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Ultrafast light-switch properties of a G-quadruplex
binder: [Ru(phen),(tpphz-DC3)]**

Philip A. Morgenfurt,1? Avinash Chettri, 11> Lorcan Holden,?
Benjamin Dietzek-Ivansi¢ (2 *§°€ and Tia E. Keyes () *

Light-switch probes, where the probe only emits light on binding to its target, are highly attractive in bio-
imaging as they provide for outstanding contrast, especially in the interrogation of a discrete and dynamic
distributed structure like G-quadruplex DNA. Here, we examine the photophysical properties of a
G-quadruplex (G4) selective probe comprising a light-switch Ru(i) dipyridylphenazine complex co-
assembled with the well-known G4 selective ligand PDC3; [Ru(phen),PDC3]*" (RUPDC3), using femtose-
cond and nanosecond transient absorption spectroscopy, complemented by steady-state spectroscopy
and spectro-electrochemistry. We compared the photophysics of RuUPDC3 with that of a well-known
photo-switch [Ru(bpy).(dppz)]?*, Rudppz, and observed marked differences in their behaviours. Whereas
in Rudppz, the MLCT state is either localized on the phenanthroline or the phenazine unit, we show that
in RUPDC3, this state has charge delocalised over the entire PDC3 unit. We then compared the ultrafast
dynamics of this complex with Rudppz when associated with duplex and G4 DNA of different topologies
and observed notable differences in trends in the exited-state dynamics in both RuPDC3 and Rudppz
with G4 for the first time. RUPDC3 shows greater variation in excited-state dynamics with G4 topology
and offers the prospect of elucidation of topology by ultrafast imaging.

energy of MLCTq,,i So that this state lies at lower energy than
MLCTyyigne and it becomes the reservoir for excited state

Ruthenium(u) polypyridyl complexes containing dppz = dipyr-
ido[3,2-a:2",3"-c]phenazine ligands are well known for their
light-switch properties wherein their bright red emission in
non-aqueous media is extinguished in H,O and have been
studied extensively in the literature.""" Olson et al. were the
first to hypothesize the existence of two competing emissive
and non-emissive states in dppz-containing complexes as an
explanation for this behaviour ie., a bright metal to ligand
charge-transfer (MLCTyyigne), and MLCTq, State, They pro-
posed that in aprotic solvent, the 3MLCTbright state is popu-
lated by intersystem crossing (ISC) from the "MLCT state from
where it deactivates via emission. In protic solvent, H-bonding
to the phenazine moieties and solvent polarity reduce the
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energy from which rapid non-radiative ground state recovery
occurs." Supported by significant evidence, both experimental
and theoretical, their hypothesis that emission depends on
dark and bright states that lie in variable degrees of equili-
brium, depending on properties of the medium and tempera-
ture, is now widely accepted. Reported experimental data indi-
cate that the dark state is associated with the phenazine
portion of the dppz ligand while the bright state is centred on
either the counter polypyridyl ligand or localised to the phen
portion of the dppz ligand.'*"® Regardless, some questions
remain regarding the origin of the rapid deactivation mecha-
nism of the dark state.”>™"*

Early studies attributed quenching of the dark state to
H-bonding, excited-state proton transfer and/or the influence
of the energy gap law on the deactivation of a low-energy dark
state.”**™® Currently, the most accepted explanation is that
the dark state is quenched by bulk H,0."® Exclusion of H,O,
leading to light-switch on, can be instigated by biomolecular
recognition and so, for the past 30 years, ruthenium complexes
containing the dppz ligand have found extensive applications
in DNA detection, anticancer drugs, protein aggregation detec-
tion and as chemosensors."”?°* For complexes like [Ru
(phen),(dppz)]** or [Ru(bpy),(dppz)]**, studies show that their
binding affinity to B DNA is comparable to the classic interca-
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lator, ethidium bromide.*>® Recently, effort has been
focussed on cell studies with a number of approaches taken to
overcome the significant challenge of poor cellular uptake,
and targeting of such complexes to regions of nucleic acid
materials within cells.?**°
The dppz unit has been expanded into other ligand systems
that also retain light switch behaviour on Ru(u) coordination.
Ru(u) complexes of tpphz (tpphz = tetrapyrido[3,2-a:2',3"-
¢:3",2"-h:2"",3""-flphenazine) show the same light-switch pro-
perties as dppz complexes. For example, luminescence of [Ru
(bpy)(tpphz)]** at 636 nm in dry acetonitrile is extinguished in
H,0."""** Similarly, Ru-tpphz complexes are widely explored as
DNA switches, including in living eukaryotic and prokaryotic
cells, with the advantage that they were reported to be mem-
brane penetrating without requirement for membrane
permeabilization.>®**>' The tpphz ligand has also been
explored as a bridge for dinuclear metal
complexes.*"*>°?74 There is increasing interest in developing
probes that can discriminate non-canonical forms of DNA
beyond duplex, including G-quadruplex (G4) and i-motif DNA
structures. G4 structures are of particular biomedical inter-
® G-quadruplex DNA form stacked guanine tetrads from
guanine-rich DNA sequences under physiological conditions,
through combined Hoogsteen base pair hydrogen bonding
and stabilization through a central monovalent cation such as
potassium or sodium.’®®” Over 10000 sequences in the
human genome are predicted to be capable of forming G4
DNA structures under physiological conditions.’®*® These
sequences are highly prevalent in the telomere region of the
human genome, near nucleosome-depleted regulatory regions
close to transcription start sites of genes and in human onco-
genes. G4s are believed to play a critical role in cancer and are
also associated with genome expression and genome
stability.®"®® Molecular light-switches are particularly attrac-
tive for detection of such non-canonical structures for imaging
and quantitation since the complexes will give a null signal in
the absence of a target, in principle, emitting only when
bound to G4, and this can lead to high-contrast imaging.'*>**
Ru-dppz- and dinuclear Ru-tppz-based complexes have been
reported to show good affinity toward G4 in solution, and G4-
binding induces the light-switch effect.®> The first ultrafast
studies of [Ru(phen),dppz]** bound to both antiparallel and
parallel G-quadruplex structures were reported recently and
the differences in the complex’s dynamics when bound to
duplex versus G-quadruplex DNA were attributed to the influ-
ence of different water-binding patterns within the highly
hydrated G-quadruplex structure.’”’°® However, Ru-dppz com-
plexes typically do not show high specificity for duplex
DNA.>"%7"%% Accordingly, efforts are ongoing toward adapting
the Ru-dppz scaffold to improve its selectivity or to elicit emis-
sion  responses that  distinguish  different = DNA
structures.b'>?419467% we recently reported a novel dppz
ligand structure where we incorporated the well-known G4
ligand, PDC3, and prepared its coordination compound, [Ru
(phen),(tpphz-DC3)]** (Fig. 1a) where phen = 1,10-phenanthro-
line, tpphz = tetrapyrido[3,2-a:2',3"-¢:3",2"-h:2"",3""-j]phenazine
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Fig. 1 (a) Chemical structures of Rudppz and RuPDC3 investigated in

