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Photodynamic therapy photosensitizers and
photoactivated chemotherapeutics exhibit distinct
bioenergetic profiles to impact ATP metabolism+

Richard J. Mitchell,®> Dmytro Havrylyuk,® Austin C. Hachey,® David K. Heidary*®
and Edith C. Glazer ©*°

Energy is essential for all life, and mammalian cells generate and store energy in the form of ATP by
mitochondrial (oxidative phosphorylation) and non-mitochondrial (glycolysis) metabolism. These
processes can now be evaluated by extracellular flux analysis (EFA), which has proven to be an
indispensable tool in cell biology, providing previously inaccessible information regarding the
bioenergetic landscape of cell lines, complex tissues, and in vivo models. Recently, EFA demonstrated its
utility as a screening tool in drug development, both by providing insights into small molecule—organelle
interactions, and by revealing the peripheral and potentially undesired off-target effects small molecules
have within cells. Surprisingly, technologies to quantify cellular bioenergetics have not been
systematically applied in phototherapy development, leaving open several questions about how the
mechanism of action of a compound can impact essential cellular functions. Here, we utilized the
Seahorse analyzer to address this question for photosensitizers (PSs) for photodynamic therapy (PDT)
and contrast these systems to molecules that photo-release a ligand and thus act as photocages or
photoactivated chemotherapeutics (PACT), intending to understand the influence these two classes of
compounds have on cellular bioenergetics. EFA results show that acute treatment of A549 lung
adenocarcinoma cells with PDT agents induces a quiescent bioenergetic response as a result of
mitochondrial respiration shutdown. The loss of oxidative phosphorylation is followed by disruption of
glycolysis, which occurs after an initial increase in glycolytic respiration is unable to compensate for the
interruption of the electron transport chain (ETC). In contrast, the PACT agents tested had little impact
on cellular respiration, and the minor inhibition of these metabolic processes was not related to the
mechanism of action, as reflected by a lack of correlation with photoejection efficiency. Notably,
a system capable of both generating O, and photo-releasing a ligand exhibited the dominant profile of
a PDT agent and induced the quiescent bioenergetic state, indicating potential implications on cellular
bioenergetics for so-called dual-action agents. These findings are presented with the aim to provide the
necessary groundwork for expanding the application and utility of EFA to phototherapeutics and to
highlight the role of metabolic alterations in PDT.

molecule. For Ru(u) polypyridyl complexes, irradiation of the
inactive complex induces excitation and population of the

Chemotherapy is part of the treatment regimen for approxi-
mately 60% of patients with cancer." However, traditional
chemotherapies generally have dose-limiting adverse effects
which have been associated with poor outcomes. Photodynamic
therapy (PDT) and photoactivated chemotherapy (PACT) have
been developed to limit the tissues exposed to cytotoxic agents.
In both types of phototherapy, light is used to activate a prodrug
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singlet metal to ligand charge transfer state ("MLCT), which
then undergoes intersystem crossing, yielding the *MLCT state.
In PDT, the chemical agents are photosensitizers (PSs) that
undergo energy transfer from their triplet excited state to cata-
lytically convert ground-state *O, to reactive oxygen species
(ROS), including 'O,, via type 1 or type II electron and energy
transfer processes.> PDT agents have shown significant trans-
lational utility, with porphyrin-based PSs in routine use in the
clinic, and a new Ru(u)-based photosensitizer, TLD-1433,
currently under evaluation in Phase II clinical trials® with the
FDA designating it with Fast Track status. In contrast to
generating ROS, PACT relies on the concept of photocaging,
where light is used to release an active molecule from
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a protecting group. We and others have developed Ru(u)-based
PACT agents based on intrinsically strained systems, where the
distortion of the complex brings the *MLCT state close in energy
to a triplet metal-centered state *MC, facilitating population of
this formally antibonding orbital and resulting in photoejection
of a ligand.*” This allows for the selective delivery of targeted
agents that are intended to precisely regulate specific biological
processes, often without inducing systemic cytotoxicity.*™

Despite considerable interest in the development of
compounds for PDT and PACT, the relationship between the
mechanisms of action of these agents and cellular bioenergetics
remains largely unexplored. Moreover, bioenergetic interac-
tions of metal-containing agents are generally not well charac-
terized, with some notable exceptions. There have been studies
of a small number of metal complexes containing iridium,*
cobalt,** copper,"*** gold,"””** platinum,” ruthenium,**?>
rhenium,* and iron** that include assessments of the influence
of the compounds on bioenergetics. However, to our knowl-
edge, none of these complexes leverage light-mediated mecha-
nisms of activation. We believe this constitutes a large
knowledge gap, as light-activated compounds are being
considered for various pre-clinical and clinical applications,
including direct cell killing, immune priming, and delivery of
targeted, highly specific biological effectors, but without
knowledge of the impacts they may have on the essential energy
producing pathways of oxidative phosphorylation and glycol-
ysis. Herein, we investigate PACT and PDT agents and their
respective effects on cellular bioenergetics using the Seahorse
extracellular flux analyzer, and identify noteworthy differences
between these two treatment approaches.

