake as suggested by confocal
imaging. Similarly, Platinum(lfporphyrin nanoparticles were shown talog-toxic between
5-20eg mL?! and concentrations above 49 mL* resulted in cluster formation and cell
morphological change€$® The viability of particletreated MCF 7 cells, showed these cells had
superior tolerance, with an §€above 4%g mL?, ten times the working NP concentration for
confocal imaging in A549 and HelLa cells. Overall, from these results the uptake and toxicity
of RUBDP NPs is both concentration and-tiek dependent.
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5.4.6 Uptake mechanism and cdocalization studies

Particle upake studies in HeLa and A549 cells were also carried out’@t At low
temperature, uptake was inhibited wilscumulation of RuBDP NPs at the cell surface
observed for both cell lines (Figb20- S5.21). And, notably, no particle permeation to the
cdl interior indicating that uptake occurs through an energy dependent mechanism, likely,
endocytosis.

Nanomaterials are widely reported to be transported across the cell membrane of mammalian
cells via endocytosis and specifically pinocytosis when thecpemdize, as is the case here is

< 200 nm'Y” Internalization of nanoparticles via an endocytic pathway typically involves
multivesicular bodies known as endosortfésTo evaluate particle localization was to
endosomes, ctocalization studies in HeLa and549 cells were carried out using Late
Endosome Rab7&FP. Emission Intensity Profiling showed strongacalization of RuBDP

NPs with Rab745FP following uptake at 469 mL* after 4 h of incubation (Fic.5D). The
Pear sonds Co guaitifies theededree of wdtalization between the NPs and
Rab7aGFP, was determined to be 0.88. This observation strongly supports the notion that
uptake in these cancer lines is through endocytosis where following this mechanism of uptake
theRuBDP NPswill be transported by endosomes which mature into late endosomes (LE).

Co-localization studies witl.ysotracker Deep Red and MitoTracker Deep Red were carried

out to determine the fate of the particles atsgy3nL following 4 h incubation and transgo

in late endosomes. Late endosomes and therefore potentially, the NPs can undergo lysosomal
fusion, exocytosis or can be released in the cytoplasm and/or then enter cellular compartments
and organelle$® Co-staining studies with Lysotracker Deep Red mal ed a Pear s
coefficient value of 0.32 and thus a low degree cfocalization suggesting only partial

lysosomal distribution of RUBDP NPs in HelLa cells (Fi§. &3). Whereas, ceetaining with

MitoTracker Deep Red (Fig.5524) showed that underdbe conditions, the RuUBDP NPs do

not localize to the mitochondria.

More homogeneous emission, without the punctuate staining characteristic of endosomal
entrapment followed 24 h incubation, suggesting the particles are released to cytoplasm without
targetng specific organelles, making them potentially useful oxygen probes. However, another
consideration is that quenching of the tripdetited state of Ru(Il) complexes leads to singlet
oxygen formation, that can lead to damage of cellular compohé@nité. Therefore, to assess

phototoxicity of RuBDP NPs following uptake in HeLa cells, a ROI of cells was selected for
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continuous irradiation at 480 nm. Viability of cells was monitored by presence or absence of
nuclear stainindPRAQ7 dye. A control sample &s also irradiated under the same conditions

in the absence of RUBDP NPs and viability was monitoredRAQ7. As shown in Fig. 5.

25, toxicity was observed, but only after two hours of continuous irradiation which would be
outside the time interval ugdén conventional imaging/sensing studies, where irradiation would

rarely be continuous over such windows.

1 —— Rab7a-GFP
60 4 RUBDP NPs

Emission Intensity (a.u)

104 ’L‘

10 20 30 40 50 60
Distance (um)

Figure 5.5 Co-localization of RuBDP NPs wittate endosomal staining probe in live HeLa cells where:
confocal imaging of (A) RuBDP NPs at £§ mL? 4 h (green), (B) Rab7&@FP (yellow), (C) overlay

of RuBDP/Rab7#&FP channels with the brightfield background. (D) The fluorescence intensity profile
of RuBDP NPs and Rab#aFP obtained from the line profile across the cell is also shown (ImageJ).