this work. (b) A representative sketch showing the topology of the four
DNA sequences formed in potassium phosphate buffer that were inves-
tigated in this work: K-ras, single strand antiparallel G-quadruplex (5
AGGGCGGTGTGGGA-TAGGGAA 3'); 22AG, single strand hybrid
G-quadruplex (5" AGGGTTAGGGTTAGGGTTAGGG 3); InterG4, parallel
G-quadruplex, formed from four individual strands (5" TAGGGT-TA 3');
and ct-DNA, duplex formed from two complementary strands
(41.9 mol% G-C and 58.1 mol% A-T), where A is adenine, T is thymine,
G is guanine and C is cytosine. The red arrows represent the direction
from 5 — 3. (c) Steady-state absorption and emission spectra of
Rudppz (blue) and RuPDC3 (red) in acetonitrile. Emission spectra for
both complexes are recorded at 450 nm excitation. All experiments are
performed under aerated conditions.

and DC3 = 2,9-diylbis(carbonylimino)bis[1-methyl-
quinolinium]. The resulting complex exhibited preferential
binding to G4 DNA, with affinity an order of magnitude greater
than that for duplex DNA. Moreover, it offers clear discrimi-
nation between DNA and G4 on the basis of emission lifetime
and resonance Raman signature.”’ These properties can, in
principle, be discriminated in cellulo by imaging.

As shown in Fig. 1c, the optical properties of [Ru
(phen),(tpphz-PDC3)]*" are distinct from those of [Ru
(phen),(dppz)]**. In particular, the emission spectrum from
[Ru(phen),(tpphz-DC3)]** shows a broad band red-shifted by
more than 100 nm compared to that for [Ru(phen),(dppz)]**
Evidence from both experiment and theory indicates delocali-
sation of excited-state electron density across the extended
tpphz-DC3 ligand and this may account for the impact of G4
on the photophysical changes induced on binding. In spite of
this difference, the light-switch remains operational. In this
contribution, we explore the photophysics of [Ru
(phen),(tpphz-DC3)]*" (from here on referred to as RuPDC3)
in solution (buffer and acetonitrile) and in G4-quadruplexes
and duplex ct-DNA (Fig. 1b), with femtosecond and nano-
second transient absorption (fs- and ns-TA) spectroscopy. We
compare the findings to the photophysics of the prototypical
light-switch complex [Ru(phen),(dppz)]?* (from here on
referred to as Rudppz), in solution and the DNA sequences
used for RuPDC3, under identical conditions.

This journal is © the Partner Organisations 2025
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Experimental
Sample preparation

The synthesis of the ruthenium complexes has been described
previously.”® Chemicals were purchased from Sigma-Aldrich
(Merck), Fischer Chemicals and CARL ROTH.

Femtosecond-TA and nanosecond-TA  spectroscopy
measurements were carried out in a 1 cm quartz cell under
aerated conditions in distilled H,O or acetonitrile (ACN). An
optical density of 0.2-0.4 at 450 nm was used for all the
measurements, corresponding to [Clgy = 50 pM for both com-
plexes. A power of ~0.2 mW was employed for fs-TA experi-
ments, while ns-TA experiments were conducted at a power of
~2 mW. Analysis of the ns-TA spectra was completed using the
sum of exponentials.””

For the SEC and CV measurements, a solution of [Clg, =
0.8 mM was prepared in ACN with 0.1 M TBAPF;. A solution of
higher concentration, where [Clg, = 1.2 mM, was prepared for
the time-dependent SEC studies.

