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ABSTRACT: Sensors capable of transducing G-quadruplex DNA binding are important both in solution and for imaging and
interrogation in cellulo. Ru(II)-based light switches incorporating dipyridylphenazine (dppz) ligands are effective probes for
recognition and imaging of DNA and its polymorphs including G-quadruplex, although selectivity is a limitation. While the majority
of Ru(II)-based light switches reported to date, stabilize the quadruplex, imaging/theranostic probes that can disrupt G4s are of
potentially enormous value in study and therapy for a range of disease states. We report here, on a Ru(II) complex (Ru-PDC3) that
assembles the light switch capability of a Ru(II) dipyridylphenazine complex with the well-known G4-selective ligand Phen-DC3,
into a single structure. The complex shows the anticipated light switch effect and strong affinity for G4 structures. Affinity depended
on the G4 topology and sequence, but across all structures bar one, it was roughly an order of magnitude greater than for duplex or
single-stranded DNA. Moreover, photophysical and Raman spectral data showed clear discrimination between duplex DNA and G4-
bound structures offering the prospect of discrimination in imaging as well as in solution. Crucially, unlike the constituent
components of the probe, Ru-PDC3 is a powerful G4 disrupter. From circular dichroism (CD), a reduction of ellipticity of the G4
between 70 and 95% was observed depending on topology and in many cases was accompanied by an induced CD signal for the
metal complex. The extent of change in ellipticity is amongst the largest reported for small-molecule ligand G4 binding. While a
promising G4 probe, without modification, the complex is fully water-soluble and readily permeable to live cells.

■ INTRODUCTION
DNA exhibits a diverse structural polymorphism beyond the
double helix in cellulo, including higher-order structures such
as triplexes, i-motifs, Y-shaped junctions, and guanine
quadruplexes (G4s).1 The latter have the propensity to form
when guanine-rich sequences are under physiological con-
ditions, where stacked guanine tetrads are assembled through
Hoogsteen base pair hydrogen bonding with stacking further
stabilized through a central monovalent cation such as
potassium, sodium, or lithium.2 Although their existence in
cells has been well established over the previous two decades
through different chemical and biophysical methods, the
prevalence and biological role of these structures is still
emerging.3 G4s feature in crucial steps in DNA translation,
oncogene transcription, and telomere stability and are thus
cogent sites for both interrogation (imaging) and therapy via
their structural stabilization or their destruction.4

The evidence for G4 structures in vivo is compelling and has
accrued over the past two to three decades from diverse
methods including chemical mapping, DNA and RNA stalling,
and visualization.5−11 Chromatin immunoprecipitation (ChIP)
assays with sequencing (ChIP-Seq), using a G4 structure-
specific antibody, were performed by Hansel et al., which
indicated that there are over 10,000 in the human genome that
form G4 DNA structures under physiological conditions.12,13

G4s have been found to be particularly prevalent in
nucleosome-depleted regulatory regions close to transcription
start sites of genes that undergo enhanced transcription. They
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have also been shown to play a role in cancer, and prevalence is
increased in cells showing higher proliferative capacity/
immortalization. G4 structures have been demonstrated to
play a role in genome instability and are highly prevalent in
human oncogenes.14 Thus, G4s have emerged as important
therapeutic targets.15 There is also compelling experimental
evidence that G4s exist within chromatin, where they have the
capacity to fold from multiple regions of the genome with
intrinsic links to genome expression and genome stability.16−18

G4s in RNA are less studied than DNA, but computational
models and biophysical studies in vitro have provided strong
evidence for RNA G4s and indeed in solution RNA quadruplex
has been reported to be more thermodynamically stable than
DNA analogues.19 There is currently less but growing
experimental evidence in cellulo to suggest that RNA G4
structures also occur in vivo.20,21

The development of small-molecule G4 ligands for
therapeutic applications has focused largely on polycyclic
planar ligands that can stack on tetrads designed to act as
stabilizing agents, such as Phen-DC3, Braco-19, and
telomestatin.22,23 Stabilizing small molecules can inhibit
telomerase activity and induce a DNA damage response
(DDR), often providing anticancer activity.24−29 Further
development of G4 ligands has resulted in additional
therapeutic functionalities such as alkylating, oxidizing, and
metalating agents.9,22,30−33 However, there has been limited
development of disruptive G4 ligands that could be used to
alleviate the G4-mediated cellular process or manipulate G4s
within cells.34 Only a small number of G4 ligands have been
reported to disrupt G4 structures, and evidence can be
challenging due to the complexity of assessing such
mechanisms of action.35−37 In addition, disruption can be
dependent on the G4 type, experimental conditions, and
techniques. Nonetheless, G4-disruptive small molecules have
significant therapeutic potential, as highlighted recently by
Monchaud et al., across diseases with their origins in helicase
impairment, including in a number of genetic and neurological
disorders.38 Design of small molecules that can both probe and
disrupt G4 structures offers an elusive but desirable therapeutic
prospect.39 Indeed, one of the most compelling ways to
confirm the G4 presence in vivo is by direct visualization, e.g.,

through fluorescence imaging. The earliest imaging-based
evidence for in cellulo G4 originated from fixed cell studies
using labeled antibodies toward G4.11,21 G4s have been
recently visualized in live cells using fluorescence lifetime
imaging (FLIM).6,40 Inorganic probes are an attractive option
for in cellulo detection of G4s as a number of luminescent
coordination compounds are well-established probes of DNA
and have been characterized in detail in this regard.41−49

Complexes of Ru(II) and Ir(III) have been widely studied as
DNA binders with the capacity to report on the structure and
also to induce photodamage both in solution and more
recently in cellulo.50−56 From the imaging perspective, Ru(II)
and Os(II) complexes maintain a number of photophysical
benefits over organic alternatives including their large Stokes
shifts, environmentally sensitive emission, and long-lived
phosphorescent lifetimes; combined, these properties make
such probes suitable for mutimodal imaging, making them an
exciting prospect to explore G4 visualization in live cells.57−63

While a number of G4 targeting metal complexes have been
shown in solution to exhibit quadruplex binding, their high
affinity for duplex DNA is likely to lead to poor discrimination
from G4s in vivo, so tuning the structures to improve
selectivity is required.64,65

Herein, we report on a supramolecular Ru(II) theranostic
probe, Ru-PDC3, rationally designed for G4 detection and
imaging. Ru-PDC3 exploits two key moieties: [1,10-phenan-
throline-2,9-diylbis(carbonylimino)]bis[1-methylquinolinium]
(Phen-DC3), one of the families of bisquinolinium dicarbox-
amide G4 ligands with high affinity and selectivity for
quadruplex,66,67 and tetrapyrido[3,2-a:2′,3′-c:3″,2″-h:2‴,3‴-
j]phenazine (tpphz) ligand, one of the families of phenazine
containing ligands that instigate the characteristic water light
switch effect when coordinated to Ru(II) complexes on DNA
binding.42,68,69 We demonstrate that the Phen-DC3 affinity
and light switch behavior of tpphz are preserved in Ru-PDC3
on G4 binding. We compare the affinity of this complex for
different G4 and other DNA structures using luminescence
spectroscopy, time-correlated single photon counting
(TCSPC), circular dichroism (CD) and Raman spectroscopy,
and experimental data, is supported by time-dependent
density-functional theory (TD-DFT) calculations. The photo-

Scheme 1. Synthesis of Ru-PDC3a

a(i) Phenanthroline, LiCl, dimethylformamide (DMF), reflux 8 h; (ii) 5-nitro, 6-amino phenanthroline, EtOH, reflux 5 h; (iii) hydrazine hydrate,
Pd/C, EtOH/MeOH, reflux 1 h; (iv) H2SO4, HNO3, KBr, reflux 18 h; (v) 3-aminoquinoline, HATU, N,N-diisopropylethylamine (DIPEA), DMF,
room temperature (rt) h; (vi) methyl-trifluoromethanesulfonate, DCE, reflux 3 h, N2; and (vii) cat. acetic acid, anhydrous MeCN, reflux 72 h.
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physical data confirm high affinity and specificity Ru-PDC3 for
G4 structures compared to helical DNA and that clear
discrimination between DNA and G4 binding can be made
on the basis of emission lifetime data. Furthermore, marked
changes in lifetime and emission intensity with different
topologies were observed. In contrast to other reported
Ru(II)-based G4 ligands and indeed to Phen-DC3 itself, we
have shown using CD titrations that Ru-PDC3 disrupts a
variety of G4 structures.64

We also report preliminary studies of the uptake and
distribution of Ru-PDC3 in live cells and discuss its prospects
as a G4 imaging probe.