Quantifying cellular respiration was once a cumbersome
process.” The introduction of the Seahorse extracellular flux
analyzer, as well as other multi-sample flux analyzers, has
greatly expanded the throughput of these technologies to assess
impacts on oxidative phosphorylation and glycolysis.>® This has
facilitated the characterization of these key processes, and
made bioenergetic analysis an accessible part of the drug
discovery pipeline.””* By running high-throughput bioener-
getics assays with drug candidates, their effects on oxidative
phosphorylation and glycolysis on adenosine triphosphate
(ATP) production can be evaluated, providing key information
as a part of the desired mechanism of action or revealing
a potentially dangerous off-target effect. Biological samples that
can used for analysis include cells lines from 2D tissue culture,
3D organoid models,**** ex vivo samples,* and even in vivo
systems such as zebrafish embryos®**** and Caenorhabditis ele-
gans.*® Strong correlations have been shown for metabolic
disruptions detected in the Seahorse analyzer for compounds
that are toxins in vivo,***® drugs that can induce metabolic
reprograming,®*>*® and even antibiotics.*

Deregulation of cellular metabolism is a hallmark of cancer,
making it an attractive target for anticancer therapy.*>** Most
cancer cells are considered to be addicted to glycolysis for
energy production, a phenomenon first reported by Otto War-
burg in the 1920s,** and exhibit varying degrees of mitochon-
drial dysfunction. Furthermore, recent work has shown that
mitochondria play an important role in cancer development,
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particularly in metastasis.”®* Thus, it is important to under-
stand how potential anti-cancer agents can impact central
metabolic processes and mitochondrial function, particularly
as inhibition of mitochondrial function is considered a partially
selective cancer treatment strategy. The mitochondrial
membrane potential of cancer cells is 80 mV more negative than
healthy cells.*® This negative mitochondrial membrane poten-
tial attracts lipophilic cations, making cancer cells more
susceptible to treatment with molecules with these physi-
ochemical properties, as these compounds perturb mitochon-
drial functions.*® Since a substantial portion of Ru(u)-based
molecules are both lipophilic and cationic, they possess the
appropriate characteristics to disrupt mitochondrial function
and impair oxidative phosphorylation. Investigating the impact
of Ru(u) molecules on these energy-producing processes could
provide key information regarding structural and functional
considerations (i.e. photoinert vs. photolabile complexes) when
attempting to target — or preserve — cellular bioenergetic func-
tions. As a result, we performed a systematic analysis of the
effects of photostable Ru(u) complexes that can act as photo-
sensitizers, and are potential PDT agents, and compared the
effects of Ru(u) complexes that can eject a ligand, and thus are
potential PACT agents. Notably, the photoejecting metal centers
are capable of forming adducts to biomolecules. We further
expanded the study to include several structurally related
compounds that contain thermally labile chloride ligands and
are capable of similar covalent interactions with biomolecules,
but without the light activation step. These were termed
“traditional” agents, in contrast to the photoactive systems.

We found that both lipophilic Ru(u) complexes and an
organic PDT agent rapidly terminate cellular bioenergetics in
lung adenocarcinoma (A549) cells. Treatment with these
photosensitizers causes the cells to become first glycolytic, and
then quiescent, after they fail to compensate for the lost energy
that was previously provided by oxidative phosphorylation.
Interestingly, the PACT compounds exhibited a radically
different profile. While the Ru(u) systems are structurally
similar, the PACT systems generally do not influence cellular
bioenergetics, which could be attributed to their alternate
mechanisms of action.**>** We also demonstrate, in concur-
rence with previous work on traditional agents that are not
prodrugs,® that this platform works exceedingly well as
a screening tool, expanding the utility of flux analyses to pho-
totherapeutics. This foundational study establishes a workflow
for studying phototherapeutic and bioenergetic interactions,
facilitating future studies for characterizing the necessary
structural features and mechanisms of Ru(u)-based agents that
target cancer metabolism.

Results and discussion
Correlation between cytotoxicity and hydrophobicity

A focused library of previously synthesized and reported Ru(u)
molecules*******>% was used in this analysis. While other metal
complexes are of interest to select research groups, we focused
on Ru(u) polypyridyl complexes, due to their long-standing
prominence in photochemical and photobiological studies,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and their growing clinical significance for phototherapy appli-
cations, as evidenced by the success of TLD-1433. Moreover, in
contrast to most other metal coordination compounds, Ru(u)
complexes can act as either PDT or PACT agents with only slight
structural changes. As a result, this small collection of mole-
cules allowed for comparison of disparate photochemical
mechanisms of action within closely related chemical struc-
tures. Characterization data is provided in these published
works**3%52735 and in the ESI,T and all compounds investigated
exhibited =95% purity. Additional studies of the biological
effects of the individual molecules can be found in these prior
publications.