G4 DNA sequences were purchased from Eurofins
Genomics and stored at —20 °C. The quadruplexes were pre-
pared by following an established protocol obtained from a
previously reported study.”* Briefly, KPB buffer (10 mM potass-
ium phosphate, 100 mM KCl) was used to anneal the quadru-
plex for all measurements. Quadruplexes were annealed at
95 °C for 10 min before cooling the solution slowly to room
temperature over the span of 4 hours at [Clquaa. = 1 mM. Calf-
thymus DNA (ct-DNA) was purchased from Merck and dis-
solved in PBS buffer to give a solution with [Cl..pna = 1 MM.
Here [Clquaa. and [Cleepna are expressed as the number of
strands for G4 and number of base pairs for ct-DNA. The con-
centration of G4 was provided by the supplier, while for ct-
DNA the concentration was determined via absorption at
260 nm and 280 nm in PBS before each experiment. Binding
of ruthenium to DNA sequences was performed in a cuvette by
adding ruthenium to DNA solution over 30 minutes, giving
[Clrua = 50 uM and [Clouad.ceona = 80 UM.”> At these concen-
trations, complete binding of the complex to the DNA is
ensured.” In order to ensure stability of the sample, solutions
were checked for photo-bleaching and photo-product for-
mation after each measurement, by comparing the absorption
spectra before and after the experiment. Neither of these two
processes was observed.

Steady-state UV-vis absorption and emission spectroscopy

UV-visible (UV-vis) absorption spectra were recorded using a
Jasco-V760 spectrophotometer and emission spectra were
recorded wusing an FLS980 spectrometer (Edinburgh
Instruments) in a 1 cm quartz cell.

Femtosecond and nanosecond transient absorption (fs-TA and
ns-TA) spectroscopy

A complete description of the fs-TA set up was provided
elsewhere.”*”” In brief, the 800 nm fundamental output of an
amplified Ti:sapphire laser was split into two portions, where
one portion was passed through a barium borate (BBO) crystal
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to generate light of 400 nm wavelength while residual light
from the other portion was focused on a rotating CaF, plate to
generate the white light continuum. The delay time used in
this study was 1.8 ns. The mutual polarization between pump
and probe was set to the magic angle (~54.7°).

For nanosecond transient absorption spectroscopy experi-
ments, 450 nm pump pulses were generated from an optical
parametric oscillator (OPO), pumped by a 10 Hz Nd:YAG laser
with time resolution of ~10 ns. The probe light was generated
from a xenon arc lamp. Transient absorption signals were
detected by using a commercially available system acquired
from Princeton Instruments.

Spectro-electrochemistry (SEC)

SEC experiments were carried out using a CHI 900 potentiostat
coupled to a V-670 spectrophotometer (Jasco) with Ag/Ag™ as
the reference electrode, Pt gauze as the optically transparent
working electrode, and Pt wire as the counter electrode.
Studies were conducted in ACN with 0.1 M tributylammonium
hexafluorophosphate (TBAPF) as a supporting electrolyte. SEC
and voltammetric measurements were carried out in a quartz
spectro-electrochemical cell (I] Cambria) with a 1 mm optical
path length. Cyclic voltammetry was carried out in the ranges
of 0 to 1.3 Vand 0 to —1.8 V. For SEC, a potential of 1.09 V was
applied and time-dependent spectra were recorded from 0 to
40 minutes.

Results & discussion
Photophysics of Rudppz and RuPDC3 in H,O and acetonitrile

Fig. 1c shows the steady-state UV-vis absorption spectra of
Rudppz and RuPDC3 in ACN. In Rudppz, the absorption
bands at 373 nm and 440 nm correspond to ligand-based n-n*
and metal-to-ligand charge-transfer (MLCT) transitions,
respectively."”®

For RuPDC3, an additional band at 388 nm is observed that
is attributed, from previously reported computation, to an
intra-ligand charge-transfer (ILCT) transition between the phe-
nanthroline and the methylquinolinium pendants of the het-
eroligand.”® The '"MLCT absorption signals for RuPDC3 and
Rudppz are comparable, although the absorption is red-
shifted and broader for RuPDC3. This is due to two contribut-
ing transitions from the highest occupied molecular orbital
(HOMO) of the Ru(u) centre to the unoccupied molecular
orbital of the phen and the terminal methylquinolinium on
PDC3.”° Fig. 1c also shows the emission spectra of RuPDC3
and Rudppz in ACN. For Rudppz, the luminescence in ACN is
centred at 613 nm and attributed to *MLCT phen-based emis-
sion.! Similar to the absorbance, the emission from RuPDC3
is broader with a greater Stokes shift and maximum at
710 nm. Compared to Rudppz, the RuPDC3 emission is red-
shifted by 2230 cm™". This is, from computation, due to delo-
calization of the excited state over the extended = system of the
PDC3, with the emission attributed to a 3MLCTtpphZ_DC3-based
state (vide infra). Like Rudppz, RuPDC3 behaves as a light-
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switch. Its emission is extinguished in H,O, indicating that
H-bonding to the pyrazine of tpphz leads to population of a
dark state. The photophysics of Rudppz-related complexes has
been widely studied."®?777>7778% gince the photophysical
properties of Rudppz are of fundamental importance to under-
stand the photophysics of the light-switch behaviour of
RuPDC3, we performed time-resolved spectroscopy of Rudppz
in H,O and ACN for comparison.