■ SYNTHESIS AND CHARACTERIZATION
Synthesis of [Ru(phen)2(tpphz-PDC3)]4+ (Ru-PDC3) was
accomplished according to the strategy outlined in Scheme 1.
[Ru(phen)2(5,6-diamino-phenanthroline)]2+ was obtained
through the classic dichloride route as previously reported.70

Figure 1. (A) Experimental (blue) absorption of a 10 μM solution of Ru-PDC3 in water and theoretical (green) absorption spectrum along with
the electron density difference for the highest oscillator strength transitions modeled at the UB3LYP/LanL2DZ for the excited state. Red volumes
are the region of the complex where the electron density is greater in the excited state compared to that in the ground state, and blue volumes are
regions where the electron density is depleted in the excited state compared to that in the ground state. (B) Emission spectra of a 10 μM Ru-PDC3
(λ = 450 nm) in DI H2O (blue) and MeCN (red).

Figure 2. (A) Ru-PDC3 structural assignment for Raman spectroscopy. (B) Raman spectra of Ru-PDC3 (100 μM) (λ = 785 nm). (C) Resonance
Raman spectra of Ru-PDC3 (100 μM) bound to K-ras (300 μM) (λ = 473 nm). (D) Resonance Raman spectra of Ru-PDC3 (100 μM) in KPi
buffer (10 mM potassium phosphate, 100 mM KCl at pH 7) (λ = 473 nm). (D) Raman spectra of solid-state Ru-PDC3 (λ = 785 nm). (E)
Resonance Raman spectra of Ru-PDC3 (100 μM) bound to G4 DNA, ssDNA, and double-stranded DNA (300, 500, and 500 μM, respectively) in
KPi buffer (λ = 473 nm). Spectra are normalized to the vibrational band at 1508 cm−1.
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In parallel, a novel Phen-DC3 derivative, phendione-DC3 was
synthesized in an analogous manner to that previously reported
for G4 targeting phen-DC3; however, the starting material was
1,10-phenanthroline-2,9-dicarboxylic acid-5,6-dione. Conjuga-
tion of the acid was completed via 1-[bis(dimethylamino)-
methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexa-
fluorophosphate (HATU) coupling, and subsequent methyl-
ation was achieved by reflux in dichloroethane (DCE) with
excess methyl-trifluoromethanesulfonate. To synthesize [Ru-
(phen)2(tpphz-PDC3)]4+, a Schiff-base condensation between
phendione-DC3 and [Ru(phen)2(diamino-phen)]2+ was per-
formed in MeCN with a catalytic amount of glacial acetic acid
for a 52% yield.
The final product was purified using silica column

chromatography and isolated as a PF6− salt. Counterion
exchange was performed using tert-butyl ammonium chloride
to generate a water-soluble chloride salt. The excellent water
solubility of the complex is an advantage as throughout the
spectroscopic and cell-based studies reported herein, there was
no requirement for the use of mixed solvent systems to
promote solubility. 1H NMR and 13C NMR were performed to
characterize the structure, indicating that a successful
condensation reaction occurred and Ru-PDC3 was isolated.
Gradient high-performance liquid chromatography (HPLC)
was performed to confirm purity by comparing [Ru-
(phen)2(diamino-phen)]2+ and Ru-PDC3 chromatograms.
HPLC analysis of Ru-PDC3 indicated high purity with no
residual [Ru(phen)2(diamino-phen)]2+ observed (Supporting
Information (SI)). Mass spectrometry was performed yielding
a m/z [M]3+ = 405.0975 compared with the calculated value of
405.0964, further confirming the successful synthesis of Ru-
PDC3.

■ OPTICAL AND PHOTOPHYSICAL PROPERTIES OF
RU-PDC3

Representative absorption and emission spectra of Ru-PDC3
are shown in Figure 1A,B The absorption maximum is
centered at around 450 nm in water and is red-shifted and
the bandwidth decreases slightly in acetonitrile. To gain insight
into the absorbance features, TD-DFT calculations on Ru-
PDC3 were carried out. The vertical excitation energies and
oscillator strengths for the lowest 50 energy states were
calculated using the hybrid functional UB3LYP and the
LanL2DZ basis set.
Figure 1 overlays the experimental (blue) with computed

absorbance spectra (green) of Ru-PDC in water and shows the
electron density difference plots for the highest oscillator
strength transitions underlying the computed spectrum.
From computation, the absorbance maximum, an 1MLCT,

contains contributions from two charge-transfer (CT)
transitions, originating from the Ru(II) center to the highest
occupied molecular orbital (HOMO) phen ligand and to the
terminal methylquinolinium on PDC3. The tail of the
absorbance contains a lower-energy 1MLCT transition,
originating from Ru(II) to the tetrapyridophenazine of the
PDC3 ligand. Additional absorption features at 393 and 373
nm are associated with MLCT and ILCT transitions between
the phenanthroline and the methylquinolinium pendants of the
heteroligand.
We compared the Raman spectrum (Figure 2D) of Ru-

PDC3 obtained under a 785 nm laser excitation with the
resonantly excited Raman spectrum (λ = 473 nm) (Figure 2B)
to gain a deeper understanding of the nature of the optical

transitions. And, to aid the interpretation of the Raman
spectrum, we compared the Raman spectrum under non-
resonance (785 nm) excitation conditions with the theoret-
ically predicted Raman spectrum. These spectra are shown in
SI materials. There is excellent agreement between the
experimental and predicted Raman spectra of Ru-PDC3; the
table in the SI provides the frequencies and assignments of the
vibrational bands. Based on this interpretation, the vibrational
modes are associated primarily with three ligand moieties of
the complex: the phen ligands, the tpphz ligand, and the
terminal methylquinolinium termini are identified and, for
simplicity, are indicated as pink, blue, and orange in the color-
coded scheme in Figure 2A and marked on the resonance
Raman (RR) spectra shown in Figure 2B−D.
Resonance Raman (RR) spectroscopy was carried out under

a 473 nm excitation, which is close to the λmax of the complex
in water. Under such conditions, the Raman active vibrational
modes associated with the chromophores participating in the
electronic transition undergo a dramatic enhancement in their
vibrationally induced polarizability and thus in their Raman
scattering cross section. This effect leads usually to between 5
and 7 orders of magnitude enhancement in Raman scattering
from vibrational modes associated with the Frank−Condon
relaxation and so can provide clear insight into the origin of the
optical transition.
The Raman spectrum of Ru-PDC3 at a 473 nm excitation

shows notable complexity for a resonantly enhanced spectrum.
All of the vibrational modes observed under nonresonant
excitation are also observed in the resonantly enhanced
spectrum, albeit with a markedly different intensity profile.
Vibrations associated with all three moieties, phen, tpphz, and
the more remote methylquinolinium unit (CC stretching mode
at 1630 cm−1), are evident in the RR spectrum. This
observation is consistent with the computed assignment of
the electronic spectrum, which indicates that the lowest two
energy optical transitions, both of which are expected to
contribute at 473 nm, are complex MLCT transitions that
extend across all three ligand moieties.
Figure 1B shows that Ru-PDC3 exhibits light switch