Notably, all compound structures are closely related (Chart
1A and B), with 1-12 being tris- and bis-homoleptic octahedral
agents containing polypyridyl ligands with no reactive func-
tional groups or moieties likely to engage in hydrogen-bonding
or polar interactions. Compounds 13-15 (Chart 1B) are also
octahedral, and contain one tridentate polypyridyl ligand,
a bidentate ligand, and an exchangeable chloride ligand. These
compounds are not potential phototherapeutics so the effect of
light on cytotoxicity was not determined. All compounds
studied carry a +2 charge (1-12), a +1 charge (13 and 15) or
0 charge (14). The compounds that were chosen as PACT agents
contained strain-inducing ligands, which incorporate groups
that induce steric clash when assembled around the octahedral
metal center. These ligands are 6,6'-dimethyl-2,2’-bipyridine
(dmbpy), 2,9-dimethyl-1,10’-phenanthroline (dmphen), and
2,2'-biquinoline (biqg), along with the pyridyl-pyrazole ligand (in
compounds 2, 4, 5, 7, 11, and 12). In contrast, complexes that
are not strained are expected to act as PDT agents, and incor-
porate 2,2"-bipyridine (bpy), 1,10’-phenanthroline (phen), and
4,7-diphenyl-1,10-phenanthroline (DIP) ligands (compounds 1,
3,6, 8,9, and 10).

The cytotoxicity of the various compounds was assessed
prior to performing the extracellular flux analysis to determine
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Chartl Ruthenium(i)-based compounds investigated in this study. (A)
Ru(i) PACT (2, 4,5, 7, and 11) and PDT compounds (1, 3, 6, 8, 9, and 10)
investigated. (B) Thermally activated Ru(i) scaffolds investigated.
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an appropriate range of concentrations to use when probing
cellular bioenergetics. The cytotoxicity was determined for all
compounds in the dark and for 1-12 after irradiation with
450 nm light (29.1 J cm™2) in the A549 lung cancer cell line. In
general, PDT compounds were significantly more photo-
cytotoxic than photocaged compounds in this study (Fig. 1A
and Table 1). The difference in efficacy between PACT and PDT
agents is apparent when comparing their phototoxicity indices
(PI; the ratio of the cytotoxicity in the dark to the light), as PDT
agents were up to 50-fold more potent whereas PACT
compounds were only up to 7.2-fold more potent upon irradi-
ation. This is attributed to distinct mechanisms of action, and
the fact that photosensitizers are catalysts that generate ROS,
inducing DNA damage,*** lipid peroxidation,®** and notably
for this study, mitochondrial dysfunction.****** In contrast,
while photoactivated chemotherapeutics are capable of acting
via multiple mechanisms, either via metal-based damage to
biomolecules or the release of organic ligands that are cytotoxic,
they are still intrinsically limited by the stoichiometric quanti-
ties of cytotoxins produced.

In order to assess a physiochemical property that could
impact subcellular localization and alter metabolic processes,
the logarithm of the partition coefficient (logP) for each
compound was determined, which is correlated to the lip-
ophilicity. A chromatographic method was used that estab-
lished the correlation between retention time and log P using
small molecules with known log Pvalues. Based on this data set,
the relative log P values for the Ru(u) compounds was deter-
mined.®**® The chromatogram for each compound is shown in
Fig. S2,T and plots of their relative log P values are provided in
Fig. 1B, S3 and Table S1.f There was a positive correlation
between log P and cytotoxicity for the series of compounds
(Fig. 1C and D), consistent with other studies that show that
hydrophobic metal complexes can have cytotoxic effects,
sometimes due to association with mitochondria. An exception
was compound 14, which was inactive, despite having the
second highest lipophilicity. Thus, the thermally activated
compounds 13-15 did not fit the general trend for the rela-
tionship between cytotoxicity and lipophilicity. There were no
other obvious structural features to consider in structure-
activity relationships, as the chemical structures are coordina-
tion complexes of non-polar polyaromatic ligands.

Utility of the Seahorse platform for PDT agents

Mitochondrial biology and metabolism can be assessed with
extracellular flux analysis tools that detect the changes in
extracellular O, and H' levels that are associated with different
perturbations within the electron transport chain (ETC)."%
The mitochondrial stress test (MitoStress Test) utilizes estab-
lished inhibitors of various components of the ETC to obtain
information about ATP biosynthesis, changes in cellular respi-
ration, and overall influences on mitochondrial health.
Following incubation with a compound of interest, the cells in
the MitoStress Test are treated with a series of validated
inhibitors of metabolic processes to obtain well-characterized
changes in respiration. The first compound used is

Chem. Sci., 2025, 16, 721-734 | 723
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Fig.1 Correlation of cytotoxicity and lipophilicity of compounds 1-15. (A) The average log ICsq of compounds 1-15. Cytotoxicity values were
determined 72 h after treatment; irradiated samples were treated with 450 nm light (29.1 J cm~2) and dark samples were protected from light (n =
3). (B) The relative log P values of 1-15 as determined by the chromatography method described in the ESI.+ (C) The comparison between relative
log P and cytotoxicity of 1-15 in the dark. (D) The comparison between relative log P and cytotoxicity of 1-12 following irradiation.