Fig. S1 shows the femtosecond transient absorption (fs-TA)
spectra and kinetics of Rudppz in H,O upon 400 nm exci-
tation. The spectra (Fig. Sla) are composed of excited-state
absorption (ESA) features below 377 nm and above 515 nm,
while a ground-state bleach (GSB) dominates between 377 and
515 nm." At a delay time of 1 ps, the differential absorption
spectrum is composed of a broad ESA above 515 nm and a
sharp ESA band with a maximum at 355 nm, highly reminis-
cent of the TA features of [Ru(bpy);]*" and [Ru(phen);]**.”87%°
The 355 nm ESA is associated with a 3MLCTPI1en state, from LC
transitions within the reduced phen moiety, whereas the broad
ESA above 515 nm stems from a combination of ligand-to-
metal charge-transfer (LMCT) and ligand-centred (LC)
transitions.””7%7% Within 20 ps, the ESA intensity above
625 nm decays, concomitant with an increase of the ESA
maximum at 565 nm. This feature is comparatively sharper
than the one observed at 1 ps and is associated with a non-
emissive *MLCT,,,-based state."”” At longer delay times, an
overall decrease in ESA and GSB signal is observed (Fig. S1b).
Global kinetic analysis, applying a sum of two exponentials,
yields two time constants: 7; = 2.5 ps and 7, = 250 ps
(Fig. S1c).”® These values agree with previously reported values
in the literature determined by, for example, Olson et al." 7, is
associated with a decrease and an increase in ESA above and
below 575 nm, respectively, and is therefore assigned to the
*MLCTphen — “MLCT,yp, transition.””” 7, decreases the ESA
and GSB simultaneously and is therefore associated with mole-
cules repopulating the ground state, ie., the *MLCT,p,, — So
transition. For comparison, Fig. S5b shows the fs-TA kinetics
of Rudppz in ACN upon 400 nm excitation. The kinetics at
450 nm and 560 nm, which are associated with GSB and ESA,
respectively, do not undergo significant changes within the
temporal window of the experiment (~1.8 ns). This is because
in ACN, the 3MLCTphZ—based state is destabilized, so the
3MLCTPhen is the lowest-lying state, with a lifetime of 180 ns,
i.e.,, the light-switch phenomenon is turned on in this
medium.*”

Fig. 2 shows the fs-TA spectra and kinetics of RuPDC3 in
H,0 at 400 nm excitation. The fs-TA spectrum recorded at 1 ps
is dominated by excited-state absorption (ESA) below 368 nm
and above 522 nm, with ground-state bleach (GSB) in between
(Fig. 2a). The ESA observed closely resembles the features typi-
cally associated with the *MLCTppen-based state.”””**® Within
7 ps, this band decreases with concomitant formation of an
ESA with a maximum at 617 nm. This ESA band is absent in
the spectra of Rudppz (vide supra) and [Ru(tbbpy),(tpphz)]**
and therefore stems from the charge-transfer from phen to
PDC3, i.e., a *MLCTpp, ppcs State.®

Inorg. Chem. Front.

View Article Online

Inorganic Chemistry Frontiers

10 (@) 7/
5
fa)
Q
£
4 0
2 —1 DS
< —T7 DS
=140 ps
5 300 ps
600 ps
1850 ps
10 / = _Inv. abs. specjrum
T T T 7/ T
400 500 600 700
Wavelength / nm
/L i
s O °) LS
-5
4 \
=}
o \ i Y
=) %
g =
g .g
<4 4 - .5<<(1
-8 -
356 nme=——449 nm)| D e L -10
m e 485 N 620 NI ) IL
T —— Ty T T T T T
301 0 1000 400 500 600 700

10 10i
Delay time / ps Wavelength / nm

Fig. 2 Femtosecond transient absorption (fs-TA): (a) spectra, (b) kine-
tics and (c) decay-associated spectra of RUPDC3 in H,O, at 400 nm
excitation. Imposed on the spectra in (a) is the inverted steady-state
absorption of RUPDC3 in H,O. All experiments are performed under
aerated conditions. The break in the wavelength-axis indicates the spec-
tral region where an artifact is present.

The charge-transfer process is also associated with an
increase in GSB at 480 nm, which corresponds to
MLCTph,ppcs bleach with a concomitant decrease in GSB
below 470 nm. This is followed by a near-complete decay of
the signals associated with both GSB and ESA within 1.8 ns
(Fig. 2b). In Ru-based complexes, intersystem crossing (ISC)
from 'MLCT — *MLCT takes place in less than 100 fs, pro-
moted by the presence of the heavy Ru ion.””””® Our current
instrumental resolution of ~120 fs precludes direct investi-
gation of ISC; therefore the excited-state dynamics originating
from the *MLCT state is investigated. The experimental kine-
tics is analysed by global fitting employing a sum of two expo-
nentials with characteristic time constants of z; = 0.6 ps and 7,
= 435 ps (Fig. 2¢). 7; leads to a decrease in ESA at 360 nm and
510 nm as well as a decrease in GSB at 450 nm with a simul-
taneous build-up of GSB at 480 nm. We associated this process
with a charge-transfer from the phen unit to the phz-PDC3
unit, i.e., *MLCTppen = *MLCTph,ppcs. DAS of 7, manifests as
an overall loss of GSB and ESA, without the formation of a new
band, indicating ground state recovery, assigned to
3MLCTphZ,PDC3 — So. Therefore, our findings show that the
photophysics of RuPDC3 in H,O0 is governed by an ultrafast de-
activation of the *MLCT state, i.e., a scenario similar to that
observed in Rudppz, but with electron density delocalised over
the PDC3 units.