properties consistent with the behavior reported previously
for related tpphz- and dipyridophenazine (dppz)-coordinated
Ru(II) complexes. In aqueous media, the emission is
essentially extinguished. In aprotic environments, in contrast,
as shown here in acetonitrile, intense emission from the
3MLCT state is observed with a maximum at 645 nm, which
shows some vibrational structure with a shoulder evident at
around 700 nm, extending to 850 nm. The emission decay of
Ru-PDC3 in acetonitrile is shown in the SI. Exciting at 470
nm, the decay conforms to biexponential kinetics: with τ1 of
223 ± 2 ns (intensity amplitude of 15%) and τ2 82 ± 1 ns
(intensity amplitude of 75%) under aerated conditions. On
deaeration, we obtain τ1 of 351 ± 7 ns (intensity amplitude of
9%) and τ2 of 95 ± 3 ns (intensity amplitude of 91%), i.e., only
the long-lived component shows significant oxygen sensitivity,
but the amplitude of the short-lived component increases.
Impurity can be excluded, as beyond the confirmation of purity
from HPLC and NMR, as there is no batch-to-batch variation
in the amplitude of the decays across different syntheses. The
biexponential nature of the decay for Ru(II) polypyridyl
complexes is concentration-independent, so not attributable to
aggregation, and may be due to genuine dual emission, as TD-
DFT calculations indicate that there are orbitals on the dppz
ligand with energies close to the lowest unoccupied molecular
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orbital (LUMO) that extend over the PDC ligand.
Alternatively, it may originate from photoinduced electron
transfer between the 3MLCT and the quinolinium moieties.
Although the latter is expected to have a reduction potential in
the region of −1 eV, that when applied to the Rehm−Weller
equation, and assuming a Ru(II)/(III) oxidation potential of
1.3 eV and 610 nm emission maxima at 77 K, yields a
negligible driving force for such a process.

■ DNA BINDING AFFINITY AND SELECTIVITY
To investigate the affinity and selectivity of Ru-PDC3 for G-
quadruplex DNA, its interaction with duplex, calf thymus (ct)
DNA, single-stranded (ss) DNA, and a range of human G-
quadruplex forming oligonucleotides of representative top-
ology were evaluated and compared using emission intensity,
lifetime studies, and circular dichroism.
First, emission titrations were performed to assess the

binding affinity of Ru-PDC3 against the panel of nucleic acid
structures. The titration of nucleic acid against the complex
resulted in emission switch-on and evolution of luminescence
intensity with increasing nucleic acid concentration, across all
of the nucleic acid materials explored. A representative
example showing titration against 22AG is shown in Figure
3C. However, the extent of emission increases and the band
shape varied significantly across ds, ss, and G4 DNA (see SI
materials).
The binding affinities of Ru-PDC3 were determined by

fitting luminescence titration curves to the model described in
the SI, and the data is tabulated in Table S2 (SI) along with
the representative fitted plots. (Of note, attempts to study the
affinity of the free ligand PDC3 with that of the complex were
hampered by the poor aqueous solubility of the ligand.)
Representative fluorescence binding data across all of the
nucleic acid materials is graphed in Figure 3A. Interestingly,

binding affinities for dsDNA and ssDNA were comparable and
similar to values previously reported for Ru-dppz complexes in
buffers of high salt concentration (>50 mM NaCl). Affinities
for ds17 and ctDNA were determined as (1.9 ± 0.3) × 106 and
(2.3 ± 0.6) × 106 M−1, respectively. For single-stranded DNA
binding affinities for ss17, T13 and A13 were determined as
(1.3 ± 0.4) × 106, (1.4 ± 0.5) × 106, and (2.2 ± 1.3) × 106
M−1, respectively; these values are markedly high and
comparable to affinity with dsDNA and may be attributed to
the 4+ positive charge on the complex.71,72

For G4 sequences (Table S1), the quadruplexes were
annealed as a concentrated stock in K+ buffer. K-ras and
Pu24T are parallel G4s, TBA is an antiparallel G4, 22AG is a
mixed hybrid structure when annealed in a K+ environment,
and INTER is a four-stranded intermolecular G4. Ru-PDC3
binding affinity for K-ras, INTER, and 22AG was at least an
order of magnitude greater than recorded for ds or ssDNA.
The affinities were determined as (1.4 ± 0.1) × 107, (1.4 ±
0.2) × 107, and (2.2 ± 0.7) × 107 M−1, respectively, for K-ras,
INTER, and 22AG quadruplexes. The relative emissivity of the
bound complex is reflected in the intensity of the graphed plots
in Figure 3A as the excitation conditions are identical in each
case and followed the following pattern ss < ds < G4, with a
notably dramatic increase in emissivity on binding to INTER
where emission intensity was roughly an order of magnitude
higher than for other G4s and weak emission enhancement,
comparable to ss and dsDNA for Pu24T.
The bar chart in Figure 3B shows a clear discrimination in

the affinity of Ru-PDC3 for G4 structures over dsDNA and
ssDNA. Notably, Ru-PDC3 shows the highest affinity for the
mixed hybrid quadruplex 22AG with a notably lower affinity
toward TBA and particularly Pu24T quadruplexes, where
affinity was (5.6 ± 1.7) × 106 and (2.6 ± 0.1) × 106 M−1,
though still greater than duplex DNA.

Figure 3. (A) Representative titration binding curves for Ru-PDC3 against a series of DNA structures (ds17, T13, 22AG, TBA, and K-ras)
Concentration is calculated as a strand equivalent for G4s and base pair equivalents for dsDNA base equivalents for ssDNA. (B) Calculated binding
affinities based on binding curves for G4s (blue), ssDNA (red), and dsDNA (green). (C) Representative emission titration for Ru-PDC3 against
22AG. (D) UV−vis absorption of Ru-PDC3 when titrated against 22AG.
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The significant variance in binding affinities of Ru-PDC3 for
different G4s is interesting and may be explained by
considering that binding sites for G4s will be different,
depending on the topology and loop structure. The difference
in the binding affinity between Pu24T and K-ras is interesting,
as they both (confirmed from CD spectroscopy, vide infra) are
expected to have parallel structures. However, while their
strands are oriented in the same direction and both contain
three quartets, their loop structures are distinctive. K-ras
exhibits three regular propeller loops but Pu24T, one of seven
nuclease-hypersensitive elements (NHEs), NHE III1 c-myc
gene, has an unusual fold-back and reversal loop that bridges
across the tetrad layers, which are likely the origin of the
difference in binding affinity. Differences in affinity between
organic ligands between parallel structures have been noted
previously.73−75 The increased affinity observed for Ru-PDC3
when compared to other reported Ru(II) analogues may, in
part, be associated with the additional electrostatic interactions
as a result of the positively charged quaternary nitrogens, for
example Su et al., Δ- and Λ[Ru(phen)2(dppz)]2+ were
reported to bind to 22AG with an affinity of 4.6 × 106 and
2.7 × 106 M−1.64 Further reports by Ji et al. indicated a binding
affinity of [Ru(bpy)2(dppz)]2+ to 22AG to be 1.4 × 106 M−1.76