The absence of photoxic effects over shorter term may be attributed to the particle stability
and enclosure within the LE. This is a key advantage to théORUBPs for continuous real

time oxygen sensing in live cells.
5.4.7 Ratiometric response in induced hypoxic conditions

To evaluate if a ratiometric signal that reflects/@riation can be measured intracellularly, the
emission spectrum of intracellular RUBDP NPs was collected using #kecapning mode of

a confocal microscope. The spectra were collected under normoxi¢ () and hypoxic
conditions (5% Oz). A549 celt were treated with the particles under normoxic conditions,

washed with PBS and immediately imaged (Bi§A,B). The emission spectrum was collected
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at this point between 495 and 795 nm at 5 nm intervals usiagThee chamber conditions
were adjusted &m normoxic to hypoxic by gradually switching to% v/v O>. The images

are normalised to BODIPY emission intensity, figui@b, which was observed not to change
with oxygen concentration but there is a clear increase in luminescence intensityRo(lthe
channel was observed during confocal imaging of the same region of celld.@gg.in
moving from normoxic to hypoxic conditions. An analogous response was also observed in
HelLa cells under the same experimental conditions (Fg2&). Emissio spectra were
acquired in this manner for three different cell regions and averaged in Fikre 5

Figure5.6E shows an approximate twold increase in the intensity of the Ru(ll) component
while the reference BODIPY probe intensity remains unchanged. Using the ragigupdib/

| sop s1sunder hypoxic conditions, the intracellularJ@vas estimated toe< 2.6emol L.

100 T T T T T T

Normoxia O, 20%

--=--Normoxia O, 20%

804 Hypoxia O, 5 %

60 i

2041 i =

Normalized Emission Intensity (a.u)

Hypoxia O, 5%

L
0-1— T T T T ===
500 550 800 650 700 750 800

20 pym Wavelength (nm)

Figure 5.6 Confocal imaging of A549 cells treated with RuUBDP NPs ate4.5nL* for 4 h at 37C.

(A, C) Ru(ll) channel (5691 850 nm) and (B, D) BODIPY channel (50%50 nm) under normoxic
and hypoxic conditions. (E) Confocal lambagagcan: emission spectra collected between 495 nm and
795 nm following single excitation at 480 nm at normoxic and hypoxicitonsl where both the

BODIPY andRu(ll) component emission maximum is observed (n=3).

The particles show good uptake to the cytoplasm, low dark toxicity and phototoxicity and good
selfreferenced response to oxygen in solution and in €é&Hally, a keymotivation in creating

ratiometric oxygen sensing particles is that they are suitable for intensity based studies with
conventional lab instruments rather than specialised techniques such as lifetime imaging.

Therefore, the ratiometric oxygen responsé¢hef particles in cells at oxygen levels between
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normoxic and hypoxic conditions was assessed using a plate-beeber assay. To establish
instrument response (notably the detector sensitivity was greater towards the red region of the
spectrum), a platbased calibration plot was obtained by recording the particle spectra at
various oxygen concentrations using a CLARIOStar (plus) reader and a PreSense Oxygen
Probe. The emission intensity data was fit to the Stetmer equation as shown in Figh.S

27.

A quantitative cell based study was then carried out where A549 cells wetreaiszl with
RuBDP NPs 1) 4and&sing ajplata keader, the emission spectra of the particles was
collected prior to and sequentially in time, followiagposure to oxygen scavenger, sodium
sulfite!'® (Fig. . 28). The absolute emission intensity was naturally lower for the cell
encapsulated nanoparticles but the RUBDP NPs showed a quantitative ratiometric response to
gradually changing oxygen concentoation incubation of the cells with B80s (5 mg mLY).

The [] could be readily quantified as 156.6, 98.9, 72.6 andSB@/L at several timepoints

by the intracellular probe following treatment withJS&s using the ratiometric signal with

the calibraibn plot.