Fig. 3 shows fs-TA spectra and the kinetics of the RuPDC3
in ACN. As in H,O, in ACN, a broad differential absorption
signal at 1 ps is observed, which reveals the characteristic fea-

This journal is © the Partner Organisations 2025
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Fig. 3 Femtosecond transient absorption (fs-TA): (a) spectra, (b) kine-
tics and (c) decay-associated spectra of RUPDC3 in acetonitrile (ACN), at
400 nm excitation. Imposed on the spectra in (a) is the inverted steady-
state absorption while Aabsorbance (1.09 V-0 V) is indicated by the
overlayed SEC-spectrum of RuPDC3 in ACN using a 1.09 V potential. fs-
TA experiments are performed under aerated conditions whereas
spectro-electrochemistry experiments are performed under inert con-
ditions. A break in the wavelength-axis indicates the spectral region
where an artifact is present.

tures of the *MLCTpen-based state (Fig. 3a).””’®*® Within
5 ps, the SMLCTphen band evolves into an ESA feature with a
maximum at 650 nm that is associated with the
3MLCTPhZ,PDC3—based state (see the SEC section for assign-
ments, vide supra), following which, the band exhibits a minor
decay in ESA with no observable decrease in GSB at 440 nm
(Fig. 3b). The ESA band is red-shifted in ACN compared to H,O
due to the differences in stabilization of the charge-separated
3MLCpopZ_PDC3 state. An additional time constant is required
to fit the fs-TA kinetics of RuPDC3 compared to Rudppz. A tri-
exponential fit with an infinite component (z; = 0.5 ps, 7, =
3 ps and 73 = 590 ps) is used for fitting the data in ACN
(Fig. 3c). 7; leads to a decrease and an increase in ESA at
540 nm and 650 nm, respectively, with an increase in GSB at
488 nm (corresponding to MLCTpp,.ppcs bleach). Therefore, we
associate 7; with the *MLCTypen = *MLCTph,.pncs transition.
7, exhibits spectral features similar to z; but with a slight blue-
shift of the ESA maximum. Such shifts correspond to relax-
ation of molecules to the lowest vibrational quanta from
higher vibrational levels of the potential energy surface of the
excited state. Therefore, 7, is associated with vibrational
cooling  within  the °MLCTpn.ppc; manifold, ie.,
*MLCTphy-ppc3(hor) = - MLCTphsppcs(eool)- 73 leads to an overall
decrease in the ESA at 650 nm with no significant change in
GSB. Instead, the decrease at 650 nm leads to a concomitant
increase in ESA at 365 nm, which is typically associated with
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the 3MLCTP}Ien state. Thus, we conclude that the process
associated with z; leads to an increase in negative charge
density at the phen moiety coordinated to Ru(u), due to partial
delocalization of charge within the dppz-PDC; ligand i.e.,
*MLCTphsppcs = "MLCTappsppcs- Tt corresponds to the
offset of the fits, indicating that the 3MLCpopZ,po—balsed
state is long-lived and persists after 1.8 ns. This state is emis-
sive and decays with a lifetime of 90 ns as shown in nano-
second transient absorption (ns-TA) spectra (Fig. S2).

To further validate the assignment of the ESA feature
observed at 650 nm in ACN to the 3MLCTphZ_pDC3 state, cyclic
voltammetry (Fig. S3a) and UV-vis spectro-electrochemical
(SEC) studies were conducted on RuPDC3 (Fig. S3 in the SI).
Cathodic processes are observed at peak potentials of —1.1 V
and —1.6 V associated with ligand reduction, and a reversible
oxidative process at 1.09 V vs. Ag/Ag” attributed to the Ru(i)/
(1) couple. UV-vis SEC carried out at the peak potential of 1.09
V shows a decrease in the "MLCT absorption with the for-
mation of a broad band extending from 600-800 nm. This is
similar to the TA spectrum observed in ACN at 5 ps (see,
Fig. 3a) and is attributed to PDC3 — Ru(m) ie., a ligand to
metal charge-transfer transition, consistent with the assign-
ment of the ESA at 617 nm in H,O and 650 nm in ACN (see,
Fig. 2 and 3) to the *MLCTpp,.ppcs State.

Excited-state dynamics of Rudppz and RuPDC3 in DNA

We recently reported that RuPDC3 showed an order of magni-
tude greater binding affinity for quadruplex over duplex DNA,
with variation of affinity over different G4 topologies.”® Steady-
state emission spectroscopy confirmed the light-switch behav-
iour of RuPDC3 on binding to G4-quadruplexes and duplex
DNA, albeit with effect in duplex DNA.
Correspondingly, time correlation single photon counting
(TCSPC) showed distinct differences in emission lifetimes and
amplitudes of RuPDC3 bound to duplexes and G4-quadru-
plexes. These findings raised questions in relation to the
differences in the ultrafast excited-state dynamics of Rudppz
and RuPDC3, in G4-quadruplexes of different, but well charac-
terised topology.”® Here, we investigated the association of
both complexes with G-quadruplex sequences representating
different topologies (see Fig. 1b). These included (i) 22AG, a
22-mer human telomeric sequence known for its polymorphic
behaviour, forming mixed hybrid quadruplex structures in
solution; (ii) K-ras, a promotor-derived sequence that adopts a
parallel G-quadruplex topology; and (iii) d(TAGGGTTA), a
sequence that forms an intermolecular parallel G-quadruplex
structure, referred to hereafter as InterG4.°%5>%% As well, for
comparison, the complexes on association with duplex calf
thymus DNA (ct-DNA) were also studied. In all experiments, a
constant ratio of [Clpna/[Clre = 1.8 is maintained, which
corresponds to saturated binding of the complex, i.e., a scen-
ario in which the emission intensity does not change with
further addition of DNA. Given [Clg, = 50 pM and [Clpna =
80 pM along with known binding constant (K}) values in G4-
quadruplexes (10’ M™") and ct-DNA (10° M%), it is safe to con-
clude that, under these experimental conditions, nearly all Ru-
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complexes are bound to the DNA.”® To ensure studies were
completed under equilibrium binding conditions, the solu-
tions were incubated with stirring for 30 minutes prior to per-
forming fs-TA and ns-TA experiments, and we confirmed that
no spectral changes occurred beyond this window. For experi-
ments with quadruplexes, a potassium phosphate buffer (KPB)
with KCl is used whereas a sodium phosphate buffer (PBS) is
used for ct-DNA (see the Sample preparation section).