Table 1 Cytotoxicity and inhibition of OCR in A549 cells with no
irradiation (dark) and with indigo (450 nm® or red (660 nm?) light*

Lowest
concentration
for inhibition
ICs, (£St. Dev.) [uM] of OCR [uM]
Compound Dark Light PI Dark Light
1 >100 8.6 (3.6) >11.6 >25 >25
2 >100 22.6 (8.4) >4.4 >25 >25
3 66.4 (3.9) 2.34 (0.11)  28.4 >1 0.3
4 31.3 (6.8) 9.2 (2.8) 3.4 >10 10
5 20.5 (4.0) 24.0 (2.3) 1.0 >10 >10
6 1.1 (0.6) 0.7 (0.1) 1.6 1 0.1
7 11.4 (3.2) 5.5 (0.7) 2.1 >10 10
8 4.6 (0.2) 0.09 (0.01)  51.1 1 0.1
9 6.6 (1.4) 0.22 (0.02)  30.0 >1 0.1
10 11.8 (0.4) 0.8 (0.1) 14.8 >1 1
11 43.4 (7.8) 6.0 (3.6) 7.2 >25 10
12 2.6 (0.1) 0.10 (0.01)  26.0 10 1
13 42.5 (5.6) N.D. N.D. 10 N.D.
14 38.5 (2.6) N.D. N.D. 10 N.D.
15 0.48 (0.03) N.D. N.D. >3.3 N.D.
HPPH? >90 3.7 (1.5) ~27 3 0.4
Cisplatin 8.1 (2.9) N.D. N.D. >20 N.D.

“ Indigo = 450 nm light (29.1 ] cm™~2; 485 mW cm™2). © Red light =
660 nm (57.8 ] cm % 16 mW cm 2). © All data is representative of
triplicate or quadruplicate measurements.
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oligomycin, which inhibits ATP synthase (Fig. 2A), resulting in
a decrease in cellular respiration.” After data is obtained under
conditions where ATP synthase is inhibited, an injection of
carbonyl cyanide p-(trifluoromethoxy)phenyl-hydrazone (FCCP),
a mitochondrial membrane uncoupler,® is performed. This
mimics an energy-demanding stimulus, resulting in a ramp in
mitochondrial respiration. The next injection is a rotenone/
antimycin A cocktail. Rotenone inhibits Complex I, while anti-
mycin A inhibits Complex II1.7%7> The ETC is shut down when
these two compounds are added to cells, resulting in the elim-
ination of mitochondrial-associated respiration (Fig. 2B).
Glycolysis can also be monitored by extracellular flux tech-
nology. For this, basal glycolysis and mitochondrial acidifica-
tion are measured and then the ETC is shutdown by the
injection of rotenone and antimycin A. Glycolysis is then
upregulated in the cells in an attempt to compensate for the loss
in oxidative phosphorylation, providing a reading of compen-
satory glycolysis. Next, glycolysis is blocked by the injection of 2-
deoxyglucose (2-DG; Fig. 2C), which inhibits phosphoglucose
isomerase preventing the conversion of 2-deoxy-p-glucose-6-
phosphate to fructose-6-phosphate.” After 2-DG injection in
the glycolytic rate assay, non-glycolytic acidification is
measured. This provides a reading of the acidification that
occurs independently of glycolysis, such as due to the TCA cycle.
For this study, A549 cells were selected as the model cell line
due in part to the fact that they have a similar dependency upon
glycolysis and oxidative phosphorylation for ATP biosynthesis.”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The light and dark ICs, values for the various compounds were
evaluated in order to determine the appropriate concentrations
to ensure cell health and viability during the cellular bioener-
getics experiments. In addition, a short incubation time (1 h)
was applied to avoid pleiotropic mitochondrial toxicity. The
choice of cell line, the use of sub-cytotoxic concentrations, and
the short incubation time are all essential experimental choices
to ensure valid data would be obtained from the extracellular
flux analysis.

Prior to evaluating the full collection of compounds, two
models were chosen to assess the utility of the Seahorse plat-
form for PDT agents. Compound 3, a photosensitizer activated
by indigo light, and 2-(1-hexyloxyethyl)-2-
devinylpyropheophorbide-a (HPPH, Photochlor), a red-light
active photosensitizer with a log P of ~6.0,”>”® were studied.
The cellular respiration remained unaffected by both
compounds in the absence of light (Fig. 3A and C), but a marked
concentration-dependent decrease was observed following
irradiation, with indigo light for 3 (Fig. 3B) and red light (660
nm) for HPPH (Fig. 3D). Next, the key parameters of the Mito-
Stress Test (basal respiration, maximal respiration, and non-
mitochondrial respiration) were quantified for 3- and HPPH-
treated cells in the dark and following irradiation (Fig. 3E-P).
Basal respiration remained unaffected in the dark (Fig. 3E), but
decreased in dose response for 3 with irradiation (Fig. 3F). A
similar trend was observed for HPPH-treated cells (Fig. 3G and
H). Both maximal and non-mitochondrial respiration were not

© 2025 The Author(s). Published by the Royal Society of Chemistry

significantly influenced by each compound in the dark, but
decreased once irradiated (Fig. 3I-P). The fact that the same
effects were observed with blue and red light activated systems
demonstrates that the phenotype is not associated with
a particular light treatment, but rather, the ability of the PSs to
generate ROS.