5.5 Conclusions

Thepreparation of highly stable and lipophilic ratiometric nanoparticles is described. Here, the
probe and reference, an €ensitive novel Ru(ll) complex and BODIPY fluorophore are co
encapsulated in particle polystyrene (PSedbat is decorated with a pelylysine exterior.

This approach promotes cell permeability and isolates the core bound components from
environmental effects except for oxygen which is PS permeable. Solution studies of the
RuBDP NPs confirm sensitive rathetric response to oxygen with dynamic range that is
expected to be suitable for biological studies. The particles were studied in cells. Uptake of
RuBDP NPs in cancer cell lines; HeLa and A549 cells was observedsa mBE* within 4 h

of incubation at 3% but was inhibited at°€. In contrast, the particles were impermeable to
CHO cells under these conditions and cell viability studies showed a concentration and cell
line dependent cytotoxicity. Dynamic widefield microscagydies reveal that in cancer cell
lines an emission enhancement from the Ru(ll) component occurred within a further 4 hours
following initial uptake, the origin of which is thought to reflect NP endosomal escape.
Although RuBDP NPs can offer a ratiometresponse to changes in laedosomal oxygen
levels,future studies will focus on exploiting modifications to the particle exterior to achieve

efficient endosomal escape and targeting of specific cellular organelles. Overall, the data
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indicates that thee probes are suitable for nmwvasive, dynamic, and quantitative
measurement of oxygen-aellulo using a plate reader assay or confocal microscoy éxad

thus may be a useful tool for monitoring oxygen for mechanistic insights in cancer biology and
in diagnostics. Future studies will focus on promoting targeting to key organelles and

enhancing the Oxygen response from the sensor.

5.6 Supporting Material

Supporting information associated with this chapter cdiolred inAppendix D.
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Chapter 6: Conclusions and FuturePerspectives

Over the past decade, there have been several studies focusing on the applitamsitioh
metal complexesln the context ofcellularimaging and sensingpplications,some of the
attractive propertiesof transition metalluminophores such as ruthenium(ll)include
synthetically tunable optical propertiegpically longluminescent lifetimes, photostability
andlarge Stokes shift$n the past,ite application of transition metal luminophonesellshas
been limited by thr generally poocell permeability and nonspecifoic unpredictableellular
uptake Several strategies have since been developechprovetheir uptake and targeted
delivery into cel$ (e.g., bioconjugationpanocarriers, cell penetratirand signalpeptide$

which in turn has aided thecellular gplicatiors including imaging and theranostics.

In Chapter 2, a series bfiR emittingRu(ll) -biquinoline conjugates wesgudied in CHO and

HelLa cell lines. All conjugates (peptide: NLS,MPP,R8 and PE@sth showed aqueous
solubility and cellular uptake. Interestingly, the counterion was found to influence uptake of
the peptide conjugates where only the perchlorate analogues were membrane permeable. The
peptide conjugates showed wide cellular distribuaod high dark cytotoxicity which limited

their application as imaging probéditochondrial depolarization and caspase activity assays
revealed thatell death was triggered throughoptosisnitiation likely throughdepolarization

of the mitochondriainembraneThe unexpected cytotoxicity was attributed to the wide cellular
distribution of the conjugates combined with the increased lipophilicity of the Ru(ll)
biquinoline complexas the more hydrophilic PEGylated conjugate was significantly less

cytotoxic.

Chapter Presents thaovel achiraDs(Il) complex [Os(tpybenzCOOHRF* and introduces the
concept ofbioconjugationof a cell penetrating peptide to each carboxyl teusiof the
complex via amide couplinp promote cellular uptaké mitochondrial penetrating peptide
(MPP) was selected in order to drive the Os(Il) complex to the mitochorBlotn parent and
conjugate exhibited relatively intense N#missionand robustphotostability suitable for
cellular imaging.Uptake studiesvere carried out itdeLa and MCF 7 cells. While the parent
complex was cell impermeable, confooatroscopyand celocalisationimagingstudies with
showed that theOs'MPP was membrane permeable and tasgethe mitochondria ta
concentrations below 50M. At increased concentratignOs' MPP showed rapid uptake
wider distribution penetration of the nuclear envelog®d cell deathThe localisation switch
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of theconjugate observed bgonfocal imagingwas also reflected by a change in the cell death

mechanisnas evident by the mitochondrial depolarization and caspase activity assay.