fs-TA of Rudppz interacting with DNA

Although ultrafast dynamics of Rudppz in duplex and some G4
DNA have been reported previously,’®*”>° we have completed
similar studies here to facilitate comparison with RuPDC3
under identical experimental conditions. Furthermore, the
ultrafast spectroscopy of Rudppz with the specific G4 struc-
tures examined here have not been recorded previously. Fig. 4
shows fs-TA spectra, kinetics and DAS of Rudppz in K-ras upon
400 nm excitation. At short delay times of 1 ps, excited-state
absorption (ESA) features appear below 370 nm and above
510 nm, while a ground-state bleach (GSB) dominates between
370 and 510 nm (Fig. 4a and b). The features observed at 1 ps
are notably similar to those observed in H,O and ACN (vide
supra) and are thus assigned to the *MLCTphen State. Upon
increasing the delay time from 1 ps to 5 ps, an ESA with a
maximum at 550 nm (associated with the 3MLCTphZ state) is
formed at the expense of the ESA band observed at 1 ps
(associated with the 3MLCTphen state), with no observable
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Fig. 4 Femtosecond transient absorption (fs-TA): (a) spectra, (b) kine-
tics and (c) decay-associated spectra of Rudppz in K-ras at 400 nm exci-
tation. Imposed on the spectra in (a) is the inverted steady-state absorp-
tion of Rudppz in K-ras. The sharp band at 460 nm in (c) is due to the
Raman band of H,O. Experiments are performed under aerated con-
ditions. A ratio of [Cly_ras/[Clry = 1.8 is used where [Clk_.as is expressed
as the number of strands.
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change in the GSB. This indicates a charge-transfer transition
from phen to phz (z; = 3 ps), i.e., *MLCTppen = "MLCTpp,.

The spectral change is followed by an overall decrease in the
GSB and ESA, which is typically associated with repopulation of
the ground state (z, = 320 ps). However, at a delay time of
1850 ps, residual TA signatures remain, indicating the presence
of a long-lived state whose decay kinetics cannot be accessed
within the dynamic range of our experiment (~1.8 ns). Fitting
of the kinetics yields the time constants z; = 0.3 ps, 7, = 5 ps
and 73 = 320 ps (Fig. 4c). 7; leads to the formation of a broad
band above 510 nm, which resembles the spectral features of a
SMLCT state. Therefore, the process is associated with for-
mation of the 3MLCTphen state. 7, leads to a decrease in the ESA
at 560 nm, which is associated with the 3MLCTphen —
3MLCTP}lZ transition (for spectral assignment of SMLCTphen and
3MLCTPhZ see Fig. S5 and its corresponding discussion). 73
leads to a partial decrease of GSB and ESA. This observation
can be explained on the basis of two distinct sub-ensembles of
Rudppz present in K-ras. The first sub-ensemble is composed
of Rudppz bound to K-ras at sites that are relatively well
exposed to H,O molecules, leading to partial recovery of the
excited molecules to the ground state (z, = 320 ps). The other
sub-ensemble is less exposed to H,O, leading to a prolonged
lifetime of 50 and 300 ns (see Fig. S3). Our finding is consistent
with previous studies, which show supressed population of the
*MLCT,y,, state in Rudppz bound to ct-DNA and other quadru-
plex structures, since intercalation of the complex protects the
phenazine from H,0.%”%*% However, in some of the complexes,
dark *MLCT,,, states are populated to varying extents, depend-
ing on the different binding orientations that modulate the
degree of phenazine exposure to water. This is supported by
multiple studies.’**”7%% Here, it is also important to note that,
like other studies, racemic complexes are used and so the sub-
populations may originate from differential enantiomer
binding at the G4 structures. The fs-TA spectra and kinetics of
Rudppz associated with InterG4 and ct-DNA, as shown in
Fig. S4, closely resemble those described above for the complex
with K-ras, so we focussed here on the description of the
dynamics for K-ras as being representative of all three. The
behaviour also corresponds well with that reported recently for
an anti-parallel human telomere G4 structure.”” Interestingly, a
notable outlier amongst the investigated DNA topologies is the
excited-state dynamics of Rudppz with 22AG (Fig. 5). Composed
of a GSB between 370 nm and 510 nm with ESA on either side,
the TA spectra of Rudppz in 22AG do not undergo significant
changes in the GSB and ESA above 1 ps and closely resemble
the excited-state dynamics result of the complex in ACN
(Fig. S1). This indicates that the Rudppz binding orientation(s)
at this G4 topology is well shielded from H,0, leading to a near-
complete population of the long-lived and emissive "MLCTphen
state. This is consistent with the large emission intensity
enhancements on binding to 22AG reported previously.®”