While the additional charge of Ru-PDC3 may increase the
binding affinity with G4s, we hypothesize that binding to other
non-G4 DNA structures is less specific as a result of steric
hindrance from the bisquinolinium functional groups. The
differences observed in enhancment of fluorescence intensity/
quantum yield on saturation binding we attribute to differences
in the binding mode resulting in different degrees of phenazine
exposure to the aqueous environment. Figure S21 illustrates
the greater emissivity of Ru-PDC3 when bound to the INTER
quadruplex in comparison to other G4s indicating effective
shielding of Ru-PDC3, suggesting different binding modes.
Interestingly, there does not appear to be a correlation between
emission intensity and binding affinity between G4s. The
binding mode to G4s is likely dependent on the sequence and
folding, with past studies on ruthenium polypyridyl complexes
binding to G4s suggesting binding through loops, bulges, and
intercalation.77−79

■ INTERACTION OF RU-PDC3 WITH DNA
Although there is clear discrimination in terms of emissivity
and affinity of Ru-PDC3 between the DNA structures and
individual quadruplexes, as binding stimulates the light switch

effect across all nucleic acid structures explored, structural
discrimination will not be possible in conventional fluores-
cence imaging. Fluorescence lifetime imaging (FLIM),
however, can provide discrimination if there is a sufficient
distinction between the lifetimes of the complex as it associates
with different structures. Vilar et al., for example, have reported
recent success in discriminating the response of organic dyes
against G4s and dsDNA in FLIM.6,40,80 To investigate the
prospect of discriminating DNA secondary structures on the
basis of lifetime, we carried out TCSPC on the Ru-PDC3 with
each of the DNA structures. Measurements were performed
under binding conditions with a [DNA]/[Ru] ratio of [3]:[1]
for quadruplexes, [5]:[1] for dsDNA, and [5]:[1] for ssDNA.
All DNA measurements were performed in a buffer of 10 mM
potassium phosphate and 100 mM KCl at pH 7 under aerated
conditions.
Table 1 presents the resulting lifetime data. As described, the

complex emits with biexponential decay kinetics in MeCN
while emission is extinguished in aqueous media. In the
presence of nucleic acid, emission switches on and decays
according to triexponential decay kinetics. τ1 is >150 ns and τ2
is >30 ns. With the exception of A13 and T13 ssDNA, the
behavior is comparable to those observed for the parent
complex in acetonitrile. In addition, a short-lived component,
τ3, is observed with values of <40 ns and <10 ns in the case of
A13 and T13 ssDNA. This component was not observed in
MeCN and is tentatively attributed to emission from complex
bound to DNA but in an aqueous-exposed environment.
Comparable kinetics have been noted previously for related

Table 1. Lifetime and Amplitude of Each Component Obtained from TCSPC Measurements (λ = 450 nm)a

τ1 (ns) α1 (%) τ2 (ns) α2 (%) τ3 (ns) α3 (%) τav.1 (ns) intensity
aerated (MeCN) 223 (±2) 14.3 82 (±1) 75.7 130 (±4)
deaerated (MeCN) 351 (±7) 8.9 95 (±3) 91.1 163 (±3)
K-ras 389 (±6) 8.5 93 (±5) 44.0 24 (±6) 47.5 184 (±4)
22AG 426 (±8) 14.5 110 (±5) 39.2 19 (±3) 46.4 275 (±8)
Pu24t 430 (±30) 8.7 101 (±10) 37.3 19 (±4) 54.0 231(±11)
INTER G4 418 (±13) 43.6 197 (±9) 40.4 13 (±2) 16.0 352 (±9)
TBA 395 (±17) 4.5 90 (±8) 44.7 37 (±4) 50.8 147 (±7)
ds17 284 (±5) 31.7 74 (±1) 57.0 16 (±1) 11.3 135 (±1)
ctDNA 291 (±4) 6.5 62 (±1) 53.4 12 (±1) 40.1 131 (±2)
ss17 329 (±12) 6.6 75 (±1) 43.4 17 (±1) 50.0 149 (±2)
A13 152 (±4) 8.4 40 (±2) 52.4 4 (±1) 39.2 113 (±1)
T13 205 (±26) 9.8 46 (±5) 51.3 8 (±2) 37.8 122 (±11)

aRu-PDC3 (10 μM) in the presence of G4s (30 μM), dsDNA (50 μM), and ssDNA (50 μM). Values are the average of three repeats.
Triexponential fit was applied using the PicoQuant Fluofit tail-fit analysis software.

Figure 4. Intensity-weighted average lifetimes (ns) of Ru-PDC3 upon
saturation binding to a panel of DNA structures. Average lifetimes are
an average of three repeats and obtained using the PicoQuant Fluofit
software.
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dppz complexes of Ru(II) in association with DNA structures
including quadruplex.77 The long-lived components of the
decay, τ1 and τ2, are attributed to the dual exponential decay
observed in acetonitrile, originating from the complex in a
binding mode that offers the best protection from water. τ3 is
tentatively attributed to the complex in a binding configuration
that leaves the complex more exposed to aqueous solution as
on the basis of the electrochemistry and optical properties of
the complex we do not expect direct electron transfer to the
DNA structures. Notably, there is a clear discrimination in the
lifetime on binding to ds and ssDNA structures and the
quadruplexes. This is presumably attributed to different modes
between, e.g., duplex and quadruplex. Ruthenium complexes
have been reported to intercalate between guanine tetrads in
intermolecular G4 structures in addition to terminal capping
reported for mononuclear and binuclear complexes.46,79 τ1, in
particular, is sensitive to quadruplex binding with decays in the
range of 389−430 ns, which is roughly 100 ns longer in most
cases compared to τ1 when bound to ds or ssDNA. Indeed, the
lifetime of this component exceeds the lifetime observed in
deaerated acetonitrile, indicating, in all cases, that at least one
mode of quadruplex binding offers significant protection to Ru-
PDC3 from the aqueous environment. However, notably, the
amplitude of τ1 varies significantly across nucleic acids.
Consistent with the steady-state fluorescence, binding to

22AG yields one of the longest τ1 emission decays from the
ruthenium center at 426 (±8) ns, indicating that at least one
mode of binding to this G4 provides significant protection of
the tpphz center. Although overall τ1 is fairly consistent across
all of the quadruplex topologies, ranging from approximately
390 to 430 ns, there is no correlation between affinity for the
G4s and τ1. For example, τ1 on TBA association is comparable
to 22AG at 426 (±8) ns even though the affinity was
dramatically lower for this polymorph. Rather, it is taken to
reflect the most phenazine-protected binding mode for a given
topology. The amplitudes of the decay components τ1 and τ3
are taken to reflect the relative predominance of at least two
binding modes. For example, for Ru-PDC3 associated with
INTER G4, over 40% of the intensity amplitude of the decay
comes from the long-lived component (418 ns), indicating that
a binding mode that protects the phenazine is more prevalent
in this complex, compared, for example, to K-ras or TBA where
4 and 8% of the amplitude of decay are derived from the long-
lived component. Indeed, in all G4s, τ3 dominates the decay, at
nearly 50% of amplitude. τ2 is relatively stable both in value

and in amplitude across G4s, with the exception of INTER G4
where it is roughly 50% of the decay amplitude. Interestingly,
dsDNA, although showing a relatively short τ1 compared to G4
(and as expected similar to ctDNA), has a significant
amplitude of >30% for this component of the decay, consistent
with intercalation. The notable variation of lifetime and relative
amplitudes of the contributing components may provide the
possibilities to distinguish between different G4s in a cellular
environment, but the complexity of the decays may make it
difficult to analyze in practice, where average lifetimes are
easier to collect in imaging. Indeed, discrimination remains
clear when, as shown Figure 4, the averaged lifetimes are
compared as the shorter-lived components contribute greater
amplitude in the lower affinity polymorphs. 22AG and INTER
show clear discrimination from the other polymorphs from
both intensity and amplitude-averaged lifetimes. Overall, the
lifetime data shows promise, from the perspective of FLIM,
that DNA forms maybe discriminated on the basis of lifetime;
an increase in intensity-weighted lifetimes across all quadruplex
environments is clear compared to that of dsDNA and ssDNA
environments.