The attractive photophysical properties of the Os(ll) comglex, NIR emission, good
guantum yield, photostdity ) described in Chapter 3 lead to the investigaiits application

as an imaging and potentially sensing probe in 2D cell monolaye@&Dananor spheroiddn
Chapter 4the Os(Il) parentcomplexwas conjugatedo two polyargininechainsof varying
lengths(R4 andR8) in order to examine whether the optimal octaarginine sequegogesa
contiguougpeptidestructureor cellular uptaker whethelit canbeachieved through bridged
structure Similar to 2D cell monolayer studies, when examined in 3D multicellulzrsids,

the parent complex and bigtaarginine conjugate were found to be impermealitie bis
tetraarginine conjugate however show2D cell uptake These results showed that the
octaarginine sequence does not require a contiguous arrangement far cgitake and can
be bridged across the compl&hese findings may pave the way towards investigation of novel
bridged peptide conjugate&dditionally, the tetraarginine probe showsttlespread and in
depth staining into the 3DMCTS without any impacton spheroid viability.The emission
collectedfromthe probevas wel | outsi de the autopuorescen
of the spectrum suitable for tissue imagiBgsed on literature to date, this is the first example
of an osmium(ll) luminophore probe applied to imaging of 3D multicellular spherdils.
shortemissionifetimes andabsence of @sensitivity bufpotential redox sensitivity to other
biorelevant species offers an advantageOs(Il) complexespotentially expanding their
application toward sensing and monitoringradtabolicchangesn cellsortissueswvithout

the interference of gegen.Overall,thiswork highlights the potential of nerytotoxicNIR-
emitting metal complex bioconjugatés cellular and tissue imagirand sensing.

In Chapter 5, le fabrication ofratiometric nanoparticlefor intracellular O sensing was
presented. The cohell approach of ecencapsulatingRu(ll) O> sensorand BODIPY
reference dye in the particle core and decorating the exteriopalgk_-lysine proved to be
successful in achueng 1) isolation othedyes from environment effecand 2) promobtin of
cellular uptake.The particles showed good response to changes in intracellular oxygen levels
and were suitable both faronfocal microscopy (@) and for a plate reader assalt is
advantageous for oxygen probes to perngitfeasurements using different techniqW®ben

rapid and multiplemeasurements of monolayer cell sam@esdesired, aonventional plate
readermay be used. Luminescence microscepy then be used for@napping of three

dimensional cell models or tissue samplBsiture studies will focuen achieving endosomal
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escapeand subcellular targeting potentially by exploiting sheface chemistrgf the particle

and amide coupling of éhRu(ll) complex to a targeting vector.

As described in the introduction of this thesis, an area which has received atterltien is
application oftransition metaluminophores insupefresolution imaging techniqueshich

offer subdiffraction resolved structural information. Such techngjueclude Stimulated
Emission Depletion (STED) Microscopstructuredllumination microscopy (SIMor super
resolution SIM (SRSIM) and photoactivation localization microscopy (BM). Complexes

of zinc, osmium and even platinum are also receiving attention for their applications in

bioimaging

In the context of medicinal chemistry and theranostissmentioned, TLD1433 is the first
Ru(l)- polypyridyl complexfor photodynamic thepyto reach human clinical triandit is
expected that further effortall follow in designing and developing analogous complexes with
increased efficacy and specificitpevelopment of @ metation complexes with antibiotic
activity is also anothezmerging research ardénally, more recently, attention hatsobeen
devoted towarsithe application of metal complexes as potential antiviral agents against SARS
CoV-2. Thesynthetic versatilityand rich redox chemistiyf metal complexesombined with
theirunique physicochemical propertiesay lead to the development of novel therapeutics.
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Appendix A

Supplementary material associated withapter 2 fiPhotostable NIR emitting ruthexm(ll)

conjugates; wuptake and biological activity i

S2.1 Materials and Instrumentation.