fs-TA of RuPDC3 in DNA

Fig. 6 shows the fs-TA spectra, kinetics and DAS of RuPDC3
with K-ras at 400 nm excitation. At 0.7 ps, the fs-TA spectrum
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Fig. 6 Femtosecond transient absorption (fs-TA): (a) spectra, (b) nor-
malized kinetics and (c) decay-associated spectra of RUPDC3 in K-ras at
400 nm excitation. Imposed on the spectra in (a) is the inverted steady-
state absorption of RUPDC3 in K-ras. In (b), the kinetics shown in the
inset corresponds to an averaged kinetic trace from 355 to 365 nm,
showing an increase in signal after 100 ps. The sharp band at 460 nm in
(c) is due to the Raman band of H,O. Experiments are performed under
aerated conditions. A ratio of [Clk_;as/[Clry = 1.8 is used where [Clk_as is
expressed as the number of strands.
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is composed of ESA below 368 nm and above 470 nm with a
GSB in between. At this time delay, a broad featureless ESA
dominates above 522 nm, characteristic of a 3MLCTPhen
state.””””*%" Within 2 ps, the *MLCTppen band decreases with
concomitant formation of an ESA with a maximum at 680 nm,
which is associated with the formation of the 3MLCTphZ,PDC3
state (r; = 0.5 ps). The transition is also marked by a shift in
the GSB maximum from 450 nm to 490 nm. At 50 ps, the ESA
band is comparatively sharper than it is at 5 ps. This indicates
vibrational relaxation within the 3MLCTphZ_PDC3 manifold (z, =
3 ps). At very long delay times, i.e., 1850 ps, a slight decrease
in the ESA (~8.3%) above 535 nm is observed with no discern-
ible decrease in the GSB. As described for RuPDC3 in ACN (see
Fig. 3), here too the ESA at 365 nm (associated with the
*MLCTphen state) builds up at the expense of the ESA at
680 nm (associated with the MLCTppcs state) at delay times
above 100 ps (inset, Fig. 6b). Fig. 7 shows a comparison of fs-
TA spectra and kinetics of RuPDC3 in the G4s and ct-DNA. In
all DNA sequences, the process of 3MLCTPI1en —
3MLCTphZ_pDCS is observed within 2 ps, followed by blue-shift-
ing of the ESA band within 50 ps, indicating vibrational
cooling. At longer delay times, a decrease in the ESA at 690 nm
is observed in all cases while no discernible change in GSB at
450 nm for duplex, K-ras and InterG4 is observed. For 22AG,
kinetic traces show a decrease in GSB at 450 nm. As stated
earlier, the spectral change in duplex, K-ras and InterG4 is
hypothesized to be due to different extents of charge delocali-
zation across the PDC3 ligand due to differences in relative
orientation of the terminal bisquinolinium moieties when the
complex is bound to duplex and different quadruplex topolo-
gies. Varying the binding orientation of RuPDC3 will also
result in varying exposure to water. However additional experi-
ments are required to fully validate this theory.

Interestingly, the dynamics observed above 50 ps for 22AG
indicates a faster ground state repopulation for RuPDC3 when
bound to this quadruplex. This indicates that, within 22AG, the
binding environment is significantly different for RuPDC3 com-
pared to the other DNA sequences. This is consistent with our
earlier observations via circular dichroism (CD),”° wherein
RuPDC3 showed distinctive behaviour when bound to 22AG
compared to other quadruplexes. Whilst the other quadruplexes
showed evidence of structural disruption on RuPDC3 binding,
with 22AG, rather than disruption of the quadruplex structure, a
conformational change to an antiparallel quadruplex was indi-
cated. This is also consistent with other literature reports on
PhenCD3 where structures analogous to 22AG refolded to an
antiparallel structure on ligand binding.”>***® Overall, our find-
ings indicate that the SMLCpopz—PDCS state in RuPDC3 is formed
within 5 ps. While the photophysics is similar to that of Rudppz,
it is significantly more complex in RuPDC3, especially in relation
to the excited-state dynamics between 100 and 1800 ps.

Ns-TA of RuPDC3 in DNA

In order to characterize the long-lived states for RuPDC3 on its
association with DNA, we performed ns-TA spectroscopy. The
time-constants for the different photophysical processes,
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Fig. 7 Femtosecond transient absorption spectra and normalized kine-
tics of RUPDC3 in (a and b) 22AG, (c and d) InterG4, (e and f) K-ras and
(g and h) ct-DNA, at 400 nm excitation. Experiments are performed
under aerated conditions. A ratio of [Clpna/[Clry = 1.8 is used where
[Clona is expressed as the number of strands for G-quadruplexes and as
the number of base-pairs for ct-DNA.

across femto and nano-time domain experiments for RuPDC3
in association with the four DNA sequences, are summarized
in Table S1.