The oxygen consumption rate (OCR) range for basal and
non-mitochondrial respiration measurements was 7 pico-
moles per minute per thousand cells and 3 picomoles per
minute per thousand cells, respectively. Maximal respiration
exhibited an OCR range of approximately 12 picomoles per
minute per thousand cells. Since maximal respiration was the
parameter with the most dynamic OCR range, it was selected
for determining an OCR ICs, for each dose-response. This
gave values for HPPH-treated A549 cells of 1.2 pyM and 0.5 uM
for 3 in the treated cells (Fig. 3Q and R). Next, the OCR and
cytotoxicity dose response curves were overlaid for comparison
(Fig. 3Q and R). Notably, there was a 3- to 5-fold shift to higher
potency for the effect of each compound on the OCR compared
to the cytotoxicity in each condition. This finding illustrates
the importance of conducting bioenergetic analyses at
concentrations below the cytotoxicity ICsy, as treating cells
with too high of a concentration, even at short exposure times,
results in near-baseline readings and misinterpretation of
mechanistic implications.

Chem. Sci., 2025, 16, 721-734 | 725
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Fig. 3 Extracellular flux and cytotoxicity of HPPH and compound 3 in A549 cells. For HPPH, the light treatment was irradiation with red light
(660 nm, 57.8 J cm~2); for compound 3, the light treatment was irradiation with indigo light (450 nm, 29.1 J cm™2) (A-D) quantification of OCR
following treatments: (A) compound 3 for 1 h in the absence of light; (B) compound 3 following irradiation; (C) HPPH for 1 h in the absence of
light; (D) HPPH following irradiation. (E—H) Basal respiration measured in cells following treatments: (E) compound 3 in the absence of light; (F)
compound 3 following irradiation; (G) HPPH in the absence of light; (H) HPPH following irradiation. (I-L) Maximal respiration for A549 cells after
treatments: (I) 3 in the absence of light; (J) following irradiation; (K) HPPH in the absence of light; (L) HPPH following irradiation. (M—P) Non-
mitochondrial respiration following treatments: (M) 3 in the absence of light; (N) 3 following irradiation; (O) HPPH in the absence of light; (P) HPPH
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Bioenergetic impacts of phototherapeutics with different
mechanisms of action

Following the establishment of these parameters, extracellular
flux analysis was conducted for each of the agents at two
different concentrations in the dark and following irradiation
(Fig. S5 and S6t). The PACT agents 4, 5, 7, and 11 reduced
cellular respiration by less than 30% as shown in Fig. 4A. In
marked contrast, the PDT agents 3, 6, 8, 9, and 10 reduced
maximal respiration by at least 90% (Fig. 4B and S5t). Notably,
compound 1, a hydrophilic complex that is able to photo-
generate 'O,, did not fit the trend (Fig. S6 and Table S17),
possibly due to reduced accumulation within the cell because of
its lower lipophilicity. Compound 12 also exhibited unantici-
pated inhibition of respiration, which was inconsistent with the
activities of the other PACT systems. Values for the lowest
concentrations where inhibition of OCR were observed are
provided in Table 1; compounds 3, 6, 8, 9, and HPPH all sup-
pressed OCR at concentrations below 1 pM.

To gain greater understanding, the glycolytic rate test was
also performed (Fig. S8 and S9t). In the dark, PACT agent 2 and
PDT agent 6 had little impact on the non-glycolytic acidifica-
tion. However, 6 increased basal glycolysis and decreased
compensatory glycolysis at a concentration of 1 uM, consistent
with the ICs, for cytotoxicity in the dark (1.1 pM). This complex
has previously been shown to decouple the mitochondrial
membrane potential in the dark, suppressing oxidative phos-
phorylation,* so it is consistent that the cells try to compensate
with increased glycolysis. Interestingly, a similar effect was seen
for 6 with light treatment at a concentration of 0.1 uM, followed
by a complete abrogation of all glycolytic activity at 1 uM, as
indicated by the glycolytic proton efflux rate (PER) falling to
zero. A similar concentration-dependent decrease was observed
for HPPH with irradiation with red light, with the PER showing
no glycolytic activity at a concentration of 10 uM (Fig. S97). This
data demonstrates that PDT agents induce disruption of
glycolysis, in contrast to PACT agents.

A bioenergetic map was generated to compare the basal and
stressed phenotypes with each compound. Oxidative phos-
phorylation is reflected by the basal OCR and glycolytic function
is discerned by the basal extracellular acidification rate (ECAR).
Metabolic switching occurs when the cells are placed under
“stressed conditions” by the addition of the stressor
compounds oligomycin and FCCP, which force mitochondrial
respiration into overdrive without producing additional ATP.
This induces an energy demand and forces cells to produce ATP
solely by glycolysis, increasing ECAR. For vehicle-treated cells in
the dark and following irradiation, the values for OCR and
ECAR were comparable for both basal and stressed cells, indi-
cating that light treatment alone did not impact energetics and
that cells increased the ECAR by accelerating glycolysis when
stressed (Fig. 4C). Notably, a quiescent phenotype, associated
with low OCR and ECAR, was observed for PDT-treated cells
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(Fig. 4G-I), demonstrating a loss of ATP production. This is
consistent with the findings for both the mitochondrial stress
test and the glycolytic rate test, demonstrating that PDT agents
suppress both oxidative phosphorylation and glycolysis and
thereby abrogate the ability of the cell to generate ATP. In
contrast, the PACT-treated cells exhibited a similar phenotype
as the vehicle control (Fig. 4C-E and S121) and were able to
respond to increased energy demand.