■ INFLUENCE OF RU-PDC3 ON THE DNA
STRUCTURE

As G-quadruplex DNA is optically active, circular dichroism
(CD) spectroscopy is a useful method to interrogate structural
changes to G4s induced by their interaction with Ru-PDC3.
The G4 topologies for each sequence used here can be readily
distinguished by CD spectroscopy. The metal complex used
herein is a racemic mixture so as expected does not show
optical activity in the absence of DNA. In all cases, the CD of
the G4 in the K+ buffer was consistent with the expected
topography, as reported previously.81−85 Peak maxima and
minima were observed at approximately 264 and 245 nm,
respectively, for K-ras and Pu24T, consistent with their parallel
topology, at 295 and 260 nm, respectively, for TBA consistent
with the antiparallel structure, and at 295 max, ≈260 max, and
245 nm, respectively, for 22AG, which has a mixed hybrid
structure.86 Peak maxima for INTER were observed at 215 and
260 nm consistent with a four-stranded intermolecular
quadruplex. The peak maxima or minima shifts, changes of
amplitude, or loss of these features on G4 interaction with
small molecules can reflect the formation or disruption of the
G4 structure.

Figure 5. (A) Intensity of the peak CD signal from different G4s as a function of Ru-concentration. Ru-PDC3 concentration ranges from 0 to 10
mol equiv to [Ru]/[G4]. Quadruplex concentration is maintained at 5 μM in KPi buffer. CD signal intensity was monitored at peak maxima that
depended on the topology, which were 265 nm for Pu24T and K-ras, 295 nm for 22AG and TBA, and 210 nm for INTER. (B) Representative CD
spectra of K-ras (5 μM) when titrated against increasing equivalents of Ru-PDC3 (0−10 mol equiv of [Ru]/[G4].
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In these experiments, Ru-PDC3 was titrated into a solution
where G4 DNA was at a constant concentration to follow
changes to the G4 topology. Recently, such an assay has been
established to investigate known stabilizers and disruptors,
where it was shown that a reduction in the CD peak intensity
at a characteristic quadruplex wavelength can relate to the
disruption of G4s.38

Remarkably, as illustrated in Figure 5, the titration of Ru-
PDC3 against the above-described G4s resulted in exceptional
disruption of the G4 structure. This was evident as a significant
loss of ellipticity with the addition of the metal complex. Such
a disruptive response is relatively unusual upon small ligand
binding, particularly so for ruthenium polypyridyl complex
binding, where mainly stabilization of quadruplexes has been
reported to date. One exception was a mononuclear complex
of [Ru(phen)2(PHEHAT)]2+ where similar reductions in the
ellipticity of Tel22 G4 at high ratios (> 5:1 ratio of Ru/G4)
were evident.78

When titrated against the antiparallel TBA G4, the signal at
295 nm was reduced by 82% at 5 equiv of Ru. Such a dramatic,
near-total loss of ellipticity is exceptional for a small molecule,
particularly under such a low [Ru]/[G4] ratio and under high
salt conditions (100 mM KCl).
Notably across several G4 topologies, induced CD (ICD)

was observed in features associated with the metal complex.
Following the titration of 3 equiv of Ru(II) against TBA, ICD
is observed at 400 and 260 nm that grows upon further
titration. Such a response may indicate the selective affinity of
one enantiomer, Δ or Λ, for the G4 structure. Similarly, the
CD signal of the two parallel complexes Pu24T and K-ras was
greatly reduced when titrated against Ru-PDC3; both G4s
exhibited remarkably similar destabilization with a total
reduction in ellipticity at 265 nm of 71 and 73% for Pu24T
and K-ras, respectively. As the destabilization is similar for both

parallel G4s, it is possible that the similarity relates to the
influence of the sequence direction and loop structure. Unlike
TBA, ICD signals did not emerge to a significant extent during
the titration. Titration of Ru-PDC3 against the INTER G4
resulted in the most extensive disruption of the quadruplex
signal, and these changes were also accompanied by an intense
ICD. Ellipticity decreases by 95% at a 10:1 [Ru]/[G4] ratio at
210 nm. The intense ICD of Ru-PDC3 occurring 248 and 264
nm obscures potential changes in ellipticity arising from the G4
topology, to overcome this analysis was performed at multiple
wavelengths. Interestingly, Ru-PDC3 did not induce complete
disruption of the mixed hybrid quadruplex 22AG. The
decrease in ellipticity at 265 nm and a positive ellipticity at
295 and 245 nm indicate rather, a conformational change to an
antiparallel quadruplex in which guanines are stacked in
alternating orientations. This ligand-induced change is
remarkably similar to the previously reported interaction
between Phen-DC3 and a human telomeric G4 analogous to
22AG, where a K+ ion was ejected by Phen-DC3 followed by
the stabilization of a two-quartet antiparallel quadruplex.87,88

The promising disruptive activity of Ru-PDC3 was
unexpected and, we believe, currently unparalleled in small-
molecule G-quadruplex association across the literature. As a
comparison, Tmpy4, one of the best-known G4 small-molecule
ligands, results in less disruption across a narrower range of
G4s. As reported by Mitteaux et al., when Tmpy4 is titrated
against 22AG in K+ buffer at a ratio of [10]:[1] ligand to G4, a
reduction in CD ellipticity of 68.7% was observed when
monitored at 293 nm.38

Resonance Raman Spectroscopy of G4-Bound Com-
plex. The resonance Raman spectroscopy of the Ru-PDC3
was examined under a 473 nm excitation following its
incubation with each of the nucleic acids studied. The
absorbance spectra, Figure 2E, showed that on DNA

Figure 6. Confocal images showing the uptake of (A, B) Ru-PDC3 in live A549 cells at 50 μM following a 24 h incubation in the absence of light. A
475 nm white light laser was used to excite the ruthenium complex, and emission was collected between 550 and 800 nm. In colocalization studies,
cells were incubated with (C) 50 μM of Ru-PDC3 for 24 h and costained with (D) Rab7a-GFP that indicated confinement in some late endosomes
evident by the overlap of the two channels in the (E) overlay image (Pearson’s coefficient, r = 0.73 ± 0.03). Rab7a-GFP was excited at 488 nm, and
emission was collected between 490 and 540 nm.
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association, hyperchromicity of the Ru-PDC3 absorbance
spectrum was observed but the spectral features remained
unchanged, so we expect that resonance remains approximately
the same. Under resonance conditions, only the Raman
features of Ru-PDC3 are evident in the spectrum. Association
with the nucleic acids exerted a subtle but significant influence
on the resonance Raman spectrum. There were small shifts in
the key Raman features on nucleic acid association, and these
were greater for G4 than for DNA, but, in particular, there are
clear changes in relative intensities of the phen-based
vibrational modes between 1400 and 1500 cm−1 that increase
in relative intensity compared to the tpphz features that
dominate above 1500 cm−1. Similar behavior has been noted
previously in dppz-based Ru(II) complexes on DNA binding.
In addition, most notably, the vibrational mode at 1534 cm−1

isolated on the phenazine is lost, exclusively on quadruplex
binding.89 The feature although reduced in intensity on duplex
binding remains evident on association with all other nucleic
acid materials, especially single-stranded structures. This is a
potentially important finding that may permit the discrim-
ination of G4 structures in resonance Raman in cells.