Since ns-TA spectra and kinetics of RuPDC3 in all G4-quad-
ruplexes and ct-DNA are similar, we discuss the photophysics
together. Fig. 8 shows the ns-TA spectra and kinetics of
RuPDC3 in the DNA sequences. In all sequences, at 40 ns, the
TA spectrum of RuPDC3 resembles GSB between 370 nm and
430 nm and a *MLCT-ESA band with a maximum at 365 nm
and the typical *MLCT absorption signal above 530 nm are
observed. The ns-TA kinetics is modelled with a biexponential
function that yields time constants between 45 and 60 ns and
between 240 and 320 ns in all DNA sequences (see Table S1).
The dual lifetime reflects the presence of two distinct ensem-
bles of RuPDC3 within the DNA.”" Across DNA topologies the
ns-lifetimes are similar, but the fraction of molecules contri-
buting to the two distinct ensembles (ensemble 1 and 2) vary
with topology. In ct-DNA and K-ras, the ensemble with lifetime
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Fig. 8 Nanosecond transient absorption (ns-TA) spectra and normal-
ized kinetics of RUPDC3 in (a and b) 22AG, (c and d) InterG4, (e and f)
K-ras and (g and h) ct-DNA, at 450 nm excitation. Imposed on ns-TA
spectra is the inverted steady-state emission spectrum at 450 nm exci-
tation. The kinetics shown are averaged from 600-700 nm. Experiments
are performed under aerated conditions. A ratio of [Clpna/[Clry = 1.8 is
used where [Clpna is expressed as the number of strands for
G-quadruplexes and as the number of base-pairs for ct-DNA.

in the 45-60 ns range (ensemble 1) has a weighted coefficient
(A,) of 80%, whereas the remaining 20% of molecules constitu-
tes ensemble 2. In InterG4 and 22AG, both ensembles of
RuPDC3 contribute equally. While it is difficult to predict
structurally what the two distinct ensembles correspond to, it
is likely that they represent distinct binding of RuPDC3 enan-
tiomers to the DNA sequences (as a racemic mixture is used).
Ns-TA of Rudppz in DNA also showed biexponential decay
kinetics, indicating the presence of distinct binding sites
(Fig. S5).

Conclusions

We investigated the photophysics of Rudppz and the G4-quad-
ruplex-selective photoswitch RuPDC3 across solution, duplex
DNA and G4-quadruplex DNA environments spanning fs to ns
timescales. Studies were complemented by spectro-electro-
chemistry. The key findings are summarised as a simplified
Jablonski diagram, as shown in Fig. 9. Consistent with pre-
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regions in the PDC3 ligand where electron-density resides after charge
separation, whereas colouring in blue indicates the oxidized Ru(in)
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vious reports, Rudppz shows ultrafast deactivation from a
stabilized non-emissive 3MLCTPhZ-based state in H,O. In ACN,
repopulation of the ground state occurs from an emissive
*MLCTppen-based state with a lifetime of 650 ns.”’ We demon-
strate that light-switch behaviour is also operative in RuPDC3.
However, based on differences in the ESA between Rudppz
and RuPDC3 and the SEC of RuPDC3 in ACN, we conclude
that the lowest-lying state in RuPDC3 is 3MLCTPhZ_PDCS-based
with the electron density delocalized across the entire ligand,
confirming previous theoretical predictions.** In H,O, the
3MLCTPhZ_pDC3 state is dark and undergoes ultrafast de-
activation with a lifetime of 435 ps whereas in ACN, the
absence of H-bonding with nitrogen atoms of phenazine (phz)
leads to prolonged emission with a lifetime of 50 and 300 ns,
which arises from a bright SMLCpopZ,pch-based state. The
“light-switch” induction observed for Rudppz in ct-DNA and
G4-quadruplexes also occurs for RuPDC3. However, interest-
ingly, we observed that the dynamics of the excited state photo-
physics varied for each complex with different G-quadruplex
structures.

fs-TA spectroscopy of Rudppz showed distinct photophysics
in mixed hybrid 22AG compared to ct-DNA and the other
quadruplexes. While the formation of the 3MLCTp}len state
occurs in Rudppz within 2 ps for all the DNA sequences, a
partial ground-state recovery is observed in K-ras, InterG4 and
ct-DNA. This is not the case in 22AG, where no ground state
recovery is observed within the experimentally accessible time
window indicating effective exclusion of water when Rudppz is
associated with this quadruplex. In the case of RuPDC3, the
SMLCTphZ_pDCQ, state is populated within 2 ps for all DNA
sequences studied followed by vibrational relaxation within
50 ps. Notably, RuPDC3 showed a distinct response compared
to Rudppz. When bound to 22AG, RuPDC3 shows partial
ground state recovery indicating a different binding mode to
this quadruplex, whereas in InterG4, ct-DNA and K-ras only a
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nominal change in GSB at 450 nm was observed, indicating
effective water exclusion in the binding orientation of
RuPDC3. For both RuPDC3 and Rudppz, a dual emission is
observed in all DNA sequences in the ns range. This suggests
two distinct coordination environments for the complexes
with the quadruplex topologies explored. As the complexes are
racemic mixtures, the distinct binding sites/geometries for
each of the enantiomers of the complexes may contribute to
this effect. This is an open question that we hope to address in
future work. The clear distinctions in photophysics of Rudppz
and RuPDC3 are attributed to the extended delocalisation of
charge in the latter across the extended PDC3 portion of the
ligand. The higher binding affinity of the latter for G4s com-
pared to duplex DNA structures and differences in photo-
physical kinetics across G4 topologies, attributed to variation
in binding environment, showcases its potential for in cellulo
discrimination of different DNA structures with ultrafast
imaging.
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