Peptides (> 95%) were purchased from Celtek Peptides, TN, USA. Mass spectrometry data
for peptides used in this work was provided by Celtek Peptide anddettlhere. All other
materials were obtained from Sigma Aldrich and were used without further purificition.
NMR and *C spectra were recorded at either 400/600 MHz as indicated using Bruker
spectrometers and deuterated solvenhénonuclear lock. The spectra were processed using
Bruker Topspin software and were calibrated against solvent peaks according to published
values! High Resolution Mass Spectrometry (HWRS) was performed at the HRS facility,

Trinity College Dublin, MSSpectrometry facility University College Dublin or the Mass
Spectrometry Facility, NUI Maynooth (for peptide conjugates). The syntheses of the Ru(ll)
complexes described below were performed under nitrogen and in the absence of light.
Analytical HPLC was prformed on a Varian 940C Liquid Chromatograph using an Agilent
Pursuit XRs 5 C18 column (5 pum, 4% 250 mm). Samples were prepared in 99/1
Water/Acetonitrile containing 0.1% TFA. Gradient elution at 1 mL/min flowrate was
employed in the separationing a 0.1% TFA in Water/Acetonitrile mixture starting at 99/1

% and changing linearly to 3%/70 % over 15 minutes and then held at @070 % for 5
minutes. A Photodiode Array detector, PDAD was used for peak detection, this permitted
complete U\vis spectra )200 to 600 nm to recorded for each peak and elution was followed
by monitoring at 554 nm. UV Vis absorption spectra were recorded on Varian Cary 50
spectrometer. Emission Spectra were recorded on a Varian Cary Eclipse fluorescence
spectrophotometeawith excitation and emission slit widths stated. All analyses were carried
out using quartz cuvettes and background scans applied. Fluorescence lifetime measurements
were carried out using a PicoQuant FluoTime 100 Compact FLS TCSPC system using a 450

nm pulsed laser source.
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S22 Synthesis and structural characterisation.
S22.1 Characterisation data.

S22.1.1 3(2-pyridyl)-5-(4-methylphenyhlL,2,4triazole (1)

T T T T T T T T T T T T T T T T T T T 1
89 88 87 86 85 84 83 82 81 80 79 78 7.7 76 75 74 73 7.2 Ppm

] g el | I

I ,l,f,!! ]

T T T T T T T T T T T T T T T T
9.0 75 7.0 6.5 6.0 55 5.0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 ppm

8:5 8:0
@ = @
Figure S2.1*H NMR spectrum (600 MHz) ofL) in DMSO-dk.

(1) 8.73 (d, 1H, J= 4.62 Hz), 8.20 (d, 1H, J= 8.10 Hz), 8.07 (t, 1H, J= 7.56 Hz, 1.62 Hz), 7.98 (d, 2H,
J=8.28 Hz), 7.59.56 (m, 1H), 7.32 (d, 2H, J=7.98 Hz)

A2



IAH L. Il

T T T T T T T T T T T T T T
210 2

00 190 180 170 160 150 140 130 120 110 100 90

T T T T T T T T T
80 70 60 50 40 30 20 10

Figure S2.2 *C NMR spectrum (600 MHz) dfL) in DMSO-db.
(1) 158.66, 149.14, 146.26, 139.05, 129.53, 126.07, 124.91, 121.74, 116.54, 114.24, 21.05

S22.1.2 13-(2-pyridyl)-5-(4-carboxyphenyhl, 2, 4triazole (2)

5 ‘ |'\| H
~ i i |“
e ||\ il ‘ "I‘L.‘.Ilg o
T I T T T T T T T T T T T T T T T T T T T T
15 14 ppm 90 89 88 87 86 85 84 83 82 81 80 79 78 V7 76 75 74 ppm
5 2 @ =3
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b 2
[
I
- - Ly N

W W T

Figure S2.3'H NMR spectrum (600 MHz) d) in DMSO-ds.