The bioenergetic profile seen for PDT agents was dependent
on concentration, as shown in Fig. 4, S10 and S11,T with some
compounds exhibiting alterations in OCR and ECAR at signifi-
cantly lower concentrations than the ICs,. For example, HPPH
induced the quiescent phenotype at a concentration 0.37 uM,
10-fold lower than the ICs, for cytotoxicity of 3.7 uM (Fig. S10%).
While HPPH had little impact in the dark, the effect of some
compounds with light treatment appeared correlated to the
effects observed without irradiation. Comparison of
compounds 3 and 6 provides an illustrative example. There is
a large difference in the cytotoxicity of these two compounds in
the dark (ICs, of 66 uM for 3 vs. 1 uM for 6) which is also re-
flected by a shift in bioenergetic profile. This is paralleled by the
data for the light-induced decrease in OCR and ECAR, which
occurred for 6 at a concentration of 0.1 uM, while these values
were essentially unaffected at the same concentration for
compound 3 (Fig. 4, S10 and S117). Thus, it is imperative to
decouple bioenergetic effects that are driven by photoactivity vs.
those that are present (albeit to a lesser degree) for the
compound in the absence of irradiation, and impacts on both
OCR and ECAR should be assessed.

The only PACT compound that hampered cellular bioener-
getics was 12 (Fig. 4F). This unexpected finding might be
attributed an additional mechanism of action. It was consid-
ered that 12 could be active both as a PDT and PACT agent,
which has been described for other Ru(u1) compounds.**”” Given
the inclusion of the strain-inducting dmphen ligand, the
compound photoejects (Fig. S13, S14 and S19%), but the
perturbation in mitochondrial activity suggested it was also
a PDT agent. Thus, we investigated if this molecule also acted as
a photocatalyst and generated '0,. As shown in Fig. S20,}
compound 12 generates high levels of 'O, as detected by singlet
oxygen sensor green (SOSG). This demonstrates that the meta-
bolic alterations observed for 12 can be attributed to the pho-
tosensitizing effects of the molecule acting as a PDT agent,
despite its capacity to also function as a PACT agent.

The glycolytic rate for cells following treatment with 2 or 6
was measured to demonstrate how PACT and PDT agents
influence glycolysis (Fig. S8T). No change was observed for 2
both in the dark and following irradiation. However, compound
6 elevated the glycolytic rate after the 1 h incubation in the dark
at a concentration of 1 uM, and at 0.1 uM with irradiation. The
elevation in PER at basal measurements suggests that 6 shuts
down the ETC, resulting in a compensatory response in

following irradiation. For (A-P), n = 4. (Q) Correlation for 3 between maximal respiration and cytotoxicity. (R) Correlation for HPPH between
maximal respiration and cytotoxicity. In (Q and R), the darker colors and solid lines indicate OCR measurements and the dotted line and lighter
color represent cytotoxicity. The right y-axis corresponds to the cytotoxicity (n = 3). The left y-axis corresponds to the OCR (solid lines and darker
coloring) (n = 4); *P < 0.05, **P < 0.01, ***P < 0.001, or ****P < 0.0001.
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Fig. 4 Bioenergetic impacts of phototherapeutics in A549 cells. The reduction in maximal respiration following treatment with (A) PACT agents
and (B) PDT agents at the indicated concentrations. The bioenergetic phenotype of cells treated with (C) vehicle, (D) 4, (E) 7, (F) 12, (G) 3, (H) 6, (I)
9. In (C-1), the lighter colors reflect the basal phenotype (prior to the addition of oligomycin and FCCP), while darker colors represent the stressed
phenotype (after oligomycin and FCCP but before addition of rotenone/antimycin A). n > 3 for Seahorse data. The trend is that compounds that
photogenerate 'O, result in a quiescent phenotype (see the boxed data for 3, 6, 9, and 12) while compounds that photoeject have a minimal

effect on metabolic reprograming.

glycolysis. This, in conjunction with previous reports,* reflects
the high affinity of 6 for mitochondria, as well as demonstrating
how glycolytic measurements can inform on the mitochondrial-
damaging efficacy of these metal complexes. Furthermore, this
assay demonstrates that bioenergetic stress associated with 6
and the other PDT agents may be multimodal, as previously
reported, but might be initiated by mitochondrial disfunction.”
The reduction in glycolysis occurs after cells are unable to
compensate for the loss of energy produced via oxidative
phosphorylation. We also find that this effect is seen with
HPPH, indicating that the phenotype is independent of
compound structure, as HPPH is not a metal complex.

In contrast, minimal mitochondrial toxicity was observed
with PACT agents. We considered that this could potentially be
attributed to low photosubstitution yields, so the photoejection
kinetics of each PACT were measured and the photoproducts
were identified (Fig. S13-S191). When ligand exchange was
measured by ultraviolet-visible spectroscopy, all compounds
appeared to have photoejected, with almost no parent

728 | Chem. Sci, 2025, 16, 721-734

compound remaining (Fig. S131). Ligand dissociation was also
quantified by liquid chromatography-mass spectrometry (LC-
MS). Interestingly, compounds 7, 11, and 12 did not
completely photodissociate (Fig. S13 and Table S2}) but
exhibited PI values higher than compounds 2, 4, and 5 which
fully ejected the ligand (Table 1). This indicated that cytotoxicity
was not wholly dependent on ligand loss and formation of a new
ruthenium species.