■ LIVE CELL UPTAKE AND CYTOTOXICITY
Ultimately, for the application of these complexes as imaging
probes or in therapy, cell permeability and targeting are
important. Given the high cationic charge of Ru-PDC3 and its
water solubility, we explored whether the complex, without
further modification, is permeable to live cells. We examined
uptake by A549 lung carcinoma cells using confocal
fluorescence microscopy. The water-soluble complex was
introduced to cells over a range of concentrations (25−100
μM) in the absence of light, from an aqueous buffer without
the inclusion of an organic solvent for dissolution. Under these
conditions, the complex exhibited good uptake in live cells and
the resulting intracellular distribution was observed to be
consistent across this concentration range. The optimized
concentration for imaging was determined to be 50 μM based
on the balance between image brightness and cytotoxicity,
discussed vide infra.
Figure 6A shows representative cell imaging following the

incubation of Ru-PDC3 at 50 μM in A549 lung cancer cells for
24 h. Due to the light switch properties of the complex in the
aqueous environment, monitoring its uptake and true
distribution within the cell is challenging as it emits only
from aqueous exclusive environments. Nonetheless, following
uptake, the complex exhibits a bright punctuate emission from

within the cytoplasm, although it appears to be largely nuclear
excluding (Figure S41). The marked intensity of the emission
indicate that it is associated with either membranous structures
or nucleic acid materials, and the punctate distribution
indicates that it is emitting from within organelles or
endosomes.
The negative transmembrane potential of mammalian cells

generally favors the uptake of positively charged complexes via
energy-independent mechanisms such as passive diffusion,
although the punctate distribution of the complex may suggest
endosomal entrapment. Therefore, to examine the uptake
mechanism, A549 cells were pretreated with oligomycin and 2-
deoxy-D-glucose, metabolic inhibitors that function by
depleting cells of energy. Oligomycin blocks oxidative
phosphorylation, making cells more dependent on glycolysis
and consequently more sensitive to inhibitors such as 2-deoxy-
D-glucose.90,91 We observed that following cell energy
depletion, on incubation with Ru-PDC3, emission was confined
to the cell membrane (Figure S42) and confocal z-scanning
throughout the cells confirmed there was no emission from the
cell interior. Thus, we conclude that uptake occurs via an
energy-dependent process, most likely endocytosis. To
evaluate, then if the punctate distribution of the probe is due
to endosomal entrapment, we evaluated the colocalization of
the complex with Rab7a-GFP, a commercial dye used to stain
late endosomes.92

Representative colocalization studies are shown in Figure 6,
where Ru-PDC3 (shown in red) was found to colocalize to an
extent with Rab7a-GFP (in yellow), evident by the overlap
regions (in orange) and Pearson’s coefficient value of 0.73,
though it is clear that Ru-PDC3 is not solely confined to the
endosomes. Late endosomes serve as a sorting station for
internalized extracellular molecules and can fuse with
lysosomes as part of the endocytic pathway.93 We thus
evaluated the colocalization of emission of Ru-PDC3 with
LysoTracker Green, a lysosomal staining dye, and representa-
tive colocalization images are shown in Figure S43; Pearson’s
coefficient value of 0.51 ± 0.03 was obtained, suggesting partial
localization of the complex in lysosomes under these
conditions. The membrane bilayer of endosomes and
lysosomes creates an enclosed protected environment, which
allows the luminescent-based tracking of Ru-PDC3 in cells. In
addition to their conventional roles, both endosomes and
lysosomes can release their contents to the cytoplasm or to the
extracellular space. The distribution of the complex remained
similar following incubation for an additional 24 h in the

Figure 7. Representative (A) luminescence intensity (gray scale) and (B) lifetime color map images of live A549 cells treated with Ru-PDC3 at 50
μM for 24 h. The PLIM images were acquired using the 405 nm excitation laser line.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.2c03903
Inorg. Chem. 2023, 62, 2213−2227

2221

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c03903/suppl_file/ic2c03903_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c03903/suppl_file/ic2c03903_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c03903/suppl_file/ic2c03903_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03903?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03903?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03903?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03903?fig=fig7&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c03903?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


absence of light. Co-staining with LysoTracker Green (Figure
S44) under these conditions indicated a slightly higher degree
of lysosomal colocalization (r = 0.56 ± 0.01). Further co-
staining studies were carried out with a mitochondrial staining
dye (BioTracker Mitochondria 488 dye), which confirmed that
the Ru-PDC3 complex does not localize to the mitochondria
(Figure S45). Colocalization studies and r coefficients suggest
that the staining observed originates primarily from the dye
residing in endosomal vesicles and lysosomal organelles but
potentially also in cytoplasmic compartments below the
resolution of a conventional confocal microscope (Figures 6,
S43, and S44).
Cytotoxicity studies using the alamarBlue assay showed that

the Ru-PDC3 complex was mildly toxic toward the A549 cell
line with an IC50 of 85 ± 10 μM (Figure S46). Although
extensive distribution of the complex within cells was observed,
the low cytotoxicity is tentatively attributed to the significant
endosomal entrapment of the complex under these conditions.
By comparison, a series of ligand (PDC)-based derivatives in
A549 cells showed moderate toxicity over a 72 h incubation
with IC50 values ranging from 16 μM to above 100 μM.9494

■ EMISSION LIFETIME IMAGING
Phosphorescence lifetime imaging microscopy (PLIM) imag-
ing was used to examine the lifetime distribution of Ru-PDC3
in A549 cells post 24 h of incubation. In all cases, the emission
decays from the acquired PLIM images were best fit to a
triexponential model where the short lifetime component is
attributed to background scatter and/or reflectance. Figure 7
shows the intensity image and the corresponding false-color
PLIM image of Ru-PDC3 in live A549 cells. As expected, the
punctate distribution of the emission from the complex
matches the confocal fluorescence imaging. As shown in
PLIM images (Figures 7B and S47), the lifetime distribution is
not uniform and shows significant variation between the
spherical bodies that are labeled and lifetimes within a single
A549 cell. For the PLIM image (Figure 7B), the complex
exhibited an average lifetime of τ1 120.4 ± 3.7 ns and τ2 22.7 ±
1.2 ns. Interestingly, variation in the lifetime distribution was
also observed in PLIM images acquired for different A549
cells. For example, Figure S49 shows the PLIM image for Ru-
PDC3 in a different single live A549 cell. Here, the complex
exhibited average lifetimes of 50.5 ± 1.8 and 9.51 ± 0.57 ns.
The intercell variation is unexpected but may indicate that the
lifetime is influenced by the life phase of the cell. These
findings show that Ru-PDC3 can provide lifetime discrim-
ination in imaging in cells and therefore could be used as a
highly responsive probe for cell PLIM mapping.
Overall, the relatively short lifetimes observed from PLIM

indicate that the complex is in a relatively aqueous-exposed
environment within the cell. The lifetimes correspond fairly
closely with the values of τ2 and τ3 from the parent when
exposed to nucleic acid and given nuclear exclusion we
attribute this to association with the endosomal membrane.
There is no evidence of the long-lived lifetime component
expected in G4 binding. In addition, based on the localization
studies above, we conclude that the complex is likely emitting
from the membrane of endosomes and lysosomes. The long-
and short-lived components may reflect different modalities of
membrane association, although the lifetime distribution
appears to be uniform at each organelle and so may reflect
the impact of the endosomal and lysosomal microenviron-
ments on the emission of the complex. The latter is expected

to be acidic and also contains a milieu of metals and redox-
active species, which may result in the quenching of the excited
state. Thus, overall, although unable to reach nucleic acid
materials within the cell without further modification, our data
shows that emission lifetimes from other components within
the cell, presumably here membranous and proteinaceous
structures, yield emission decays from FLIM that would be
readily distinguishable from nucleic acid and ultimately from
G4 structures. Our future focus is on modifications to the
complex to promote targeting to the nucleus of the cell.