T T T T T T T T
2 1" 10 9

7 6 5 4 3 2

(2) 15.01 (s, 1H), 13.08 (Br. S, 1H), 8.74 (d, 1H, J= 3.66 Hz),-8.24 (m, 3H), 8.147.99 (m, 3H),
7.54 (m, 1H).
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Figure S2.4 3C NMR spectrum (600 MHz) ¢®) in DMSO-ds.

(2) 167.02, 166.68, 149.59, 146.29, 137.98, 134.49, 131.19, 129.93, 129.47, 125.95, 125.20, 121.52.

Intens. +MS, 0.2min &9
:c1|','|‘J‘I
8
1+
267.0876
L
4+
24
Q- T T T r T
200 400 600 800 1000 1200 1400 miz
Meas. m/z # lon Formula miz err[mDa] err[ppm] rdb N-Rule e Conf mSigma
267.087567 1 C14H11N402 267.087652 0.1 03 115 ok even 229

Figure S2.5 HR-MS (ESFQTOF): Single Mass Analysis ¢2) indicating [M + H] +.
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S22.1.3 Ru(biq)2(3(2-pyridyl)-5-(4-carboxyphenyhl,2,4triazole) (3)

_JH\M | N o u‘ w N l.M,,/ nn

8.8 B. 3.4 a. 2 B. 7.6

TR T B L T

LM

150 145 140 135 130 125 120 115 110 105 100 9.5 8.0
I TE r/ffﬁﬁ\ﬁ saﬁgﬁaﬁéfﬁﬂlﬁfﬂ%
s D EEEREE R

Figure S2.6 *H NMR spectrum (600 MHz) of3) in MeCN-ds.

(3) 14.07 (s, 1H), 9.83 (s, 1H), 9.07 (d, 1H, J= 8.94 Hz), 9.01 (d, 1H, J= 8.94 Hz), 8.97 (d, 1H, J= 8.94
Hz), 8.88 (d, 1H, J= 8.94 Hz), 8.84 (d, 1H, J= 8.94 Hz), 8.80 (d, 1H, J= 9.66 HzB.8%an, 2H),

8.17 (d, 1H, J= 4.14 Hz), 8.13 (d, 2H, J= 8.94 182)-8.04 (m, 3H), 7.8§.82 (m, 4H), 7.76 (t, 1H,
J=7.68 Hz, 1.5 Hz), 7.58.50 (m, 2H), 7.4F.32 (m, 4H), 7.15 (d, 1H, J= 9.24 Hz), 062 (M, 2H),
6.986.88 (M, 3H), 6.82 (t, 1H, J= 8.04 Hz, 1.68 Hz).

w p MMH% A ‘W‘M \ it

W »M MWJJWMW il Mh w iy Wu“'WWWW'W Jjw.w Wil MJM,

1)

i

i

T T T T T T T T T T T
170 165 160 155 150 145 140 135 130 125 120  ppm

Figure S2.7 13C NMR spectrum (600 MHz) dB) in MeCN-ds.
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(3) 166.77, 163.90, 162.09, 161.96, 160.75, 152.92, 152.72, 152.46, 150.74, 150.69, 140.56, 140.11,
139.94, 139.84, 139.57, 133.30, 132.74, 131.71, 131.64, 131.36, 130.43, 11RD2A6, 130.07,
129.94, 129.89, 129.76, 129.66, 129.55, 129.45, 128.24, 127.67, 127.09, 126.99, 126.79, 126.26,
123.53, 123.06, 122.25, 122.19, 121.50.