The biquinoline (biq)-containing compounds 4, 5, and 11
presented an interesting series, as the intramolecular strain in
the molecules increased as the number of biquinoline ligands
increased. Compound 4 underwent two dissociation steps,
resulting in high abundances of [Ru(biq)(MeCN),]*" and
[Ru(biq)(H,0),*" (Fig. S16,7 note that the ligand exchange
product depends on the solvent used). These tetra-substituted
photoproducts were only present at quantifiable abundances
for 4, suggesting that the strain introduced with a mono- or bis-
biq complex (compound 11 or 5) results in photodissociation of
one ligand (Fig. S17 and S18t), while a tris-biq system

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(compound 4) facilitates the loss of multiple bidentate ligands.
This series of compounds demonstrated that improved photo-
dissociation and lipophilicity of a scaffold is not sufficient for
the creation of a highly active complex. Compounds 2 and 12
each ejected one ligand (Fig. S15 and S191). Given that 2, 4, 5,
and 7 exhibited >90% photoactivation and poor mitochondrial
activity, mitochondrial dysfunction can be eliminated as the
mechanism of action for these PACT agents. Given the incom-
plete photodissociation of 12 and its ability to generate 'O,
compound 12 likely acts partially via a PDT mechanism, as re-
flected by the impact on ECAR and OCR. However, the
concentration dependence of this phenotype (Fig. 4F and S107)
is notably different from other PDT agents, as the impact on
metabolic processes was only apparent at concentrations well
above the cytotoxicity ICs, value (0.1 uM). Thus, the cytotoxicity
may be driven by the activity of the released dmphen ligand,
which is active in the mid-nM range.”

As another point of comparison, a library of Food and Drug
Administration (FDA)-approved small molecules agents with
non-light mediated mechanisms of action were also assessed as
mitochondrial stress inducers (Fig. S21f). Cycloheximide,
a translation inhibitor, and actinomycin D, a ribosome
biogenesis stress inducer, were the only two drugs that were
found to reduce maximal respiration. Cycloheximide-treated
A549 cells have exhibited reduced ATP synthesis in a previous
report, which could correlate to the reduction in maximal
respiration observed here (Fig. S217).*° This could be a result
from mitochondrial dysfunction induced by elevated ROS,
which has been shown for leukemias treated with actinomycin
D.** These results show how two previously-studied FDA-
approved drugs impact cellular respiration, likely as
a secondary mechanism to inhibition of protein translation.
Additionally, the negative results from multiple other FDA-
approved drugs after acute treatment further support our
finding that PDT agents elicit unusual and notable effects on
cellular bioenergetics.

Recommended parameters for use of seahorse platform for
phototherapeutics and other agents

Inappropriate compound dosing can result in altered baseline
readings and incorrect mechanistic characterization. Our find-
ings indicate that 72 h growth inhibition curves can be utilized
to help determine the appropriate concentration range for
bioenergetic analyses. One of the most significant findings from
this study is data supporting a recommendation to include
concentrations 3-5-fold below the IC;,, as this is a concentra-
tion range where effects on the OCR and ECAR should be
observed if the compounds do in fact directly impact mito-
chondrial function. This is in marked contrast to most studies
we have observed in the literature, where concentrations either
at or above the cytotoxicity ICs, are used. Moreover, important
information can be gained by performing the analysis at several
concentration points, and these dose responses add confidence
to the determination of a trend in behavior. Interestingly, in
some cases low concentrations of an agent have been shown to
enhance OCR, which is then reversed with higher compound

© 2025 The Author(s). Published by the Royal Society of Chemistry
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doses.®” This highlights the sensitivity of cellular systems to
compound effects that are highly concentration dependent.

Information on the timeframe for cellular damage and
induction of cell death processes is also required for each
compound under assessment, and short incubation times
provide the benefit of ensuring that the observed impacts on
mitochondrial function are not simply downstream effects of
global processes, including the induction of cell death. We
noted significant variation in literature reports for incubation
times, but most of the bioenergetic measurements have been
taken after several hours' co-incubation with the mitochondrial-
targeting small molecules. There are some notable exceptions
where short incubation times were utilized, including a recent
study showing that tamoxifen-conjugated coordination
complexes increased reactive oxygen species and reduced
maximal cellular respiration within 3 hours of treatment," and
another study that observed reduced oxygen consumption and
impaired oxidative phosphorylation after a 2 hours incuba-
tion.** However, the other studies that utilize extended incu-
bation times, such as 24 hours, may present misleading results,
where mitochondria function impairment is not a direct effect
of the compound under study.

While the in vitro conditions of concentration and time are
clearly important variables that can result in significant alter-
ations in effects, there are several other factors that will likely
influence the measurable outcomes. For any light-activated
molecule, the irradiance is a key factor. We used relatively low
values (485 mW cm 2 for the 450 nm light, 16 mW c¢cm > for red
light). With phototherapy approaches that utilize endogenous
oxygen, higher irradiance can be associated with oxygen
depletion, resulting in reduced efficacy.®® For promising
potential PDT agents, it may be worthwhile to perform bioen-
ergetic analysis as a function of irradiance.