■ CONCLUSIONS
The light switch capability of the well-known ruthenium
tetrapyrido[3,2-a:2′,3′-c:3″,2″-h:2‴,3‴-j]phenazine (tpphz)
complex was combined with a G4 selective ligand (Phen-
DC3) to create a high-affinity reporter for G-quadruplex DNA.
The complex shows complex absorption and emission
behavior. Computation shows overlapping contributions from
three charge-transfer transitions originating from the Ru(II)
center to the phen ligand, the terminal methylquinolinium, and
to tetrapyridophenazine of the PDC3 ligand. This is supported
by resonance Raman data, which shows that under a 473 nm
excitation, vibrational modes from all of the ligand systems are
enhanced. The complex shows the light switch effect; emission
is extinguished in water and switched on in acetonitrile or in
association with the nucleic acid. From emission titrations, the
complex shows particularly high affinity for G4 quadruplex
DNA, although the affinity was G4 identity-dependent with Ka
over an order of magnitude greater for K-ras and 22AG
compared with ctDNA. The emission intensity and average
emission lifetime are also greatly enhanced by binding to these
two G4 structures. Interestingly, the resonance Raman
spectroscopy shows a small but important change in
quadruplex binding; the vibrational mode at 1534 cm−1

isolated on the phenazine is lost on G4 binding but not on
association with other nucleic acids.
Critically, and unexpectedly, the complex was found to be a

potent G4 disrupter. Circular dichroism revealed that across all
G4s studied, a dramatic loss of G4 ellipticity occurred, which
was particularly prevalent for K-ras and TBA, both of which
showed a significantly induced CD at the metal complex
absorbance. Furthermore, interestingly, the disruption does not
correlate with the binding affinity or enhancement in emission
intensity.
The complex, as a chloride salt, is water-soluble and was

found to be readily cell-permeable through an activated uptake
mechanism. The complex was found in A549 cells to be
localized to a significant degree, although not exclusively, to
endosomes and lysosomes in live cells, consistent with an
endocytotic uptake mechanism. It showed strong emission
from within the cells and based on emission lifetime imaging
the emission switch is observed due to association with the
organelle membrane rather than nucleic acid materials. Current
studies focus on strategies to drive this interesting G4 disrupter
to the nucleus.

■ EXPERIMENTAL SECTION
Materials and Methods. Absorbance measurements were

performed using a Jasco V670 spectrophotometer; data was
manipulated using Jasco Spectra Manager software and MS Excel.
Emission titration spectra were obtained using a Varian Cary Eclipse
Fluorimeter. Slit widths were set to 20 nm for all DNAs with the
exception of emission studies using the INTER quadruplex where 10
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nm was used due to greater emissivity. Lifetime measurements were
performed on a PicoQuant FluoTime 100 Compact FLS TCSPC
system using a 450 nm pulsed laser from a PicoQuant PDL800-B
source and an external Thurlby Thandar Instruments TGP110 10
MHz pulse generator to enable the acquisition of long lifetime data.
Data was collected from up to 10,000 counts, and decay curves were
analyzed using PicoQuant Fluofit software and tail-fit statistical
modeling. Deaeration was performed by bubbling samples with argon
for 15 min before measurement. Raman spectroscopy was carried out
on a Horiba LabRam instrument, using diode laser excitation at 785
or 473 nm. Circular dichromism measurements were performed on a
Chirascan Series, and data manipulation was performed using the
Global 3 Analysis Software and MS Excel. Comparative emission
measurements of Ru-PDC3 bound to G4s were recorded on a
Clariostar Plus plate reader in triplicate. High-resolution mass
spectrometry (HR-MS) was performed by the HR-MS facility,
Trinity College Dublin. Analytical HPLC was performed on a Varian
940-LC Liquid Chromatograph using an Agilent Zorbax Pursuit XRs
C18 column (5 μm, 4.6 × 250 mm2). Samples were prepared in
distilled water; gradient elution was performed with a flow rate of 1
mL/min starting with a 0.1% trifluoroacetic acid (TFA) in the H2O/
MeCN mobile phase starting with 95/5 increasing linearly to 50/50
over 20 min. Peak detection was performed using a PDAD at 440 nm.
Stock concentrations of Ru-PDC3 were stored as PF6− salts in

MeCN or as Cl− salts in deionized water at a concentration of 5 mM.
Oligonucleotides were purchased from Eurofins Genomics and

stored at −20 °C. The preparation of G4s was performed similarly to
previous reports.86 A KPi buffer (10 mM potassium phosphate, 100
mM KCl) was used to anneal the quadruplex for all measurements.
Quadruplexes were annealed at 95 °C for 5 min before cooling slowly
to room temperature. Fluorescent and absorbance titration experi-
ments were performed in tandem using a stock concentration of a 1
mM quadruplex strand concentration.
Chemicals were purchased from either Sigma-Aldrich (Merck) or

Fluorochem and used without further purification. 1H NMR spectra
were recorded on a 600 MHz Bruker spectrometer. 1H NMR spectra
were processed using the Bruker Topspin software. The complexes
[Ru(phen)2(NitroAmino-phen)]2+ and [Ru(phen)2 (Diamino-
phen)]2 were synthesized as described by Gillard et al.95

Raman Studies. Resonance Raman spectroscopy was carried out
on Ru-PDC3 (100 μM) in KPi. Instrument calibration was performed
prior to measurement. Ru-PDC3 was measured in the presence of
DNA with a 473 nm laser with 20 accumulations per measurement.
Measurements were repeated at least three times. Spectra in this
section are representative spectra. Baseline correction and peak
picking were completed using NGS LabSpec5 software.

DNA Titration Studies. DNA binding studies were performed using
a procedure adapted from a literature protocol.48 Aliquots of DNA
from a 1 mM stock solution were titrated into a 10 μM solution of
Ru-PDC3 in KPi buffer. After addition, the solution was mixed with
and incubated before luminescence measurements. Each titration was
repeated at least three times. Addition of DNA was continued until
saturation was evident. Measurements were performed with a 20 mm
slit width with the exception of INTER G4 due to high emissivity,
where 10 mm was used. Average values for Kb and n were obtained by
fitting results to the model described by Carter et al. with
modifications by Poulsen et al.72,96 The model is outlined in eqs 1
and 2. MS Solver was used to calculate the best fit while minimizing
the sum of square residuals
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where Iapp is the apparent intensity of a given binding ratio, r =
[DNA]/[Ru]; Ib is the intensity at saturation; Kb is the binding
constant; Ct is the ruthenium concentration; Cdna is the total

concentration of DNA by the G4 strand equivalent, base pair, or base
for quadruplexes, dsDNA, and ssDNA, respectively; and n is the
binding site size.

Circular Dichroism. Circular dichroism was performed using a G4
DNA solution annealed at 5 μM in KPi buffer. Titrations were
repeated at least three times; each measurement presented is the
average of two accumulations. Spectra were recorded over a window
from 200 to 550 nm. Ru-PDC3 was titrated (2.5−50 μM) in each
sample and measured after at least 5 min to allow binding to complete
(following prior confirmation that this length of time was sufficient to
see no additional changes).

Cell Culture. The Ru-PDC3 parent complex was studied in a lung
carcinoma cancer cell line (A549). The cells were subcultured using
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin−streptomycin and were grown
at 37 °C with 5% CO2.