—

T T T T T T T T T T T T T T T
] g 7 F2 [ppm]

Figure S2.8 'H-'H COSY NMR spectrum aof3) in MeCN-ds. (Aromatic region highlighted)
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Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 50.0 PPM / DBE: min = -1.5, max = 200.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 5

Monoisotopic Mass, Odd and Even Electron lons

94 formula(e) evaluated with 1 results within limits {up to 10 best isotopic matches for each mass)
Elements Used:

C:0-50 H:0-3 N:0-8 0:0-2 Ru:0-2

David Cullinane (TK), DJCTKOO01
Q-TOF20180618MF014 36 (0.666) AM (Cen 8, 80.00, Ht, 10000.0,1570.68,0.70); Sm (SG, 2¢3.00); Sb (15,10.00 ), Cm (13:83-78:81) TOF MS LD+
1.81e+003

10 8701774 gaq 1787

B7T 1801

B73.1880 o009 2125

1803 8902145 gg3 9149 901.210 9072007

865.0 870.0 &75.0 880.0 885.0 890.0 &95.0 900.0 205.0 210.0

Minimum: -1.5

Maximum: 5.0 50.0 200.0

Mass Cale. Mass mDa FEM DEE i-FIT i-FIT (Norm) Formula

B795.1774 475.1770 0.4 0.5 38.5 134.7 0.0 Cc50 H33 N8 02 Ru

Figure S2.9 HR-MS (MALDI-QTOF): Single Mass Analysis ¢8) indicating [MT H]+.

S22.1.4 Ru(big)2(trzbergONH-RS) (4)

\” 1,

I T ﬁ m if (]
i J

|||| II.||||| M_“:I |||“|J || |1

T T T T T T T T T T T T T
94 9.2 90 88 86 84 B2 80 78 76 74 72 70 ppm ‘

L=2(E=r A bad 1B
alw| |~
o”o |l

1 M [ V
T fun 'I ' |||." Tl "."' ko / L [t !I'. |I L |'|
_ MM AU TR ML ! U | A M
| T T T T T T T T T T T T T

6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 ppm
a(g=|2le|zk|gfz
56;5;&&;;;;

Figure S2.10'H NMR spectrum of4) (600 MHz, MeOD + 1 drop of fD)

1.70

9.19 (d, 2H); 9.0:8.88 (m, 4H); 8.51 (t,2H); 8.16 (d, 1H); 8.05 (d, 1H); 718 (m, 5H); 7.76.50
(m, 4H); 7.387.19 (m, 8H); 7.0%.73 (m, 5H); 4.32 (m, 8H); 3.39 (m, 2H); 3.32 (m, 8H); 3.23 (m,
14H); 2.35 (m, 2H); 1.91..68 (m, 33H).
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Figure S2.11'H-C 2D HSQC NMR spectrum ¢#) (600 MHz, MeOD + 1 drop of fD)
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Figure S2.12H-3CDEPT135 2D HSQC NMR spectrum @) (600 MHz, MeOD + 1 drop of fD)

DJCTK_004_5ul_DCU_290618 #10179-10513 RT: 22.40-23.09 AV: 84 NL: 4.61E8
T: FTMS + p NSI Full lock ms [200.0000-2600.0000]

100

320.8758
321.0184

(o]
o

321.1611

[es]
o

~
o

320.7333

(0]
o

321.3038

320.5905

Relative Abundance
o
o

321.4469
320.4478

320.1624 321.5901
n l A 321.7335

319.0155  319.5944 322.5468
I T T T T I T T T T T T I T T T T I T T T T I T T T I T T T

T T
319.0 319.5 320.0 320.5 321.0 321.5 322.0 322.5
m/z

Figure $2.13MALDI QTOF of (4) Z= 7, GoH1sN42010RuU Calc. 320.8761 Found 320.8758 {&H]
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DJCTK_004_5ul_DCU_290618 #10179-10513RT:|22.40-23.09AV |34 JNL:J2.05E9
TRAFTMS + p NSI Full lock ms [200.0000-2600.0000]

90
50}
q G
T g=9]
O]

372.5 373.0 373.5 374.0 374.5 375.0 375.5

376.0

Figure S2.14MALDI QTOF of (4) Z= 6, GoaH14éN42010Ru Calc. 374.1875 Found 374.1876 {8H"]

Figure S2.15MALDI QTOF of (4) Z=5, GodH145N42010Ru Calc. 448.8234 Found 448.8232 {NH']
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