It must be stated that the biological effects of metal
complexes, like organic molecules, can be highly sensitive to
batch-to-batch variation, so promising compounds should be
re-synthesized and reevaluated as a matter of course before
advanced studies, such as evaluations of in vivo efficacy, are
performed. Moreover, the robustness of biological results can
only be verified with multiple biological replicates, and these
studies are most compelling when consistency is found across
experiments performed in multiple cell lines. Our goal with this
study was to compare a collection of structurally related
compounds from different functional classes to determine if
there was a general trend in their impact on mitochondrial
function, based on their photochemical mechanisms of action;
it is not to advance any single molecule towards in vivo testing.
As a result, we did not undertake extensive studies to confirm
reproducibility with multiple compound batches, and did not
perform broad investigations such as proteomics to probe for
additional mechanistic insights on individual molecules.
Moreover, as our studies were focused on the acute effects of
compounds on metabolic processes after short (1 h) incubation
times, the potential downstream effects on gene expression or
protein production processes are not likely to be relevant to this
work. We believe the consistent behavior we observed on
cellular bioenergetics across the PDT agents is highly
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noteworthy, and the different behavior of the PACT agents
indicates that these compounds do not disrupt mitochondrial
function as part of their mechanism of action. We hope this
report will have the benefit of motivating appropriately focused
studies for promising new agents based on their photochemical
mechanism of action.

Conclusions

This study provides the foundational groundwork for bioener-
getic investigations of photoactivatable chemotherapeutics and
photodynamic therapeutics, especially those that have been
identified as dual-active agents. We evaluated twelve photo-
active compounds with different mechanisms of action and
varying physiochemical properties. Three Ru(u) compounds
that are not photoactive were also evaluated to decipher
whether mitochondrial toxicity was an associated mechanism
for phototherapy, or simply a byproduct of cellular treatment
with lipophilic cationic cytotoxins. We found that photosensi-
tizers effectively inhibit oxidative phosphorylation and glycol-
ysis, and furthermore, demonstrate that this phenotypic
response can be measured in dose response, revealing that
impacts on metabolism are observed at concentrations below
those required for cytotoxicity.

The glycolytic rate assay demonstrated that PDT treatment is
primarily associated with mitochondrial dysfunction, and
reduced glycolysis occurs once the cell is unable to compensate
for the reduction in energy production resulting from ETC
shutdown. This phenotype was exhibited by compounds 3, 6, 9,
10, and 12. Compound 12 is a notable example of a so-called
“dual action” compound that both generates 'O, and photo-
ejects a ligand, and it exhibits a metabolic disruption profile
consistent with 10, generation. The behavior of the organic
photosensitizer HPPH shows that this is not limited to Ru(n)
systems, but rather appears to be a general feature of PDT
agents. Thus, it may be that mitochondrial dysfunction and
suppression of glycolysis is a significant component of PDT
efficacy. In stark contrast, Ru(u) compounds that were PACT
agents (compounds 2, 4, 5, 7, and 11) and compounds that are
toxic without light activation (13-15), exhibited minimal mito-
chondrial toxicity.

Moreover, these finding are highly relevant in the context of
recent studies evaluating metabolic reprograming in combina-
tion with PDT.?**®* It is recognized that mitochondrial oxidative
phosphorylation leads to depletion of cellular oxygen, resulting
in hypoxia, while increased glycolysis and the production of
lactic acid contribute to an immunosuppressive tumor micro-
environment. As PDT relies on oxygen and is less effective under
hypoxic conditions, it is highly significant that sub-lethal
compound- or light-doses in PDT could facilitate metabolic
reprograming and increase oxygen levels. It is interesting to
note several studies showing that inhibition of glycolysis,
oxidative phosphorylation, and other metabolic processes can
potentiate PDT,*”” while other reports have demonstrated
metabolic reprogramming induced by PDT itself, though this
was presented as a potential means for synergy with chemo-
therapeutics with other mechanisms of action.*® The
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suppression of glycolysis and the resulting decrease in extra-
cellular acidification also can be anticipated to facilitate the
development of antitumor immunity. Thus, it is only logical to
conclude that PDT can impact essential energy producing
metabolic processes, which in turn will potentiate PDT, and
likely enhance the efficacy of combination treatments with
immunotherapy.*® This motivates repeating PDT treatments
over a period of minutes to days, similar to the fractionation
used in radiation therapy. The effects can create a positive
feedback loop if the timing of these effects is optimized.

This hypothesis is supported in part by efficacy studies, as
fractionation has been recently utilized in PDT with good
results.®® While this report did not attempt sub-lethal dosim-
etry, it demonstrated an improvement in long-term survival in
a mouse model from 20% to 80% with fractionation of a light
dose using a 2 h dark period. The mechanism behind the
improved survival is not known, but the authors reported that
a lower concentration of reactive oxygen species was associated
with the fractionated treatment (0.78 mM) vs. single fraction
treatment (1.08 mM). This is strongly suggestive of enhanced
sensitivity of the treated tumor, allowing for improved
outcomes with lower doses.
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