Uptake Studies of Ru-PDC3. A549 cells were seeded at 8 × 104
cells in 35 mm glass-bottom culture dishes (Ibidi, Germany) and were
allowed to grow for 48 h at 37 °C with 5% CO2. Cells were treated
with Ru-PDC3 at the desired concentration using a dye stock solution
of 1 mM in phosphate-buffered saline (PBS). Following the desired
incubation time, at 37 °C at 5% CO2, the cells were washed twice with
supplemented PBS (1.1 mM MgCl2 and 0.9 mM CaCl2). The treated
cells were imaged directly using a Leica TCS DMi8 confocal
microscope (63× oil immersion objective lens) with a heated stage at
37 °C. A 475 nm white light laser was used to excite Ru-PDC3, and
the emission range was set to between 550 and 800 nm. In the
metabolic inhibitor study, the cells were pretreated with 5 μM of
oligomycin and 50 mM of 2-deoxy-D-glucose for 40 min and the
contact solution was replaced with Ru-PDC3 at 50 μM/24 h in fresh
media.
Rab7a-GFP dye, used to stain late endosomes, was added to the

cells and incubated overnight at 37 °C prior to the addition of the
ruthenium complex. Rab7a-GFP was excited at 488 nm, and emission
was collected between 490 and 540 nm. LysoTracker Green DND 26,
used for staining lysosomes, was added at 60 nM and incubated for 30
min prior to imaging (λexc 504 nm, λem range: 510−515 nm).
BioTracker 488 Green (100 nM; 25 min), used to stain mitochondria,
was excited at 488 nm, and emission was collected between 510 and
520 nm. A nuclear staining dye was added (DRAQ7; 3 μM) during
uptake studies to distinguish intact live cells from permeabilized/dead
cells. The 633 nm laser was used to excite DRAQ7, and emission was
collected between 650 and 750 nm.

Cytotoxicity Studies. The alamarBlue assay (Promocell GmbH)
was used to assess the cell viability of A549 cells treated with the Ru-
PDC3 complex. The cells were seeded in flat-bottomed culture-
treated 96-well plates at 104 cells in 100 μL per well for 24 h at 37 °C
with 5% CO2. The complex was added at concentrations of 100, 75,
50, 25, 10, and 5 μM (n = 3) and incubated for 24 h prior to the
addition of the Resazurin reagent (10% v/v) for 6 h at 37 °C in the
absence of light. Absorbance readings were carried out at 570 and 600
nm (corrected for background subtraction) using a CLARIOstar
(plus) (v 5.70) plate reader. The viability assay was performed in
triplicate.

Phosphorescence Lifetime Imaging Microscopy (PLIM). Live
A549 cells were prepared and treated with Ru-PDC3. Luminescence
lifetime imaging was carried out using a PicoQuant 100 system
attached to a Leica TCS inverted (DMi8) confocal microscope using
a 63× oil immersion objective. Each sample was acquired for 120 s
with a 512 × 512 resolution using a 405 nm laser line. Data was
analyzed using PicoQuant SymphoTime software.
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I.; Ziemniak, M.; Jasḱiewicz, A.; Borowski, R.; Domoradzki, T.;
Priebe, W. 2-Deoxy-d-Glucose and Its Analogs: From Diagnostic to
Therapeutic Agents. Int. J. Mol. Sci. 2020, 21, No. 234.
(91) Mookerjee, S. A.; Nicholls, D. G.; Brand, M. D. Determining
Maximum Glycolytic Capacity Using Extracellular Flux Measure-
ments. PLoS One 2016, 11, No. e0152016.
(92) Gruenberg, J.; Stenmark, H. The Biogenesis of Multivesicular
Endosomes. Nat. Rev. Mol. Cell Biol. 2004, 5, 317−323.
(93) Jeger, J. L. Endosomes, Lysosomes, and the Role of Endosomal
and Lysosomal Biogenesis in Cancer Development. Mol. Biol. Rep.
2020, 47, 9801−9810.
(94) Masson, T.; Landras Guetta, C.; Laigre, E.; Cucchiarini, A.;
Duchambon, P.; Teulade-Fichou, M.-P.; Verga, D. BrdU Immuno-
Tagged G-Quadruplex Ligands: A New Ligand-Guided Immuno-
fluorescence Approach for Tracking G-Quadruplexes in Cells. Nucleic
Acids Res. 2021, 49, 12644−12660.
(95) Gillard, M.; Weynand, J.; Bonnet, H.; Loiseau, F.; Decottignies,
A.; Dejeu, J.; Defrancq, E.; Elias, B. Flexible RuII Schiff Base
Complexes: G-Quadruplex DNA Binding and Photo-Induced Cancer
Cell Death. Chem.�Eur. J. 2020, 26, 13849−13860.
(96) Carter, M. T.; Rodriguez, M.; Bard, A. J. Voltammetric Studies
of the Interaction of Metal Chelates with DNA. 2. Tris-Chelated
Complexes of Cobalt(III) and Iron(II) with 1,10-Phenanthroline and
2,2′-Bipyridine. J. Am. Chem. Soc. 1989, 111, 8901−8911.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.2c03903
Inorg. Chem. 2023, 62, 2213−2227

2227

 Recommended by ACS

Parallel G-Quadruplex DNA Structures from Nuclear and
Mitochondrial Genomes Trigger Emission Enhancement in a
Nonfluorescent Nano-aggregated Fluorine–Boron-Based Dye
Marco Deiana, Nasim Sabouri, et al.
FEBRUARY 13, 2023
THE JOURNAL OF PHYSICAL CHEMISTRY LETTERS READ 

Ligand Design and Preparation, Photophysical Properties,
and Device Performance of an Encapsulated-Type Pseudo-
Tris(heteroleptic) Iridium(III) Emitter
Vadim Adamovich, Jui-Yi Tsai, et al.
FEBRUARY 21, 2023
INORGANIC CHEMISTRY READ 

Employing Long-Range Inductive Effects to Modulate Metal-
to-Ligand Charge Transfer Photoluminescence in
Homoleptic Cu(I) Complexes
Michael C. Rosko, Felix N. Castellano, et al.
FEBRUARY 07, 2023
INORGANIC CHEMISTRY READ 

Supramolecular Recognition of Cytidine Phosphate in
Nucleotides and RNA Sequences
Boris S. Morozov, Evgeny Kataev, et al.
FEBRUARY 13, 2023
JACS AU READ 

Get More Suggestions >

https://doi.org/10.1021/ja970064i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja970064i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/ijms21010234
https://doi.org/10.3390/ijms21010234
https://doi.org/10.1371/journal.pone.0152016
https://doi.org/10.1371/journal.pone.0152016
https://doi.org/10.1371/journal.pone.0152016
https://doi.org/10.1038/nrm1360
https://doi.org/10.1038/nrm1360
https://doi.org/10.1007/s11033-020-05993-4
https://doi.org/10.1007/s11033-020-05993-4
https://doi.org/10.1093/nar/gkab1166
https://doi.org/10.1093/nar/gkab1166
https://doi.org/10.1093/nar/gkab1166
https://doi.org/10.1002/chem.202001409
https://doi.org/10.1002/chem.202001409
https://doi.org/10.1002/chem.202001409
https://doi.org/10.1021/ja00206a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00206a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00206a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00206a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c03903?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c03301?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04106?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04315?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/jacsau.2c00658?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/jacsau.2c00658?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/jacsau.2c00658?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/jacsau.2c00658?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/jacsau.2c00658?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/jacsau.2c00658?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/jacsau.2c00658?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/jacsau.2c00658?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/jacsau.2c00658?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/jacsau.2c00658?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/jacsau.2c00658?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/jacsau.2c00658?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/jacsau.2c00658?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/jacsau.2c00658?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/jacsau.2c00658?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/jacsau.2c00658?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/jacsau.2c00658?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/jacsau.2c00658?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/jacsau.2c00658?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
http://pubs.acs.org/doi/10.1021/jacsau.2c00658?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678065605&referrer_DOI=10.1021%2Facs.inorgchem.2c03903
https://preferences.acs.org/ai_alert?follow=1

